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ABSTRACT

The significance of canonical DNA non-homologous end-joining (c-NHEJ) for DNA double strand break (DSB) repair
has increased from lower organisms to higher eukaryotes, and plays the predominant role in human cells. Ku, the
c-NHEJ end-binding component, binds DSBs with high efficiency enabling c-NHEJ to be the first choice DSB repair
pathway, although alternative pathways can ensue after regulated steps to remove Ku. Indeed, radiation-induced DSBs
are repaired rapidly in human cells. However, an important question is the fidelity with which radiation-induced DSBs
are repaired, which is essential for assessing any harmful impacts caused by radiation exposure. Indeed, is compromised
fidelity a price we pay for high capacity repair. Two subpathways of c-NHEJ have been revealed; a fast process that
does not require nucleases or significant chromatin changes and a slower process that necessitates resection factors,
and potentially more significant chromatin changes at the DSB. Recent studies have also shown that DSBs within
transcriptionally active regions are repaired by specialised mechanisms, and the response at such DSBs encompasses
a process of transcriptional arrest. Here, we consider the limitations of c-NHEJ that might result in DSB misrepair. We
consider the common IR-induced misrepair events and discuss how they might arise via the distinct subpathways of
c-NHEJ.

INTRODUCTION a template, suggesting that homologous chromosomes have

Early studies on DNA double strand break (DSB) repair
in prokaryotes and lower eukaryotes demonstrated that
homologous recombination (HR) is the major DSB repair
pathway and HR-deficient mutants display high radiation
(IR)-sensitivity." Surprisingly, IR-sensitive and DSB repair
defective mammalian cell lines proved to be proficient for
HR but deficient in a pathway that did not require exten-
sive homology." Subsequently, identification of the genetic
defects in such mutants revealed the process of DNA
canonical non-homologous end-joining (c-NHE]), and its
functional distinction to HR. Here, we define this process as
c-NHE]J to distinguish it from other end-joining pathways,
such as Alt-NHE]. The prevalence of a pathway distinct to
HR pathway in mammalian cells was unexpected given that
DNA repair pathways are evolutionarily well-conserved,
that HR’s ability to restore DNA integrity using an undam-
aged template is exquisitely elegant and that diploid
mammalian cells were anticipated to be able to use HR
regardless of cell-cycle phase. However, HR in mammalian
cells was shown later to only utilise the sister homologue as

insufficient homology to drive HR. Consequently, HR usage
is restricted to late S/G2 where a sister homologue exists.?
The large mammalian genome was also proposed to hinder
homology searching, providing a further factor restricting
HR usage in mammalian cells. Strikingly, however, even in
G2, the majority of DSBs are repaired by c-NHEJ,” although
transcription-associated DSBs (TA-DSBs) preferentially
undergo repair by HR.*

The question, therefore, is what has driven the preference
for c-NHE]J and what are its limitations. The processes of
c-NHE] have been reviewed previously and only salient
points will be described here.® Ku, the DSB end-binding
factor of c-NHE], is highly abundant in human cells,
binding DSB ends in a non-sequence dependent manner
with extraordinary efficiency. Current studies support the
notion that Ku is the first responder to most, and likely,
all DSBs, protecting them from nucleolytic degradation
although end-degradation can ensue to allow alternative
pathway usage in an appropriate, controlled manner.®
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Although other pathways can function even after Ku end-
binding, most IR-induced DSBs in human cells are repaired by
c-NHE], even after high doses.” Loss of c-NHE] proteins confers
extreme IR-sensitivity. These and additional findings argue that
c-NHE]J is highly eflicient at rejoining DSBs, and suggest that,
despite often being called error-prone, it is likely to be predom-
inantly accurate. However, there is evidence that its robust liga-
tion activity can result in some misrepair, potentially a price paid
for its rapid and high rejoining capacity.® Here, we focus on how
misrepair might arise during c-NHE]. Importantly, we focus
on errors generated during c-NHE] end-joining and not those
arising following cell cycle progression or replication. To achieve
this, we consider the fidelity of repair in GO/G1 cells where
c-NHE] is the sole or major DSB repair pathway. We review our
mechanistic understanding of c-NHE] from the perspective of
its accuracy and discuss findings assessing fidelity. Although
our focus lies on repair processes in G1 phase, understanding
mechanisms of repair in G1 emerged through examining G2
cells. Thus, we commence by reviewing DSB repair in G2 prior
to discussing GO/GI1 cells. We then evaluate the potential classes
of, and evidence for, misrepair events, evaluating them in the
context of our mechanistic understanding.

