
 

 

Introduction 
 
The coordination of a complex network of meta-
bolic pathways is essential for the maintenance, 
duplication, and transmission of the genome. 
This network controls the DNA damage re-
sponse (DDR) pathway, associating DNA replica-
tion, recombination and repair with cell cycle 
control. A defect in any of the participants in 
these pathways results in genetic instability and 
tumor predisposition. 
 
Understanding the control of genome integrity is 

essential in cancer studies at the cognitive, di-
agnostic and therapeutic levels. Indeed, tumor 
initiation requires an initial event that modifies/
alters the genetic information. It is therefore 
notable that the presence of DNA breaks and 
activation of the DDR have been observed in 
the pre-cancerous stages of untreated cells. 
This activation of the DDR pathway is consid-
ered the response to spontaneous endogenous 
replicative stress [1, 2]. Indeed, replication forks 
are routinely arrested by a wide variety of en-
dogenous stresses including bulging regions in 
the DNA, regions of DNA/RNA hybrids and en-
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Abstract: A DNA double strand break (DSB) is a highly toxic lesion, which can generate genetic instability and pro-
found genome rearrangements. However, DSBs are required to generate diversity during physiological processes 
such as meiosis or the establishment of the immune repertoire. Thus, the precise regulation of a complex network of 
processes is necessary for the maintenance of genomic stability, allowing genetic diversity but protecting against 
genetic instability and its consequences on oncogenesis. Two main strategies are employed for DSB repair: homolo-
gous recombination (HR) and non-homologous end-joining (NHEJ). HR is initiated by single-stranded DNA (ssDNA) 
resection and requires sequence homology with an intact partner, while NHEJ requires neither resection at initiation 
nor a homologous partner. Thus, resection is an pivotal step at DSB repair initiation, driving the choice of the DSB 
repair pathway employed. However, an alternative end-joining (A-EJ) pathway, which is highly mutagenic, has recently 
been described; A-EJ is initiated by ssDNA resection but does not require a homologous partner. The choice of the 
appropriate DSB repair system, for instance according the cell cycle stage, is essential for genome stability mainte-
nance. In this context, controlling the initial events of DSB repair is thus an essential step that may be irreversible, 
and the wrong decision should lead to dramatic consequences. Here, we first present the main DSB repair mecha-
nisms and then discuss the importance of the choice of the appropriate DSB repair pathway according to the cell 
cycle phase. In a third section, we present the early steps of DSB repair i.e., DSB signaling, chromatin remodeling, 
and the regulation of ssDNA resection. In the last part, we discuss the competition between the different DSB repair 
mechanisms. Finally, we conclude with the importance of the fine tuning of this network for genome stability mainte-
nance and for tumor protection in fine. 
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dogenous cell metabolism, which produces re-
active oxygen species (ROS) [3]. ROS generate 
damaged bases, which can block replication 
progression and oxidize DNA replication or re-
pair proteins, thus inactivating them [4-6]. In 
addition, genetic instability, which also favors 
tumor progression, is a hallmark of cancer cells. 
First, DNA damaging agents are generally car-
cinogenic, and second, many inherited syn-
dromes affecting the DDR predispose to genetic 
instability and cancer [7]. Furthermore, at pre-
sent, of the 12 germline mutations that confer a 
familial predisposition to breast cancer, 11 di-
rectly affect genes involved in the DDR, particu-
larly those at the replication/recombination in-
terface. In particular, the most frequently mu-
tated genes are BRCA1 and BRCA2, which play 
key roles in homologous recombination [8-11]. 
The 12th mutated gene, PTEN, also affects ho-
mologous recombination, either directly through 
the regulation of the RAD51 gene or indirectly 
through the regulation of the AKT1 signaling 
pathway [9, 12-16]. This over-representation of 
genes involved in a specific metabolic pathway 
emphasizes the importance of the DDR in the 
etiology of breast cancer. In addition, the DDR 
can also be altered in sporadic breast cancer 
(which represents 80 to 90% of all breast can-
cers) through the dysregulation of the AKT1/
PTEN signaling pathway because AKT1 has 
been found to be up regulated in 40 to 60% of 
sporadic breast cancers [9, 13, 17, 18]. 
 
Thus, a profound knowledge of the intrinsic 
processes governing genome integrity mainte-
nance and transmission is essential to under-
stand cancer etiology from its genesis and pro-
gression up to metastatic invasion. Further-
more, DNA is a widely used target to cure can-
cer. Indeed, treatments based on ionizing radia-
tion, DNA damaging chemicals, and synthetic 
lethality of DNA metabolism pathways are effi-
cient and promising strategies used in cancer 
therapy. Consequently, understanding the DDR 
is also important for the development of innova-
tive and personalized approaches to improve 
therapeutic strategies for killing cancer cells 
while preserving adjacent healthy tissue. 
 
A DNA double strand break (DSB) is a particular 
lesion that is highly toxic and can generate ge-
netic rearrangements; therefore, it is at the 
crossroads between genetic variability and in-
stability. DSBs can be generated by exogenous 
stresses, such as ionizing radiation (IR), and 
endogenous stresses, such as endogenous oxi-

dative or replication stresses. Indeed, prolonged 
replication fork arrest leads to DSB accumula-
tion [19, 20]. Replication forks can be arrested 
by exogenous chemotherapeutic agents (e.g., 
interstrand crosslinking agents and topoisom-
erase inhibitors) or by a variety of endogenous 
stresses as discussed above [3]. 
 
