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Abstract

Chromosomal DNA double-strand breaks (DSBs) are the effective lesion of radiotherapy and other
clastogenic cancer therapeutics, and are also the initiating event of many approaches to gene
editing. Ligation of the DSBs by end joining (EJ) pathways can restore the broken chromosome,
but the repair junctions can have insertion/deletion (indel) mutations. The indel patterns resulting
from DSB EJ are likely defined by the initial structure of the DNA ends, how the ends are
processed and synapsed prior to ligation, and the factors that mediate the ligation step. In this
review, we describe key factors that influence these steps of DSB EJ in mammalian cells, which is
significant both for understanding mutagenesis resulting from clastogenic cancer therapeutics, and
for developing approaches to manipulating gene editing outcomes.
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1. Introduction

Use of ionizing radiation (IR) remains a central approach to cancer treatment worldwide,
with estimates of nearly half of cancer patients receiving radiotherapy during their course

of treatment [1,2]. The primary effective lesions caused by IR are chromosomal DNA
double-strand breaks (DSBs) [3,4]. Other clastogens (chromosomal-breaking agents), such
as topoisomerase poisons, also remain cornerstones of cancer therapy [5]. Combining
clastogens with treatments that target DSB repair could cause persistently broken
chromosomes, chromosomal rearrangements, or other mutagenic events that could potentiate
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tumor cell death and improve efficacy [4,6,7]. Characterizing the mechanisms that define
such mutagenic outcomes of DSB repair is critical for developing such therapeutic strategies
[4,6], as it will reveal effective therapeutic targets and define tumor-specific vulnerabilities.

Understanding the mechanisms that underlie DSB repair outcomes is also central to
gene editing. The adaptation of the Streptococcus pyogenes Cas9 nuclease paired with
single guide RNAs to generate targeted DSBs has led to a transformation of molecular
biology [8,9] and clinical applications for gene editing [10]. Characterizing how factors
can be manipulated to affect DSB repair outcomes can provide insight for how to favor a
desired gene editing event. Many gene editing studies focus on improving the frequency
of homologous recombination (HR) events vs. end joining (EJ), and thereby introduce

a specific sequence provided by an HR repair template [11]. However, manipulating the
pattern of insertion/deletion (indel) mutations during EJ repair also has the potential to
favor specific gene editing outcomes. Thus, the focus of this review is on factors that
influence indel patterns during EJ in mammalian cells (Fig. 1), which is significant both
for understanding mutagenesis resulting from clastogenic cancer therapeutics, and for
developing approaches to manipulate gene editing outcomes.

Initial DNA end structure of DSBs likely affects indel formation

Indel outcomes of DSB EJ are influenced by several conditions, including the initial
structure of the DSB ends, how the DSB ends are processed and synapsed to generate

an intermediate that is readily ligated, and the factors that mediate the ligation (Fig. 1).
DSBs induced by IR are unlikely to be readily ligated, since such DSBs can involve ends
with phosphoglycolate termini and other structures, such as lesions with base damage or
abasic sites [12,13]. Similarly, DSBs induced by Topoisomerase Il involve a DNA-protein
crosslink [5]. As another example, DSB ends generated during V(D)J recombination involve
open signal ends and hairpin coding ends, the latter of which are not readily ligated [14,15].
In these cases, such DSB ends need to be processed to generate ligatable ends, and if such
processing involves loss or insertion of nucleotides, subsequent EJ repair will cause indel
mutations.

In contrast, for Cas9 DSBs, the primary structure of such DSBs are blunt DNA ends
[8,9,16-20], which do not require end processing to enable ligation. Measuring blunt EJ

of single Cas9 DSBs is not feasible using genetic approaches, since this repair outcome

is identical to the original sequence. However, by inducing two tandem Cas9 DSBs, it is
possible to quantify repair of the distal blunt DNA ends without indel mutations, which our
group has referred to as No Indel EJ (Fig. 1). Of course, such EJ causes the loss of the DNA
fragment between the two tandem DSBs, but “No Indel EJ” refers to the notion that there
are no indel mutations from the edges of each distal DSB end. Several studies have shown
that No Indel EJ is frequent [16-20], indicating that precise/accurate repair of blunt DSBs
induced by Cas9 is a robust repair outcome.