DSB repair in G2 phase

Analysis of DSB repair kinetics in different genetic back-
grounds using YH2AX foci enumeration and cell cycle markers
has provided insight into the relative contribution of c-NHE]
versus HR to DSB repair.” In G2, c-NHE] repairs ~70-75% of
IR-induced DSBs with fast kinetics whilst 25-30% of DSBs are
repaired more slowly by HR. Consistent with this notion, RPA
and RAD51 foci only form at DSBs repaired with slow kinetics.
Recent studies have delineated the DSBs repaired by HR into two
subclasses. One-third of these DSBs are located within transcrip-
tionally active regions, since their repair can be influenced by
drugs inhibiting the initiation of transcription or over expres-
sion of RNASE H1.” This component of HR (TA-HR) requires
RAD52 and XPG to process R-loops, which form at these
DSBs. Importantly, dysfunction of TA-HR promotes repair by
c-NHE] with a strikingly high level of rearrangements. These
and other findings suggest that active transcription directs DSB
repair towards HR and failure to progress HR results in chro-
mosomal rearrangements, possibly due to the open structure at
these DSBs.* Although there is some insight, the precise mech-
anism promoting HR at TA-DSBs remains unclear.’ In contrast,
70-75% of the DSBs repaired by HR appear to represent those
within heterochromatic or compacted DNA regions (HC-
DSBs), in part because their repair can be influenced by deple-
tion of compacting factors such as KAP1 or HP1."” The current
working model is that Ku binds to most X-ray induced DSBs,
promoting fast c-NHEJ. Resection ensues in the presence of Ku
via an ordered process involving MRE11 endo- and exonuclease
activities, CtIP, EXO1, and BRCALI relieving a barrier posed by
53BP1.!'""> Although proteolytic and nucleolytic removal of
Ku has been proposed, the precise mechanism underlying Ku
removal at these DSBs remains unclear.'®!”

In summary, three classes of DSB repair can be identified in
G2 phase; fast ¢-NHE] which repairs ~70-75% of DSBs with
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HR repairing 25-30% of DSBs with slower kinetics. HR can be
subdivided into TA-HR representing ~30% of all HR events and
HC-HR representing the remaining 70% of HR events.

DSB repair in GO/G1 phase

DSB repair studies in GO/G1 phase cells have revealed similar,
although distinct, kinetics to those in G2, which is perhaps
surprising given the inability of HR to function in G0/G1'®
(Figure 1). As in G2, c-NHE] repairs ~75% of DSBs with fast
kinetics. However, the slow DSB repair process in G0/G1 also
requires c-NHE] proteins, as well as ATM signalling proteins,
including 53BP1 and factors required for its DSB localisation,
Polo-like kinase 3 (PLK3), CtIP, the nuclease Artemis, and addi-
tional factors required for resection including MRE11 exonu-
clease and EXO1.*"** MRE11 endonuclease is not required,
however. Thus, there are distinctions yet overlap between the
slow process in GO/G1 vs G2. Interestingly, the kinetics of slow
repair in G1 vs G2 differ subtly, consistent with the notion that
they occur via distinct pathways. A further distinction is that the
slow process is approximately one-third smaller in G1 vs G2 and
does not appear to encompass TA-DSBs.* The slowly repaired
DSBs are, however, affected by HP1 or KAP1 depletion, similar
to the HC-DSBs in G2.'° RAD51 foci are not observed at this
DSB subset, consistent with the process representing c-NHE]
rather than HR.*""** RPA foci are not formed at X-ray induced
DSBs in G0/G1, which initially suggested that resection does
not arise. However, the requirement for resection factors argues
otherwise. A plausible explanation is that the length of resection
is restricted in G1 and is insufficient to promote RPA binding.
The slow repair process in G0/G1 has been called Resection and
Artemis-dependent ¢-NHEJ to distinguish it from resection-
independent c-NHE], the fast process.”! It is noteworthy that
depletion of CtIP, EXO1, or loss of MRE11 exonuclease activity
does not confer a slow component repair defect but rather
rescues the defect observed in Artemis-deficient cells. Such
genetic “rescue” suggests that the role of resection factors can be
masked by the use of alternative pathways (including resection-
independent ¢-NHE]J), an important phenomenon to consider
when evaluating the requirement for DSB repair factors.? Tt is
also noteworthy that the number of DSBs repaired with slow
kinetics is similar following exposure to X-rays, neocarzinos-
tatin, calchiamycin or H,0,.>* However, high LET radiation has
a greater requirement for Resection and Artemis-dependent DSB
repair. These findings argue that DSB end complexity enhances
the usage of the slow repair process but another factor must also
be significant. We suggest that chromatin complexity also influ-
ences repair pathway usage. The similar fraction of DSBs repaired
with slow kinetics after X-rays, neocarzinostatin or calchiamycin
suggests that DSB end-complexity induced by X-rays may not
substantially influence pathway choice.

