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Abstract

For decades, it has been speculated that specific loci on eukaryotic chromosomes are inherently susceptible to
breakage. The advent of high-throughput genomic technologies has now paved the way to their identification. A
wealth of data suggests that transcriptionally active loci are particularly fragile and that a specific DNA damage
response is activated and dedicated to their repair. Here, we review current understanding of the crosstalk
between transcription and double-strand break repair, from the reasons underlying the intrinsic fragility of genes
to the mechanisms that restore the integrity of damaged transcription units.

© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Chromosomes are exceptionally long molecules
that must be faithfully replicated and segregated
during each cell cycle to provide genetic information
to daughter cells. A large body of evidence supports
the idea that the DNA double helix is irregular: it can
form non-canonical structures such as R-loops (three-
stranded structures composed of RNA:DNA hybrids
and single-stranded DNA), hairpins, G-quadruplex
(G4), and underwound or over-twisted DNA helices
that are further translated into negative and positive
supercoiling [1]. Conversely, negative supercoiling
destabilizes the DNA helix, favoring the formation of
these atypical DNA structures [2]. In eukaryotes, DNA
associates with over half a thousand of proteins to
form chromatin, which adopts multiple conformational
states from the linear “beads on a string” nucleosomal
fiber to more complex structures such as chromatin
loops and topologically associated domains [2]. The
transcription, replication, and repair machineries must
cope with this great variety of secondary and tertiary
structures if they are to accurately execute transcrip-
tional programs and maintain genome integrity.
It has been known for decades that some genomic

loci are particularly prone to breakage and instability,
but it is only very recently that, owing to high-throughput
genomic techniques, their positions have been deter-
mined at near-nucleotide resolution. Importantly, these
Authors. Published by Elsevier Ltd. This
rg/licenses/by-nc-nd/4.0/).
studies identified active genes as particularly fragile
and thus the theater of dedicated repair events. In this
review, we discuss our current understanding of the
crosstalk between transcription and double-strand
break (DSB) repair, with a particular focus on recent
evidence that (i) points to transcriptional activity as a
major threat to the genome and (ii) sheds light on the
DNA damage response at active gene.
Transcription as a Threat to Genome
Stability

Genome-wide mapping of fragile sites and DSB-
prone loci

In the 70s, cytological studies of metaphase
chromosome spreads indicated that dividing cells
experience recurrent DNA breakage events at certain
positions [3]. These “common fragile sites” (CFS),
which arise upon mild replication stress, were first
defined as chromosomal bands with significantly
elevated break/gap frequencies on mitotic chromo-
somes. Theywere latermappedwith higher resolution
using fluorescence in situ hybridization. CFS have
been subjected to intense investigation, as they
coincide with translocation break points and are
hotspots for gross chromosomal rearrangements in
is an open access article under the CC BY-NC-ND license
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cancer cells (for a review, see Ref. [4]). It has long
been supposed that their fragility results from incom-
plete replication before segregation. Repli-Seq and
ChIP-seq analyses demonstrated that CFS are
devoid of replication origins, are replicated late,
overlap with very long genes (N300 kb) [5–8], and
accumulate DSB repair proteins [9]. Moreover, it also
became clear that CFS expression (i.e., frequency of
breakage) is tissue-specific [10,11]. This indicates that
CFS are epigenetically defined rather than just
sequences inherently difficult to replicate.Accordingly,
CFS instability coincides with the expression of the
underlying gene [7]. Since these very long genes need
more than one cell cycle to be entirely transcribed, it
has been proposed that the collision between the
replication and transcriptionmachineries could lead to
the slowing or stalling of replication forks [7]. Never-
theless, since not all expressed long genes are prone
to breakage [10,12], instability might rather result from
secondary DNA structures and/or specific chromatin
features assembled on a subset of these very long
active genes.
ChIP-seq analyses of DNA-bound RPA, γH2AX,