While Cas9 generally induces blunt ended DSBs, non-blunt DSBs with 5’ overhangs are a
minor product, which can lead to insertion mutations (Fig. 1). Specifically, Cas9 can induce
DSBs with 5° overhangs, typically 1-2 nt long, which if filled-in to generate blunt DSBs
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prior to EJ, causes short insertion mutations [21-25]. Since fill-in of the 5 overhangs prior
to ligation produces an indel mutation rendering the target site resistant to further cycles of
cutting and precise repair, such insertion mutation repair outcomes are frequently detected
[21-25].

3. Roles of C-NHEJ and Pol6 for end synapsis and ligation of distinct DNA
end structures

EJ of blunt DSBs, either induced by Cas9 directly, or following fill-in of Cas9 5’ overhangs,
has been shown to be highly dependent on canonical non-homologous end joining (C-
NHEJ) [16-19,21-25]. The C-NHEJ complex involves DNA ligase 4 (L1G4) and associated
co-factors, including XRCC4, the KU heterodimer, XLF, and DNA-PKcs. The C-NHEJ
complex is proficient for blunt DSB EJ, because it can facilitate synapsis of blunt DNA ends
in close proximity, and with LIG4 positioned to enable ligation [16-19,21,23-25]. Recent
cryo-EM structures have demonstrated such synapsis with a short-range C-NHEJ complex
[26,27]. Notably, this complex lacks DNA-PKcs [26,27]; and DNA-PKcs, along with the
accessory C-NHEJ factor PAXX [28], have a less pronounced role on blunt DSB EJ vs. XLF
[16,25] (see below).

In contrast, repair of DSBs leading to deletion mutations using extensive microhomology are
largely independent of C-NHEJ, and are promoted by DNA polymerase theta (Pol6/POLQ).
Pol6 is an A-family DNA polymerase that can anneal short lengths of complementary
ssDNA (i.e., microhomology) to initiate DNA synthesis, which has been referred to as
theta-mediated EJ (TMEJ) [29-33]. Such Pol®-mediated DNA synthesis could establish an
annealing intermediate with DNA nicks that could then be joined by any of the three DNA
ligases (LIG1, LIG3, or L1G4) [34,35]. However, the length of microhomology, the length
of the annealing intermediate, and the protein co-factors that mediate recruitment of each
ligase to distinct DNA structures, each likely affect the relative ability for these ligases to
facilitate repair. For example, use of 4 nt of microhomology to template an extension of 2 nt
on each side of the DSB would generate an 8 nt annealing intermediate that may be readily
ligated by any of the three ligases. In contrast, use of 1 nt of microhomology to bridge DNA
ends may remain reliant on the C-NHEJ complex to form a stable synapsis intermediate for
ligation.

The cut off for microhomology length that distinguishes dependence on C-NHEJ vs. Pol©
supports this notion. By examining terminal microhomology use (i.e., microhomology at
the edge of DSBs) for repair of Cas9 DSBs, C-NHEJ was shown to be required for events
up to 2 nt of microhomology, and Pol6 is important for events 4-6 nt [16,36]. In contrast,
C-NHEJ and Pol6 appear redundant for events with 3 nt of terminal microhomology [16].
Furthermore, combined loss of C-NHEJ (i.e., KU) and Pol6 causes a marked reduction in
EJ using 4 nt of microhomology that is either at the DSB termini or embedded from the
edge of the DSB [37]. This finding is consistent with several studies that combined loss of
C-NHEJ and Pol6 cause a marked loss of Cas9 EJ events, as well as a substantial increase
in radiosensitivity [29,38]. Another study examined microhomology usage for repair of a
single Cas9 DSB, finding that Pol© can promote EJ events with = 2 nt of microhomology
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that are embedded from the DSB, and also with a bias towards microhomology near the edge
of the DSB [39]. In summary, C-NHEJ appears specifically required for EJ events that are
not stabilized by an extensive annealing intermediate, whereas Pol© appears important to
generate such an annealing intermediate to facilitate ligation that could be mediated by any
of the three ligases.