However, in some common tightly regulated 
physiological processes, such as meiosis and 
immune repertoire generation, DSBs are used 
to promote genetic diversity. In these cases, 
DSBs are controlled by cellular enzymes, but the 
repair mechanisms use the same systems as 
those used for the repair of stress-induced 
breaks. Moreover, while different molecular 
mechanisms compete or collaborate for DSB 
repair [21-25], the choice of the appropriate 
repair pathway, notably according to the cell 
cycle phases, is essential to maintain genome 
stability [26]. Therefore, precise regulation is 
necessary to control the equilibrium between 
genetic stability and diversity while avoiding 
genetic instability.  
 
Two main strategies allow the repair of DSBs: 
homologous recombination (HR) and non-
homologous end joining (NHEJ). HR requires 
sequence homology and is initiated by 5’ to 3’ 
single-stranded DNA (ssDNA) resection; the re-
sulting 3’ ssDNA invades then an intact homolo-
gous duplex, driving the pairing of homologous 
sequences and strand exchange. In contrast, 
canonical NHEJ (C-NHEJ) is dependent upon 
neither sequence homology nor ssDNA resec-
tion. Thus, resection appears to be an essential 
step in determining the DSB repair pathway 
employed, favoring HR initiation. Recently, an 
alternative end-joining (A-EJ) pathway has been 
described that, like cannonical C-NHEJ, canoni-
cal C-NHEJ, it does not require sequence homol-
ogy, but it is initiated by ssDNA resection in a 
manner similar to HR [27-29]. Importantly, A-EJ 
appears to be a major source of translocations 
[30-35]. Therefore, controlling the initiation of 
resection is a pivotal step determining the DSB 
repair pathway employed. 
 
Here, we will first briefly present the different 
DSB repair systems and discuss the importance 
of the choice of the DSB repair process accord-
ing to the cell cycle stage. Second, we will de-
scribe the early molecular steps of DSB repair 
leading to an essential process for determining 
the choice of the repair pathway used: single-
stranded DNA resection. 
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The different DSB repair pathways 
 
Homologous Recombination 
 
The products of HR are gene conversion (i.e., 
the non-reciprocal exchange of genetic informa-

tion) and crossing over (i.e., the reciprocal ex-
change of adjacent sequences). The proposed 
DSB repair model [36] accounts for the two 
products of HR: gene conversion associated 
with and without crossover (Figure 1A). HR is 
initiated by single-stranded DNA (ssDNA) resec-

Figure 1. A) The double-strand break repair model. Resection of ssDNA generates single-stranded 3’ tails that can 
invade a homologous double-stranded DNA, forming a D-loop (displacement loop). Synthesis of DNA is primed from 
the 3’ end of the invasive strand. The D-loop can hybridize with the second single-stranded 3’ end.  DNA synthesis 
repairs the break and can therefore fill gaps. Cruciform junctions called Holliday junctions are formed and can migra-
te. Resolution of these junctions can occur in two different orientations (black or grey triangles) resulting in either 
gene conversion associated with crossing over or gene conversion without crossing over. B) Synthesis-dependent 
strand annealing (SDSA). Initiation is similar to that of the previous model, with a single-strand resection, invasion of 
the homologous double-stranded DNA and DNA synthesis, but the invading strand dehybridizes and reanneals at the 
other end of the injured molecule; no Holliday junction is thus formed. This model only accounts for gene conversion 
without crossovers. C) Break-induced replication (BIR). Initiation is similar to that of the previous models, with a single
-strand resection, invasion of the homologous double-stranded DNA and DNA synthesis, but the synthesis continues 
over longer distances on the chromosome arms and even can reach the end of the chromosome. Here again, there is 
neither resolution of Holliday junctions nor crossover. D) Single-strand annealing (SSA). A double-strand break occurs 
between two homologous sequences in tandem in the same orientation (dotted arrows) (a). A single-strand resection 
then reveals two complementary DNA strands that can hybridize (b). If the tandem sequences are in opposite orienta-
tions, the revealed single strands of DNA are not complementary but are identical; they therefore cannot hybridize. In 
this process, the break does not need to be in or near a region of homology. (c) Resolution of this intermediate and 
filling the gap of the single strand completes the repair of the double-strand break, leading to the deletion of the in-
tergenic sequences between the initial repetitions. 



Initiation of DNA double strand break repair  

 
 
252                                                                                                            Am J Cancer Res 2012;2(3):249-268 

tion, which generates a 3’ tail coated with the 
ssDNA binding protein RPA. Afterward, the 
BRCA2/PALB2 complex removes RPA from the 
ssDNA and loads the pivotal HR protein RAD51, 
which then promotes the invasion of a homolo-
gous double-stranded DNA (dsDNA), leading to 
strand exchange. The process of DNA strand 
exchange tolerates some differences between 
the molecules involved, thereby creating a hy-
brid dsDNA molecule called a heteroduplex, 
which carries mismatches. Nevertheless, a mini-
mal length of perfect homology, i.e., the MEPS 
(Minimal Efficient Processing Segment) is nec-
essary for efficient HR initiation. In mammalian 
cells, this distance corresponds to 200-250 bp 
[37-39]. According to the direction of mismatch 
repair, genetic information may or may not be 
converted to match the original strand, leading 
to gene conversion. In addition, the 3’ end of 
the invading strand allows DNA synthesis initia-
tion by copying the recipient molecule; a se-
quence absent from the invading strand can be 
recopied, leading to a non-reciprocal transfer of 
genetic information from the invaded molecule 
to the invading molecule and therefore to gene 
conversion. Strand exchange also creates cruci-
form structures called Holliday junctions. The 
orientation of the resolution of the Holliday junc-
tion, may result in the exchange of adjacent 
sequences (i.e., crossing over). The result of HR 
is therefore gene conversion with or without a 
crossover (Figure 1A). 
 
