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ABSTRACT

pS3-binding protein 1 (S3BP1) exerts distinct impacts in different situations involving DNA double-strand break
(DSB) rejoining. Here we focus on how S3BP1 impacts upon the repair of ionising radiation-induced DSBs
(IR-DSBs) and how it interfaces with Ku, the DNA end-binding component of canonical non-homologous end-
joining (c-NHE]), the major DSB repair pathway in mammalian cells. We delineate three forms of IR-DSB repair:
resection-independent c-NHE], which rejoins most IR-DSBs with fast kinetics in G1 and G2, and Artemis and
resection-dependent c-NHE] and homologous recombination (HR), which repair IR-DSBs with slow kinetics in
G1 and G2 phase, respectively. The fast component of DSB repair after X-ray exposure occurs via c-NHE] with
normal kinetics in the absence of S3BP1. Ku is highly abundant and has avid DNA end-binding capacity which
restricts DNA end-resection and promotes resection-independent c-NHE] at most IR-DSBs. Thus, S3BP1 is largely
dispensable for resection-independent c-NHEJ. In contrast, $3BP1 is essential for the process of rejoining IR-DSBs
with slow kinetics. This role requires S3BP1’s breast cancer susceptibility gene I (BRCA1) C-terminal (BRCT) 2
domain, persistent ataxia telangiectasia mutated (ATM) activation and potentially relaxation of compacted chromatin
at heterochromatic-DSBs. In distinction, $3BP1 inhibits resection-dependent IR-DSB repair in G1 and G2, and this
resection-inhibitory function can be counteracted by BRCA1. We discuss a model whereby most IR-DSBs are rapidly
repaired by S3BP1-independent and resection-independent c-NHE] due to the ability of Ku to inhibit resection,
but, if delayed, then resection in the presence of Ku is triggered, the S3BP1 barrier comes into force and BRCA1
counteraction is required for resection.

Keywords: DNA double-strand break repair; ionising radiation; non-homologous end-joining; homologous recom-
bination; 53BP1; DNA-PK

INTRODUCTION
Canonical or classical DNA non-homologous end-joining (c-NHE])
and homologous recombination (HR) represent the two major DNA
double-strand break (DSB) repair pathways. c-NHE] is a relatively sim-
ple process involving factors that co-ordinate DNA end synapsis and
protection, DNA end-processing and ligation (see [1, 2] for reviews).
HR has also been extensively reviewed and will only be outlined here
[3,4]. HR is more elegant and complex, involving extensive DNA end-
resection, binding of replication protein A (RPA) and subsequently
RADS] to the single stranded (ss)DNA tails, invasion of the undam-
aged sister chromatid forming a hybrid DNA structure, and repair
synthesis exploiting the intact homologue. DNA end-resection is an

essential early step during HR and importantly represents the step
that commits to HR and precludes the ability to use c-NHE]. Lengthy
DNA end-resection necessitates extensive chromatin changes around
the DSB, and use of a sister chromatid requires maintaining the sisters
in close proximity. In mammalian cells, HR only uses a sister chromatid
as a repair template, restricting its function to late S/G2 [S]. Indeed,
HR’s essential function lies in promoting replication fork restart or
repairing one-ended DSBs that arise at stalled or collapsed replication
forks [6]. Nonetheless, HR also contributes to repairing two-ended
radiation-induced DSBs in late S/G2 phase [7].

The existence of two efficient DSB repair pathways begs the ques-
tion of how the choice between them is regulated. Both pathways are
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exploited in S/G2 cells to repair DSBs induced by ionising radiation
(IR-DSBs) [7]. DSBs induced physiologically during V(D)] recombi-
nation and class switch recombination (CSR) only use c-NHEJ [8]. In
contrast, DSBs that arise following replication fork collapse or stalling
are one-ended, since they are in the process of undergoing replication,
and repair of such one-ended DSBs and those created during meiosis
preferentially undergo repair by HR [9]. An important component in
this context is pS3-binding protein 1 (S3BP1), which is often described
as promoting c-NHE]. The role of 53BP1 in DSB repair during CSR,
at one-ended DSBs and at dysfunctional telomere ends, has been well
discussed [10-12]. Here, we will consider how S3BP1 impacts upon
the repair of IR-DSBs. We will overview the distinct IR-DSB repair
pathways, including two forms of c-NHE], and consider the key role of
DNA-dependent protein kinase (DNA-PK) in promoting this process.
‘We will then discuss two distinct roles by which S3BP1 influences DSB
repair. We will present a model for the regulation of pathway usage.