Indels consistent with C-NHEJ and TMEJ have been observed from large-scale analysis
of Cas9 DSBs in mammalian cells [40-42], as well as from sequencing of samples
post-radiotherapy [43,44]. For instance, one study of thousands of different synthetic

Cas9 cleavage sites found that the two most frequent repair outcomes are single base
insertions (perhaps caused by staggered Cas9 DSBs as described above) and short (= 3 nt)
deletions with microhomology [40]. This study also found that the proximity of matching
microhomology favors the use of microhomology to cause a deletion mutation [40], which
is consistent with TMEJ [39]. For secondary malignancies following IR treatment of both
human patients and mouse models, both insertion and deletion mutations are found, with
deletion mutations often showing evidence of microhomology [43,44]. Although, a study
of post-radiotherapy gliomas found induction of small deletions that predominantly lacked
microhomology, which is consistent with C-NHEJ [45]. Finally, thyroid cancers from
individuals exposed to radiation due to the Chernobyl incident showed associations of
radiation dose with deletion mutations irrespective of microhomology length [46], which
is consistent with C-NHEJ playing a significant role in such indels. An important future
direction will be to determine how the genetic landscape of individual tumors affects the
relative contribution of C-NHEJ vs. TMEJ for DSB repair, which could guide personalized
medicine approaches for development of radiosensitizers.

4. Processing of DNA breaks for C-NHEJ and TMEJ

The means of DSB end processing likely dictates whether C-NHEJ or Pol6/TMEJ are
subsequently involved in repair of the ends, thereby affecting the indel outcome. Namely,
end processing to yield blunt DSBs and/or ends with a very short annealing intermediate

are likely repaired by C-NHEJ [16,36,47]. Blunt DSB ends could be generated from ends
with damaged termini that are processed to remove the terminal bases, or DSB ends

with short 5” overhangs that are filled-in or degraded (Fig. 1). DSB ends with a short
annealing intermediate (e.g., 1 bp of microhomology) can be generated by processing of
ends by polymerases that add nucleotides to generate such microhomology, or nucleases that
catalyze limited end degradation to reveal short microhomology. C-NHEJ is likely the major
pathway of repair of such blunt DNA ends, or ends stabilized by short microhomology,
which would then cause short indel mutations. Studies of extrachromosomal end joining
substrates with diverse end structures supports this notion [47]. In contrast, if such DSB ends
are processed into 3’ ssDNA to be substrates for Pol©, the size of the deletion mutation is
likely governed by the position of microhomology that flanks the DSB.

This concept is supported by experiments with overexpression of the potent 3’ exonuclease
TREX2 [48], which likely causes destabilization of 3’ sSDNA, thereby requiring C-NHEJ
repair without an annealing intermediate. Our group first reported that co-expression of
TREX2 markedly promotes deletion mutations while also suppressing EJ events with
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incorrect DSB ends (i.e., distal ends from two tandem DSBs) [49,50]. Furthermore, our
group showed that the mutagenic events induced by TREX2 expression are dependent on
C-NHEJ [51]. These studies used the 1-Scel endonuclease to generate targeted chromosomal
DSBs. Subsequently, another study showed that TREX2 expression could similarly promote
mutagenic EJ with other nucleases (i.e., other homing endonucleases apart from I-Scel,
transcription activator-like effector nucleases, and zinc-finger nucleases) [52], and our group
showed that combining TREX2 with Cas9 also promotes mutagenic EJ [53], which has been
confirmed in other studies [18,40,54-56]. As mentioned above, the deletions induced by
expression of TREX2 with I-Scel are dependent on C-NHEJ, which is also the case for Cas9
[18]. Furthermore, such EJ events show low microhomology usage [18], which is consistent
with TREX2 causing end degradation that is likely processed into blunt DSBs that are joined
by C-NHEJ. Namely, TREX2 likely degrades 3’ ssDNA that is the substrate for annealing
and fill-in synthesis via TMEJ, such that C-NHEJ is required for repair.

Accordingly, regulation of nucleases and polymerases (in addition to Pol8) to generate blunt
ends, 3" ssDNA, or other DSB end structures likely has a substantial effect on DSB indel
patterns. DSB end processing to yield 3’ ssDNA that is the substrate for Pol6/TMEJ is
referred to as end resection, which is also the initiating step of HR [57]. A central factor

of end resection is CtIP, which forms a complex with the MRE11 nuclease [57]. CtIP is
important not only for HR, but also mutagenic EJ events that show microhomology at the
junctions [16,21,58,59]. It is unclear how CtIP-mediated resection is regulated to promote
TMEJ vs. HR, although regions of CtIP that affect the extent of resection have been recently
discovered [60]. Furthermore, the conditions that favor CtIP-mediated end resection are
unclear, apart from cell cycle phase, since CtIP is activated by CDK phosphorylation events
in S/G2 [57]. Other nucleases also likely function in concert with CtIP/MRE11 to influence
the extent of 3° sSDNA, and/or compete with CtIP to induce distinct end processing events
[57]. Indeed, other nucleases have been implicated in end degradation during EJ, including
Artemis, WRN, DNA2, FEN1, and Metnase [59,61-66].