Other models of HR exist (for a review, see [40], 
including synthesis-dependent strand annealing 
(SDSA) and break-induced replication (BIR). 
These two models do not involve resolution of 
the Holliday junction but are initiated by com-
mon steps: ssDNA resection followed by inva-
sion and exchange of a homologous DNA strand 
(Figures 1B and 1C). In particular, BIR seems to 
be the mechanism underlying the ALT system 
that allows telomere maintenance in the ab-
sence of telomerase [41]. Finally, in the last 
model, single-strand annealing (SSA), can occur 
between two sequences in tandem, and it is 
initiated by ssDNA resection (Figure 1D); how-
ever, contrary to the models previously de-
scribed, this step is not followed by invasion of 
the DNA duplex and strand exchange. When the 
two sequences are in direct orientation, the 
ssDNA sequences revealed are complementary 
and can hybridize, forming a branched struc-
ture. Resolution of the intermediate structure 
inevitably leads to a deletion at the repair junc-

tion; SSA is a non-conservative process. More-
over, SSA cannot occur between inverted repeat 
sequences because the strands revealed by 
resection are not complementary but identical. 
Notably, if two breaks simultaneously occur in 
ectopic homologous sequences, SSA can gener-
ate translocations [42]. 
 
Non-homologous End Joining (NHEJ) 
 
In contrast to HR, repair by canonical NHEJ (C-
NHEJ) is not based on an intact partner sharing 
homologous sequences to repair broken ends. 
In this process, double-stranded DNA ends are 
recognized by the KU80/KU70 heterodimer 
followed by recruitment of the DNA-dependent 
protein kinase catalytic subunit (DNA-PKcs). 
Accessory factors that allow the processing of 
DNA structures at double-stranded ends that 
impede repair, e.g., 3’-phosphoglycolates, are 
also recruited to the break, and notably include 
the Artemis, PALF (PNK and APTX-like FHA pro-
tein) and PNKP (Polynucleotide kinase/
phosphatase) proteins. The ultimate NHEJ re-
pair steps involve the rejoining of DNA ends by 
DNA ligase IV, which is assisted by its cofactors 
XRCC4 and Cernunnos/XLF (Figure 2A; recently 
reviewed in [43]).  
 
Thus, in addition to the differences in sequence 
homology requirements, HR and NHEJ mecha-
nistically differ at the initiation steps. The ssDNA 
resection machinery is crucial for the initiation 
of all HR models (see Figure 1), and while it is 
not required for NHEJ (see Figure 2), long resec-
tion may even impair it because it renders DNA 
ends incompatible for repair by the KU80/70 
heterodimer. Thus, controlling ssDNA resection 
is the pivotal step for the choice between HR 
and NHEJ for DSB repair. 
 
Alternative End Joining (A-EJ) 
 
Recently, a new DSB repair process mechanisti-
cally and genetically distinct from both HR and C
-NHEJ (the KU/LigaseIV pathway) has emerged. 
This alternative end-joining process was called 
different names: A-EJ (Alternative end-joining), B
-NHEJ (Backup NHEJ), and MMEJ (Micro-
homology Mediated End Joining). Although this 
pathway is not fully characterized and may cor-
respond to different processes, we will refer to it 
here as A-EJ. A-EJ is highly mutagenic and fre-
quently uses (but not always) micro-homologies 
(2 to 8 nt) that are distant from the break, while 
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micro-homologies at the break site can be used 
by C-NHEJ [28, 31]. In the proposed model, A-EJ 
is initiated by ssDNA resection that reveals com-
plementary micro-homologies that can anneal, 
creating branched intermediate structures in a 
manner similar to SSA; the resolution of this 
intermediate structure results in deletions at 
the repair junctions (Figure 2B). Importantly, in 
human cell lines, it appears that many A-EJ 
events do not reveal the use of micro-
homologies, suggesting a repair model in which 
the occurring DNA end synapse does not involve 
strand pairing. 
 
A-EJ shares the initial resection step with HR; 
however, it importantly differs from HR because 
it requires neither extended resection nor ex-
tended sequence homology. Indeed, less than a 
50 bp resection is sufficient for A-EJ, while HR 
requires longer ssDNA stretches compatible 
with the MEPS. Moreover, A-EJ is independent 
of KU80 and XRCC4 and thus varies from C-
NHEJ [28, 31, 35, 44, 45]. PARP-1, XRCC1, DNA 
ligase III, PNK and WRN have been implicated in 
this process [46-51]. Other studies demon-
strated that MRE11 was implicated in both C-
NHEJ and A-EJ and that its nuclease activity 
favors mutagenic A-EJ [29, 52, 53]. In addition, 

CtIP and NBS1 have also been shown to play a 
role at the initiation of A-EJ [29, 54-57]. Finally, 
a role for ERCC1 has been reported [58]; how-
ever, its role has been challenged in another 
study [54]. The differences in the substrates 
used in these studies may explain these dis-
crepancies. 
 
Finally A-EJ has been described in C-NHEJ defi-
cient mice in the course of physiological proc-
esses such as class switch recombination and V
(D)J recombination [35, 44, 45]. 
 
Moreover, in addition to deletions at the re-
sealed junctions, A-EJ appears to be a major 
source of DNA translocations induced by DSB 
[30-35]. 
 