How are TA-DSBs repaired in GO/G1 cells? Damage-induced
transcriptional repression (DITR) is an ATM- and PBAF-
dependent process inhibiting transcription within the DSB
vicinity. Failure to activate DITR via siBAF180, a DITR essen-
tial factor, confers a subtle DSB repair defect at early times post
IR, suggesting that in GO/G1 TA-DSBs might be repaired with
ultrafast kinetics.”* This possibility has been substantiated and
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Figure 1. Repair processes in G1. Three distinct forms of DSB repair have been identified to function in G1 cells. The majority of
DSBs are repaired with fast kinetics via a process involving c-NHEJ factors (central part of the figure shown by blue line and
blue arrow head). The presence of the Ku/DNA-PK complex acts as a first step providing protection from resection (shown by
the inhibitory arrow to Ku/DNA-PK complex). ATM and 53BP1 likely also contribute to the suppression of resection at this stage.
Briefly, ATM phosphorylates the histone variant, H2AX, at the DSB site, which causes recruitment of MDC1, a mediator protein, fol-
lowed by recruitment of two ubiquitin ligases, RNF8/168. H2AKI5 is also ubiquitylated and H4K20Me2 residues become exposed,
causing the recruitment of 53BP1. Following ATM-dependent phosphorylation of 53BP1in its N-terminus, RIF1is also recruited (see
refs™? for reviews). Collectively these co-ordinated reactions promote a chromatin environment suppressive for resection (shown
by the inhibitory arrow to 53BP1). At a later stage, e.g. 8-24 h after low LET IR, 10-15% of DSBs are repaired with slow kinetics
via the Resection and Artemis-dependent process involving c-NHEJ factors (right side of the figure shown by red line and red
arrow head). The initiation of this process seems to be promoted by chromatin-complexity and DSB end-complexity, although
the precise regulation is unclear. DSBs within transcriptionally active (TA) regions undergo ultrafast repair, although precise
details remain to be clarified (left side of figure presented by green line and green arrow)?° ; Shibata abstract report at http:/
icrr2019manchester.com}. c-NHEJ, canonical non-homologous end-joining; DSB, double strand break; TA, transcriptionally active.
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extended in recent work suggesting that TA-DSB undergo repair
with fast kinetics in G1 and are prone to translocation formation
when the fast repair process is dysfunctional (Shibata abstract
report at http://icrr2019manchester.com).

Collectively, these findings reveal: (i) slow DSB repair occurs
via HR in G2 but Resection and Artemis-dependent c-NHE] in
Gl1, (ii) TA-DSBs are repaired distinctly in G1 vs G2 phase, (iii)
the slow process in G1 phase involves restricted end-resection
and (iv) chromatin and end complexity influence repair pathway
choice. These points are important for evaluating the fidelity of
DSB repair since the distinct pathways are likely to differ in their
accuracy.

A consideration of DNA misrepair

Mutational and recent sequencing analysis suggests that IR
does not efficiently induce missense mutations.”>** However,
two categories of misrepair events do arise, namely large-scale
chromosome rearrangements (Figure 2) and short insertion
or deletion (indel) events (Figure 3). Chromosome rearrange-
ments are predominantly lethal events. Balanced transloca-
tions, however, need not be lethal and are a signature change
in radiation-induced tumours.”’ Genetic and cell cycle analysis
has shown that chromosome aberrations can arise via c-NHE]
(see below). Thus, the ability of c-NHE] to rejoin ends without
extensive end-homology appears to allow rejoining of the wrong

ends if correct-end synapsis is not maintained. ATM might play
a significant role in promoting correct end-synapsis considering
its major impact on the chromatin environment around the DSB
(see further discussion below).?

