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Loss or rearrangement of genetic information can result from incorrect responses to DNA
double strand breaks (DSBs). The cellular responses to DSBs encompass a range of highly
coordinated events designed to detect and respond appropriately to the damage, thereby
preserving genomic integrity. In analogy with events occurring during viral infection, we
appropriate the terms Immediate-Early, Early, and Late to describe the pre-repair
responses to DSBs. A distinguishing feature of the Immediate-Early response is that
the large protein condensates that form during the Early and Late response and are
resolved upon repair, termed foci, are not visible. The Immediate-Early response
encompasses initial lesion sensing, involving poly (ADP-ribose) polymerases (PARPSs),
KU70/80, and MRN, as well as rapid repair by so-called ‘fast-kinetic’ canonical non-
homologous end joining (cNHEJ). Initial binding of PARPs and the KU70/80 complex to
breaks appears to be mutually exclusive at easily ligatable DSBs that are repaired efficiently
by fast-kinetic cNHEJ; a process that is PARP-, ATM-, 53BP1-, Artemis-, and resection-
independent. However, at more complex breaks requiring processing, the Immediate-
Early response involving PARPs and the ensuing highly dynamic PARylation (polyADP
ribosylation) of many substrates may aid recruitment of both KU70/80 and MRN to DSBs.
Complex DSBs rely upon the Early response, largely defined by ATM-dependent focal
recruitment of many signalling molecules into large condensates, and regulated by
complex chromatin dynamics. Finally, the Late response integrates information from
cell cycle phase, chromatin context, and type of DSB to determine appropriate
pathway choice. Critical to pathway choice is the recruitment of p53 binding protein 1
(63BP1) and breast cancer associated 1 (BRCA1). However, additional factors recruited
throughout the DSB response also impact upon pathway choice, although these remain to
be fully characterised. The Late response somehow channels DSBs into the appropriate
high-fidelity repair pathway, typically either ‘slow-kinetic’ cNHEJ or homologous
recombination (HR). Loss of specific components of the DSB repair machinery results
in cells utilising remaining factors to effect repair, but often at the cost of increased
mutagenesis. Here we discuss the complex regulation of the Immediate-Early, Early, and
Late responses to DSBs proceeding repair itself.

Keywords: DNA repair, double strand breaks (DSBs), Inmediate-early response, Early response, Late response,
pre-repair responses, non-homologous end joining (NHEJ), homologous recombination (HR)
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INTRODUCTION TO DNA DAMAGE
RESPONSES

The DNA damage response (DDR) encompasses a network of
biological pathways that detect and respond to various forms of
DNA damage using a multitude of distinct and overlapping
cellular mechanisms (Figure 1 and Lindahl and Barnes, 2000;
Jackson, 2002). As an estimated 10° lesions occur per cell per day
in human cells, proper coordination of the DDR is essential to
preserving genomic integrity (Lindahl, 1993; Hoeijmakers, 2009).
Repair, cell cycle arrest, senescence, and apoptosis all represent
biological responses to DNA damage that are dependent upon
cell type and severity of damage (Jackson and Bartek, 2009).
Correct coordination of the DDR protects the genome from the
accumulation of mutations, ranging from simple nucleotide
changes to complex chromosomal alterations such as those
generated during chromothripsis (Jackson, 2002; Jackson and
Bartek, 2009; Forment et al., 2012).

Interestingly, endogenous sources of DNA damage due to
normal metabolism (e.g., errors during DNA metabolism or
chemical attack by indigenous metabolites), rather than
exogenous sources (e.g., radiation and environmental
chemicals), are more important with respect to generating
mutations that drive the cancerous phenotype (Tomasetti and
Vogelstein, 2015). DNA damage comes in many forms, including
incorrect hydrogen-bonding, bulky adducts, base damage,
intrastrand cross-links, and damage to the sugar phosphate
backbone (Figure 1A and Lindahl, 1993; Lindahl and Barnes,
20005 Jackson and Bartek, 2009). Incorrect pairing of bases is
corrected by mismatch repair (MMR), bulky adducts by
nucleotide excision repair (NER), and base damage by base
excision repair (BER) (Friedberg, 2001; Jiricny, 2006; Krokan
and Bjoras, 2013). The two strands of DNA can also be chemically
cross-linked together and resolved by interstrand crosslink (ICL)
repair, a highly complex pathway utilising proteins involved in
other DNA repair pathways, as well as others identified as
deficient in Fanconi anaemia (FA) (Deans and West, 2011;
Semlow and Walter, 2021). Interestingly, in addition to having
a dedicated FA core complex regulating E3 ubiquitin ligase
activity, many of the other associated FANC proteins overlap
with downstream double strand break (DSB) repair proteins, as a
DSB forms transiently during the unhooking step required for
repair of the crosslinks. These proteins include BRCA1, BRCA2,
PALB2, RAD51, XRCC2, XPF, and REV7. Any of the lesions to
the nucleotide, be it a simple base damage or a more complex
event, can become strand breaks within the sugar-phosphate
backbone if not repaired correctly (Figure 1A).

Single strand break (SSB) repair is often considered a
‘specialised’ form of BER, as most SSB repair proteins are also
involved in either short-patch or long-patch repair, despite the
damage being to the sugar-phosphate backbone instead of the
base (Caldecott, 2014a). In BER, distinct DNA glycosylases
recognise specific types of base damage, excise the damaged
base, cleave the resulting abasic site, fill in the single
nucleotide gap (or multiple nucleotides in long-patch BER),
and ligate the nick (Krokan and Bjeras, 2013). If the ligation
step does not occur, or if the damage escapes detection prior to
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DNA synthesis, it can result in the indirect formation of SSBs
(Caldecott, 2003). SSB are detected by poly(ADP-ribose)
polymerases (PARPs), which are activated in response to both
direct and indirectly formed SSBs (Caldecott, 2014a). Active
PARPs and poly(ADP)-ribosylation (PARylation) recruit SSB
repair proteins for efficient repair.

Because SSBs and DSBs are repaired through different
mechanisms, these damage pathways are often viewed
separately. However, DSBs can be thought of as two closely-
spaced SSBs on opposite strands that cannot be repaired by SSB
repair (Jeggo and Lobrich, 2007), while SSBs can become DSBs
through both polymerase run-off or from replication fork
collapse resulting from replication stress. Therefore, it is
possible that there is some overlap between the initial cellular
responses, for example, some DSBs might be directly sensed by
PARP enzymes. It is important to note that despite the huge body
of work, there is no definitive consensus on a universal DDR
signalling mechanism(s) generally accepted in the field. However,
emerging evidence supports PARP and PAR-dependent
signalling in some DSB responses (see below). However, it is
still unclear whether PARP-dependent PARylation, vital for SSB
repair, must be removed prior to DSB repair, or if it plays an
active role in DSB response (Caldecott, 2014b; Chaudhuri and
Nussenzweig, 2017). In addition, the recruitment of other DNA
damage sensors, including KU70/80 and MRN, is also highly
complex. The non-focal response to DSB that occurs within
seconds of DSB formation constitutes the Immediate-Early
response (Figure 1B), which also includes ‘fast-kinetic’
canonical non-homologous end joining (cNHE]), which does
not require further signal transduction.

The signal transduction inherent to the Early response to
many DSBs is largely carried out by ataxia-telangiectasia mutated
(ATM) protein kinase (see below, Figure 1C, and Savitsky et al.,
1995; Ziv et al., 1997; Khanna et al., 2001; Shiloh, 2003; Falck
etal., 2005; Maréchal and Zou, 2013). At DSBs, ATM is the apical
kinase, phosphorylating many substrates and triggering complex
downstream post translational modifications (PTMs), including
additional phosphorylation events, as well as methylation,
ubiquitination (also known as ubiquitylation), neddylation,
fatylation, ufmylation, and sumoylation of substrates
(Matsuoka et al., 2007; Mu et al., 2007; Bensimon et al., 2010;
Dou et al,, 2011; Brown and Jackson, 2015; Yu et al., 2020).

The signal cascade of the Immediate-Early and Early
responses to DSBs leads to the recruitment of the scaffolding
proteins 53BP1 and BRCAI in the Late response, which is
characterised by the precisely regulated balance between end
resection and end protection promoted by these complexes
(Figure 1D). After 53BP1 and BRCAL are recruited, a DSB is
committed to a specific repair pathway by mechanisms that are
under intense study (Figure 1E-I). There are then two major
pathways for DSB repair. One, termed ‘slow-kinetic’ canonical
non-homologous end joining (slow-kinetic ¢<NHE]), directly
aligns and ligates the broken DNA ends, with minimal or no
DNA polymerase activity required (Figure 1E and Chang et al,,
2017; Ronato et al., 2020; Zhao et al., 2020). It is active throughout
the cell cycle and requires highly limited resection (0-5 nt) by the
nuclease Artemis. The other, termed homologous recombination
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FIGURE 1 | An overview of types of DNA damage and repair pathways with the Immediate-Early, Early, and Late stage indicated. The Immediate-Early, Early, and

Late stages of the DSB response are indicated in the boxes. (A) Mismatched nucleotides or DNA damage (orange boxes) can be divided into five categories and directed
towards the repair pathways as indicated (yellow). Any form of damage can become SSBs or DSBs if not repaired correctly. (B) Strand breaks, either SSBs or DSB, have
a PARP/PARylation response. In the Immediate-Early response, the PARP/PARYylation can facilitate recruitment of KU70/80 and MRN to some DSBs. If the break is
easily ligatable, fast-kinetic cNHEJ (blue) repairs the damage within the Immediate-Early response without any requirement for PARylation, processing or ATM-
dependent signalling. (C) If the break requires processing prior to repair, the Early response is activated. This includes ATM-dependent signalling which requires dynamic
chromatin remodelling. The Early response culminates in the ubiquitination of H2AX)K15. How chromatin events and CK2 activation tie into these processes remains
unclear. (D) The Late response includes 53BP1 and BRCA1-BARD1 as ‘readers’ of the H2A(X) ubiquitin mark as well as the methylation state of H4K20. The Late
response occurs prior to pathway choice and includes an intricate balance of end-resection vs. end-protection machinery. (E-l) Downstream repair pathways (blue) with
decision points between pathways (green). Slow-kinetic cNHEJ and GC are high-fidelity repairs, while Alt-EJ, BIR, and SSA, are mutagenic and result when repair

machinery is not available. Key proteins discussed are in grey.

(HR), requires a homologous sequence for templated DNA
synthesis to effect DSB repair (Figure 1I and Li and Heyer,
2008; Ronato et al, 2020). For non-repetitive DNA this is
typically the sister chromatid, which is only available after
DNA synthesis has occurred. For repetitive sequences,
homologous sequences are available in cis for HR repair
throughout the cell cycle. A good example of this is repair of
DSBs within ribosomal DNA (van Sluis and McStay, 2017), and
more recently with centromeric DNA (Yilmaz et al., 2021).
While DSB repair pathways have been extensively reviewed,
particularly with a focus on the repair mechanisms (Panier and
Boulton, 2013; Ceccaldi et al., 2016; Krenning et al., 2019;
Scully et al., 2019; Mirman and de Lange, 2020; Ronato et al.,
2020), here we use the terminology Immediate-Early, Early,
and Late responses, borrowed from viral regulatory proteins
(Everett, 1987), to facilitate an integrated description of the
cell’s complex responses to DSBs prior to repair itself.