The Artemis nuclease appears to have a central role in processing DNA ends for C-NHEJ,
particularly for opening the hairpin coding ends generated during V(D)J recombination

[66]. In contrast to CtIP/MRE11-dependent end resection that favors formation of 3’
ssDNA, Artemis can process DNA ends into distinct structures [66,67]. As examples,
Artemis is proficient at processing 5’ overhangs into blunt DNA ends, and blunt DNA

ends into 3’ overhangs [66,67]. In each case, it appears that Artemis is able to distort

DNA ends into hairpin-like structures, and then cleave these structures [66,67]. Accordingly,
Artemis is likely proficient at processing diverse DNA end structures induced by IR to

yield ligatable ends. Consistent with this notion, Artemis is important for repair of IR-
induced DSBs [68,69]. The influence of Artemis on indel patterns for Cas9 DSBs remains
poorly understood, although there are some indications that Artemis can affect such repair
outcomes. For one, overexpression of Artemis has been shown to promote mutagenic EJ of
DSBs induced by Cas9 and other nucleases [52,55]. In addition, a recent study that evaluated
how DNA repair factors affect Cas9 indel patterns showed that Artemis (DCLREIC gene)
appears to be important for a subset of deletions [22].
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Apart from nucleases, several other enzymes can process DNA ends for ligation. For
example, phosphodiesterases can directly process DNA ends with phosphoglycolate termini
[12]. Furthermore, DNA polymerases, such as Pol A, Pol 1, and terminal deoxynucleotidyl
transferase (TdT) also appear to generate DNA ends for ligation via C-NHEJ [70]. For
example, Pol A appears important for fill-in of 5’ overhangs, based on studies with Cas9
staggered DSBs causing insertion mutations, as described above [22]. Pol p and TdT also
are important for generating ligatable ends by adding nucleotides to otherwise incompatible
ends to facilitate short annealing intermediates for repair via C-NHEJ [70-72]. Furthermore,
several of these polymerases show a bias for ribonucleotide addition that appears to
generate optimal substrates for ligation via C-NHEJ [71]. In summary, DSB processing

via nucleases, enzymes that directly repair DNA termini, and DNA polymerases have a
significant influence on indel outcomes.

Influence of DNA-PKcs and ATM on end joining outcomes

The DNA damage response kinases DNA-PKcs and ATM also substantially affect indel
outcomes by promoting and inhibiting C-NHEJ, respectively. Examining these kinases is
significant both for understanding the mechanism of indel formation, and also because
potent and selective small molecule inhibitors of these kinases are being developed for
clinical use [73,74]. DNA-PKGcs is the catalytic subunit of the DNA dependent protein kinase
(DNA-PK), which is composed of DNA-PKcs and the KU heterodimer [14,75]. Recent
cryo-EM structures have identified two different complexes with DNA-PKcs that bridge
DNA ends: one with KU alone, and another that also includes the C-NHEJ factors XRCC4,
LIG4, and XLF [26,27]. Both of these complexes show relatively long-range synapsis of
the DNA ends, in that the ends are too far apart to facilitate ligation [26,27]. Such long
range synapsis is also consistent with single molecule studies in Xenopus extracts [76].
Cryo-EM analysis also found a C-NHEJ complex bridging DNA ends without DNA-PKcs
(i.e., with XRCC4, LIG4, and XLF) with the ends positioned for ligation [27]. Since such
a short-range complex can form without DNA-PKGcs, the requirement for DNA-PKcs for
chromosomal EJ events has been unclear. Our group recently reported that DNA-PKcs and
its kinase activity are less important than XLF for repair of blunt DSBs, but becomes critical
when XLF-mediated end bridging interactions are weakened [25]. These findings support
the notion that DNA-PKcs, and hence the long-range C-NHEJ complex, promotes blunt
DNA end synapsis in a manner that is partially redundant with the bridging interactions
mediated by XLF. In contrast, DNA-PKcs kinase activity appears important to suppress the
size of deletion mutations in a manner independent of XLF [25].

