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DNA double-strand breaks (DSBs) are highly lethal lesions
that jeopardize genome integrity. However, DSBs are also used
to generate diversity during the physiological processes of
meiosis or establishment of the immune repertoire. Therefore,
DSB repair must be tightly controlled. Two main strategies are
used to repair DSBs: homologous recombination (HR) and non-
homologous end joining (NHEJ). HR is generally considered to
be error-free, whereas NHEJ is considered to be error-prone.
However, recent data challenge these assertions. Here, we
present the molecular mechanisms involved in HR and NHEJ
and the recently described alternative end-joining mechanism,
which is exclusively mutagenic. Whereas NHEJ is not
intrinsically error-prone but adaptable, HR has the intrinsic
ability to modify the DNA sequence. Importantly, in both cases
the initial structure of the DNA impacts the outcome. Finally,
the consequences and applications of these repair mechanisms
are discussed. Both HR and NHEJ are double-edged swords,
essential for maintenance of genome stability and diversity but
also able to generate genome instability.

Introduction

DNA double-strand breaks (DSBs) are very harmful lesions that
can trigger profound genome rearrangements leading to cell death,

senescence, developmental abnormalities, and both tumor
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initiation and progression. Although maintenance of genome sta-
bility is vital, genetic diversity is essential in certain physiological
processes such as generation of the immune repertoire or the
recombination of parental alleles during meiosis. The absence of
genetic diversity leads to an evolutionary dead end. In these cases,
programmed DSBs are physiologically produced by controlled cel-
lular enzymes. Furthermore, telomeres are specific structures at the
ends of the chromosomes that can be erroneously recognized as
DSBs.

Therefore, DNA repair must maintain genomic stability,
while allowing genetic diversity. Strikingly, the most prominent
DSB repair mechanisms exhibit a duality that allows them to
both maintain and alter genome stability.

The DSB Repair Processes

DSBs can be repaired by two main strategies: homologous
recombination (HR) or non-homologous end joining (NHE]).
Homologous recombination requires a homologous DNA
sequence and actually represents different processes involving
both common and distinct mechanisms (Fig. 1). NHE] involves
ligation of the DNA ends of a DSB without requiring any
homologous sequence (Fig. 2). Notably, additional alternative
end-joining pathway(s) have recently been described.

Homologous recombination

The products of HR are gene conversions (GCs, non-reciprocal
exchange of genetic material) associated with or without crossing
over (CO, reciprocal exchange of the adjacent sequences) (Fig. 1A).
All of the different HR processes are initiated by 5" to 3’ single-
stranded resection of the double-stranded DNA ends, creating a 3’
single-stranded DNA (ssDNA) end. Strand invasion promoted by
RADS1 (Fig. 1B) generates cruciform intermediates called Holliday
junctions. At this point, the HR mechanisms differ in the processing
of the intermediates, leading to gene conversion associated with or
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without crossing over, synthesis-dependent strand annealing
(SDSA), or break-induced replication (BIR) (Figs. 1B and ).l
Another process, single-strand annealing (SSA), is also initi-
ated by resection; however, the subsequent steps do not involve
strand invasion of an intacc DNA duplex (and are therefore
RAD51-independent) but instead involve the annealing of 2

complementary ssDNA sequences (Fig. 1D). Note that SSA is
exclusively a non-conservative process.

Another crucial role of HR in the maintenance of genome sta-
bility is escorting replication fork progression; HR efficiently
seals ssDNA gaps when replication forks reach DNA lesions and
is also involved in the recovery of arrested replication forks.”
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Figure 1 For figure legend, see page 3.

Notably, 2 different classes
of microhomologies that
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are used for re-sealing DSBs should be distinguished: microhomolo-
gies at the DSB itself are used by C-NHE], whereas microhomolo-
gies distant from the DSB are used by A-EJ.”

The signature of A-EJ led to the model shown in Fig. 2B in
which A-E] is initiated by ssDNA resection. The resection step
shares some characteristics with HR, such as the involvement of
MREI11 nuclease activity and CtlP, which are counteracted by
53BP1 and RIF1 (for a review sec’). However, the resection length
required for A-EJ is much shorter (a few nucleotides are sufficient)
than that required for HR. These characteristics suggest a 2-step
model for the choice between the different DSB repair pathways>*
(Fig. 2C).

Resection at DNA ends: impact on the choice of DSB repair
pathway

Protection of DNA ends

A key step in choosing the appropriate repair pathway is the deci-
sion between protection versus resection of DNA ends (Fig. 2C).
Several proteins have been implicated in protection, but the main
factor involved is the Ku70/Ku80 heterodimer (for review see”).
Consistent with this role, defects in Ku80/Ku70 result in robust
stimulation of HR.?