‘Immediate-Early’ responses include initial DSB sensing,
while the ‘Early’ response is characterised by chromatin
changes and ATM signalling, and the ‘Late’ response
includes pathway choice prior to repair. A distinguishing
characteristic between these divisions is that the Immediate-
Early proteins do not form large easily discernible foci, while
most Early and Late response proteins do show such focal
recruitment. The nature of these foci is the topic of much
debate; they have been described as liquid-liquid phase-
separated condensates, droplets, biomolecular condensates,
or membrane-less organelles (Fijen and Rothenberg, 2021).
Precisely how these Immediate-Early, Early, and Late pre-
repair responses tie into actual DSB repair remains unclear.
Here, we present a discussion of the roles of PARPs, KU70/80,
MRN, and fast-kinetic ¢cNHE] in the ‘Immediate-Early’
response; how chromatin alteration and ATM regulate the
‘Early’ response; the critical role of 53BP1 and BRCA1, as well
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FIGURE 2| The Immediate-Early response to a DSB. (A) Generation of a DSB within a chromatin fibre. (B) Recruitment of KU70/80 to some breaks. If KU70/80 is

recruited and the break is easily ligatable, fast-kinetic cNHEJ can occur. (C) The recruitment of poly(ADP-ribose) polymerases (PARP) to some DSBs. (D) Expansion of
linear and branched chains of polyADP ribose (PAR) on PARP results in chromatin decondensation. PARylation of other proteins occurs but is not shown. PARylation is a
highly dynamic process involving reversal of PARylation by poly(ADP-ribose) glycohydrolase (PARG, not shown). Many DNA repair proteins are recruited to both

PARP and PAR chains. The involvement of PARP in the DSB response is not fully elucidated. (E) Recruitment of both KU70/80 and MRN are promoted by PARP and
PARylation at some DSBs. Initial recruitment of these complexes to the vicinity of the DSB is via interaction with PAR, subsequently they directly bind DSB ends and
contribute to synapsis. KU70/80 appears to be recruited with faster kinetics than MRN and is required for fast-kinetic cNHEJ during the Immediate-Early response as
seen in (B). Note that both KU70/80 and MRN are required for slow-kinetic cNHEJ but KU70/80 must be evicted prior to MRN-dependent HR. (F) Structures of PARP1,
ADP-ribose, KU70/80 and MRN. Where known, structure is superimposed within overall architecture as illustrated. (i) PARP1, the N-terminal zinc fingers, ART, HD and
WGR domains of PARP are indicated (see text for detalils), as well as the interaction with a DSB (Langelier and Pascal, 2013; Beek et al., 2021). The interaction with HPF1
is not shown. (ii) ADP-ribose, linear chains are polymerised via the phosphate groups, whereas the asterisk indicates the position of at which branched chains are
attached (Drenichev and Mikhailov, 2016). (iii) KU70/80 heterodimer shown in shades of red (Walker et al., 2001). (iv) MRN complex in shades of green with the coiled-

coils of RAD50 extending outwards (Williams et al., 2009; Casari et al., 2019). In (D) these coiled-coils interact via their zinc hooks.

as ongoing roles for KU70/80 and MRN in the ‘Late’ response;
and briefly consider downstream DSB repair.

THE ROLE OF PARP IN THE
IMMEDIATE-EARLY DOUBLE STRAND
BREAK RESPONSE

The role of PARPs and PARylation in the DSB response is still
under debate (Yang et al., 2004; Wang et al., 2006; Patel et al.,
2011; Langelier et al., 2012; Caldecott, 2014b; Fouquerel and
Sobol, 2014; Strickfaden et al., 2016; Pascal, 2018; Yang et al,,
2018; Caron et al., 2019; Murata et al., 2019). While the early
literature focussed upon the role of PARPs in SSB repair, it has
become more widely implicated in other branches of the DDR.
This is largely due to the structure of some DSBs, in which two
SSBs on opposites strands of DNA occur near enough that the

two ends can separate (Figure 2A). There is emerging data
showing that PARP1, PARP2, and PARP3 also function at
DSBs. This includes structural data showing that PARP1 binds
to DSBs (Langelier et al., 2012), as well evidence that PARP1 and
KU70/80 compete for DSBs (Figure 2B, Wang et al., 2006; Yang
et al,, 2018), that PARP1 negatively regulates resection (Caron
etal,, 2019), that defective cNHE] contributes to the sensitivity to
PARP inhibitors (Patel et al., 2011), that PARP3 accelerates
cNHE]J (Rulten et al., 2011), and, finally, evidence that PARP1
and KU70/80 can form a complex together (Galande and Kohwi-
Shigematsu, 1999). However, it is likely that the linkages between
PARPs and DSB responses can be confounded by fast-kinetic
cNHE] functioning in competition with PARP responses during
the Immediate-Early response, whereas slow-kinetic cNHE] that
occurs after the Late response appears to be promoted by PARP
and PARylation (see discussion on fast- and slow-kinetic cNHE]
in the next section). Important additional considerations are
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evidence that PAR-dependent regulation of chromatin
remodelling enzymes is required to propagate the DSB signals
(Strickfaden et al., 2016); that PARP and PARylation can directly
recruit specific DSB repair proteins (discussed below); and, lastly,
that the consumption of NAD" by PARPs and production of ATP
by PARG leads to metabolic shifts that promote specific repair
outcomes (Fouquerel and Sobol, 2014; Murata et al., 2019).

PARPs have been extensively studied in the context of SSB
repair and BER (Chambon et al., 1963; Benjamin and Gill, 1980;
Caldecott, 2014b). There are seventeen members of the PARP
family in humans; most of these primarily add a mono(ADP-
ribose) to their target proteins (Beek et al, 2021). The
mono(ADP-ribose), termed MAR, is most often added to the
side (R) carboxyl groups of glutamate and aspartate via an ester
bond, but can also be added to the R groups of cysteine and lysine
(Weiand Yu, 2016). PARP1 and PARP2 have largely overlapping
functions in the DNA damage response, although PARP1 is most
prevalent, accounting for 80%-90% of the PARylation in
response to strand breaks (Caron et al., 2019). PARP3, which
adds mono(ADP-ribose) groups, has also recently been identified
as a regulator in the DSB response (Beck et al, 2014). Thus,
although PARP1 is the major player, PARP1, PARP2, and PARP3
are collectively responsible for the emerging roles of PARP in the
DSB response through their auto-PARylation and PARylation of
downstream targets (Figures 2C,D and Wei and Yu, 2016).
Although the structure of the individual domains of PARP1
have been solved, its complete structure remains elusive
(Figure 2F). Three zinc-finger (ZnF) domains compose the
N-terminal, the first two of which are homologous and
recognize DNA (Langelier and Pascal, 2013). Next, the
BRCA1 C-terminal (BRCT) domain mediates PAR-dependent
protein-protein interactions. The WGR domain is named after its
conserved amino acid sequence, and is also involved in DNA
binding (Beek et al., 2021). Finally, the catalytic domain, which
binds NAD" and catalyses addition of ADP-ribose, is comprised
of a helical subdomain (HD) and an ADP-ribosyl transferases
(ART) subdomain. Interestingly, PARP2 and PARP3 lack the
N-terminal ZnF1-3 and BRCT domain present in PARP1 but are
still able to bind to DNA via the retained WGR domain.

PARP1/2 are nuclear and depend upon an accessory factor,
histone PARylation factor 1 (HFP1), for their activity (Kriiger
et al., 2020; Suskiewicz et al., 2020). Due to the conformation of
the domains of PARP1/2 around the broken DNA end, PARP1/2
preferentially adds PAR to itself via auto-modifications. However,
when HPF1 is bound near the PARP1/2 active site, it provides a
new catalytic amino acid, N285, that allows PARP1/2 to target
serine residues rather than aspartate and glutamate residue
targets, contributing to PARP1/2’s activity of initiating and
elongating the PAR chains. Interestingly, although HPF1 is
expressed at relatively low, it appears to be only needed at a
ratio of 1:50 to switch the activity of the highly abundant nuclear
protein PARP1 (Langelier et al., 2021).

PARP1 is the earliest known protein that senses DNA strand
breaks, and binds rapidly to free DNA ends through its DNA-
binding domain (DBD) (Ali et al., 2012). It accumulates at lesions
in as little as half a second post photoinduced irradiation, and
peaks around 5s (Haince et al, 2008). While the rapid

Pre-Repair Responses to DSBs

localisation of PARP1 to single-strand breaks has been well
characterised, its precise mechanism of localisation to DSBs
remains unknown (Liu et al., 2017). In SSB repair, PARP1 and
its associated PARylation events recruit X-ray repair cross-
complementing protein 1 (XRCC1) to SSB sites, with XRCC1
functioning as a scaffold for the subsequent binding of SSB repair
proteins (Masson et al., 1998; Breslin et al., 2015; Hanzlikova
et al,, 2017; Adamowicz et al., 2021). It is currently unclear how
the cell might differentiate between isolated SSBs and those that
occur in very close proximity but on opposite strand (i.e., DSBs)
after the initial PARylation. One hypothesis is via a possible ‘PAR
code’, an emerging model in which the length and branched
nature of the PAR chain controls specific protein recruitment,
and thus repair pathway choice (Aberle et al., 2020). A second
hypothesis is that due to the unique structure of PARP1, which
allows it to be allosterically regulated, the type of DNA break itself
could determine the type of PAR chain, which in turn could
regulate specific DDR protein recruitment (Pascal, 2018).
However, it is currently unknown if the structure of PAR
chains differs between the SSB and DSB responses (Leung, 2020).

An observation favouring the involvement of PARPs in the
DSB response is that many DSB response proteins bind PAR
through their BRCT and forkhead-associated (FHA) domains
(Leung and Glover, 2011; Li et al, 2013). PAR-dependent
recruitment of DSB repair proteins supports a model in which
PARPs and PARylation are required for DSB repair, rather than
being merely a remnant of failed attempts to repair DSBs using
the SSB repair machinery. Importantly, the KU70/80 and MRN
complexes can bind to PAR and have been reported to be
dependent upon PARP1/2 activity for their recruitment to
DSBs (Figure 2E and Haince et al., 2008; Beck et al., 2014;
Caron et al, 2019). In addition, PAR interacts with ATM
(Aguilar-Quesada et al., 2007), DNA-PKcs (Spagnolo et al.,
2012), and BRCA2 (Bryant et al, 2005). PARPs further
promote the recruitment of CHD2 (a chromatin remodeller)
and BRCA1 (Pascal, 2018). Furthermore, many proteins within
the DSB response are targets for PARylation, including RPA
(Maltseva et al., 2018), BRCA1 (Li and Yu, 2013), and BARDI1 (Li
and Yu, 2013). Interestingly, KU70/80 is also PARylated by
PARP3 (Beck et al, 2014). The persistence of PARPs and
PARylation throughout the Immediate-Early, Early, and Late
DSB responses is consistent with a model in which the activity
of PARP enzymes is required throughout the DSB response.
However, the complex dynamics of PARP1, PARP2, and PARP3
binding to DSBs and the resulting PARylation remain to be fully
elucidated and functionally defined.