IR-INDUCED DSB REPAIR PATHWAYS: INSIGHT
FROM EXAMINING THE KINETICS OF DSB REPAIR
Insightful information concerning DSB repair pathways and their usage
has emerged from studies examining the kinetics of DSB repair [2].
Such studies revealed that in G2 cells the majority (~70%) of IR-
DSBs undergo repair with fast kinetics via c-NHE] whilst the remaining
~30% are repaired by HR with slower kinetics [7] (Fig. 1A). Thus,
after X- or y-rays, c-NHE] is the major DSB repair process in G2 phase
human cells. It is noteworthy that the contribution of HR to DSB repair
in G2 is somewhat greater in rodent cells, most likely due to the lower
abundance of Ku. Additionally, HR makes a greater contribution to
the repair of the more complex DSBs induced by high linear energy
transfer (LET) radiation, demonstrating that DSB end-complexity is a
factor regulating pathway choice. Interestingly, DSB repair also occurs
with similar biphasic kinetics in G1 [13] (Figure 1B). In G1, asin G2,
the fast process represents resection-independent c-NHE], requiring
solely c-NHE] proteins, whilst in G1 the slow process is an Artemis and
resection-dependent form of c-NHE] [2, 14]. Artemisis a nuclease that
was shown to be required for the cleavage of hairpin-ended DSBs that
arise during the process of variable (diversity) joining during immune
development [15], It is also required uniquely for this slow process of
c-NHE]. This slow process also requires ataxia telangiectasia mutated
(ATM), S3BP1 and the ATM-dependent signalling proteins required
for S3BP1 recruitment (all of which are also required for IR-DSB repair
by HR repair in G2). Thus, the DSBs that undergo repair by HR in
G2 are rejoined by Artemis and resection-dependent c-NHE] in G1.
The length of resection is substantially less in G1 and the promoting

mechanisms are similar although distinct (see below) [2, 16].

IR-DSBS WITHIN TRANSCRIPTIONALLY ACTIVE
REGIONS ARE REPAIRED BY HRIN G2
The slow repair component in G2 is about one-third greater than in G1
phase (Fig. 1). Important studies have now shown that DSBs repaired
by HR in G2 encompass those repaired with slow kinetics in G1 phase
plus those within transcriptionally active regions [i.e. transcription-
associated DSBs (TA-DSBs)], consistent with earlier findings that
TA-DSBs undergo HR [17-19] (Fig. 2). TA-DSB HR requires specific
factors distinct from those required for the repair of non-TA DSBs
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by HR, including xeroderma pigmentosum complementation group
G (XPG) and RADS2, which mediate R-loop processing [18]. In
the model, R-loops containing DNA-RNA hybrids arise when the
transcription machinery encounters DSBs within transcription active
loci. DSB-dependent R-loops are recognized by RADS2. Subsequently,
RADS2 recruits XPG. XPG endonuclease activity incises DNA
within R-loops and initiates 5" to 3’ resection at TA-regions, most
likely representing the transcript arising from ongoing transcription.
RADS2 recognises the R-loop and recruits RADS2 to promote R-
loop resolution (Fig.2; see reference [18] for further details). TA-
DSBs are reparable even without TA-HR, however, their repair by
c-NHE] results in a pronounced increase in genomic instability. While
recognizing its importance, we will not discuss it further.