A sequential model for the choice of the DSB 
repair process has been proposed [29]. In this 
model, the initiation (or not) of ssDNA resection 
(through the nuclease activity of MRE11) will 
orientate DSB repair either to C-NHEJ or A-EJ 
and HR; the size of the resection, which is asso-
ciated with the cell cycle phase, will then direct 
the DSB repair to either HR or A-EJ (Figure 3). 
The appropriate choice of DSB repair pathway is 
essential for genome stability maintenance. In 

Figure 2. A. The different stages of canoni-
cal NHEJ and AE-J. After the formation of 
DSBs, the heterodimer Ku70/Ku80 inte-
racts with the ends of the damaged DNA 
and promotes the recruitment of DNA-PKcs 
and Artemis. Artemis processes the ends of 
the DNA to make them compatible for enzy-
matic ligation by the complex Cernunnos-
XLF/XRCC4/Ligase IV complex at the final 
step. B/ A-EJ: Alternatively, DNA ends that 
are not protected by Ku70/Ku80 are degra-
ded. It is proposed that a single strand DNA 
resection reveals complementary microho-
mologies (2 to 4 nt and more), which can 
anneal; filling in of the single strand gap or 
nick complete the end-joining. A-EJ (for 
Alternative end-joining) is always mutage-
nic, with deletion at the junctions and fre-
quently (but not systematically) uses micro-
homologie distant from the DSB. A-EJ is 
independent on Ku80, Xrcc4, Ligase IV, and 
is dependent on Parp1, Ligase III. The nu-
clease activity of MRE11 favors A-EJ. 
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fact, the cell cycle phase is also pivotal for the 
choice between HR and NHEJ (as discussed 
below). Thus, DNA damage recognition and 
ssDNA resection control appear to be major 
steps for the choice between the DSB repair 
pathways used (see Figure 3). 

The importance of the choice of the appropriate 
DSB repair pathway according to the cell cycle 
 
Efficient and faithful DSB repair is essential for 
the maintenance of genome stability and cell 
survival, thus the choice of the appropriate   

Figure 3. Model for sequential steps for DSB repair. The MRN complex is involved at early step of DSB signaling and 
can activate both C-NHEJ and A-EJ. Binding of Ku80/Ku70 and C-NHEJ protects from ssDNA resection leading to a 
conservative DSB repair outcome. Short ssDNA resection allows A-EJ but not homologous recombination. Long ssDNA 
resection allows A-EJ, but homologous recombination requires the activation of the subsequent steps such as the 
loading of RAD51 on the ssDNA. 
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repair pathway is pivotal. Cell signaling path-
ways, chromatin modifications and the early 
steps of break processing play a major role in 
directing repair towards HR or NHEJ. 
 
Resection is essential for HR initiation, but it 
must be tightly controlled for several reasons. 
First, A-EJ, which is also initiated by resection, is 
an error-prone pathway at the repair junction, 
and it is also involved in chromosomal translo-
cation [30-35]; thus, to maintain genome stabil-
ity, A-EJ should be repressed. Second, SSA is a 
non-conservative DSB repair process, which is 
initiated by ssDNA resection. Genome stability 
maintenance should limit SSA. Third, although 
HR is required for genomic stability mainte-
nance, it represents a double-edged sword. Re-
peated sequences dispersed throughout the 
genome can participate in HR. Crossing-over 
between repeated sequences can lead to pro-
found genomic rearrangements (Figure 4A) in-
cluding amplifications, deletions, inversions, 
translocations, and gene conversions (with an 
heteroallele or pseudogene) and can result in 
the loss of functional alleles (Figure 4B), as dis-

cussed elsewhere [9, 26]. Moreover, unresolved 
HR intermediates are toxic and/or generate 
genetic instability [59]. Thus, to avoid the exces-
sive unscheduled initiation of HR events, HR 
must also be tightly controlled. Cell signaling 
can allow the restriction of excessive HR initia-
tion, as proposed for AKT1 [9, 13]; in addition, 
helicases, have been shown to destabilize abor-
tive HR intermediates [60-63]. These observa-
tions emphasize that HR is tightly constrained. 
 
NHEJ is active throughout the entire cell cycle 
and competes for the repair of DSBs with HR in 
S phase. Thus, double-strand breaks resulting 
from prolonged replication blockage can be ad-
dressed by HR or non-homologous end joining 
(NHEJ) [20, 64, 65]. However, unlike double-
strand breaks produced by enzymes and ioniz-
ing radiation, breaks produced by replication 
stops have only one double-stranded end (see 
Figure 5A). Ligation of the two ends of the dou-
ble strand (which are therefore far apart) by 
NHEJ inevitably leads to chromosomal rear-
rangement (Figure 5B). In contrast, during S 
phase, HR can use the intact sister chromatid 

Figure 4. A) Chromosomal rearrangements 
resulting from crossovers (CO). (1) CO bet-
ween repetitions on two chromosomes or 
unequal sister chromatids exchange results 
in amplification of one molecule and dele-
tion of the other. (2) Intra-chromosomal CO 
between two direct repeat sequence, re-
sults in excision of the intervening sequen-
ce. (3) CO between two inverted repeat 
sequences leads to inversion of the internal 
fragment. (4) and (5) Inter-chromosomal 
CO. According to the orientation of the se-
quences with respect to the centromers 
(black or grey circles), the process genera-
tes a translocation (4) or one dicentric and 
one acentric chromosome (5). B) Genetic 
modifications resulting from gene conver-
sion between two heteroalleles, leading to 
a loss of heterozygosity (upper panel). Lo-
wer panel: Gene conversion between one 
pseudogene (hatched), which often 
contains nonsense mutations (black bar), 
and one gene, leading to the inactivation of 
the latter. 
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(Figure 5B). Because the two chromatids have 
identical sequences, the genetic impact is mini-
mal. There is a potential risk for unequal sister 
chromatid exchange or crossovers with se-
quences of different chromosomes. However, 
the close proximity of the sister chromatids 
(particularly due to cohesins) favors the use of 
sister chromatids as templates for the repair of 
double-strand breaks [66]. In addition, in so-
matic cells, gene conversion without crossover 
is favored, limiting the risks associated with 
crossovers [66, 67]. Of note, in the G1 phase, 