The rapid PARylation that occurs in the vicinity of a strand
break leads to local decondensation of the chromatin, believed to
provide space for subsequent protein recruitment (Strickfaden
et al., 2016; Pascal, 2018). Of such recruitments, three involve the
chromatin remodelling enzymes: amplification in liver cancer 1
(ALC1), and chromodomain helicase DNA binding proteins
CHD2 and CHD7 (Luijsterburg et al, 2016; Rother et al,
2020; Verma et al, 2021). CHD7 acetylates histone H4,
leading to further chromatin decondensation, facilitating
recruitment of histone deacetylase 1 and 2 (HDAC1/2). The
ensuing deacetylation of histones leads to recondensation of the
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chromatin. Together, this expansion and contraction of
chromatin comprises a dynamic process sometimes termed
‘chromatin breathing’ (Lans et al., 2012). Chromatin breathing
offers a more dynamic and nuanced view of the role of chromatin
state in the DSB response, rather than a simpler model in which
condensed or open chromatin favours either cNHE] or HR,
respectively. In addition, PARP-dependent expansion of the
damaged chromatin has recently been shown to recruit the
zinc-finger protein ZNF384, which binds DNA ends in vitro
and is recruited to DSBs in vivo via its C2H2 motif. ZNF384 then
functions as an adaptor of KU70/80, which promotes the
assembly of KU70/80 at DSBs for repair by ¢cNHE] (Singh
et al.,, 2021).

The metabolic state of the cell is also important to the
Immediate-Early DSB response, as PARylation and repair
consumes energy. PARylation is a NAD"-dependent reaction
and depends heavily on cellular metabolism. The reverse
reaction, dePARylation, by PARG, recycles some of that ATP.
PARG has not yet been as extensively studied as PARP1 in the
DDR, but some recent studies indicate that PARG binds to nudix
hydrolase 5 (NUDT5) and, as PARG hydrolyses the PAR chains,
NUDTS is able to convert the ADP-ribose into ATP, providing
energy for downstream processes (Wright et al., 2016). Perhaps
the roles of PARG in the Immediate-Early DSB response could be
as diverse as those of PARP itself (Feng and Koh, 2013), and
future work will be needed to fully decipher its role in DSB repair
(Feng and Koh, 2013).

While PARP and KU70/80 have been reported to form a
complex (Galande and Kohwi-Shigematsu, 1999), they have also
been reported to be mutually exclusive at some lesions (Wang
etal.,, 2006). The latter study supports competition between PARP
and KU70/80 at DSBs, but also describes an ‘alternate’ NHE]
pathway, that is sensitive to PARP inhibitors, involving the core
cNHE] factors as well as Artemis. We interpret this ‘alternate’
pathway to be what has now been termed slow-kinetic
cNHE]. Another report is consistent with both PARP and
KU70/80 being recruited to breaks earlier than other DSBs
sensors (Yang et al., 2018). Surprisingly, they report that only
KU70/80 binds to DSBs in G1, while in S/G2 both KU70/80 and
PARP compete for binding with PARP regulating KU70/80
removal. On the other hand, PAR-dependent recruitment of
KU70/80 to DSBs and, this time, retention has been reported
in Dictyostelium discoideum (Couto et al., 2011). Importantly, this
study provides evidence for evolutionarily conservation of PARP
function in some cNHE] repair. Yet another study shows that
PARP1 has a role in resection, and that loss of PARP1 results in
hyper-resection as well as loss of KU70/80, 53BP1, and RIF1
consistent with PARP having functions upstream of slow-kinetic
c¢NHE] and HR (Caron et al, 2019). Collectively, these data
implicate PARPs in DSB repair, although inconsistencies remain
to be resolved. Perhaps some of the contradictory results can be
rationalised by the division of ctNHE] into its fast- and slow-
kinetics subpathways, PARP-independent and -dependent,
respectively (see below).

In summary, SSBs and at least some DSBs appear to require
PARPs and the associated PARylation for their repair.
Contradictory data on the role of PARPs in DSB responses is
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a source of confusion in the field, but despite this, PARP and
PARylation likely constitutes the initiation of the Immediate-
Early response to some DSBs. The ensuing chromatin relaxation
and PAR-dependent recruitment of chromatin remodellers and
other factors can lead the recruitment and activation of further
downstream DSB response proteins.

THE ROLE OF KU70/80 AND MRN IN THE
IMMEDIATE-EARLY DOUBLE STRAND
BREAK RESPONSE

KU70/80 and MRN recruitment are also part of the Immediate-
Early response (Figures 2B,E). MRN and KU70/80 are frequently
considered as DSB sensing proteins. However, if we consider a
‘sensor’ to be the initial detection of DSBs, this can be misleading
as both MRN and sometimes KU70/80 are loaded subsequent to
initial PARylation, and their recruitment can be dependent upon
PARP activity (Caron et al., 2019; Ingram et al., 2019). However,
if a ‘sensor’ is more broadly defined as a protein that binds
directly to DNA lesions (Jackson, 2002), then PARP, MRN, and
KU70/80 can all be counted as DSB sensors. In addition to the
complex competition and recruitment interactions between
KU70/80 and PARP, KU70/80 and MRN also share what has
been termed ‘entwined’ loading, meaning they are not loaded in
defined sequential order or competitively, but rather with more
complex dynamics that include multiple points of crosstalk (see
below and Rupnik et al., 2008; Shibata et al., 2018; Ingram et al.,
2019). In addition, the common model where KU70/80 solely
promotes NHE] by recruiting DNA-PK, and MRN promotes HR
by recruiting ATM, is clearly an oversimplification, as both
complexes can be loaded to the same DSB (Britton et al,
2013; Ingram et al.,, 2019; Qi et al., 2021).

The KU70/80 heterodimer is composed of two subunits, 69
and 83 kDa, respectively, forming an open ring around DNA ends
(Figure 2F and Walker et al., 2001; Jackson, 2002). The major
portion of the KU70/80 complex cradles the DSB, effectively
covering one surface of the DNA helix but leaving the other
surface more open to allow recruitment of further end joining
proteins. Once bound, KU70/80 not only facilitates synapsis but
also protects DNA ends from resection, thereby promoting
cNHEJ. Emerging data supports a division of cNHE] into two
distinct biphasic pathways, termed fast-kinetic and slow-kinetic
cNHE] (Figures 1B, 2B,E, and Jakob et al, 2011; Biehs et al,
2017; Chang et al., 2017; Lobrich and Jeggo, 2017; Shibata et al.,
2018; Frit et al., 2019; Setiaputra and Durocher, 2019; Shibata and
Jeggo, 2020a; Shibata and Jeggo, 2020b; Qi et al., 2021). The fast-
kinetic ctNHE]J is also termed 53BP1-, Artemis-, or resection-
independent cNHE], with Artemis clearly function downstream
of ATM (Riballo et al., 2004; Woodbine et al., 2011). It relies upon
the essential core cNHE] factors KU70/80, DNA-PKcs, XRCC4,
XLF, and LIG4, which do not form detectable foci during the
Immediate-Early response. Fast-kinetic ¢NHE] repair likely
repairs low complexity breaks that are easily ligatable, and is
estimated to repair around 70%-80% of DSBs resulting from
X-ray irradiation throughout the cell cycle. KU70/80 appears to
be recruited within a second of PARPI, while initial recruitment
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of MRN is typically in the range of tens of seconds later (Mari
et al., 2006; Haince et al., 2008; Liu et al., 2017; Yang et al., 2018).
Their rapidity of recruitment and high nuclear abundance likely
makes the kinetics of protein recruitment difficult to study during
the Immediate-Early response, as visible foci do not form. The
Immediate-Early loading of KU70/80 directs easily repairable
DSB towards highly efficient fast-kinetic cNHE], likely coinciding
with recruitment of PARPs to some breaks, and prior to
subsequent loading of MRN. However, it remains unclear how
fast-kinetic cNHE]J ties into the nature of KU70/80 and MRN
loading, specifically when both complexes are loaded onto the
same DSB (Britton et al., 2013; Ingram et al., 2019).

MRN consists of a hetero-hexameric complex consisting of
two molecules each of MRE11, RAD50, and NBS1, although there
is some discrepancy over whether one or two monomers of NBS1
are associated (Figure 2F and Paull, 2018; Syed and Tainer, 2018;
Tisi et al., 2020). The MRN complex changes conformation upon
ATP binding, enabling MREI11 to span both sides of the DSB,
with the coiled-coil domain of RAD50 bridging the gap between
the DNA ends. MREI1 is a short-range exonuclease that chews
back DNA in a 3 to 5’ direction, revealing short ssDNA tracts. It
also has endonuclease activity important for bypassing blocked
DSB ends. Except for fast-kinetic cNHE], which does not require
resection or processing, tracts of ssDNA are required for all
remaining DSB repair pathways; hence MRN is not likely to be
critical for fast-kinetic cNHE]. Consistent with a later function
for MRN, the most important role of NBS1 appears to be
subsequent binding to ATM during the Early response (Wu
et al., 2012; Tisi et al.,, 2020). Additionally, recruitment of
multiple MRN molecules to DSBs has been shown in vitro, and
proposed to contribute to synapsis in a process that has been
termed ‘molecular velcro’ (De Jager et al., 2001; Rupnik et al.,
2009). MRN may initially be recruited to the immediate
vicinity of DSBs via an interaction with PAR chains,
although its initial recruitment could also be due to its
‘facilitated diffusion’ capabilities, in which MRN can
localise to DNA via RAD50-dependent scanning of DNA
for broken DNA ends, which are then recognised by
MRE11 (Myler et al.,, 2017).

The recruitment of KU70/80 within seconds of PARPI
suggests a causal relationship, and an interaction between
PARPI1 and KU70/80 has been reported, although the detailed
mechanism of by which KU70/80 and PARP1 crosstalk with each
other remains unclear (Galande and Kohwi-Shigematsu, 1999;
Isabelle et al., 2010; Liu et al., 2017; Caron et al., 2019). A possible
point of insight is that KU70/80 has been reported to be a
PARylation target of PARP3, albeit PARP3 plays a more
minor role than PARPI in the DDR (Beck et al., 2014). New
data also supports that PARP-dependent chromatin
decondensation facilitates KU70/80 loading via ZNF384
binding (Singh et al., 2021). The Immediate-Early recruitment
of MRN complex, which is slightly later than KU70/80, is likely to
be at least partially explained by the ability of NBSI to recognise
PARylation (Haince et al., 2008). Whether MRN and KU70/80
load onto the same break, the relative order of this loading and
whether they both persist throughout the DSB response is the
subject of debate (Hartlerode et al., 2015; Ingram et al., 2019;
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Paull, 2021), although in silico modelling has supported a so-
called ‘entwined pathway’ in which there are multiple point of
crosstalk between KU70/80 and MRN loading as opposed to
competitive or sequential loading (Ingram et al., 2019).

In summary, if the break is easily ligatable, KU70/80-
dependent repair fast-kinetic c¢NHE] occurs (Figure 2B).
KU70/80 and MRN complexes can be recruited during the
Immediate-Early response, which is initiated mainly by PARP1
and the subsequent PARylation events and chromatin
decondensation (Figures 2C-E). These proteins are damage
‘sensing’ proteins in the sense that they bind directly to the
DNA damage. It is possible that there are other proteins that fit
this definition, such as the recently reported SIRT6 (Onn et al.,
2020). Although MRN and KU70/80 can both be loaded together
at a single DSB, only KU70/80 is needed for fast-kinetic
cNHE]. However, MRN’s end processing activities and the
recruitment of ATM are required for both slow-kinetic cNHE]
and HR, and KU70/80 is likely retained at breaks reapired by
slow-kinetic cNHE].