One role of BRCAI-CtP in HR initiation is to displace
53BP1 from the DNA ends, thereby enabling ssDNA resection.’
Notably, CtIP can also displace Ku from DNA ends.”

Physiologically, 53BP1 deficiency leads to profound defects in
class switch recombination (CSR) and V(D)] recombination (for
review see”). At non-V(D)J or CSR junctions, 53BP1 is directly
implicated in DNA end protection during A-EJ.”

In addition, RIF1 plays a key role in DNA end protection in
mammals and is epistatic to 53BP1.”'* Both proteins are also
involved in the fusion of uncapped telomeres via NHEJ'*'? and,
more generally, protect against long resections in A-EJ.” The
binding of RIF1 to 53BP1 requires phosphorylation of 53BP1
on a subset of ST/Q sites by ataxia telangiectasia mutated (ATM)
kinase.

A second 53BPl-interacting protein, PTIP, has been sug-
gested to limit resection. Like RIF1, it binds ST/Q motifs in the
N-terminal domain of 53BP1.'*'* Mutation of the PTIP bind-
ing sites for 53BP1 or deletion of PTIP does not affect CSR but

abrogates illicit NHE] in BRCAI-deficient cells treated with
PARP inhibitors.'?

Resection and its regulation by CDKs

The process of end resection can be divided into 2 successive
steps.15 A key regulator of resection is the MRN (Mrel1, Rad50,
Nbs1) complex. MRE11 initiates resection for HR, A-EJ, and
CSR.*'®'7 in association with the nuclease CtIP.'® The endonu-
clease activity of MRE11 initiates resection and the exonuclease
activity extends the resection, at least in the case of HR."

CtIP and MRN are sufficient for short-range resection, but to
generate longer ssDNA tracts other nuclease activities are
required. Two distinct sets of nucleases and their associated pro-
tein components, Exol or Dna2 with BLM (also known as Sgsl1
in yeast)/Top3/Rmil, are required for long-range end resection
(for review see'®). Robust cell cycle regulation is achieved by the
cyclin-dependent protein kinases (CDKs). CDK2-dependent
phosphorylation of $327 on CtIP is a prerequisite for CtlP/
BRCALI interaction and occurs only in the S/G2 phase.**?'
MREL11 associates with both CKD2 and CtIP and facilitates this
phosphorylation.”” In addition to phosphorylation on $327,
phosphorylation of T847 on CtP by CDK is required to pro-
mote resection.>

Recently, phosphorylation of Exol by CDK1/2 and its impact
on resection was also demonstrated.**

Dual-function players

BRCAL is found in several different complexes (for review
see”) that have opposite roles in DNA end resection: MRN/
CtP/BRCA1 favors resection whereas the BRCA1/RAP80/
BRCC36/ABRAXAS complex inhibits resection and promotes
C-NHE]. Moreover, BRCALI interacts with Ku80 and stabilizes
its association with DNA ends.”® Strikingly, both complexes are
formed mainly in the S and G2 phases of the cell cycle.

Another dual-function player is the BLM (mutated in Bloom
syndrome) protein. BLM has been implicated in resection together
with Topolll/Rmil and Dna2.*”*® However, BLM also protects
DNA ends against deletions during A-EJ.” Interestingly, BLM is dif-
ferentially associated with 53BP1 in G1 and with Topolll in S/G2,
thereby providing a switch between its protective and pro-resection