Accordingly, DNA-PKcs may be more critical for regulating DNA end processing events
vs. mediating the ligation step of C-NHEJ per se. For one, DNA-PKcs is an activator

of the Artemis nuclease [15,66], and a cryo-EM study has shown that DNA-PKcs
autophosphorylation in its ABCDE cluster causes a conformational change to enable access
of Artemis to DNA ends [77]. Thus, DNA-PKcs and its kinase activity appear critical

for mediating Artemis nuclease activity, which could also extend to other nucleases and
DNA end processing factors. Along these lines, a study in Xenopus extracts found that

at least some end processing events are restricted to the C-NHEJ short-range complex

[78], such that transition to the short-range complex via DNA-PKcs autophosphorylation
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may be central to regulating such end processing. Furthermore, a recent preprint has
shown evidence that distinct DNA-PKcs dimerization interfaces appear to have differential
effects on nucleolytic vs. end-filling of DSB ends [79]. In addition, DNA-PKcs may be a
key regulator of the MRN/CtIP nuclease complex (i.e., the MRE11 nuclease in complex
with RAD50, NBS1, and CtIP) [80]. Namely, DNA ends bound to DNA-PK are efficient
substrates for the MRN/CtIP complex to nick DNA on the side of DNA-PK that is distal
to the DNA end, which appears important to initiate end resection [80]. Altogether, these
studies indicate that DNA-PKcs is likely a central regulator of DSB end processing, such
that defining the mechanisms that regulate DNA-PKcs to favor particular end processing
events remains a central question for understanding EJ indel patterns.

The ATM Kkinase has been long associated with radioresistance, DSB repair, chromatin
alterations at DSBs, and cell cycle checkpoints [81]. However, the influence of ATM on
specific DSB repair outcomes has emerged relatively recently, with several studies indicating
that ATM is a key negative regulator of C-NHEJ. For one, ATM was shown to suppress
C-NHEJ events measured using the TREX2 approach described above [51]. Similarly, ATM
appears to inhibit the hallmarks of C-NHEJ repair of Cas9 DSBs (i.e., No Indel EJ between
two DSBs, and insertions likely due to staggered Cas9 DSB) [18,19,82]. Furthermore, in the
context of one ended DSBs in DNA replication, ATM has been shown to suppress C-NHEJ
factor recruitment, which appears critical for limiting toxic chromosomal rearrangements
[83]. Similarly, chromosomal rearrangements in neurons that are induced by loss of ATM
have been shown to be mediated by C-NHEJ (i.e., LIG4) [84]. In contrast, ATM is

not obviously important for HR repair of DSBs [85,86], and breast cancers associated

with ATM-deficiency show mutation/rearrangement signatures distinct from those of HR-
deficient tumors [87].

There are hundreds of phosphorylation targets of the ATM kinase [81,88], but the specific
targets that are important to suppress C-NHEJ are unclear. A central target of ATM is

the histone variant H2AX, which is phosphorylated at residue 139 in the C-terminus (i.e.,
YH2AX) in chromatin that flanks DSBs [89]. Interestingly, similar to ATM deficiency, loss
of H2AX also appears to cause an increase in C-NHEJ events (e.g., an increase on No
Indel EJ of Cas9 DSBs) [18,90]. One working model is that the ATM kinase and H2AX are
important for DSB end resection that favors EJ events with indel mutations (e.g., TMEJ).
Consistent with this notion, ATM appears to modulate the function of CtIP [91]. As well,
two factors regulated by ATM, the NBS1 subunit of the MRE11 complex and the RNF8
ubiquitin ligase, are also important to suppress No Indel EJ, and thereby promote EJ with
indel mutations [37]. As another possibility, ATM could directly inhibit C-NHEJ, which is
consistent with reports of ATM-mediated regulation of DNA-PKcs [92]. Furthermore, the
Artemis nuclease is a kinase target of ATM [69].