THE EARLY RESPONSE TO DOUBLE
STRAND BREAKS IS CHROMATIN-BASED

In addition to events at the DSB, parallel chromatin-based
responses occur both proximally and distally to the DSBs.
Separately from the Immediate-Early DSB sensing events
discussed earlier, the chromatin-based Early response to DSBs
revolves around the trimethylation of histone H3 K9 (H3K9me3)
(Figure 3). Regulation of this histone modification by proteins
such as heterochromatin protein 1 (HP1, also termed chromobox
protein homolog 1) and Tat-interactive protein 60 kDa [TIP60,
also termed lysine (K) acetyl transferase, KAT5] centres on ATM
activation. TIP60 is the acetyltransferase component of the
multicomponent NuA4 complex, which acetylates lysines in
multiple targets, including ATM and histone H4, and is
important for transcription and DNA repair, as well as
contributing to histone exchange (Lee and Workman, 2007;
Price and D’Andrea, 2013; Jacquet et al., 2016).

Interestingly, the state of chromatin condensation plays an
important role in activating and maintaining the DSB responses
leading to DSB repair. Condensed chromatin is regulated by the
binding of HP1 (Ayoub et al., 2008; Becker et al., 2016; Kumar
and Kono, 2020). HP1p is the most abundant isoform of HP1,
while the HPla and y variants play lesser roles in chromatin
condensation (Kumar and Kono, 2020). HP1P binds to the
H3K9me3 heterochromatin marker to maintain the condensed
chromatin state. However, the H3K9me3 mark is also present in
euchromatin prior to damage, where the level of H3K9
methylation is maintained by a combination of methylases and
demethylases (Figure 3A). Methyltransferases include suppressor
of variegation 3-9 homolog 1 and 2 (SUV39H1 and SUV39H2),
and SET domain bifurcated histone lysine methyltransferase 1
(SETDB1) (Figure 3D and Monaghan et al, 2019). The
demethylases include a family of proteins called lysine (K)
demethylases 4 (KDM4A, also termed JMJD2A) that act as
demethylases of H3K9me2/3 (Mallette et al, 2012).
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FIGURE 3 | Early chromatin events leading to the activation of ATM. (A) The compaction of chromatin prior to DNA damage involves trimethylation of histone H9 at
lysine 9 (H3K9meQ). In heterochromatin, HP1 binds to H3K9me3 and contributes to chromatin condensation. Although a largely heterochromatic mark, H3K9me3 is
also present in euchromatin, where it contributes to transcriptional regulation, and is therefore tightly regulated. It can be methylated by SUV39H1, SUV39H2, and
SETDB1, and demethylated by KDM4B. When free of other binding proteins H3K9me3 can bound by TIP60 in its role as a regulator of transcription. (B) The
regulation of H3K9me3 upon DNA damage and the activation of TIP60. In heterochromatin, CK2-dependent phosphorylation of HP1 (T51) causes its release from
H3K9me3, leading to chromatin decondensation. Free H3K9me3 can then be bound by TIP60. When TIP60 is bound it can acetylate lysine 5 of histone H2AX
(H2AXK5AC), leading to further chromatin decondensation. H2AXKSAC can also contribute to PARP-dependent PARylation around DSBs. (C) Activation of ATM occurs
via TIP60-dependent acetylation of K8016 within the FATC domain of ATM. ATM is present as a largely inactive dimer prior to damage, and this acetylation causes it to
monomerise. Autophosphorylation of S1981 within the FAT domain of ATM also likely contributes to activation of ATM. In addition to the FATC and FAT domain, ATM
also is comprised of a kinase domain (KD) and HEAT repeats. Both the FAT and TAN domain are specialised HEAT repeats. (D) Where known, structure is superimposed
within overall architecture as illustrated. (i) Schematic of HP1. (i) General schematic of H3K9 methylases, including SUV39H1, SUV39H2, and SETDBH. (i) TIP60
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Interestingly, KDM4B recruitment is promoted by PARP
(Khurana et al, 2014), suggesting crosstalk with the
Immediate-Early response. Importantly, the level of histone
H3K9 methylation is in constant flux dependent upon the cell
cycle and the specifics of hetero- or euchromatic packaging
(Sulkowski et al., 2020).

In heterochromatin after damage, HP1p is phosphorylated (on
T51) by casein kinase 2 (CK2), causing its displacement from
H3K9me3 (Figure 3B and Ayoub et al,, 2008). CK2, which is
functionally highly pleiotropic in cellular signalling, also
phosphorylates multiple other targets in the DDR, although its

precise regulation and functions in the DDR are unclear. For
example, it is not known how CK2 is activated upon DNA
damage to phosphorylate HP1B on residue T51 (Ayoub et al.,
2008). Although primarily a mark of heterochromatin, H3K9me3
also functions within euchromatin as a regulator of transcription.
DSBs within euchromatin result in a rapid spike of H3K9me3 in
the chromatin flanking the DSB, although precisely how this is
regulated is not well understood. It is possible that because
KDM4B constantly removes H3K9 methylation, its inhibition
at DSBs would allow for a quick and local increase in H3K9
methylation (Sulkowski et al., 2020). Another possibility causing
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this rapid increase in H3K9me3 upon DNA damage is a pathway
that involves ufmylation, a ubiquitin-like protein, of histone H4 at
K31 (H4K31Ufm) by ULFI1, which is recruited by the MRN
complex. H4K31Ufm is read by serine/threonine-protein kinase
38 (STK38) and somehow facilitates recruitment of SUV39HI1 to
breaks, which then locally trimethylates H3K9 (Qin et al., 2019;
Qin et al., 2020). However, this ufmylation-dependent pathway is
thought to be more likely an MRN-dependent positive feedback
loop and does not account for the initial spike of H3K9me3, but
rather its spreading and subsequent activation of ATM (Qin et al.,
2019; Qin et al., 2020). Upon HP1P displacement, the histone
acetyltransferase TIP60 can bind, via its chromodomain, to
H3K9me3 (Sun et al., 2009). It is interesting that although
HP1B must be removed, it has also been shown to be
recruited to DSBs via an unclear mechanism that involves its
chromoshadow domain, suggesting an additional function in the
DSB response (Luijsterburg et al., 2009). TIP60 can also bind to
H3K36me3, and together, these two chromatin marks act as
allosteric regulators of TIP60 acetyltransferase activity (Figure 3B
and Bakkenist and Kastan, 2015).

Once the H3K9me3 histone mark is revealed within
heterochromatin or generated within euchromatin, TIP60
binds H3K9me3 and acetylates K3016 of ATM (Figure 3C
and Sun et al, 2010; Bakkenist and Kastan, 2015). In fact,
ATM and TIP60 can form a stable complex through the
FATC domain of ATM, and this interaction is likely what
brings TIP60 into proximity with K3016, allowing the
acetylation. The TIP60-ATM interaction appears constitutive,
although TIP60’s histone acetylation activity and the kinase
activity of ATM are indeed damage-dependent (Sun et al,
2005). Acetylation of ATM, which is present as an inactive
dimer in the nucleus prior to damage, causes ATM to
monomerise and autophosphorylate on residue S1981. It is
not currently known if this phosphorylation event is in cis or
in trans, or if this phosphorylation is necessary for activation of
ATM or just a marker of active ATM (Bakkenist and Kastan,
2003; Zong et al., 2015; Burger et al,, 2019). In fact, ATM has
been reported to have several other sites of
autophosphorylation, which likely play roles in DSB repair
yet to be elucidated (Kozlov et al., 2006; Kozlov et al.,, 2011).
At DSBs, ATM phosphorylates many substrates, resulting in
complex signal transduction involving numerous distinct PTMs
(Matsuoka et al., 2007; Mu et al., 2007; Bensimon et al., 2010;
Dou et al., 2011; Brown and Jackson, 2015; Yu et al., 2020).
Thus, the TIP60 acetylation-dependent monomerisation of
ATM and its likely phosphorylation-dependent activation
leads to an extensive leads to an extensive signal
transduction network in the Early DSB response (see below).

It is intriguing to note that PARP1/PARylation could aid in
recruiting TIP60 and ATM to sites of damage, as ATM binds
PARPI in a PAR-dependent manner (Aguilar-Quesada et al.,
2007; Chaudhuri and Nussenzweig, 2017). ATM has also been
shown to be activated by treatments that do not directly cause
DNA damage but induced global decondensation of chromatin in
the absence of any detectable DNA damage (Bakkenist and
Kastan, 2003). Thus, in addition to MRN-dependent ATM
recruitment, PAR-dependent chromatin decondensation that
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occurs at DSBs could also contribute to ATM activation and
subsequent recruitment. The activation of ATM creates a positive
feedback loop that is dependent upon chromatin decondensation
and driven by the binding of TIP60 to H3K9me3, which is either
revealed by release of HP1P or promoted by damage-induced
formation of H3K9me3 proximal to the DSB. TIP60 also
acetylates H2AX on lysine 5 (H2AXK5Ac) in the chromatin
proximal to a DSB, promoting PARP1-dependent PARylation,
which in turn could contribute to the dynamic chromatin
decompaction believed to facilitate DNA metabolic activities at
DSBs (Figure 3B and Ikura et al., 2016). In fact, this study showed
that PARPI1 was part of the TIP60 complex, which is a potential
link between the Immediate-Early PARP response and the
chromatin-based Early response to DSBs. PARPI, and no
doubt PARG, may have functions throughout the DSB
response, although, apart from its Immediate-Early functions,
the multiple potential roles of PARP1 during the Early and Late
responses remain to be defined.

There are other forms of chromatin reorganisation that take
place in response to DSBs, such as removal or sliding of
nucleosomes, as well as histone exchange (Price and
D’Andrea, 2013; Pessina and Lowndes, 2014; Dhar et al,
2017). Pathway choice depends on chromatin state, as for
resection to occur, the DNA must be accessible to the
resection machinery. Note, however, that similarly to other
DNA metabolic transactions such as transcription and
replication, nucleosomes may not have to be physically
removed for resection to occur. There are many histone
modifications that promote or impede resection (Clouaire and
Legube, 2019). In general, the balance between such histone
modifications affects the binding of factors required for either
limited or more extensive resection, which in turn impacts upon
pathway choice and fidelity of repair. Specifically within active
transcription units, H3K36me3-dependent recruitment of Lens
epithelium-derived growth factor p75 splice variant (LEDGF)
promotes HR by damage-induced recruitment of CtIP and
subsequently the other proteins required for extensive
resection (Daugaard et al,, 2012; Aymard et al., 2014).

Additionally, ATM-dependent phosphorylation of the
RNF20-RNF40 heterodimer, an E3 ubiquitin ligase, results in
monoubiquitination of H2B (H2BK120ubl1) and the consequent
decondensation of the chromatin around DSBs (Moyal et al,
2011). In undamaged cells this monoubiquitination of H2B is
normally associated with transcription elongation, but upon
damage contributes to the further relaxation of the chromatin
flanking DSBs to facilitate recruitment of both NHEJ and HR
proteins. Similarly, the ATM-dependent phosphorylation of
KAP-1 on S824 leads to decondensation of heterochromatin
(Goodarzi et al, 2011). Interestingly, DSBs within
heterochromatin ~ relocate to the periphery of the
heterochromatic clusters where they can be more easily
repaired (Jakob et al., 2011; Hausmann et al., 2018; Clouaire
and Legube, 2019).