Figure 1 (See previous page). Mechanisms of homologous recombination. (A) The products of HR. Gene conversion (GC; left panel), results from the non-
reciprocal exchange of a DNA sequence (in orange). Crossing over (CO; right panel), results from the reciprocal exchange of DNA sequences (orange and
blue). Both GC and CO are outcomes of the HR events described below. (B) The double strand break repair model (DSBR). HR is initiated by 5" to 3’ single-
stranded resection of double-stranded DNA ends through the action of different protein complexes, MRN/CtIP, Exo1, and BLM/Topolll/RMI, acting in 2 steps.
BRCAT1, in association with CtIP, favors resection initiation through the removal of 53BP1. This resection creates a 3’ single-stranded DNA (ssDNA) that is coated
with replication protein A (RPA). A complex including Palb2 and BRCA2, which are both breast tumor suppressors, then replaces RPA with Rad51. The Rad51
nucleoprotein filament invades the intact homologous duplex DNA, priming DNA synthesis, and the intact DNA molecule’ is copied, creating a D-Loop (dis-
placement loop). This process tolerates limited polymorphisms, thus creating heteroduplex intermediates bearing mismatches (blue circle in corresponding
left panel in Fig. 1C). This step generates 2 cruciform intermediates also known as Holliday junctions. (C) Different HR mechanisms. In the DSBR model (upper
panel), the heteroduplex molecules are represented by the blue circles. Strand invasion and DNA synthesis can lead to GCs. Depending on how the Holliday
junctions are resolved, the GC will be associated with CO (black arrow) or not (gray arrow). In synthesis-dependent strand annealing (SDSA, middle panel), the
initiation is similar but the invading strand dehybridizes and reanneals at the other end of the broken molecule and no Holliday junction is generated. In
break-induced replication (BIR, lower panel), DNA synthesis occurs over longer distances, even reaching the end of the chromosome. Here, there is neither res-
olution of the intermediates nor crossing over. (C) Single-strand annealing (SSA). An extended single-strand resection (1) reveals 2 complementary ssDNA
strands; hybridization of the 2 complementary strands (2) generates an intermediate; resolution (3) and gap filling complete the repair. This process can occur
between 2 homologous sequences in tandem in the same orientation (dotted arrows) and results in deletion of the intergenic sequences.
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activities.” This switch favors protection when HR is not proficient
and triggers long-range resections in S/G2 when HR should be
favored.

Choice of the DSB repair pathway: the 2-step competition
model

The choice of an appropriate DSB repair pathway, in particu-
lar with respect to the phase of the cell cycle, is crucial for the
maintenance of genome stability. This choice is made in 2 steps:
(1) C-NHE] versus resection, and (2) HR wersus A-E]J (Fig. 2C).
In the first step, Ku represses both HR and A-EJ (for review
see”). Several parameters can affect the second step including the
presence of a homologous sequence, the size of the resection, and
the cell cycle phase. Indeed, HR is only active during the S and
G2 phases, whereas both C-NHE] and A-EJ are active through-
out the cell cycle (for review see>?%).

The Accuracy of DSB Repair

A-EJ and SSA are exclusively non-conservative pathways. Fur-
thermore, A-E] has been proposed to promote chromosome
. 30,31
translocation.
In the literature, HR is generally considered to be error-free
whereas NHE] is considered to be error-prone. However, based

on more recent data, it is necessary to revise this current view.

HR and genetic stability

Consistent with the involvement of HR in the maintenance of
genome stability, cells defective in HR exhibit increased muta-
genesis and genome rearrangements (for review see??).

Replication stress impacts not only the accuracy of DNA rep-
lication but also chromosome segregation. Indeed, endogenous
or low levels of replication stress induce mitotic defects, including
anaphase bridges, supernumerary centrosomes, and multipolar
mitosis, which lead to uneven chromosome segregation and
aneuploidy.’® Because HR plays a pivotal role in the resumption
of arrested replication forks, defects in HR lead to spontaneous
slowed replication fork progression, anaphase bridges, common
fragile sites, and supernumerary centrosomes, which result in
multipolar mitosis and aneuploidy (for review see®?). These
data underline the essential role played by HR in protecting
genome stability at the interface between replication and mitosis.

HR and genetic instability

Because HR can generate heteroduplex molecules and
exchange adjacent sequences through GC and CO, it is intrinsi-
cally able to alter genetic information through several
mechanisms.

The intrinsic capacity of HR to generate genetic modifications

Strand invasion between 2 DNA molecules with few heterolo-
gous sequences generates heteroduplexes bearing mismatches
(Fig. 1C). Subsequent mismatch repair can lead to genetic modi-
fications on the recipient molecule. In addition, a sequence that
was absent in the invading molecule can be copied during DNA
synthesis initiated by the 3’ end of the invading strand, thereby
transferring this genetic information to the repaired molecule in
a gap-repair-like process (see Figs. 1B and C).

When HR occurs between fully identical sequences (for exam-
ple, during sister chromatid exchange [SCE]), it does not typi-
cally impact the genetic material. However, unequal SCE can
lead to sequence duplications or deletions (Fig. 3A). The fact
that unequal SCEs are less frequent than equal SCEs contributes
to the maintenance of genome stability and therefore HR is fre-
quently considered to be error free. However, one can argue that
this is not due to the accuracy of the HR process itself, but simply
because the DNA strands are identical (as a result of accurate
DNA replication), because HR is restricted to S and G2 phases,
which correspond to the cell cycle phases in which sister chroma-
tids are present, and because the tight cohesion of the sister chro-
matids channels HR toward equal SCE. Thus, the structure of
the DNA and associated mechanisms, rather than the HR process
itself, favors an error-free outcome. During meiosis, which aims
to generate genetic diversity, SCEs are repressed and HR between
homologous chromosomes (which are not fully identical) is
favored. The necessity to strictly control HR through the associ-
ated processes reflects the intrinsic potential danger of HR. In
addition, even with fully identical molecules, HR can initiate
mutagenic DNA synthesis (see below).