ATM is also an important regulator of the Shieldin complex that includes 53BP1, but the
impact of this complex on indel formation during EJ is unclear. Namely, while 53BP1
restricts end resection and HR [93], this function does not apparently have a major effect
on the balance of No Indel EJ vs. EJ events using microhomology [37]. However, one
study showed that 53BP1 suppresses complex indels that involve capture of ectopic DNA
[94]. Also, a recent survey of how DNA damage response factors affect Cas9 indel patterns
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identified a subset of indel types affected by 53BP1, which appear to be similar to those
affected by Artemis [22]. Further studies are needed to define how the 53BP1 and the rest
of the Shieldin complex, including the ASTE1 nuclease [95], may affect indel formation
during C-NHEJ and TMEJ. In addition, apart from indel patterns per se, 53BP1 has a
substantial effect on long range EJ events, such as fusion of deprotected telomeres, and
class switch recombination [93]. 53BP1 is proposed to promote DSB mobility to mediate
such EJ events [96,97]. Similarly, ATM was also found to promote DSB mobility [98-100].
Specifically, in ATM deficient cells, dysfunctional telomeres failed to gain their maximal
mobility [100], and inhibition of ATM in human cells resulted in a pronounced confinement
of DSB mobility and reduced DSB clustering [98,99].

6. Concluding remarks and future directions

In summary, indel outcomes from chromosomal DSB EJ are affected by DNA end structure,
DNA end processing and synapsis, and the regulation of the ligation step. Understanding
the mechanisms that affect indel outcomes is relevant for defining the mechanisms of
mutagenesis induced by radiotherapy and other clastogenic cancer therapeutics, as well

as for developing approaches to manipulate gene editing outcomes. Several of the studies
described above are based on examining indel patterns after induction of site-specific DSBs
(e.g., Cas9), which is a powerful approach since the initiating lesion is precisely defined,
and because examining such DSBs is significant for gene editing. However, a disadvantage
of this approach is that nuclease-generated DSBs lack the complexity of other clastogenic
events, such as radiotherapy. An important future direction would be to develop an approach
generating targeted complex chromosomal DSBs, similar to what has been developed for
causing oxidative damage at telomeres [101]. Another future direction is to define the
mechanisms that regulate DSB end processing by distinct nucleases, particularly for CtIP/
MRE11 vs. Artemis. Along these lines, it will be important to define how CtIP/MRE11-
mediated resection is regulated to facilitate TMEJ vs. HR. Similarly, it will be interesting

to define how the chromatin landscape prior to DSB induction, which appears to affect the
efficiency of HR [102], might also affect EJ outcomes. In addition to defining regulation of
DSB end processing, another key area of study is to define the mechanisms of end synapsis
via C-NHEJ and TMEJ, and how such synapsis is affected by neighboring chromatin.
Understanding mechanisms of end synapsis is significant, since such synapsis is likely
critical for both timely repair of DSBs, as well as the suppression of EJ events between
distal DSB ends (e.g., DSBs from different chromosomes), which can cause chromosomal
rearrangements. Finally, understanding how ATM and DNA-PKcs affect each of these steps
of EJ is important both for defining the mechanisms of indel formation, as well as for
developing small molecule inhibitors of these kinases for clinical use.
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C-NHEJ Canonical Non-Homologous End Joining
DNA-PK DNA dependent protein kinase

EJ End Joining

HR Homologous Recombination

indel insertion/deletion mutation

IR lonizing Radiation

TMEJ theta-mediated end joining
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Fig. 1.

Conditions that influence indel outcomes from DSB EJ: structures of the DNA ends,
processing and synapsis of the ends, and ligation. Shown are DSB ends induced by
therapeutic clastogens that are often not directly ligatable before end processing, as well
DSBs induced by site-specific nucleases (e.g., Streptococcus pyogenes Cas9) that can be
readily ligated, but are nonetheless prone to end processing. Shown is a model that end
processing to yield blunt ends subsequently requires the C-NHEJ complex (i.e., LIG4 and
associated co-factors) for repair. In contrast, end resection that generates 3’ ssDNA with
flanking extensive microhomology forms the substrate for Pol©-mediated end synapsis and
fill-in synthesis, thereby generating DNA nicks that could be repaired by any of the three
ligases (L1G1, LIG3, and L1G4). Shown in the box is the definition of No Indel EJ, which
can be detected in genetic assays by examining repair of distal ends from two tandem Cas9

blunt-ended DSBs.
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