the sister chromatid is not present, and HR 
would thus be forced to use one homologous 
ectopic partner, jeopardizing genome integrity. 
This inhibition of HR in G1 allows the mainte-
nance of genome stability; indeed, several 
mechanisms regulate HR to constraint its activ-
ity in the S and G2 phases (as discussed below). 
In addition, p53, which inhibits HR [68], is 
stimulated upon genotoxic stresses, blocking 
cells at the G1/S transition; one can thus pro-
pose that one role of p53 is to inhibit HR when 
cells are arrested in the G1 phase. 

Figure 5. A/ I/ A replication fork reaching a single-stranded gap in the template, results in a collapsed fork. Recombi-
nation with the sister chromatid allows the restarting of the fork via a process similar to BIR (see Figure  1). II/ (1) 
When the fork reaches a blocking lesion (grey scare), fork reversion forms a structure called “chicken foot” (2); (3) 
the cruciform structure can be resolved (in the manner of a Holliday junction), resulting in a double end (4). Note that 
in both case single double strand ends are generated, a situation different from DSB induced by endonucleases or IR 
in which two close double strand ends are generated, favoring end-joining. B) Recombination with the sister chroma-
tid (Left panel) allows replication to restart by a BIR-like mechanism, maintaining genome stability. In such situation, 
NHEJ, which join distant single-ended double strand ends, resulting thus in genetic exchange (Right panel). 
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Thus, the choice of the DSB repair pathway 
strongly impacts genome stability maintenance; 
this essential choice is dependent of early DSB 
repair steps, which are discussed below. 
 
Early steps of DNA DSB recognition and repair; 
signaling and resection 
 
DSB signaling 
 
At an early step, double-strand break recogni-
tion is accomplished by the MRN complex 
(MRE11, RAD50 and NBS1), which acts in an 
activation loop together with ATM kinase to sig-
nal the existence of a DSB. It remains unclear 
whether the KU heterodimer competes with 
MRN for binding to damaged DNA extremities or 
whether an interplay exists between these two 
complexes for the protection of DNA ends, 
which involves the displacement of one of the 
latter to correctly direct towards the appropriate 
repair pathway. PARP-1 is a prime candidate to 
mediate the choice between the two players 
[69]. The rapid phosphorylation of the H2AX 
histones surrounding the break follows ATM 
activation. This process leads to the recruitment 
of MDC1, which then stabilizes MRN at the 
break site and thereby enhances ATM-mediated 
signaling. The phosphorylation of MDC1 by ATM 
leads to the recruitment of two E3 ubiquitin li-
gases RNF8 and RNF168, which are essential 
for chromatin remodeling. The subsequent re-
laxation of the chromatin then exposes epige-
netic markers, such as methylated histone H4, 
which leads to the recruitment of 53BP1 and 
RAP80-BRCA1 to damage sites (for review, see 
[70]. Of note, KAP-1, an ATM effector, is re-
quired for the remodeling of heterochromatin, 
allowing DNA repair in such closed regions of 
the genome [71-73]. 
 
Chromatin remodeling 
 
The nucleosome is a barrier that blocks the ac-
cess of enzymes involved in transcription, repli-
cation and repair to DNA. Chromatin remodel-
ing, by way of the post-translational modifica-
tions of histones, occurs during the detection 
and repair of damaged DNA. One class of en-
zymes alters histone-histone and histone-DNA 
interactions through serine/threonine phos-
phorylation, acetylation, ubiquitination, sumoy-
lation and the methylation of lysine and arginine 
residues [74, 75]. The second class of enzymes 
uses energy released by ATP hydrolysis to mod-

ify histone organization, thereby impeding the 
movement and repositioning of nucleosomes 
[74, 76, 77]. This step is summarized in Figure 
6. 
 
The importance of histone H2AX phosphoryla-
tion 
 
Phosphorylation of serine-139 at the C-terminus 
of H2AX is a crucial chromatin modification in 
response to double-stranded DNA breakage [78
-81]. This phosphorylation is performed by the 
PI3 kinases ATM, ATR and DNA-PK [82-84] and 
begins at the break and extends beyond 2 Mb in 
higher eukaryotes [85]. The phosphorylation of 
H2AX is accompanied by the acetylation of his-
tone H3 by GCN5 [86]. These two events facili-
tate the recruitment of the SWI/SNF ATPase 
BRG1, which presumably increases the accessi-
bility of DSB flanking chromatin and thereby 
amplifies -H2AX and acetylated H3 signal. It 
has been suggested that H2AX phosphorylation 
stabilizes the interaction between repair pro-
teins such as 53BP1, BRCA1 and NBS1 at the 
break site and facilitates the downstream accu-
mulation of other DDR proteins [87-89]. Phos-
phorylation of γ-H2AX is recognized by the BRCT 
(BRCA1 carboxy-terminal) domain of MDC1 
(mediator of DNA damage checkpoint) [90, 91]. 
This complex regulates the level of H2AX phos-
phorylation and is an early step that allows the 
downstream accumulation of key protein com-
plexes such as MRE11-RAD50-NBS1 and the 
ubiquitin ligase UBC13/RNF8 [92-95] and of 
chromatin remodeling factors such as EX-
PAND1, CHD4 and the NuA4 and Ino80 com-
plexes [16, 96-99]. The NuA4 complex consists 
of two types of chromatin remodelers, p400 and 
Tip60, and a histone acetyltransferase (HAT). 
The Ino80 complex has various activities includ-
ing a 3’-5’ helicase, nucleosome sliding and 
DNA-dependent ATPase [100]. The Ino80 com-
plex has also been implicated in the generation 
of ssDNA by participating in 3’-5’ DNA resection. 
Indeed, Ino80 mutants demonstrate a defect in 
the recruitment of Mre11 nuclease and the for-
mation of ssDNA [99]. It is important to note 
that these chromatin remodeling factors are 
necessary for H2AX phosphorylation [101]. 
 