Ku’s role in regulating pathway choice

Ku, a tightly associated heterodimer of Ku70 and Ku80 subunits, is the
DSB recognition factor of c-NHE], binding DSBs with avid affinity,
aided by its high abundance in human cells. Structural analysis revealed
Kuto be cradle-shaped with the base being substantially thicker [ 1,20].
The central core can thread onto DSB ends without sequence depen-
dency. Each Ku subunit has an N-terminal von Willebrand type A-like
domain (VWA), a central core and a C-terminal region. The extensive
dimerization interface involves the central core region. Once bound
to DNA ends, the larger C-terminal region of Ku80 interacts with the
DNA-dependent protein kinase catalytic subunit (DNA-PKcs) creat-
ing the DNA-PK holoenzyme [1, 21, 22]. Ku binding protects DSB
ends from nucleolytic degradation, contributing to a role in regulating
pathway choice, since DNA end-resection is a prerequisite for HR [23].
Although Ku is the major component of c-NHE] that protects DNA
ends from nucleolytic degradation, DNA-PKcs facilitates this impact,
in part, by promoting synapsis and the progression of c-NHE] without
end-resection (see [1] for details). Small angle X-ray scattering and
cryogenic electron microscopy studies of DNA-PKcs have suggested
that the Huntingtin, elongation factor 3, protein phosphatase 2A and
yeast kinase TOR1 (HEAT) repeats provide a flexible cradle with the
carboxy-terminal kinase domain situated above it [1, 24, 25]. Higher
resolution analysis of DNA-PKcs crystals complexed with the Ku80
C-terminus (residues 539-732) have shown that DNA-PKcs encom-
passes three regions, an N-terminal region, a circular cradle and a head
region harbouring a FRAP-ATM-TRRAP (FAT) domain [1, 26, 27].
Hence, DNA-PKcs has been proposed to be a hub on which ¢-NHE]
components and processing factors assemble, with the kinase activity
being regulated via allosteric and conformational changes. Interest-
ingly, the circular cradle forms a ring at the base of the molecule through
which Ku may present DNA for repair. Collectively, this suggests that
the kinase activity of DNA-PKcs is highly regulated by conformational
changes that relay stages of the NHE] process. These structural studies
consolidate cellular and molecular approaches as well as a recent single-
molecule approach, showing that DNA-PKcs co-ordinates DNA end-
processing, promotes synapsis and acts as a hub allowing the assem-
bly of NHE] proteins, including XRCC4-like factor (XLF), Paralog
of XRCC4 and XLF (PAXX), X-Ray Cross Complementing group 4
(XRCC4) and DNA ligase IV [ 1, 28].

In summary, Ku’s high abundancy and efficient DNA end-binding
capacity empowers it to be the first responder to the majority of
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Fig. 1. The kinetics and pathway usage for IR-DSB repair in G2 and G1 phase. c-NHE] repairs the majority of DSBs with fast
kinetics in G2 (70%) and G1 (80%) phase. 30% of DSBs are repaired with slow kinetics in G2 phase by HR. The fraction of DSBs
repaired with slow kinetics in G1 phase is slightly smaller (20%) than in G2 phase since TA-DSBs are repaired with fast kinetics in
G1 phase. The slow process in G1 phase requires Artemis and c-NHE] proteins. S$3BP1 is also required for the slow repair process
in G1 phase and also for some (though not necessarily 30%) of the DSBs repaired by HR in G2 phase (not shown in the figure).
The time scale on the y-axis represents up to ~ 24 h after 1-5 Gy X-rays.

DSBs, protecting them from degradation and promoting rejoining by
c-NHE]J. Rapid DNA-PK complex assembly contributes to these roles.

Resection in the presence of Ku
If Ku is the first responder at most DSBs and if DNA-PK has a key
role in protecting the DNA ends from nucleolytic degradation, then
how does resection proceed in its presence? The steps promoting
resection in the presence of Ku at two-ended DSBs were initially
revealed using G2 cells. Critical to the process of resection at DNA
ends is meiotic recombination 11 (MRE11), a nuclease that has
both 3’ to 5’ exonuclease as well as endonuclease activity. In G2,
resection is initiated by endonucleolytic incision by MRE11 coupled
with a requirement for CtBP-interacting protein (CtIP), and then
resection is extended in a §' to 3’ direction away from the DSB end
by exonuclease 1 (EXO1) with overlap from DNA2-like helicase
(DNA2) [29-31] (Fig.2). Recent studies have shown that MRE11
searches for free DNA ends by 1D facilitated diffusion that can take
place on nucleosome-coated DNA, and it appears that Ku bound at
the DNA end does not block MRE11 endonuclease activity [31].
Following the incision step, MRE11 exonuclease, which has 3’ to 5’
activity, becomes activated and promotes resection towards the DSB
end, and potentially displaces Ku from the end. However, there is also