Moreover, GC between 2 heteroalleles can transfer genetic
information in a non-reciprocal manner, resulting in loss of het-
erozygosity. GC between a pseudogene and a related coding
sequence can transfer stop codons, resulting in inactivation of
the coding gene (Fig. 3B). In addition, genomic rearrangements
can be generated through CO between repeated sequences that
are dispersed throughout the genome (Fig. 3C) (for review

see??)

genic process.

Figure 2 (See previous page). Mechanisms of non-homologous end joining. (A). Canonical NHEJ (C-NHEJ). C-NHEJ is initiated by binding of the Ku80-
Ku70 heterodimer to the DSB, which recruits the DNA-PK catalytic subunit, DNA-PKcs. Several proteins, including Artemis, the polynucleotide kinase
(PNK) and members of the polymerase X family, process the DNA ends to make them competent for the subsequent ligation steps. Finally, ligase IV, in
association with Xrcc4 and Cernunos/XIf, seals the double-strand ends. (B) Alternative end-joining (A-EJ). In the absence of Ku70/Ku80, the DNA ends are
resected in a reaction favored by the nuclease activity of Mre11 and CtIP. Note that Parp1 is involved in A-EJ initiation. The resulting ssDNA reveals com-
plementary microhomologies (2-4 nt or more) that can be annealed; gap filling completes the end joining. Finally, Xrcc1 and ligase Ill complete the A-EJ
process. Notably, A-EJ is always associated with deletions at the junctions and frequently, but not systematically, involves microhomologies that are dis-
tant from the DSB. (C) The 2-step DSB repair pathway choice model. After signaling of the DSB by ATM and MRN, (I) binding of Ku80/Ku70 protects the
DSB ends from resection, routing DSB repair toward the conservative C-NHEJ pathway. (ll) The nuclease activity of Mre11 and CtIP favor ssDNA resection,
which can then initiate the HR or A-EJ pathway. A short ssDNA resection is sufficient for A-EJ but not for HR. A-EJ is an exclusively non-conservative muta-
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Figure 3. Genome instability promoted by HR. (A) Sister chromatid exchanges. Left panel: Equal SCE between repeat sequences (red boxes) does not
affect genome stability. Right panel: Unequal SCEs, leading to amplification and loss of genetic material. (B) Gene conversion between 2 heteroalleles
(left panel) leading to a loss of heterozygosity, or between a pseudogene (yellow box) and a gene (red box) leading to inactivation of the gene. (C) Rear-
rangements resulting from CO between repeat sequences: (a) Between homologous sequences on 2 chromosomes, leading to amplification and dele-
tion; (b) Intramolecular CO between direct repeats, resulting in the excision of the intervening sequence; (c) Intramolecular CO between 2 inverted
repeats, resulting in inversion of the internal fragment; (d and e) Interchromosomal CO generates a translocation (d) or a dicentric and an acentric chro-
mosome (e) depending on the position relative to their respective centromeres (black and red circles).
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Considering the events described above, the maintenance of
genome stability requires repression of HR in the G1 phase and
restriction of HR to equal SCEs during the S and G2 phases.

Genome rearrangements mediated by BIR and MMBIR

Replicative stress induced by the overexpression of cyclin E
leads to copy number alterations. Many replicative stress-induced
duplications have been attributed to BIR events or to microhomol-
ogy-mediated replication (MMBIR), a BIR-related mechanism.
The authors of these studies proposed that repair of damaged rep-
lication forks through BIR accounts for the segmental genomic
duplications observed in human cancers and that the larger ampli-
fications (> 200 kb) and deletions arise from other repair mecha-
nisms, such as non-allelic homologous recombination (NAHR >3

Error-prone DNA synthesis initiated by HR

Mutagenesis associated with HR was first reported in E. coli.
In budding yeast, mutagenic HR-mediated DSB repair has been
referred to as break-repair-induced mutation (BRIM) (reviewed
in*). More recently, it has been shown that the mutation rate of
DNA synthesis initiated by GC is enhanced up to 1,400-fold.**
Additionally, DNA synthesis induced by BIR is highly inaccurate
over the entire path of the replication fork®. Finally, in fission
yeast, replication restart by HR not only mediates NAHR but is

also associated with error-prone DNA synthesis.*®

Protection against HR toxicity

In mitotic cells, the orientation toward SCE avoids potential
HR-mediated genetic instability as discussed above. In addition
to genome mutagenesis and rearrangements (see above), excessive
HR can lead to the accumulation of unresolved HR intermedi-
ates, which themselves generate genomic instability and cell
death.”” Therefore, the HR process must be tightly controlled to
avoid unnecessary HR events.