During repair, MDC1 opposes the action of the 
phosphatases via its interaction with H2AX [91] 
and this interaction is stabilized by the acetyla-
tion of H4 by MOF1. However, when repair is 
completed, histone γ-H2AX must be dephos-
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phorylated to regain the original structure. In 
mammals, the phosphatases PP2A, PP4 and 
PP2C gamma participate in the dephosphoryla-
tion of histone H2AX [102-104]. 
 
Other posttranslational modifications of 
histones 
 
In addition to phosphorylation, histones un-

dergo other modifications during DNA repair. 
Histone H3, which is methylated at lysine 79 
(H3K79me) by Dot1 methyltransferase, is rec-
ognized by the Tudor domain of the 53BP1 pro-
tein after damage [105, 106]. 53BP1 also di-
rectly binds to histone H4 that is methylated at 
lysine 20 (H4K20me) [107] by MMSET and 
SET8 [108, 109]. 
 

Figure 6. Chromatin remodelling in response to DSBs. H2AX (phosphoryltaion by ATM)  and histone H3 (acetylation by 
GCN5) are modified at low levels on DSB flanking regions. This helps the recruitment of MDC1. GCN5 then binds to 
firstly phosphorylated H2AX, which increases histones acetylation and facilitates the recruitment of SWI/SNF chroma-
tin remodelling factors. They increase the accessibility of chromatin to chromatin remodelling and repair factors. Sin3 
and MOF1 acetylate histone H4, which also helps the efficient recruitment of MDC1, BRCA1 and 53BP1. MDC1 re-
cruit RNF8 and RNF168 that mediate the ubiquitylation of histones. RAP80, through its ubiquitin-binding domain, 
recruits BRCA1 and the other members of the ABRAXAS complex at DSBs. These reactions are amplified upon the 
chromatin relaxation operated by NuA4, Tip60, Ino80, CHD4 and P400. MDC1 also recruits MMSET and SET8 methyl-
transferases that methylate histone H4. This, with histones ubiquitylation mediated by RNF8 and RNF168, mediates 
the chromatin relaxation by EXPAND. 
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In response to ionizing radiation, H2A and H2AX 
are both polyubiquitinated by the UBC13/RNF8 
ubiquitin ligase complex, which occurs at the 
beginning of the ubiquitination process, and the 
RNF168 ubiquitin ligase, which amplifies this 
phenomenon [92, 110, 111]. 
 
Rap80 acts as a mediator by recognizing 
polyubiquitin chains generated by RNF8 and in 
directing polyubiquitinated proteins to the site 
of the break. Rap80 also interacts with the 
Abraxas complex, which is composed of BRCA1, 
Abraxas and Brcc36 [93, 112, 113]. Thus, 
RNF8 plays a major role in the recruitment of 
RAP80, BRCA1, Abraxas, BRCC6 and 53BP1 
after irradiation. RNF8 is also necessary for the 
accumulation of H2AX and MDC1 proteins at 
the repair sites at the earliest stages. The pro-
posed hypothesis is that RNF8 restructures 
chromatin at the breakage site facilitating the 
accumulation near the lesion of factors that act 
later in repair (such as 53BP1 and BRCA1) and 
therefore favor the maintenance of the integrity 
of the genome.  
 
The acetylation of histone lysine residues can 
facilitate repair protein access to the site of the 
damage. Indeed, changes in the dynamics of 
histone acetylation have been observed during 
HR and play a key role in post-HR viability [114]. 
The balance between the acetyltransferase (i.e., 
HATs) and deacetylase (i.e., HDACs) activities 
control histone acetylation. Transient acetyla-
tion of histones H3 and H4 has been found at 
the sites of double-strand breaks (van Attikum 
and Gasser, 2005, Cell Cycle, 4, 1011-4). In 
mammals, the Tip60 complex is recruited to the 
break where it acetylates H4 and its cofactor 
TRRAP [115]. Moreover, Tip60 also promotes γ-
H2AX ubiquitination [115]. In addition, H2AX 
acetylation by the Tip60-UBC13 complex causes 
its detachment from chromatin. It therefore 
seems that the sequential acetylation and ubiq-
uitination of H2AX affect histone dynamics at 
the break site. Recently, it has been shown that 
the changes in nucleosome and chromatin 
structure induced by p400 favor the ubiquitina-
tion of chromatin and the accumulation of 
BRCA1 and 53BP1 at the damaged site [116]. 
Moreover, an interaction between Tip60 and 
MRN was described [117]. 
 