Indels, effectively, represent erroneous rejoining of the correct
ends suggesting that synapsis is maintained but with sequence
loss. Small deletions, the most common event, can involve
microhomology (MH) usage. Shorter deletions (<around 50 bp),
which often involve only a few base pairs of MH, are generally
attributed to c-NHE] misrepair. Deletions of >50bp are usually
attributed to Alt-NHE] and involve greater MH (Figure 3). Since
we are considering misrepair during c-NHE], we will focus on
deletion events involving shorter deletions with no or short MH
usage.

c-NHEJ mediated misrepair in GO/G1

To focus on c-NHE] mediated misrepair, as opposed to misre-
pair following replication or mitosis with DSBs, we will
consider misrepair in primary or hTERT immortalised fibro-
blasts following irradiation and maintenance in G0/G1, where
c-NHE] is the major, and likely the sole, DSB rejoining process
in normal cells. Analysis using premature chromosome conden-
sation (PCC) of GO/GI cells following fusion with mitotic cells
has shown that chromosome rearrangements can arise in GO/
Gl after IR via c-NHE] since they are not affected by deficiency
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Figure 2. Mis-repair of the incorrect DNA ends by c-NHEJ in G1 phase to generate chromosome rearrangements. Since we con-
sider mis-repair events arising from c-NHEJ we have focused on chromosome rearrangements in GO/G1 phase cells, where c-NHEJ
is the major, and possibly the sole, DSB repair process. Thus, we have shown chromosomes with a single chromatid, which can
be visualised using PCC techniques. Failure to repair DSBs in G1 phase can result in terminal or interstitial deletions, translocation
events including dicentrics and ring chromosomes. These events are depicted in the figure. Generally, significant loss of chro-
mosome material leads to lethality whilst inversion events or balanced translocations can allow viability. However, some smaller
deletions events need not confer lethality, including small interstitial or terminal deletions. The formation of dicentric or ring
chromosomes and larger acentric fragments are normally lethal events after cell division. c-NHEJ, canonical non-homologous
end-joining; DSB, double strand break.
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of Alt-NHEJ factors.>?! Indeed, although Alt-NHE] promotes
IR-induced translocations in mouse cells, translocations arise
predominantly via ¢c-NHE]J in human cells.”® Insightful early
studies revealed that rearrangements in GO/G1 cells arise with
dose squared kinetics, although they appear to be linear at

low doses.® Additionally, they can be reduced by dose split-
ting (a phenomenon termed sparing); thus a single dose of, e.g.
8Gy confers a higher aberration yield than two consecutive
exposures to 4Gy or 4 exposures to 2Gy.” Detailed analysis
assessing optimal doses and intervals suggested a model whereby

Figure 3. Mis-repair of the correct DNA ends causing indel formation. The figure shows a DSB within a construct. Accurate rejoin-
ing (black arrow on the right hand site) reconstitute the sequence. A small level of resection involving loss of the sequences in
blue from both strands followed by rejoining without MH usage can result in small deletions (non-MMEJ). The use of short MH for
rejoining (sequences in red) can also lead to short deletions (short MMEJ). Such small deletions can arise by c-NHEJ. Alt-NHEJ
involves larger deletions and longer regions of MH. The green sequences lie some regions away from the original break site.
Thus, c-NHEJ rejoining can arise causing small deletions (and occasionally insertions), which are usually very short. Such indels
may arise without any MH usage or involve a few base pairs of microhomology. Alt-NHEJ does not arise frequently in normal
cells unless Ku or DNA-PKcs are absent. Note that MMEJ, any rejoining that involves regions of microhomology, can arise via
resection-mediated c-NHEJ or Alt-NHEJ (as well as via single strand annealing, which is not shown here). c-NHEJ, canonical non-
homologous end-joining; DSB, double strand break; PCC, premature chromosome condensation.
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mis-repair is diminished when DSBs are separated in time and
space arguing that the interaction between DSBs is dependent on
the number present at any time. Assuming 1 Gy induces 30 DSBs,
8 Gy will yield 240 DSBs, which is still a small number of DSBs
per genome. It is, arguably, surprising that detectable misre-
joining and dose sparing arises following 8 Gy (and its fraction-
ation) given that Ku is highly abundant and protects DSBs. This
begs the question: how is synapsis promoted? ATM and 53BP1
play important roles in compacting chromatin at DSBs, which is
likely to protect against aberration formation.*>*° Significantly,
rearrangement events in GO/G1 fibroblasts are enhanced in A-T
fibroblasts.® This impact cannot be attributed to impaired cell
cycle arrest but could arise from a failure to arrest transcription
in the DSB vicinity or to correctly organise chromatin struc-
ture at DSBs, known impacts of ATM loss.”*** Since the DSBs
repaired with slow kinetics remain unrepaired in the absence
of ATM, the enhanced aberrations in A-T fibroblasts must arise
from those DSBs normally repaired with faster kinetics."® The
role of 53BP1 in regulating rearrangements specifically in G1 has
not been carefully examined.