evidence that MRE11 endonuclease activity and/or the proteasome
contribute to Ku removal [31, 32]. Importantly, inhibition of MRE11
endonuclease activity or CtIP depletion allows DSB repair to progress
via c-NHE]J, since resection is not initiated [29]. In contrast, loss of
EXOI1 or MRE11 exonuclease activity causes a DSB repair defect,
since resection is initiated but cannot be completed and hence neither
c-NHE] nor HR can ensue. These studies support a model whereby
in G2-phase EXO1 and MRE11 exonucleases function downstream
of MREI11 endonuclease activity and that the step committing to
HR involves exonucleolytic extension of an upstream initiation step.
Importantly, they also show that the DSBs normally repaired by HR
can be repaired by c-NHE] if resection is not initiated (Fig. 2). Thus,
at least after X-rays, there is nothing about these DSBs that precludes
their repair by c-NHE].

As stated above, resection also arises in G1 cells during the slow
DSB repair process, albeit less extensively than during HR. How does
this resection process occur given that the DSBs are finally repaired
by c-NHE]? Significantly, MRE11 endonuclease activity is dispensable
for Artemis-dependent DSB repair in G1 although MRE11 and EXO1
exonuclease activities are required [14]. CtIP is also required but is
regulated by Polo-like kinase 3 (PLK3) in G1, distinct from its regu-
lation by CDK1 in G2 [2, 14, 16]. We have proposed that in G1 cells,
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Fig. 2. The pathways functioning in G2 phase and their contribution to DSB repair. c-NHE] repairs 70% of IR-induced DSBs with
fast kinetics in G2 phase. 30% of DSBs are repaired with slower kinetics by HR. Of these one-third represent TA-HR requiring the
components indicated as well as core HR proteins. The remaining two-thirds are not transcriptionally associated DSBs but

undergo resection as indicated.

Ku might inwardly translocate, allowing resection of the free DNA
ends without endonuclease activity, and subsequent repair by c-NHE]
(see below). Additionally and importantly, the nuclease Artemis also
functions to promote resection during resection-mediated c-NHE] in
G1 cells (Fig. 3). Interestingly, Artemis appears to have a downstream
function of removing an intermediate generated by the upstream nucle-
ases, since depletion of CtIP, EXO1, PLK3 or inhibition of MRE11
exonuclease activity can relieve the need for Artemis for DSB repair in
G1 phase [2, 14],

The 53BP1 block to resection
In addition to these nucleases, it has long been known that additional
factors, including breast cancer susceptibility gene I (BRCAL), are
required for the extensive 3’ ssDNA tails needed to drive HR. It is now
appreciated that S3BP1 plays a critical role in inhibiting resection and
that BRCA1 has a counteracting function [33].

S3BP1 is a large chromatin-associated protein with a tandem
BRCA1 C-terminal (BRCT), a glycine/arginine-rich (GAR) domain
and a Tudor domain. It binds chromatin minimally without DNA
damage but is recruited to DSBs via interactions with nucleosomes
containing H4K20me2 and damage-induced ubiquitylated H2K15
[34]. Renowned studies have shown that S3BP1 creates a pro-c-NHE]
environment by restricting resection and that BRCA1 counteracts this
resection-inhibitory function [33, 35, 36]. This supports the notion
that S3BP1 promotes non-resection-dependent c-NHE] although it
is not a core c-NHE]J protein. Consistent with such a model, BRCA1
promotes the repositioning of S3BP1 in G2 phase at IR-DSBs, enabling
resection within a S3BP1-devoid core [37, 38]. This can be visualized
using high-resolution microscopy by the substantial enlargement
of 53BP1 foci in G2 phase from 30 min to 8 h after IR, creating
a ring-shaped structure with a central core lacking 53BP1, where
RPA foci form. Such changes do not arise in G1 phase cells and are
BRCAI-dependent in G2 phase [37, 38]. The resection-suppressive
function of S3BP1 requires interactions with Pax Transactivation-
Domain Interacting Protein (PTIP) and replication timing regulatory