Together, the highly complex regulation of a multitude of
histone modifications in the chromatin flanking DSBs
contributes to the activation of ATM and its downstream
targets, as well as contributing significantly to downstream
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FIGURE 4 | ATM signalling in the Early DSB response. (A) Once active, ATM is recruited to sites of DSBs by an interaction with NBS1, where it phosphorylates
many target proteins. One of the earliest targets is RSF1, which leads to nucleosome sliding to reveal the DNA surrounding the break. (B) ATM phosphorylates H2AX
(YH2AX), which allows the scaffold MDC1 to bind via its BRCT domain. As MDCH1 is constitutively bound to MRN, the recruitment of MDC1 recruits further MRN and ATM.
(C) ATM propagates yH2AX via continued MCD1, MRN, and ATM recruitment, leading to chromatin relaxation. (D) In addition to this method of yH2AX
propagation, yH2AX may also be spread via proposed ‘loop extrusion’ mechanism. In this model, the DSB machinery blocks one direction of the normal loop extrusion
that leads to the formation of TADs. As nucleosomes are extruded, ATM phosphorylates H2AX within a given TAD. (E) Schematics or structures are shown to the extent
of current data. (i) and (i) schematic of RSF1 and SNF2H. (iii) MDC1 contains many SQ/TQ sites that are phosphorylated by ATM and are required for protein binding.
The FHA domain allows for formation of head-to-head dimers of MDC1, and also contributes to L38BMTL2 binding. The SDTD domain interacts with NBS1. The TQXT
domain interacts with RNF8. The BRCT domain interacts with yH2AX. (iv) Cohesin is made up of the indicated domains.

pathway choice. While initiated during the Early response, the Once activated (Figure 3), the ATM monomer initiates a
dynamics of chromatin modification are fluid, continuously =~ phosphorylation cascade involving many transducers and
adjusting to the specific circumstances of each DSB throughout  effector proteins including those with roles yet to be defined
the entire DSB response. or those yet to be identified (some of the key proteins are
illustrated in Figures 4, 5). Perhaps the first ATM-dependent
chromatin event is the phosphorylation-dependent recruitment

THE ROLE OF ATM IN THE EARLY DOUBLE  of the remodelling and spacing factor 1 (RSF1) which is required

STRAND BREAK RESPONSE for reorganisation of the nucleosome(s) immediately proximal to
the DSB that is essential for both slow-kinetic cNHE] and HR

Once ATM is activated by TIP60-dependent acetylation, the cell ~ (Figure 4A and Helfricht et al., 2013; Min et al., 2014; Pessina and
continues with the Early DSB response. The signal transduction =~ Lowndes, 2014). Another important phosphorylation target of
pathway initiated by active ATM results in the ubiquitination of =~ ATM is the MRN complex (Lavin et al., 2015; Syed and Tainer,
histone H2A variants on K13/15 [termed H2A(X)K13/15ub]. The 2018). MRN bound to broken DNA (Figure 2E) recruits active
known order of recruitment to chromatin in the vicinity of DSBs ~ ATM monomers via an interaction with NBS1, which possibly
is ATM, MDC1, MRN, RNF8, L3BMBTL2, and RNF168 (Figures  involves prior K63-linked ubiquitination of NBS1 (Figure 4A and
4, 5 and Salguero et al., 2019). These Early DSB response proteins ~ Wu et al., 2012). A proportion of MRN proximal to DSBs during
are notable for their easily visible focal recruitment into micron ~ the Immediate-Early response via MRE11-dependent DSB-
scale condensates that form around DSBs. A large contributionto  specific binding DNA, as well as a proportion likely recruited
the versatility, efficiency, and integrated ‘decision’ making of the  via interaction with PAR (see earlier). However, the dramatic
DSB repair response is no doubt due to the locally high  focal accumulation of ATM and MRN in the vicinity of DSBs is
concentration, ensured by their liquid-liquid phase separation  chromatin-mediated, rather than directly DNA- or PAR-
properties, of the many proteins found within foci (Fijen and  mediated. Once recruited, ATM phosphorylates H2AX, a
Rothenberg, 2021). variant of histone H2A often found in euchromatin, at residue
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FIGURE 5 | The Early ATM-dependent DSB response resullts in the ubiquitination of histone H2A(X) (H2A(X)13/15ub) needed for Late protein recruitment. (A) DSB
signal transduction. The ATM-dependent phosphorylation of MDC1 provides a docking site for the E3 ubiquitin ligase RNF8, and the ATM-dependent phosphorylation of
S335 of LBMBTL2 allows it to bind to the FHA domain of MDC1, bringing it in close contact with RNF8. RNF8 polyubiquitinates L3BMTL2 on K659 via K48-linkage,
providing a platform for RN168 to bind. RNF168 then monoubiquinates H2A(X)K13/15. (B) Together, H2AX)K15ub and the replication-dependent methylation
state of H4K20 recruits either 53BP1 or BARD1, which is in complex with BRCA1. (C) Schematics or structures of RNF8, L3BMTL2, RNF168, 53BP1, and BARD1/
BRCAT1 are shown where known, or informed by known domains where the full structure is not solved. (i) RNF8 is an E3 ubiquitin ligase, that interacts with the E2
ubiquitin ligase UBC8 or UBC13 (not shown). (i) LAMBTL2 structure. (i) RNF168 E3 ubiquitin ligase interacts with the UBE2N or UBC13 E2 ubiquitin ligase (not shown).
(iv) 53BP1 schematic. The UDR domain binds to H4K20me2 and its tandem Tudor domain binds to H2A(X)K15ub. Dimerization of 53BP1 is promoted by the OD and
DYNLL1. 28 SQ/TQ sites in the N terminal can be phosphorylated for downstream protein recruitment. (v) The ARD domain of BARD1 binds the H4K20me0 mark, while
its BRCT domain binds H2AX)K15ub. BARD1 is in complex with BRCA1. Note that for clarity the DSB and Early ATM signalling proteins are faded out.

$139. This PTM, widely known as yH2AX, provides a docking
site for MDCI1 via its BRCT domain, with MDC1 then acting as a
scaffold protein for further protein recruitment, including further
ATM and MRN, throughout the remainder of the DSB response
(Figure 3B and Jungmichel et al., 2012). In addition to this widely
appreciated mechanism of ATM accumulation at DSBs, an
additional regulator has been suggested: Pellinol, yet another
E3 ubiquitin ligase, that is recruited to the DSB, phosphorylated
by ATM, and then binds to YH2AX to further promote the
accumulation of ATM and MRN, and subsequently, of MDC1
(Ha et al,, 2019).

Prior to damage, a proportion of the MDC1 scaffold is already
bound to NBSI via the SDTD domain of NBS1, requiring CK2-
dependent phosphorylation of the SDTD motif in MDC1
(Goldberg et al., 2003; Chapman and Jackson, 2008; Spycher
etal., 2008). Once more, the role of CK2 in the DDR is enigmatic,
as whether CK2 is regulated to phosphorylate the MDC1’s SDTD
domain is unclear. Phosphorylation of the N-terminus of MDC1
regulates its dimerization, which in turn appears to be required
for an effective DSB response (Figure 4E and Luo et al., 2011; Liu
et al., 2012). Regardless, the initially recruited MDCI then
recruits more MDCl-bound MRN complexes (Figure 4B and
Melander et al., 2008; Spycher et al., 2008; Salguero et al., 2019),
while additional active ATM monomers are recruited through
their interaction with NBS1. The accumulating ATM then

propagates YH2AX, spreading across megabases of chromatin
domains on either side of the DSB (Figure 4C). Normally, H2AX
is phosphorylated by ATM activity, but can also be
phosphorylated by DNA-PKcs and ATR (Stiff et al., 2004;
Wang et al., 2005; Caron et al.,, 2015), and increasing levels of
YH2AX results in further chromatin decondensation and
amplification of the DSB repair signal.

Recent data suggests another potential mechanism, loop
extrusion, which could facilitate yH2AX propagation
(Figure 4D and Arnould et al,, 2021). In this ATM-dependent
mechanism, YH2AX is specifically propagated throughout an
entire topologically associated domain (TAD). TADs are
structured chromatin domains actively maintained by cohesin
and CCCTC-binding factor (CTCF) and formed by loop
extrusion, in which chromatin is pushed through the cohesin
molecules until opposing CTCF are encountered (Figure 4E and
Rajarajan et al., 2016; Marchal et al., 2019). The authors propose
that a DSB blocks extrusion, leading to unidirectional loop
extrusion with the DSB repair machinery anchored one side of
the extrusion process, allowing ATM to phosphorylate H2AX as
the nucleosomes are extruded (Arnould et al., 2021) (Figure 3D).
While yH2AX spreading within TADs may be facilitated by loop-
extrusion, it is likely to be additive with phosphorylation via the
previously  described the MDCI/MRN/ATM  positive
feedback loop.
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The phosphorylation of the TQXF motif of MDC1 by ATM
provides a binding site for RNF8, an E3 ubiquitin ligase (Figures
4E, 5A and Nowsheen et al,, 2018; Salguero et al., 2019). RNF8
interacts with several E2 enzymes, including the ubiquitin
charged proteins UBCH8 and UBC13, leading to catalysis of
either K48- or K63-linked ubiquitin chains, respectively (Lok
et al, 2012). Ubiquitination is best known for marking proteins
for degradation by the proteasome via K48-linked chains, but the
K63-linkage plays has an important role as a signalling mark in
the DSB response, as well as other pathways (e.g., protein kinase
activation, and receptor endocytosis) (Lok et al., 2012). There has
been some discussion on the major target of RNF8 in the DSB
response. It was initially reported that RNF8 ubiquitinates histone
H1 (Thorslund et al, 2015). However, more recent data
established that RNF8 targets a protein termed Lethal(3)
malignant brain tumour-like protein 2 (L3MBTL2) (Nowsheen
et al,, 2018). LAMBTL2 contains malignant brain tumour (MBT)
repeats, which often function as ‘chromatin readers’ able to bind
to histone modifications, and is one of at least three MBT-
containing proteins active in the DSB response (Bonasio et al.,
2010). Like RNF8, L3MBTL2 is also recruited to the MDCl1
scaffold, this time by an ATM-dependent phosphorylation of
L3MBTL2 (S335) which interacts with the MDC1 FHA domain
(Figures 4E, 5A). The proximity of RNF8 and L3MBTL2, both
bound to MDCI, facilitates polyubiquitination of L3BMTL2
(K659, via K63 linkages) by RNF8. This polyubiquitination
serves as a platform for the binding of RNF168, another E3
ubiquitin ligase. The key role of RNF168 is mono-ubiquitination
of H2A isoforms, including H2AX, on residues K13 and K15
[H2A(X)K13/15ub] (Mattiroli et al., 2012). Although RN168 can
ubiquitinate both K13 and K15 residues, the role of K13ub in the
DSB response is not understood; however, the damage-inducible
ubiquitination of K15 is required for both 53BP1 and BRCALl
recruitment (Figure 5B and Mattiroli et al., 2012).

In addition to their transduction of the ATM damage signal,
RNF8 and RNF168 also have other regulatory roles in the Early
DSB response (Lok et al., 2012; Bartocci and Denchi, 2013). For
example, the monoubiquitin on H2A(X)K13/15 can be extended
by RNF8; while this polyubiquitination has unclear effects on
53BP1 and BARDI binding, it is required for recruitment of
RAPS80 in a complex with BRCA1 (Hu et al., 2011). Other roles
for RNF8 and RNF168 in the DSB response include
ubiquitination-dependent regulation of L3MBTL1, KDM4A
(JMJD2A), and 53BP1. However, these roles have not been
fully elucidated and involve K48-linkages more typically
involved in proteolysis. In addition, RNF8-dependent
ubiquitination of NBS1 may aid the stabilization of MRN at
DSBs (Lu et al, 2012). Furthermore, a poorly characterised
scaffold protein, WRAP53p, has been reported to contribute to
RNF8 recruitment through an unknown mechanism involving
phosphorylation by ATM (at S64) and co-localisation with
MDC1 (Henriksson et al., 2014; Rassoolzadeh et al., 2015;
Coucoravas et al., 2017).