Using PCC analysis in GO/G1 cells, we examined whether the
fast and slow processes differ in their ability to generate chromo-
some aberrations. We found that approximately one-half of the
exchange events formed with fast kinetics; the other half arose
with slower kinetics.”"”! Further, the exchange events arising
with slow kinetics required Artemis and CtIP, factors specifi-
cally required for the slow repair process. Thus, the kinetics and
genetic requirements for aberration formation reflect the identi-
fied DSB repair processes. Given that 80% of DSBs are repaired
with fast kinetics, these findings suggest that the slow process
is 3-4 times more prone to translocations than the fast process,
potentially due to greater “end-opening” to effect Resection and
Artemis-dependent c-NHE].

Another question is whether the fast and slow c-NHE] processes
generate small indels at similar frequencies. Addressing this
requires careful sequence analysis, which has not been under-
taken, although indel formation has been observed by signature
sequencing after IR exposure.”® Assuming that small deletion
events involve resection, it is possible that they only arise via
Resection and Artemis-dependent c-NHE], that is, the slow
repair process. Constructs harbouring two closely located
I-Scel sites have been used as a model system to examine this
following selection for rejoining events that lose the intervening
sequence.”! This system does not model incorrect rejoining of
the correct ends, but has provided useful insight. Importantly,
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83% of the selected mis-repair events, harbour sequence loss
at their junctions (i.e. only 17% of rejoining events involving
loss of the intervening fragment arise without end-resection).
Further, such rejoining requires CtIP and Artemis, i.e. the factors
required for slow repair, suggesting that Resection and Artemis-
dependent c-NHE] might frequently generate indels. Although
this construct may not represent most DSBs repaired with slow
kinetics, it is possible that it reflects those DSBs where rejoining
by fast c-NHE] is precluded promoting a switch to the resection-
dependent process. It is possible, however, that some form of
templating, e.g. use of an RNA sequence, might overcome this
limitation or another process restricting sequence loss to one
DNA strand. Another question is whether indel formation can
also be diminished following dose splitting.

Finally, we should consider the fidelity of rejoining TA-DSBs,
which are an important although minor DSB subset, particularly
those involving interaction between the transcription and DSB
repair machinery. Recent studies have shown that such DSBs
are repaired by HR in G2 phase and failure to undergo TA-HR
enhances translocation formation.*” Thus, an important ques-
tion is how such DSBs are repaired in G0/G1 phase. Of note,
DITR arrests transcription in the DSB vicinity and impaired
DITR causes the slowing of DSBs normally repaired with super-
fast kinetics.?” It is tempting to speculate that such DSBs could
contribute to IR-induced rearrangements.

Summary

Now that we have gained significant insight into the path-
ways of DSB repair, including the subpathways of c-NHE], it is
important to establish the fidelity of these pathways since errone-
ously repaired DSBs can cause both lethality and carcinogenesis.
Indeed, efficient radiation protection necessitates an assessment
of the fidelity of DSB repair. Additionally, radiotherapy regimes
have involved dose fractionation to limit normal tissue effects
and understanding the underlying mechanism could enhance
the efficacy. Here, we discuss the potential limitations of c-NHE]
leading to chromosomal rearrangements and/or indel formation.
An important tool to drive the work forward is the exploitation
of state-of-the-art sequencing procedures to assess the accu-
racy of the c-NHE] sub pathways, the genomic location of DSB
misrepair events and how they respond to dose, dose rate and the
quality of the radiation.
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