Helicases destabilize abortive HR intermediates and thus pro-

8 Moreover, limitation of

tect against genomic instability.’
unscheduled HR initiation should also prevent the accumulation
of toxic HR intermediates. In mammalian cells, this type of pro-
tective role in limiting HR initiation has been proposed for p53,
Bcl-2, and AKT1.3741

Importantly, the fact that these protective systems have evolved to

prevent excess HR underlines the potential risks of this pathway.

The accuracy of NHE]

For a long time, NHE] was considered error prone. However,
since the discovery of A-EJ, which is distinct from C-NHE] and
highly error-prone, the apparent infidelity of C-NHE] must be
re-evaluated.’

C-NHE] and genetic stability

At the chromosomal level, C-NHE] is essential for genome
stability. Indeed, deficiencies in C-NHE] result in profound
genomic rearrangements. C-NHE] also prevents trinucleotide
repeat fragility and expansion.*? Conversely, A-EJ is involved in

: 30
chromosome translocation.
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The repair of DSBs induced by ionizing radiation (IR) or V
(D)] recombination requires processing of the DNA ends prior
to ligation. Thus, in these cases DNA end processing, rather than
the C-NHE] process per se, generates the mutagenesis/variability.
Therefore, biological systems that do not require DNA end proc-
essing are necessary to address the actual accuracy of C-NHE].

The DNA ends generated by endonucleases are biochemically
competent for direct ligation without requiring a preliminary
“cleaning” step. Two situations can occur: (1) the overhang ends
are fully complementary, or (2) the overhanging ends are imper-
fectly complementary and their alignment can generate mis-
matches and single-strand nicks (Fig. 4A). C-NHE] is just as
efficient with fully complementary ends as with imperfectly com-
plementary ends and is mainly error-free with fully complemen-
tary ends.”® With imperfectly complementary ends, C-NHE]
can adapt to perform efficient ligation, generating imperfect
alignments and limiting genetic instability.43 In conclusion, A-EJ
is exclusively error-prone, whereas C-NHE] (which blocks A-EJ)
is mainly error-free but adaptable for imperfect ends (Fig. 4B).
Thus, the structure of the DNA, rather than the accuracy or inac-
curacy of the C-NHE] repair machinery itself, dictates the final

outcome.

The Importance of Being Versatile

Although both HR and NHE]J are essential for the mainte-
nance of genome stability, they are also versatile because they can
process imperfectly complementary or homologous DNA. In
addition, both repair pathways can promote genetic rearrange-
ments. Organisms take advantage of these capabilities to generate
genetic diversity through highly controlled processes. In these
cases, DSBs are generated by cell nucleases and DSB repair is per-
formed using the same repair processes as those used for acciden-

tal DSBs.

HR and genetic diversity

Because of its versatility, HR is involved in many essential bio-
logical processes, ranging from molecular evolution to DNA
repair and meiotic differentiation.

e During meiosis, HR favors allelic recombination between the
2 homologous chromosomes. Because the 2 homologous chro-
mosomes are not fully identical and the process favors CO,
this process ensures mixing of alleles, thus creating genetic
diversity.

e The complexity of the immune repertoire in chickens is

GC between an and
44

ensured by expression  allele
pseudogenes.

e In pathogens, antigenic variation allows immune evasion
from the host. GC between the expressed copy and an archive
of silent gene copies is prominently used for antigenic
variation.®’

e HR is a driving force for the evolution of multigene families.
In some families of repeated genes, the duplicated genes co-
evolved in a phenomenon called concerted evolution.*® GC is