It is likely that there are many other undiscovered regulators of
ATM recruitment and early phosphorylation events. A further
example is the transcription factor SP1, which is phosphorylated
by ATM and co-localises with yH2AX and members of the MRN
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complex, although its mechanism of interaction and regulatory
impact have not yet been reported (Beishline et al., 2012). Finally,
ufmylation of MRE11 on K282 has been reported to promote
ATM activation, although the mechanistic details remain to be
characterised (Wang et al,, 2019). In fact, it is likely that many
more details of how ATM regulates the response to DSBs remain
to be reported and dissected and will add still further complexity
to an already complex pathway. To date, the ‘major players’
required to transduce the Early DSB response include ATM,
MRN, MDC1, RNF8, L3MBTL2, and RNF168, while multiple
additional proteins are required to fine tune this signal
transduction pathway.

THE ROLE OF 53BP1 AND BRCA1 IN THE
LATE DOUBLE STRAND BREAK
RESPONSE

Emerging data has demonstrated that two histone modifications
are critical for pathway choice between NHE] and HR (Fradet-
Turcotte et al., 2013; Pellegrino et al., 2017; Nakamura et al., 2019;
Becker et al., 2020; Dai et al., 2021; Hu et al., 2021; Morris, 2021).
Ubiquitination of H2A isoforms [H2A(X)K13/15ub] together
with the methylation state of histone H4 lysine 20 (either
H4K20me0 or H4K20me2) recruit the critical readers of these
bivalent chromatin marks, 53BP1 and BARDI, which is in
complex with BRCA1 (Figure 5B). The control of these two
PTMs is highly regulated; H2A(X)K13/15 is initially mono-
ubiquitinated by the E3 ligase RNF168 in the chromatin
flanking DNA damage, while the methylation of H4K20 is
widespread throughout the genome. The recruitment of 53BP1
and BARD1-BRCAL to these histone modifications occurs during
the Late stage of the DSB response, and constitutes some of the
last steps prior to pathway choice. Here we will briefly discuss the
known mechanisms underlying the choice between slow-kinetic
cNHE] and HR (Figure 6 and reviewed in Panier and Boulton,
2013; Ceccaldi et al,, 2016; Krenning et al., 2019; Scully et al,,
2019; Mirman and de Lange, 2020; Ronato et al., 2020).
Previously we discussed the regulation of H2A ubiquitination
[H2A(X)K13/15ub], which appears to be the critical damage-
dependent regulatory event of the Early response. Di-methylation
of H4 (H4K20me2) is largely constitutive and widely distributed
throughout the genome. Importantly, for BARDI1-BRCAl

recruitment, immediately post DNA replication, newly
incorporated nucleosomes are transiently —unmethylated
(H4K20me0), although the existing nucleosomes retain

methylation (H4K20me2) (Botuyan et al., 2006; Saredi et al.,
2016; Nakamura et al., 2019; Becker et al., 2020). H4K20me?2 is
normally methylated by three methyltransferases, where SET8
(also termed SETD8, Pr-SET7, and KMT5A) provides the initial
monomethylation, then SUV4-20H1 and its homologue SUV4-
20H2 add the second and even a third methyl group (Jorgensen
et al, 2013). Demethylation can occur via two RAD23
homologues, hHR23A and hHR23B (Cao et al, 2020). In
addition to the post replication control of H4K20 methylation,
H4K20me2 can be masked by either KDM4A (JMJD2A) or
L3MBTLI prior to damage (Acs et al, 2011; Butler et al,
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FIGURE 6 | The Late response and pathway choice. (A) 53BP1-dependent recruitment of PTIP recruits Artemis to sites of DSBs for slow-kinetic cNHEJ. (B)
Recruitment of BRCAT1 to sites of DSBs can be BARD1-dependent, RAP80-dependent, MBRN-dependent (not shown) or PARP1-dependent (not shown). (C)
Recruitment of RIF1 and Shieldin to 53BP1. (D) 53BP1, RIF1, and Shieldin can block resection, or recruit the CST-Pola primase complex for gap fill-in, promoting the
fidelity of both slow-kinetic cNHEJ and HR. (E) Schematics or structures of PTIP, Artemis, RAP80, RIF1, Sheildin and CST- CST-Pola primase. Where known
structure is superimposed within overall architecture as illustrated. (i) PTIP is recruited to phosphorylated 53BP1. (ii) Artemis is the nuclease responsible for the 1-5 nt
resection required for slow-kinetic cNHEJ. (iii) RAP80 can bind to polyubiquitination of H2AX)K13 and H2A(X)K15 to recruit BRCA1. (iv) RIF1 forms a dimer via its large
N-terminal domain, which can also bind directly to DNA (not shown), and interacts with 53BP1 via phosphorylation. (v) The Shieldin complex is made up of SHLD1,
SHLD2, SHLD3, and REV7. REV7 and SHLD3 undergo conformational changes that facilitate their interaction, the so-called ‘seatbelt’ interaction. (vi) The CST complex
forms a decameric supercomplex containing CTC1, STN1, and TEN1 (Lim et al., 2020) and interacts with Pola-primase. Pola-primase itself is composed of two subunits

2012; Mallette et al., 2012). Upon DNA damage, the concerted
action of RNF8 and RNF168 ubiquitinate KDM4A via K48-
linkage that targets it for proteasomal degradation, revealing
the H4K20me2 mark for 53BP1 binding. Unmasking
L3MBTL1 to reveal H4K20me2 1is achieved somewhat
differently. RNF8 and RNF168 are required to recruit the
AAA-ATPases valosin-containing protein (VCP) and nuclear
protein localization protein 4 (NPL4) to DSBs in order to
remove L3MBTL1 freeing the H4K20me2 mark for 53BP1
(Jacquet et al., 2016).

In the context of a DSB, and the associated H2A ubiquitination
[H2A(X)K15ub] of the flanking chromatin, the greatest binding
affinity of 53BP1 and BARD1 is to H4K20me2 and H4K20me0,
respectively (Pellegrino et al., 2017; Nakamura et al., 2019; Becker
etal., 2020; Dai et al., 2021). Although H4K20me?2 is abundant, it
is also known to be damage-inducible via the histone
methyltransferase MMSET (also known as NSD2 or WHSC1),
which is recruited in a YH2AX- and MDCI-dependent manner
(Pei et al.,, 2011). This could be particularly important for regions

of the genome relatively depleted in the H4K20me2 modification.
More typically, the H4K20me2 is only absent on newly
synthesised chromatin. Thus, the brief availability of
H4K20me0 in newly replicated chromatin facilitates
recruitment of BARDI, immediately after replication fork
passage, which directs repair towards HR as BARDI forms a
heterodimer with BRCA1 via the RING domain of BRCAIl
(Figure 5C). BARD1 binds to H4K20me0 through its ankyrin
repeat domain (ARD) domain, while its BRCT domain binds
H2A(X)15ub (Nakamura et al., 2019). The affinity of BARD1 for
H2A(X)K15ub is higher than that of 53BP1 (Dai et al., 2021).
Once H4K20 becomes methylated, the window for repair via HR
closes and repair is once more directed towards the slow-kinetic
cNHE] pathway. Although this is not the only method of BRCA1
recruitment, as BRCA1l forms many complexes, including
BRCAI1-A (Abraxas & RAP80 containing), BRCA1-B (BACHI
containing), BRCAI-C (CtIP and MRN containing) and the
BRCA1/PALB2 complex, that are separately recruited
(Figure 6B and reviewed in Her et al, 2016). As previously

Frontiers in Genetics | www.frontiersin.org

13

January 2022 | Volume 13 | Article 793884


https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Kieffer and Lowndes

noted, it seems that BRCA1-A complex can be recruited to sites of
DSBs by interaction between RAP80 and polyubiquitination of
either H2A(X)K13 or H2A(X)K15, which is extended from
monoubiquitination of either residue by RNF8 (Mattiroli et al.,
2012). The post replication window during which newly
incorporated histone H4 remains unmodified at lysine 20
methylation suggests a mechanism of how the cell successfully
deals with one-ended DSBs that can occur at replication forks.
One-ended DSBs cannot be accurately repaired by slow-kinetic
cNHE] (joining to another one-ended DSB elsewhere in the
genome would result in a chromosomal rearrangement) and
are instead repaired via break induced replication (BIR), a
homology-dependent =~ mechanism  requiring the sister
chromatid (Anand et al, 2013). While there are multiple
mechanisms by which BRCAL1 is recruited to two-ended DSBs,
precisely how BRCA1 outcompetes 53BP1 to favour HR at those
breaks preferentially repaired by this pathway remains to be fully
elucidated.

The structure of 53BP1 allows it to bind to the bivalent
damage-induced H2A(X)15ub and the largely constitutive
H4K20me2 (see above and Fradet-Turcotte et al, 2013;
Mirman and de Lange, 2020; Ronato et al, 2020). The
C-terminus of 53BP1 consists of a tandem Tudor domain with
a closely associated ubiquitin-dependent recruitment (UDR)
motif, followed by a tandem BRCT domain which separately
binds p53 (Figure 5C). The Tudor domain of 53BP1 specifically
binds H4K20me2, while the UDR motif binds
monoubiquitinated H2A(X)K15ub, but not H2A(X)K13ub
(Botuyan et al., 2006; Panier et al., 2012; Uckelmann and
Sixma, 2017). Effective binding of 53BP1 to these marks also
requires its constitutive dimerization, achieved via its
oligomerisation domain (OD), and facilitated by its
interaction with DYNLL1 (also LC8). Interestingly, DYNLL1
interaction with MREI1 disrupts its nuclease activity,
suggesting another mechanism by which 53BP1 inhibits
resection (He et al., 2018). The large N-terminus of 53BP1 is
unstructured and contains 28 S/TQ sites that can be
phosphorylated by ATM and form a platform for
recruitment of multiple factors such as RIF1, which in turn
leads to the recruitment of Shieldin (Figure 6C and Findlay
et al., 2018; Ghezraoui et al., 2018; Gupta et al., 2018).

The Shieldin complex, consisting of REV7 (MAD2L2),
SHLDI1, SHLD2, and SHLD3 is recruited to DSBs to block
resection (Figure 6E). Shieldin can also recruit Pola-primase
via its accessory factor CTC1-STN1-TEN1 (CST) to achieve the
correct balance between resection and fill-in DNA synthesis
(Figure 6D and Mirman et al, 2018). This may allow slow-
kinetic cNHE] to occur with higher fidelity and indicates an active
role for 53BP1 in efficient slow-kinetic cNHE]J. A further active
role for 53BP1 in slow-kinetic ¢<NHE] is suggested by its
recruitment of PTIP, which in turn has functions in localising
Artemis to DSBs that must be processed prior to repair
(Figure 6A and Callen et al., 2013; Wang et al, 2014). The
nuclease activity of Artemis is then required to process the DNA
end (Riballo et al., 2004). Intriguingly, in addition to slow-kinetic
cNHE], Artemis has also been shown to promote HR by
removing lesions or secondary structures that inhibit repair by
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either pathway (Beucher et al., 2009). Regardless of these active
roles in slow-kinetic cNHE], 53BP1-dependent recruitment of
RIF1 and Shieldin inhibits HR, as well as the more mutagenic Alt-
EJ, BIR, and SSA mechanisms of DSB repair.