factor 1 (RIF1) via multiple N-terminal phosphorylation sites (Fig. 4)
[39]. RIF1 recruits the Shieldin complex encompassing SHLDI,
2, 3 and REV7 [40-42]. RIF1/Shieldin exerts a major resection-
inhibitory impact since RIF1 recruitment and resection are abolished
in a S3BP1 28A mutant with mutations in all N-terminal ATM
phosphorylation sites [39]. Resection requires BRCA1-dependent
S3BP1 dephosphorylation and RIF1 loss [43]. Loss of PTIP binding
also impedes resection (due to enhanced RIF1 binding), but some
resection, especially at telomeres, ensues [44, 4S]. Elucidating the
overall function of S3BP1 in regulating the response to DSBs has been
complexbecause it has several distinct functions or impacts. In addition
to its impact on resection discussed above, S3BP1 oligomerises via
oligomerization (OD) and Dynein light chain 8 (LC8)-binding
domains. Recent super-high resolution microscopy [3D structured
illumination (3D-SIM) and stimulated emission depletion (STED)
microscopy] have highlighted the structure of S3BP1 foci, revealing
sub-domains [termed $3BP1-nanodomains (53BP1-NDs) ] assembled
into higher-order microdomains ($3BP1-MDs) in a RIF-dependent
manner (Fig. 4) [46]. S3BP1 also enhances the mobility of certain
DSBs, potentially contributing with its oligomerisation capacity to the
rejoining of distal DSBs [45, 47]. Recent studies have also described
the capacity of S3BP1 to undergo phase separation [48] and to have
a post-resection function promoting BRCAl-independent RADS1
loading [44]. Finally, S3BP1 also has C-terminal BRCT2 which
functions in binding MRE11, RAD50, NBS1 (MRN) and hence ATM,
and promotes interaction with y H2AX distinct from its characterised
recruitment domains (Fig. 4) [49, S0]. The role of this latter S3BP1
function in IR-DSB repair will be discussed below. Roles for S3BP1
in inhibiting resection and the counteracting function of BRCAI have
been shown from studies of one-ended DSBs induced in BRCAI-
deficient cells after poly ADP-ribose polymerase I inhibition (PARP1i)
[33]. Studies involving CSR and the fusion of dysfunctional telomeres
have also revealed a pro-c-NHE]J role for 5S3BP1. Loss of 53BP1
increases resection during CSR and promotes telomere fusions due
to the lack of end protection [10, 35]. Similar to IR-induced DSB
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Fig. 3. The pathways functioning in G1 phase and their contribution to DSB repair. c-NHE] repairs 80% of DSBs with fast kinetics
in G1 phase. 20% of DSBs are repaired with slow kinetics by Artemis and resection-dependent c-NHE]. This process requires the
genetic components shown. 53BP1 is also required for this process potentially to alter the chromatin structure at DSB. It is not

included in the figure since it does not appear to be a core component essential for Artemis and resection-dependent c-NHE].

ends, RIF1/Shieldin is involved in the resection-inhibitory process at
telomere regions.

Roles for 53BP1 in IR-DSB repair
In this section, we focus on the role of S3BP1 in IR-DSB repair.
Importantly, many and indeed most IR-DSBs are repaired with normal
kinetics in the absence of S3BP1 via resection-independent c-NHE],
suggesting that this form of c-NHE] is 53BPl-independent [13].
Further evidence that 53BPI1 is dispensable for c-NHE]J is that
mice and indeed, humans, lacking c-NHE] proteins display severe
combined immunodeficiency, due to the role of c-NHEJ during V(D)]
recombination. This, however, is not a feature of mice lacking S3BP1.
We should stress, however, that 53BP1 could exert a function in
promoting the fidelity of resection-independent c-NHE].

In contrast, as mentioned above, 53BP1 is essential for DSBs
repaired with slow kinetics in G1 and G2, namely Artemis and
resection-dependent ¢-NHEJ in G1 and HR in G2. This role is
not counteracted by BRCA1 deficiency and involves the 53BP1
BRCT2 domain rather than interaction with RIF1. Indeed, there
is evidence that it requires maintained tethering of ATM at DSBs
via an interaction with MRN, which is recruited by 53BP1 BRCT2
[49-S1]. This begs asking what is special about these slowly
repairing DSBs (Fig. 5). Although further studies are required
and direct evidence is lacking, it appears that DSBs repaired with
slow kinetics lie within heterochromatic (HC) regions, since in
mouse cells where HC regions can be visualised as densely stain-
ing 4'.6'-diamidino-2-phenylindole (DAPI) chromocentres, the
y-H2AX foci remaining in the absence of factors required for the
slow repair process are predominantly located at the periphery of
the chromocentres [52]. Additionally, the requirement for Artemis
and, indeed 53BP1, in Gl can be alleviated by depletion of HC-
building factors, such as KRAB-associated protein-1 (KAP1) and