the driving force of concerted evolution.
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(right panel). A-EJ leads to deletions with both types of DNA ends. C-NHEJ is mainly error-free on fully complementary ends and uses 3 classes of imper-
fect annealing (3 out of the 4 3’ protruding nucleotides generated by I-Scel cleavage) with non-fully complementary ends. Thus, C-NHEJ is conservative
but adaptable for incompletely complementary ends. (B) The actual accuracy of end joining. A-EJ is highly mutagenic in all situations but it is blocked by
C-NHEJ, which can act on imperfectly complementary ends. In situations producing non-ligatable ends, such as hairpins in V(D)J recombination or IR-
induced multiple damages at DSBs, a preliminary processing step is required prior to end joining. Note that in these cases, diversity or mutagenesis is
generated by the processing step rather than the end-joining machinery. (C) Chromothripsis. The religation of shattered chromosomes in small pieces
(colored squares) leads to a combination of rearranged chromosomes in addition to amplification and loss of the small pieces. (D) A model for chromo-
thripsis arising through MMBIR (microhomology-mediated break induced replication). Resection of the DNA double-strand end generates a 3’ overhang,
which can anneal another DNA molecule (in red) through the use of microhomologies (blue squares), thus priming DNA synthesis (dotted arrow). This
mechanism can lead to more complex rearrangements if it is coupled to multiple cycles of disassembly and template switches of the replication forks
(right panel), still using microhomologies.
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The necessity for NHE] to adapt to imperfect DNA ends

WV(D)] recombination

Genetic diversity at the immunoglobulin gene locus is
required for an efficient immune response. This genetic diversity
is achieved through several successive processes. Rearrangement
of the (V), (D), and (J) segments generates the coding joint and
the signal joint. Two processes increase the diversity at the coding
joints: (1) Cleavage by Ragl/Rag2 generates hairpins at the bro-
ken coding ends, and subsequent hairpin resolution generates a
combination of sequences at the ends; (2) The terminal deoxynu-
cleotidyl transferase (TdT) adds non-templated nucleotides (N-)
to the coding joints, thus increasing junctional diversity.8 Nota-
bly, the diversity is generated through accessory mechanisms
(hairpin resolution or TdT) rather than through C-NHE] itself.
The necessity for additional processes to generate diversity at the
resealed junction supports the notion that C-NHE] is not suffi-
ciently mutagenic per se. Moreover, the repair of signal joints,
which involves direct C-NHE]-mediated ligation, is largely
error-free. Thus, when the DNA ends are directly suitable for
ligation, C-NHE] is error-free. Notably, the DNA ends at the
coding joint are not fully complementary after the action of TdT
but because of its versatility C-NHE] is still able to join these
DNA ends. Remarkably, the DNA ends are not complementary
during class-switch recombination, and the versatility of C-
NHE] is therefore also essential to complete this process.

DSBs resulting from exposure to ionizing radiation (IR)

The DSBs generated by IR are chemically altered at the DNA
ends. Complex lesions are produced that make the DNA ends
chemically inept for enzymatic ligation. This situation is different
from that of the imperfect complementarity of “biochemically
clean” ends because the ligase is inactive on these chemically
modified ends. Thus, DSBs generated by IR must first be proc-
essed prior to ligation. Mutagenesis at the re-sealed junctions of
IR-induced DSBs actually results from this preliminary
“cleaning” step, rather than from the putative inaccuracy of the
C-NHE] machinery itself.

The preliminary “cleaning” step generates non-complemen-
tary ends. The versatility of C-NHE] is essential for repair of IR-
induced DSBs; otherwise, organisms would be highly sensitive to
IR even at low doses. The adaptability of C-NHE] is thus essen-
tial for resistance to IR. This is of crucial importance for the con-
sequences of low-dose exposure to IR, such as environmental or
medical (radiological examination) exposures.

The Specific Case of Telomere Protection

Because of the linear structure of chromosomes, their extremi-
ties would have exposed double-stranded DNA ends. Ligation of
these chromosome ends would generate chromosome fusions,
which are detrimental for genetic stability. To prevent such
events the chromosome ends are protected by telomeres, which
adopt specific structures known as telomeric-loops (“T-Loops”)
that prevent inappropriate recognition as DNA double strand
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breaks by DNA resection enzymes, C-NHE] machinery, and
activating DNA damage pathways. A dedicated complex of 6 fac-
tors (TRF1, TRF2, TPP1, POT1, RAP1, and TIN2), called the
telosome or “Shelterin” complex, protects these terminal regions

by capping them.*”

Telomere protection: a dual relationship with DNA
repair factors

The telosome is an essential structure that interacts with sev-
eral factors to ensure the maintenance, protection, and stability
of genetic information. The T-Loop structure and Shelterin com-
plex repress 6 different DNA damage response pathways: ATM
and ATR kinases, C-NHE], A-EJ, HR, and resection. Drastic
shortening of the telomeres or defects in telomere regulation lead
to dysfunctional telomeres, which aberrantly activate the DNA
damage response (DDR) to initiate cell cycle arrest, senescence,
or apoptosis.”® Uncapping the telomeres may promote telomere
fusion between chromosomes by NHE], and the attrition of telo-
mere length promotes problems with end replication. All of these
events may be considered markers of genomic instability.”>°