53BP1 is clearly important for slow-kinetic cNHE] and
regulation of HR. These roles are supported by its recruitment
into chromatin spanning megabases of DNA either side of a DSB,
as well as its focal recruitment into large, micron sized, phase-
separated condensates (Clouaire et al., 2018; Kilic et al., 2019).
53BP1 foci have been recently resolved into substructures termed
‘nanodomains’, which appear to correlate with TADs (Ochs et al.,
2019; Caron and Polo, 2020). By mechanisms involving RIF1 and
Shieldin, that have not been fully deciphered, these nanodomains
reorganise into circular structures (termed ‘microdomains’). Each
microdomain is composed of about five 53BP1 nanodomains/
TADs, only one of which contains the DSB. The relationship
between spherical foci and circular microdomains is unclear, but
the arrangement of nanodomains might protect the integrity of
chromatin in those TADs close to the TAD harbouring the DSB.
Interestingly, pro-resection factors localises to the centre of the
microdomain, likely to segregate such proteins away from the
DNA until such time as they are needed, while anti-resection
factors congregate within individual nanodomains.

Regulation of 53BP1 is even more complex than its histone
modification-dependent recruitment. 53BP1 is recruited to DSBs
that are ultimately repaired by either slow-kinetic cNHE] or HR.
As discussed, its role in slow-kinetic cNHE] is not just limited to
inhibition of resection but it may also have active roles in slow-
kinetic cNHE] (e.g., recruitment of Artemis, CST-Pola-primase),
while in HR 53BP1 promotes fidelity by preventing excessive
resection (Wang et al., 2014; Ochs et al., 2016; Lobrich and Jeggo,
2017; Mirman et al., 2018; Zhao et al., 2020; Kelich et al., 2021).
Given such important roles, it is not surprising that 53BP1
recruitment is tightly regulated by multiple additional
mechanisms: 1) the Tudor interacting repair regulator (TIRR)
can bind the Tudor domain of 53BP1 to block its H4K20me2
binding (Drané et al., 2017; Dai et al., 2018; Wang et al., 2018); 2)
acetylation within the 53BP1 UDR domain (K1626/K1628) by
CREB-binding protein (CBP) disrupts 53BP1 binding to the
nucleosome (Guo et al, 2018); 3) RNF169, an RNF168
paralogue, appears to be able to antagonise 53BP1, as well as
RAP80-BRCA1, accumulation at DSBs through a mechanism
that remains enigmatic (Chen et al, 2012; Panier et al., 2012;
Poulsen et al., 2012; An et al.,, 2018); 4) phosphorylation of the
damage dependent H2AK15 ubiquitin tag (UbT12p) itself also
inhibits binding of 53BP1, but not HR factors (Walser et al,
2020); intriguingly, and in contrast to these negative regulatory
mechanisms, 53BP1 binding can be positively regulated by the
kinesin, KIF18B, in a mechanism requiring a direct interaction
with the 53BP1 Tudor domain and the motor activity of KIF18B
(Luessing et al., 2021).

The regulation of 53BP1 and BRCA1 recruitment to DSBs
defines the Late response to DSBs that occur prior to repair by
specific pathways, and is clearly complex and not yet fully
understood. Emerging data demonstrates that both 53BP1 and
BARDI-BRCAI can bind to related bivalent histone marks,
providing a DNA damage histone code. Both factors can bind
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to the chromatin flanking the same DSB. Details of how BRCA1
outcompetes 53BP1 at some DSBs are emerging. In particular, at
one-ended DSBs produced at replication forks specific
recruitment of BARDI1-BRCA1 drives repair towards HR.
Precisely how BRCA1 outcompetes 53BP1 at two-ended DSBs
destined for repair via HR is as yet unknown. Furthermore,
improved resolution of how 53BP1 and BRCA1 are physically
segregated within three-dimensional space proximal to DSBs
could provide important insight into pathway choice.

THE ROLE OF KU70/80 AND MRN AND IN
THE LATE RESPONSE

Despite being two of the fastest-recruited proteins in the DSB
response, KU70/80 and MRN have additional roles in repair
choice that occur during the Early and Late response. Earlier we
mentioned that proteins in the Immediate-Early damage
response do not form visible foci, such as the ionising
radiation induced foci (IRIF) that occur during the Early and
Late response. While MRN foci have been well characterised,
KU70/80 has also been shown to form detectable foci-formation
at later timepoints (Britton et al., 2013). Focal recruitment
indicates accumulation of sufficiently large amounts of protein
that then become easy to detect by immunofluorescence. Unlike
MRN foci, which can be visualised through conventional
immunofluorescence, visualisation of KU70/80 foci requires
pre-treatment with RNAseA and pre-extraction buffer (Britton
et al,, 2013). This is likely because, in addition to binding DNA
ends, KU70/80 is also believed to bind RNA, also found in foci
(Fijen and Rothenberg, 2021). Thus, revealing DSB-dependent
foci during the ‘Late’ response appears to require removal of RNA
to facilitate antibody access to KU70/80 (Britton et al., 2013;
Sharma et al., 2021). However, neither KU70/80 nor MRN foci
have been demonstrated within the Immediate-Early response,
which takes place within the seconds immediately after DSBs
formation and during which fast-kinetic cNHE] occurs. Other
than its DNA end binding activity, and possibly also a reported
interaction between PARP1 and KU70/80, the mechanism of
KU70/80 recruitment, particularly into foci, is less defined than
for MRN, which is primarily ATM- and MDC1-dependent as
previously discussed. Although, as a further complication, there is
evidence that binding of human single-stranded DNA binding
protein 1 (hSSB1) to resected DNA facilitates enhanced
recruitment of MRN and increased MRE11 endonuclease
activity (Richard et al., 2008; Richard et al., 2011a; Richard
et al,, 2011b).

Importantly, it appears that while KU70/80 must be retained
at DSBs for slow-kinetic cNHE], for HR KU70/80 has to be
evicted during the Late response. KU70/80 eviction is achieved by
a combination of nucleolytic and proteolytic activities.
Interestingly, the major nuclease implicated in KU70/80
eviction is MREL11, indicating crosstalk between these two end
binding complexes, while CtIP also plays a role (Langerak et al.,
2011; Chanut et al., 2016; Myler et al., 2017). Proteolytic eviction
of KU70/80 is regulated by RNF8 and RNF138, yet another E3
ubiquitin ligase, which can tag KU70/80 for degradation using
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K48-linked polyubiquitin (Feng and Chen, 2012; Ismail et al,
2015). Ubiquitination of KU70/80 appears to be promoted by yet
another post translational modification, neddylation (Brown
et al., 2015).

It is possible that MRN could also contribute to the proximal
‘melting’ of the broken DNA ends to facilitate the loading of RNA
polymerases. The resulting non-coding RNAs (ncRNAs) have
been reported to be processed by the RNAses DROSHA and
DICER to become the so-called DNA damage response or
damage-inducible RNAs (DDRNA or diRNA), reported to
regulate the DSB response (Francia et al, 2012; Wei et al,
2012). Another recently reported role for RNA in the DSB
response is to hybridise to the 3’ overhanging strand after
resection thereby protecting it from nucleases. RNA Pol III
has been reported to synthesise the RNA that forms these
transient RNA-DNA hybrids, and impacts upon high fidelity
repair by both slow-kinetic cNHE] and HR (Liu et al., 2021).
Indeed, beyond the scope of this review, there is emerging
evidence that RNA plays many important roles in the DSB
response (Chowdhury et al, 2013; Barroso et al, 2019
Crossley et al., 2019; Bader et al., 2020; Ketley and Gullerova,
2020; Guiducci and Stojic, 2021; Jimeno et al., 2021; Marnef and
Legube, 2021; Palancade and Rothstein, 2021). Perhaps the ability
of KU70/80 to bind RNA could be important with respect to the
emerging roles for RNA in the responses to DSBs.

DOWNSTREAM DOUBLE STRAND BREAK
REPAIR PATHWAYS

After the Late DSB response, largely constituting a delicate balance
between 53BP1 and BRCA1 recruitment, the remaining DSBs can be
repaired by either slow-kinetic c¢NHEJ or HR (Figures 1E,I).
However, these two high-fidelity repair pathways are often
counted among five distinct pathways. These are: i) slow-kinetic
cNHE] (note that fast-kinetic ¢cNHE] is an Immediate-Early
response, see Figure 2); ii) alternative end joining (Alt-EJ; often
referred to as microhomology-mediated EJ, or MME]); iii) break
induced replication (BIR); iv) single strand annealing (SSA), and v)
gene conversion (GC), which can result from two distinct HR
mechanisms, either synthesis dependent strand annealing (SDSA,
also called short tract GC) or double Holliday Junctions (dHJ, also
called long tract GC) mediated recombination (Figures 1E-I and
Mehta and Haber, 2014; Chang et al, 2017; Malkova, 2018;
Krenning et al,, 2019). How the cellular DSB repair machineries
funnel DSBs into the possible repair outcomes is not yet fully
understood, but influencing factors include cell cycle stage,
chromatin context (especially with respect to transcriptional
status), the type and extent of the breaks, and the amount of
resected ssDNA (Ronato et al, 2020). The historical perspective
that cNHEJ and HR are resection independent or dependent,
respectively, has been revised by the realisation that in addition
to Alt-EJ, some slow-kinetic ¢NHE] also relies upon resection
(Shibata and Jeggo, 2019).

Slow-kinetic cNHE] accounts for repair of about 20% of IR
induced DSBs, and has been termed ATM, 53BP1-, or Artemis-
dependent cNHE] and, as it requires some limited (1-5 nt)
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resection, is additionally termed resection-dependent cNHE]
(Figure 1E and Chang et al., 2017; Jeggo and Lobrich, 2017).
This pathway also depends upon other indirect factors impacting
upon pathway choice, including RIF1, Shieldin, and CST-Pola
primase. Whereas the core cNHE] proteins are required by both
fast- and slow-kinetic cNHE]J, 53BP1, RIF1, and Shieldin are anti-
resection factors and CST- Pola primase balances resection with
de novo DNA synthesis, likely improving fidelity (Mirman et al.,
2018). However, fast- and slow-kinetic ¢cNHE] differ in their
ability to repair simple versus complex DSBs, have different
recruitment pathways, and are used to different extents
throughout the cell cycle (Setiaputra and Durocher, 2019;
Shibata and Jeggo, 2020a; Shibata and Jeggo, 2020b; Qi et al.,
2021). Intriguingly, emerging data suggests that slow-kinetic
cNHE] can avoid mutagenic deletions by using RNA
molecules as homology templates for retrieving sequence
information that can be lost during resection (Storici et al,
2007; Chakraborty et al, 2016; Meers et al, 2016; Mazina
et al., 2017).