The role of chromatin in repair pathway choice 
 
The deacetylation of H3K56 and H4K16 resi-

dues by HDAC1 and HDAC2 is proposed to favor 
NHEJ repair [118] through the maintenance of a 
compact chromatin structure during repair, 
which impedes HR and thus promotes NHEJ. 
However, the opposite has also been reported. 
Indeed, the acetylation of histone H3 facilitates 
ssDNA resection and thereby the initiation of HR 
[119]. In addition, the hyperacetylation of his-
tone H4 by sin3 provokes a defect in NHEJ 
[120]. Moreover, DNA-PK can favor NHEJ by 
phosphorylating the histone acetyltransferase 
GCN5 in vivo, which inhibits its HAT activity 
[121].  
 
Analogous to methylations, H3K36 dimethyla-
tion on residues that are different from those 
leading to the recruitment of 53BP1 to chroma-
tin favors NHEJ by increasing the recruitment of 
KU70 and NBS1 [122]. 
 
ssDNA resection and its regulation during the 
cell cycle 
 
Two-step model for resection 
 
An essential step for initiating HR is ssDNA re-
section, leading to the production of a single-
stranded 3’ tail (Figure 1). This step determines 
the choice of mechanism for double-strand 
break repair, and different factors, including 
53BP1 and RAP80, have been shown to protect 
DNA ends from resection [123-125, 139]. 
 
Recent studies in S. cerevisiae demonstrated 
that the resection necessary for the initiation of 
HR is a two-step process. In the first step, lim-
ited resection occurs, involving the action of the 
Mre11, Rad50 and Xrs2 (MRX) protein complex 
and the Sae2 protein (functional homolog of 
human CtIP). These proteins are able to remove 
up to 100 bp from the ends of the double-
stranded break [126]. The single-stranded end 
formed is a preferable substrate for the Exo1 
exonuclease or the Sgs1 RecQ helicase/Dna2 
endonuclease complex. These enzymes perform 
a more processive recession, allowing the pro-
duction of an outgoing 3’ single-stranded DNA 
of appropriate length to allow the invasion of an 
intact homologous molecule [127, 128]. 
 
In mammals, studies have suggested a similar 
two-step model; however, the mechanism has 
yet to be determined, particularly concerning 
the second step of extended resection (for a 
review, see [129]). The role of the MRN complex 
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in the initiation of resection during HR in mam-
malian cells is well established. The protein 
CtIP, a partner of the MRN complex, interacts 
with the FHA domains of NBS1 and stimulates 
the endonuclease activity of MRE11. Impor-
tantly, no nuclease activity has been assigned 
to mammalian CtIP, which is unlike the yeast 
Sae2 protein. Despite this fact, CtIP plays a key 
role in the stimulation of resection in mammals, 
and its activity is tightly regulated at multiple 
levels during the cell cycle. 
 
In agreement with the two-step model, the first 
initiation of resection should be followed by the 
concerted action of nucleases and helicases. 
The involvement of Exo1 in HR was shown by 
Bolderson et al. [130]. Another study demon-
strated that Exo1 recruitment depends on 
MRE11 and CtIP [131], and CtIP can inhibit the 
Exo1 exonuclease activity in vitro. The involve-
ment of BLM (a RecQ helicase mutated in 
Bloom Syndrome) in the resection process was 
also suggested, but these data remain contro-
versial. One study demonstrated that BLM and 
Exo1 act in parallel in independent pathways 
[132]. Other data demonstrated a specific inter-
action between these two proteins. BLM could 
stimulate the exonuclease activity of Exo1 in 
vitro [133] or the affinity of Exo1 towards DNA 
ends [134], suggesting their cooperation during 
resection. The latter in vitro study demonstrated 
the involvement of the two independent ma-
chineries in the resection of ssDNA, involving 
either Exo1 or Dna2 [134]. BLM was also pro-
posed to unwind the double helix to allow DNA2 
to perform endonucleolytic cleavage of DNA. In 
this scenario, the RPA protein would be neces-
sary to ensure proper directionality of the resec-
tion in the 5’-3’ direction because DNA2 pos-
sesses both 5’-3’ and 3’-5’ nuclease activities. 
However, it should be noted that an active role 
of BLM in HR initiation is highly inconsistent 
with the phenotype of cells from patients with 
Bloom Syndrome who demonstrate the trait of 
hyper-recombination but not HR deficiency. It is 
possible that one of the other RecQ helicases 
(i.e., RecQ1, WRN, RecQ4, or RecQ5) is a part of 
the resection machinery in vivo. 
 
Regulation of resection during cell cycle 
 
Because HR is the mechanism that should be 
privileged during replicative and post-replicative 
stages of the cell cycle and should be avoided in 
the G1 phase, resection needs to be restricted 

to the S and G2 stages of the cell cycle. 
 
The phosphorylation of the Ser327 residue on 
CtIP by Cyclin Dependent Kinase 1 (CDK1) 
kinases allows the association of CtIP with 
BRCA1 and the MRN complex [135, 136]. This 
leads to the stimulation of resection not only 
through MRE11 activation but also through dis-
placing factors antagonizing resection such as 
53BP1 [124]. CtIP can also be ubiquitinylated 
by BRCA1, but the function of this modification 
remains unclear [137]. It is speculated that it 
would give CtIP the necessary advantage to re-
place two other BRCA1 interacting partners, 
RAP80/Abraxas, whose role is to impair resec-
tion, and thereby favor ssDNA appearance [138, 
139]. A role for SIRT6 in promoting resection 
has also been proposed at two levels: first, 
SIRT6 deacetylates CtIP, which favors resection 
[140] and second, it also stimulates PARP-1 
activity at damage sites upon stress, which 
stimulates both HR and A-EJ [141]. 
 