TREF2 blocks ATM signaling whereas POT1 negatively regu-
lates ATR signaling. These repressive events prevent the recogni-
tion of dysfunctional telomeres as broken DNA by repair factors,
making it impossible to fuse the telomeres by NHE]. The
absence of TRF2 leads to the accumulation of 53BP1 and
v-H2AX, which promotes NHE] at dysfunctional telomeres.**>°
Moreover, TRF2 interacts with RAP1 as a repressor of C-NHE]
at telomeres and HR signaling.**>°

However, recent studies suggest that DDR activation by dys-
functional telomeres is distinct from the response pathway
induced by actual DNA damage,”" and that MRN plays an
important role at unprotected telomeres.”® Finally, the impor-
tance of RIF1 at telomeres and its ability to promote telomere
homeostasis were recently reported.’

DSB Repair Deregulation in Cancer: Cause and
Consequence?

Defects in HR result in a predisposition to cancer. Indeed,
many breast tumor protection genes are involved in DSB
repair.54 In addition, the oncogenic kinase AKT1, which is acti-
vated in 40—-60% of sporadic breast cancers and 40% of sporadic
ovarian cancers, is associated with DSB repair (for a review,
see”). Specifically, AKT1 inhibits HR by sequestering BRCAI
and RAD5S1 in the cytoplasm.41 Furthermore, PTEN, one of the
genes mutated in familial breast cancer, is an antagonist of
AKT1. PTEN inactivation has been shown to increase genetic
instability and to decrease the expression of RAD51. Addition-
ally, Bcl-2 overexpression inhibits HR and NHE].>

On the other hand, stimulation of HR has also been reported
in cancer:

e >p53 represses HR (for a review, see”?).

e Bloom syndrome (BS) results from inactivation of the BLM
protein, a member of the RecQ helicase family that plays an
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important role in the resolution of HR intermediates, the
processing of blocked replication forks, and the initiation of
DNA double-strand break repair.”*® BS cells exhibit increased
levels of SCE and hyper-recombination phenotypes.’”

e The oncogenic BCR/ABL fusion derives from translocation of
the ¢ABL gene from chromosome 9 to the BCR gene locus on
chromosome 22. This translocation is present in patients with
chronic myelogenous leukemia (CML) patients and in many
cases of acute lymphocytic leukemia. The BCR/ABL fusion
protein exhibits constitutive tyrosine kinase activity. Expres-
sion of BCR/ABL increases the intracellular level of the
RAD51 protein by various mechanisms®®: i) transcriptional
activation, ii) inhibition of caspase-3—mediated RAD51 pro-
tein degradation, and iii) high levels of constitutive Tyr315
phosphorylation of RAD51 through interaction with BCR/
ABL. This phosphorylation and RAD51-dependent HR con-
trol resistance to cisplatin and mitomycin C.”® In contrast,
BCR/ABL expression inhibits DNA-PK activity, which is
involved in NHE].”?

Genome modifications are a hallmark of cancers, and many of
them have been linked to DSB repair. Translocations are highly
frequent in tumor cells® and are proposed to be the cause of
20% of cancers.®! Interestingly, sequencing of translocation junc-
tions revealed the presence of microhomologies, implicating A-
FJ.62

Cancer cells are also characterized by insertions/deletions
(INDELSs) ranging from 1 nt to megabases in length. INDELs
represent the second most abundant genome modification after
single nucleotide polymorphisms (SNPs). INDELs can result
from replication errors, particularly on repeated sequences, or
from end joining.

In addition to the classic theory that cancer develops through
the accumulation of successive mutations leading to carcinogene-
sis, recent studies have shown that massive genome rearrange-
ments can also occur on a very short timescale (one cell cycle) in
tumor cells.

In chromothripsis, which has been described in a broad range
of cancers, the genome is scattered and then reassembled by tens
to thousands of genomic rearrangements occurring in one cellular
crisis (Fig. 4C).%*%% Examination of these rearrangements has
implicated A-EJ because the junction sequences contain micro-
homology as well as insertions or deletions of variable sizes.®>0
However, this mechanism cannot account for amplification
events. Replication-based repair pathways are more plausible
mechanisms to account for both genomic gains and losses. A
hybrid of replication-independent and replication-dependent
processes has been proposed to explain these complex rearrange-
ments: microhomology-mediated ~break-induced  replication
(MMBIR) (Fig. 4D),%” which is associated with a specific mecha-
nism linked to replication blocks, fork stalling, and template
switching (FoSTeS).®® However, such replication forks are
weakly processive and can undergo several rounds of template
switching, generating complex rearrangements with deletions,
amplifications, and non-reciprocal translocations.
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Another mutational called kataegis