Alt-E] encompasses vestigial NHE] repair pathways that do
not require KU70/80, XRCC4, or LIG4 (Figure 1F and Iliakis
et al,, 2015; Wyatt et al., 2016; Dutta et al., 2017; Hanscom and
McVey, 2020; Ramsden et al., 2021). These repair subpathways
occur after Artemis and CtIP-dependent slow-kinetic cNHE] fails
to repair the DSB, and when there is insufficient homology (less
than 25 nt) for HR. Interestingly, Alt-EJ pathways can still occur
in cells with functioning cNHE] and HR, albeit at a frequency of
just 0.5%-1% (Hanscom and McVey, 2020). Given the many
descriptors (a-EJ, alterative NHE], backup NHE], MME]
(microhomology-mediated end joining), TME] [polymerase
theta (Pol 0)-Mediated End joining], Synthesis-dependent
MME], etc.) and the obvious confusion generated, Alt-E]
subpathways may best be considered as being either Pol
6—dependent or independent. During, MME] resection reveals
microhomologies allowing annealing, followed by removal of the
3’ non-homologous tails, gap filling, and ligation. It is interesting
to note that PARPI plays a role in Alt-EJ subpathways such as
MME] (Mansour et al., 2010; Dutta et al., 2017). TME]J, on the
other hand, still uses microhomologies, but also relies on Pol 6 in
order to prime the synthesis of up to 25nt of nascent DNA
(Hanscom and McVey, 2020). More recently, TME] has been
shown to be cell cycle regulated, repairing one-ended DSBs that
arise in S-phase in early mitosis (Llorens-Agost et al., 2021). In
this pathway, RAD52 and BRCA2 delay TME] until early mitosis,
by which time one-ended DSBs have been converted to two-
ended DSBs. A recent study also demonstrated that the
polymerase activity of Pol 0 is not the only function required
for TMEJ; amazingly, its DNA polymerisation domain can also
function nucleolytically for 3’ end trimming (Zahn et al., 2021).
When we consider NHE] as a whole network of pathways, it is
important to remember that fast-kinetic cNHE] occurs upstream
within the Immediate-Early response, while all other
subdivisions, including slow-kinetic cNHE], MME], TME]J, and
any other Alt-EJ pathways, are all resection-dependent repair
pathways.

In mitotic cells HR has three main subdivisions: GC, BIR, and
SSA (Jackson, 2002; Mehta and Haber, 2014; Chang et al., 2017;
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Krenning et al., 2019; Pham et al., 2021). GC is the highest-fidelity
repair; in yeast requiring just 20-80 nt of in trans homology, and
resecting 2-6 kb, while in mammalian cells the minimal in trans
homology is unclear, but resection can occur for up to 3.5kb
(Ronato et al., 2020). In mammals, GC is dependent upon the
nuclease activity of MRN and other proteins such as CtIP, BLM,
EXO1, RPA1, BRCA1, PALB2, BRCA2, XRCC3, RAD51, and
RADS54 (Figure 1I). This repair pathway requires end resection,
ssDNA protection, search for homology, strand invasion, and
resolution of the resulting Holliday Junction (Jackson, 2002; Li
and Heyer, 2008). GC has two subdivisions: SDSA and dH]J
mediated recombination, which are also referred to as short
tract GC (STGC) and long tract GC (LTGC), respectively
(Elbakry and Lobrich, 2021). In SDSA, an unstable
displacement loop (D-loop) is formed as an intermediate
composed of a double stranded DNA double helix invaded by
the broken DNA end, leading to short-tract DNA synthesis. The
second end of the break is then annealed to this newly synthesised
DNA, resulting in repair that is cross-over independent. This is
the most common form of DSB repair, as it minimises the chance
of mutations to DNA near the DSB (Pham et al., 2021). On the
other hand, dH]J resolution begins with the invasion of the broken
strand to form a stable D-loop, followed by long-tract DNA
synthesis. The second end of the DSB is eventually captured,
leading to the formation of joint molecules. The resolution of
these joint molecules results in cross over and non-cross over
events with equal frequencies (Elbakry and Lébrich, 2021).

It is interesting to note that the involvement of BRCA1 and
BRCA?2 in HR is an area of intensive research stimulated by the
roles of these DSB repair factors in heritable BRCA defective
breast and ovarian cancers. Furthermore, BRCA defective cancer
cells are sensitive to PARP inhibition (Antolin et al., 2020;
Jannetti et al., 2020; Rose et al, 2020), and this synthetic
lethality suggests that PARP and BRCA1/2 function in
different pathways. The mechanism by which PARP inhibitors
function remains to be fully deciphered and is subject to much
debate, but it has been proposed to be due to defective SSB repair,
which results in one-ended DSBs during S phase that require HR
for their repair (Helleday, 2011; Murai et al., 2012; Horton et al,,
2014). However, it is likely that Artemis-dependent, or slow-
kinetic cNHE], also contributes to PARP inhibition-dependent
lethality in HR-defective cells (Patel et al., 2011; De Lorenzo et al.,
2013), consistent with PARP performing some roles in multiple
DSB repair pathways.

BIR is a sub-pathway of HR which uses the invading strand for
long-range DNA synthesis without the engagement of a second DSB
end (Elbakry and Lobrich, 2021). It therefore repairs one-ended DSBs
arising from fork collapse and provides an alternative mechanism for
telomere maintenance when telomerase is lost (Figure 1G and
Malkova, 2018). In budding yeast, BIR requires approximately
72 nt of homology and can resect up to 1 kb (Ronato et al., 2020).
This recombination-based method of conservative DNA replication
copies from a template DNA until the end of the DNA template. The
invasion of the single DNA end and subsequent replication during
BIR relies on RPA, Rad52, Rad51, and to some extent, Rad54, Rad55,
and Rad59 (Anand et al,, 2013; Malkova, 2018). Although it is not
currently known what restrains BIR at two ended breaks and
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promotes GC, the proteins Rad52, Rad58, Mphl, and MRX have
been implicated in yeast studies (Pham et al., 2021).

SSA is not dependent on a sister chromatid for homology and
results in deletions (Figure 1H). Resection reveals in cis homologous
repeat sequences which then anneal together with the resulting 3'
flap structures being removed (Figure 1H and Onaka et al., 2020).
Studies in budding yeast have shown that SSA relies on 63-89 bp
homology, while the end is resected until homology occurs (Ronato
et al,, 2020). In yeast or mammalian cells, mutagenic SSA occurs
when GC is unavailable, for example, when RAD51 or RAD54 are
depleted, the cell switches to the RAD52-dependent SSA repair
(Ochs et al., 2016; Onaka et al., 2020).

When considering the DDR, there are other pathways that tie
into these described repair pathways that have not been discussed
in this review, for example, DSBs arising at a replication fork. The
kinase ATR can be activated in response to resected DSBs, but is
most often activated in response to the elevated levels of ssDNA
couated with RPA, that occurs at stalled replication forks. Such
structures can be converted into DSBs by nucleolytic attack or fork
collapse (Burger et al,, 2019). Alternately, ATR can be activated if
repair is unsuccessful, as it is involved in checkpoint signalling and
cell fate. Additionally, ICL repair is a critical pathway that repairs
one of the most complex DNA lesions (Scully et al., 2019; Panday
et al, 2021; Semlow and Walter, 2021). Because ICL repair
generates a transient DSB as an intermediate, that is protected
within the context of ICL repair, it should be included in the
discussion of DSB repair pathways. It depends on FA core proteins,
as well as downstream repair proteins involved in both HR and
cNHE]. The repair at an ICL consists of an unhooking step, trans
lesion synthesis, excision repair, strand invasion, and resolution.
During S-phase, there are complex repair requirements at single or
converging forks, while replication-independent ICL repair can
also outside of S-phase (Semlow and Walter, 2021). Processing of
the DSB after the unhooking step depends upon HR proteins for
repair via strand invasion and resolution. It should be noted that
the DSB produced during ICL repair is protected within the context
of this repair pathway. It is therefore not likely to be sensed as a
classic DSB that activates the Immediate-Early and Early response.

It is important to note that cNHE], both fast- and slow-kinetic,
as well as HR appear to be the default pathways in healthy wild-
type mammalian cells and they are not usually error prone as they
have evolved to operate with high fidelity (Ceccaldi et al., 2016).
The physiological relevance of the alternate repair pathways Alt-
EJ, SSA, and BIR under normal conditions remains an open
question. These mutagenic pathways occur in the absence of
certain cNHE]J and HR factors or upon non-physiological levels
of replication stress, for example in cancerous cells. Under such
cellular conditions, elevated levels of error-prone DSB repair may
therefore reflect the enzymatic capabilities of the remaining
proteins (Khanna and Jackson, 2001; Iliakis et al., 2019).

CONCLUDING REMARKS AND FUTURE
DIRECTIONS

Here, we have presented an integrated view of the pre-repair DSB
response at its three main stages, Immediate-Early, Early, and
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Late. Although there is no clear consensus on a precise DSB
sensor in the field, the Immediate-Early response consists of the
initial DSB sensing and signalling that occurs within seconds of
DSB formation. While PARPs have well defined roles in SSB
repair, there is emerging data implicating some roles for PARP1,
PARP2, and PARP3 upstream of DSB repair. Furthermore, the
complex recruitment and interplay between PARP, KU70/80, and
MRN contributes to downstream pathway choice. In addition, we
support emerging evidence for fast-kinetic cNHE] responsible for
the rapid repair of most DSBs during the Immediate-Early
response. The remaining breaks require processing before
repair. The activation of ATM and the associated chromatin
dynamics constitutes the Early response. This culminates in
damage-dependent ubiquitination events permissive for
recruitment of Late response proteins, such as the 53BP1 and
BRCA1 scaffold proteins.

Every step of the pre-repair responses, Immediate-Early,
Early, and Late, appears to be important for pathway choice.
This requires complex integration of multiple factors to
achieve the optimal outcome, which in turn will be specific
to the context of each DNA lesion. These factors include the
complexity of the DSB itself, chromatin context, cell cycle
phase, and availability of the specific repair factors required to
achieve the highest fidelity possible. Critical molecular events
include the PARP-dependent PARylation response, the
recruitment of KU70/80 and/or MRN, dynamic chromatin
decondensation and condensation, the activation of ATM,
and damage-dependent histone modifications defining a
histone code for DSB repair. While there is crosstalk
between the Immediate-Early, Early, and Late responses,
according to our current understanding it is not until after
53BP1 and BRCA1 recruitment that a cell commits to a specific
DSB repair pathway. However, much remains to be discovered
about how these responses crosstalk, overlap, and compete.

A key emerging question is apparently simple, yet of deep
complexity: for those breaks that are not immediately ligated,
at what stage is a DSB committed to a specific repair pathway?
Instead of pathway choice occurring downstream of 53BP1
and BRCAL, could it not be more useful to consider pathway
choice as a continuous process? It is likely that regulation and
crosstalk between the pre-repair pathways allows integration
of the many factors required for normal maintenance of
genome stability. A related question is whether, if repair
fails, can the repair machinery backtrack and attempt to
repair the lesion wusing an alternative high-fidelity
approach, before resorting to a more error-prone
mechanism. Additionally, the interplay between the PARP-
dependent Immediate-Early response and the ATM- and
chromatin-dependent Early response has not been fully
deciphered. Also, despite its pleiotropic roles throughout
the DSB response, how CK2 is activated to specifically
regulate so many steps remains enigmatic. It is important
to consider that highly error prone mechanisms are unlikely
to be physiologically relevant under normal conditions, and
are likely to be rare events in normally growing unstressed
wild-type cells. Under suboptimal conditions, such as the loss
of specific DSB factors that occurs during cancer, or where
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elevated and non-physiological levels of damage are induce by
exogenous agents, repair outcomes become skewed towards
mutation. Under such conditions, and if apoptosis is not
triggered, repair is likely to proceed using whatever
machinery is available. Full understanding of the DSB
response remains a challenge for the future. No doubt,
these challenges will be met and will expand our evolving
understanding of how Immediate-Early, Early, and Late DSB
responses are coordinated and integrated to achieve the
optimal downstream repair outcomes.
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