The ATM kinase seems to contribute to the 
choice between resection and the protection of 
DNA ends. It has been shown that in G1 lympho-
cytes, ATM-dependent H2AX phosphorylation 
impedes CtIP-mediated resection. Furthermore, 
MDC1 recruited to the break in an ATM-
dependent manner, binds to the FHA domains 
of NBS1, thus competing with CtIP and impair-
ing resection [142]. Paradoxically, ATM has also 
been proposed to stimulate limited resection in 
G1 through CtIP and KAP1 phosphorylation, but 
this could be explained by the necessity to proc-
ess the breaks blocked by bulky adducts that 
impede proper repair [72, 143]. 
 
Competition and the choice between the differ-
ent DSB repair mechanisms  
 
The choice for resection or NHEJ? 
 
In yeast, it has been shown that the presence of 
KU80/70 restricts the access of nucleases to 
DNA extremities, particularly Exo1, thus inhibit-
ing early steps of HR. This recent study also sug-
gests that Sae2 (the functional ortholog of CtIP) 
would be necessary for the displacement of the 
KU heterodimer from DNA ends [144]. In S. 
pombe, the nuclease activity of Mre11 and Ctp1 
(CtIP) are necessary for liberating the ssDNA tail 
from the presence of KU and the MRN complex 
to allow HR repair [145]. Recently, the RNF8 E3 
ligase has been proposed to regulate the re-
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moval of KU80 from DSBs. In the absence of 
RNF8, the prolonged presence of KU at break 
sites impeded repair by NHEJ [146]. In human 
cells, the repair defect observed in FANCD2 de-
ficient cells could be restored by the depletion 
of KU [147]. Taken together, these data suggest 
that some proteins could antagonize the binding 
of KU to DNA ends, particularly in S phase when 
HR needs to be promoted, and particularly upon 
replicative stress, when collapsed replication 
forks require restarting by the HR machinery. 
Nevertheless, the sequence of events leading to 
KU displacement necessitates further investiga-
tion. 
 
In the absence of KU, HR is stimulated due to 
increased resection [24, 148, 149]. However, 
the resection stimulation by itself may be not 
sufficient to induce HR events. Indeed, in 
Xenopus extracts, an uncoupling between the 
early resection steps and the RAD51 filament 
formation has been proposed [150]. Therefore, 
as expected, HR is tightly regulated at multiple 
levels: at the resection steps at a minimum and 
at the assembly of an active RAD51 filament; 
these two steps may be disconnected, although 
RAD51 filament assembly requires resection. 
 
Another key player of NHEJ, DNA-PKcs, is able 
to impede HR solely by its physical presence 
because the absence of DNA-PKcs leads to an 
increase in HR, but its chemical inhibition im-
pedes DSB repair in general for NHEJ and HR 
[21]. 
 
A recent study proposes that in G2, despite the 
presence of sister chromatids, NHEJ is the first 
mechanism to act, and this is possibly due to 
the abundance of its key proteins and the chro-
matin status [151]. If NHEJ is unable to accom-
plish repair, then resection would channel repair 
towards HR. However, HR is inhibited in late G2 
by the AKT1 signaling pathway [116]. 
 
A-EJ vs. HR and NHEJ 
 
HR and A-EJ are both initiated by ssDNA resec-
tion. A-EJ events arise from limited resection, 
which is insufficient to accomplish HR repair, or 
occurs during non-replicative stages of the cell 
cycle as a result of break processing by nucle-
ases. Resection is mediated in both cases by 
the same set of proteins (i.e., MRE11 in coop-
eration with CtIP). In S phase, the obvious 
choice is to guide the repair process towards 

the error-free HR pathway by ensuring extended 
resection that is compatible with MEPS and the 
activation of the factors required by HR. In con-
trast, in G1, break processing can impede C-
NHEJ, leading to the appearance of error-prone 
events and no possibility of faithful repair. 
 
Conclusions 
 
The initiation of DSB repair represents an es-
sential challenge for maintaining genome integ-
rity and for tumor protection in fine. 
 
HR appears to be strictly controlled at several 
levels (at least resection and RAD51 filament 
assembly), which, in addition, may be discon-
nected, increasing the security to avoid inappro-
priate HR. An efficient generation of RPA-coated 
ssDNA is not sufficient to lead to the appear-
ance of HR events due to the lack of RAD51 
filament formation and ATR signaling [150]. 
Moreover, Cdk1, which stimulates resection 
through CtIP phosphorylation, would also be 
responsible for preventing the assembly of the 
RAD51 filament on resected DNA. Thus, these 
two steps are uncoupled, and the occurrence of 
HR events requires that all factors implicated in 
both the early and late steps of HR should be 
available and properly activated. 
 
Interestingly, it has recently been shown that HR 
repair at heterochromatic loci necessitates the 
shuttling of HR intermediates towards adjacent 
sites to avoid associated instability, i.e., with 
recombination between repeated sequences 
[152]. The initial resection steps are allowed 
inside heterochromatin domains but the pro-
gression of repair is blocked until the recombi-
nation intermediates are displaced to loci out-
side of heterochromatin. HR can then be com-
pleted at the periphery without interference 
from repetitive DNA sequences. These data fur-
ther underline the important role of the chroma-
tin environment during DSB repair and adds 
another level of regulation of HR events. 
 
Altogether, the initiation of DSB repair repre-
sents an essential challenge for maintaining 
genome integrity and for tumor protection in 
fine. In this context, controlling the initial step of 
DSB repair, particularly resection initiation ac-
cording to the cell cycle stage, is an essential 
step that may be irreversible, and thus, the 
wrong decision may lead to dramatic conse-
quences. 
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