recently described, in which a number of mutations accumulate

phenomenon was
during a single cell cycle in hotspots consisting of hundreds of
bases to megabases that are very often close to rearrangement
breakpoints.’””® At least for some events, these mutations have
been proposed to be a consequence of cytidine deamination
events by proteins of the AID/APOBEC family on long
ssDNA stretches generated by HR. Overexpression of APO-
BEC3B correlates with an elevated level of mutations in breast
tumors and cell lines.”*”> The occurrence of kataegis on
ssDNA stretches generated during HR has also been shown in
yeast.”> Other mechanisms leading to ssDNA stretches, such as
uncoupled replication forks, are also potential templates for

kataegis.70

DSBs: A Weapon Against Cancer Cells

Despite the potential role of DSB repair in tumorigenesis,
DSB-inducing agents are often used as anticancer therapies.
Extensive research, including preclinical and clinical phase trials,
is therefore ongoing to develop new strategies and/or new mole-
cules to potentiate the impact of these agents, particularly
through the development of DSB repair or DDR inhibitors.”*
At the present time, there are several validated inhibitors target-
ing NHE] factors such as DNA-PKcs and DNA ligase IV, and
others targeting HR, such as the MRN complex, RPA, and
Rad51. Mediators and transducers of DSBs responses, such as
ATM, ATR, Chk1/2, and p53, and cell cycle checkpoint regula-
tors (Weel and Cdc25) also constitute potentially promising
targets.

The concept of synthetic lethality has recently emerged, in
which tumor cells deficient in one pathway rely more on other
pathways to survive and the latter pathway becomes the target.
An ideal example is the use of PARP inhibitors in the treatment
of HR-deficient cancer cells (for example, those with BRCAI or
BRCA2 mutations).”>”®

Lastly, a new perspective will be to elucidate the link between
haploinsufficiency of DDR factors and promotion of carcinogen-
esis to try to apply the same strategy of synthetic lethality.””

Genome Manipulation Through DSB Repair

Both HR and NHE] are now widely used for targeted genome
engineering. HR allows targeted gene replacement, which can
introduce a controlled mutation or correct a mutated endogenous
gene. Unfortunately, HR is not a very efficient system and is
restricted to the S and G2 phases, and thus to proliferating cells.
One solution is to stimulate HR through the generation of a
DSB in the target sequence. Several strategies have been devel-
oped along these lines using engineered nucleases specific to the
target locus, such as meganucleases, zinc-finger nucleases, TAL
nucleases, or CRISPR nucleases.”®

NHE] is also used to generate targeted mutagenesis. Follow-
ing targeted cleavage by a specific nuclease (see above), selection
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of unfaithful end-joining events allows the isolation of targeted
knockout mutants. However, since C-NHE] is error free this
strategy primarily relies on A-EJ-mediated events. This approach
raises several concerns:

e A-EJ is initiated by uncontrolled resection at the repaired
junctions.

o A-EJ favors translocations, thus potentially generating the risk
of off-target genetic instability.

o A-EJ is less efficient than C-NHE].*?

Because it is a conservative process, strategies based on
C-NHE] should preferably be chosen, provided that controlled
variability is introduced at the repair junction. Interestingly,
ectopically expressed TdT efficiently generates variability at
DNA ends generated by the meganuclease I-Scel in a C-NHE]-
dependent manner.”” Other DNA end-modifying enzymes have
been shown to generate mutations at the resealed junctions of
DNA ends generated by TAL endonucleases.® Selection of sys-
tems that act through C-NHE]-dependent pathways should min-
imize the risk of genomic instability.

Concluding Remarks

Although A-EJ and SSA are necessarily deleterious to genome
stability, HR and NHE] are double-edged swords because they
are both necessary for maintenance of genome stability yet can
also generate genetic diversity or instability. HR and NHE] share
similarities in their impacts on genome stability:

e HR and NHE]J are both necessary for the maintenance of
genome stability.

e HR and NHE] are both involved in processes that generate
genome diversity.

e HR and NHE] can both generate genome rearrangements.

e In both cases, the structure of the DNA molecules dictates the
final product.

However, they also exhibit differences:

e HR has the intrinsic ability to affect the structure of genetic
material in association with the initiation of error-prone DNA
synthesis.

e NHE]J is not intrinsically error prone, but its adaptability and
versatility allow it to act on imperfect ends (for a review sec”).

Therefore, the relative contributions of HR and NHE] to
genomic instability during cancer development need to be care-
fully re-examined.
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