Heterochromatin Protein 1 (HP1) [S2, 53]. ATM phosphorylates
KAPI, which has been proposed to promote HC relaxation via an
interaction with Chromodomain-helicase-DNA-binding protein 3 [ 51,
52]. Taken together with the fact that a greater proportion of DSBs
induced by high LET radiation are repaired with slow kinetics, this
suggests that both chromatin complexity and DSB end-complexity can
promote usage of a resection-dependent repair pathway. Importantly,
this role of $3BP1 in promoting HC relaxation is genetically distinct
to its role in preventing resection.

Although this essential role for S3BP1 in the slow component of
DSB repair has added confusion, S3BP1 also inhibits resection during
the slow repair processes in G1 and G2, with BRCAI counteracting
the inhibitory barrier [13]. In G2, this becomes evident when the
essential role of S3BP1 in relaxing HC is relieved via KAP1 depletion
[54]. Progression of HR then requires BRCA1 and the requirement
for BRCAL can be alleviated by knocking down 53BP1. Perhaps sur-
prisingly, BRCAL is also required for slow DSB repair in G1 [14]. As
mentioned above, Artemis is an essential downstream factor required
for the slow repair process in G1, and depletion of upstream factors,
including CtIP, can bypass the need for Artemis, providing genetic
evidence for their role in G1 [14]. The lack of a specific requirement
for these factors for repair in G1 is because failure to initiate resection
still allows resection-independent DSB repair. Similarly, BRCALI loss,
although not conferring a DSB repair defect in G1, relieves the need
for Artemis, suggesting an upstream role in promoting resection [13].
This role is relieved by 53BP1 depletion. The repair of closely-spaced
site-specific DSBs in constructs where DNA end-joining necessitates
the loss of a small intervening fragment (rendering the ends distal)
has been exploited to model resection-dependent c-NHE]. The same
factors (Artemis, CtIP, EXO1 and MRE11 exonuclease) needed for
the slow DSB repair component were required for such rejoining, with
most DNA ends undergoing resection. Significantly, this process also
required BRCAL1 to counteract S3BP1. Thus, to conclude, BRCA1
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BRCALI serves to relieve this function of S3BP1. $3BP1 promotes the reorganization of chromatin via nanodomain formation and
phase separation. This likely affects its function as a barrier to resection and potentially its ability to enhance the movement of
certain IR-induced DSBs. 53BP1 has a distinct function in being essential for the repair of ~20-30% of DSBs in G1 and G2 phase
(those repaired with slow kinetics). For this function, $3BP1’s interaction with MRN, which enhances the tethering of ATM and

hence the formation of pKAP1 foci, appears to be important.

also functions during resection-dependent c-NHE] to counteract the
resection-inhibitory function of S3BP1, although the magnitude of
resection is substantially less in G1 cells [14].

A model for the regulation of IR-DSB repair

The DNA ends generated by X- or y-rays predominantly have associ-
ated base or sugar damage and require end-processing. Nonetheless,
the DNA ends likely remain in close proximity, which is distinct from
one-ended DSBs, ends at dysfunctional telomeres and most likely
DNA ends generated during CSR. After rapid Ku binding, we suggest
that IR-DSBs, if not highly complex and in a non-HC environment,
can be rapidly repaired by ¢-NHEJ even in the absence of S3BP1,
since DNA-PK functions to tether the DNA ends, prevent resection
and promote c-NHE]. This likely reflects resection-independent
c-NHE], the fast repair process in G1 and G2 phase. Unless sequence
information is lost from both strands, such DSBs can potentially be
repaired with good accuracy.

‘We propose a time factor whereby if rapid repair by c-NHE] fails to
progress, then steps promoting resection proceed. In G1, repair then
ensues via Artemis and resection-dependent c-NHEJ; in G2 HR takes
place. Such a pathway switch is likely to take place rapidly because
NHE] factors immediately attempt repair once DSBs occur [SS].
DNA end-complexity and highly compacted chromatin are barriers
inhibiting rapid rejoining, but end-proximity could be an additional
factor. Both the extensive resection in G2 and modest resection in

G1 can be inhibited by S3BP1 and necessitate BRCAL to relieve this
inhibitory barrier. We suggest that in G1, Ku might undergo inward
translocation to provide resectable DNA ends coupled with Ku’s
retention to promote subsequent c-NHE]. S3BP1-RIF1 could pose a
barrier to such inward movement, requiring BRCA1-dependent S3BP1
repositioning, similar to the situation in G2 although smaller in scale.
One important question is whether Ku (or DNA-PK) can function
alone to prevent resection in the absence of S3BP1. A distinct question
is whether 53BP1 enhances DNA end-tethering and hence limits
chromosome translocations during resection-independent c-NHE].
Although this needs further investigation, an important study found
reduced translocations arising following IR of S3BP1-deficient GO cells
[52].

However, adding confusion, after X- or y-rays, the predominant
factor delaying resection-independent c-NHE] is the chromatin envi-
ronment, and S3BP1 exerts a role requiring its BRCT2 domain to allow
the repair of this DSB subset, a role distinct from the inhibition of
resection. Thus, we propose a kinetic model in which Ku or DNA-PK is
sufficient to promote c-NHE] in situations where repair can be rapidly
effected. However, if delayed due to DNA end complexity or proximity
or the chromatin environment, then the S3BP1 barrier is effected and
must be relieved for minor end-resection in G1 or more significant
resection in G2. Indeed, it is possible that a major role of 53BP1 is
to ensure limited resection in G1 phase but allow more substantial
resection for HR in G2 phase.
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Fig. 5. 53BP1 has two roles in IR-induced DSB repair: it functions as a resection barrier and is essential for HC-DSB repair. As
stated above, most DSBs are repaired with fast kinetics by c-NHE] in G1 and G2 phase. In G1 phase, 20% of DSBs are repaired by
resection-dependent c-NHE]J and a similar subset of DSBs are repaired by HR in G2 phase (note: HR also repairs TA-DSBs in G2
phase). Both HR and resection-dependent c-NHE] involve some level of resection (greater for HR compared to
resection-dependent c-NHE]) and S3BP1 poses a barrier to both processes, which is relieved by BRCA1 (item 1 and the upper

arrow of the figure). Additionally, these DSBs appear to be located in regions of high chromatin complexity (heterochromatin
regions) and necessitate chromatin relaxation prior to rejoining. S3BP1 is essential for this process, which involves the tethering of
MRN, ATM recruitment and focused phosphorylation of KAP1 (item 2 and the lower arrow of the figure). These two distinct roles
of 53BP1 are required for both resection-dependent c-NHE] in G1 and HR repair of these specific DSBs in G2.

CONCLUSION

We consider here the role of DNA-PK in preventing resection during
IR-DSB repair and consider two impacts of $3BP1, one is its role as
a resection barrier in G1/G2 and the second is its ability to block
HC-DSB repair. Due to the rapid binding and high abundance of
DNA-PK proteins, the majority of IR-DSBs are repaired via resection-
independent ¢-NHE] with no overt requirement for 53BP1 in G1
and G2 phase. In contrast, all DSBs repaired with slow kinetics
have an essential requirement for S3BP1 that involves its BRCT2
domain. However, distinctly, 53BP1 can restrict resection-dependent
DSB repair in G1 and G2 phase via a RIF1-dependent barrier, with
BRCAL being required to counteract this role. Interestingly, S3BP1
has a range of domains conferring properties such as oligomerisation,
phase separation and promoting DSB mobility. Further studies are
required to determine if these also contribute to IR-DSB repair.
We stress that our conclusions are largely based on the kinetics of
DSB repair and do not monitor the fidelity of repair, which may
influence only a small subset of DSBs. Thus, an examination of the
role of S3BP1 in the fidelity of DSB repair is required. Additionally,
S3BPI’srole in the repair of high LET-induced DSBs could also expose
additional roles.
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