and BRCA1 following hydroxyurea treatment led to the
identification of another class of fragile sites, named
early replicating fragile sites (ERFS) [13]. ERFS are
replicated early, and likeCFS, their instability (detected
as gaps on mitotic chromosomes) is cell-type-specific.
Notably, these regions are highly transcribed, and it is
this transcriptional activity rather than the timing of
replication that promotes their instability [13]. Impor-
tantly, binding of BRCA1 and RPA at ERFS is also
detected without hydroxyurea treatment, suggesting
that breakage at these sites occurs to some extent
during normal replication [13]. Although not directly
linked to the occurrence of DNA damage, it has to be
noted that other genome-wide profiles also revealed
the accumulation of repair proteins at transcriptionally
active loci (P-DNAPK, BRCA1, PALB2) [14–16].
Novel sequencing-based techniques that allow the

direct mapping of DSBs on the genome at near-
nucleotide resolution have recently provided insights
in the recurrent DSB landscape in different cell types.
The ability of endogenous DSBs to translocate to a
“bait” DSB (introduced by either Cas9 or I-SceI
endonucleases) is the basic principle of high-through-
put genome-wide translocation sequencing (HTGTS)
and translocation capture sequencing (TC‐Seq) tech-
niques. These techniques mapped recurrent DSBs in
B-cells and neuronal stem progenitor cells [17–22].
Combined with global run-on experiments to assess
the ongoing transcription at the whole-genome level,
these studies showed that (i) upon mild replicative
stress (and to a lesser extent in unchallenged cycling
cells), clusters of DSBs occur in long active genes that
replicate late [22], and (ii) DSB frequency is generally
higher in nucleosome-depleted regions at transcrip-
tional start sites of active genes and is proportional to
transcription rate [17,18,21]. BLESS [23], Break-seq
[24], END-seq [25], and DSBCapture [26] have been
further developed as more direct approaches to
mapping DSBs at the genomic scale in vivo. Impor-
tantly, DSBCapture and BLESS recently allowed, for
the first time, the visualization of DSB induction at
active promoters [26,27]. Similarly, BLESS allowed
the clear identification of long genes as preferential
sites of DSB following replication stress [23].
Taken together, these studies support the existence

of two classes of fragile sites that recurrently
experience DSB: (1) long, active genes, which
replicate late (CFS), and are particularly susceptible
to replicative stress; and (2) promoters of transcrip-
tionally active genes that replicate early.

Molecular mechanisms underlying the fragility
of active genes: R-loop and G4-driven DSBs

The molecular mechanisms underlying ERFS and
CFS fragility, and by extension, the susceptibility of
active genes to breakage, are still not fully understood.
At CFS, late firing and scarcity of replication origins
have been proposed to generate under replicated DNA
that would trigger a DSB at the next mitosis, in a
manner that depends on the Mus81 structure-specific
endonuclease [28–31]. However, this mechanism
unlikely applies to ERFS that replicate early and so
have more time to complete replication.
An alternative is suggested by recent work, which

indicated that two potentially interlinked structures,
R-loops and G4s, contribute to genomic instability
(for reviews, see Refs. [32–34]). R-loops are three-
stranded RNA:DNA hybrids that can form as RNA
polymerases progress through duplex DNA, by
hybridization of the nascent RNA to the template
DNA strand [35,36] (for a review, see Ref. [32]).
DNA:RNA hybrid immunoprecipitation (DRIP) using
S9.6 antibody followed by next generation sequenc-
ing (DRIP-seq or DRIPc-seq) has recently allowed
their genome wide profiling at a near-nucleotide
resolution and in a strand-specific manner [37–39].
These studies revealed that R-loops form
co-transcriptionally and accumulate at promoters
that carry transcriptionally active marks. Most
R-loops form at sites exhibiting GC-skew (increased
GoverCon the non-template strand) due to increased
thermodynamic stability of G-richRNA hybridized with
C-rich DNA strands [37–39]. In parallel, the first
genome-wide mapping of G4s, four-stranded
non-canonical DNA structures, which arise at G-rich
loci, revealed that they form at transcriptionally active
promoters [40]. This raises the exciting possibility that
G4 may arise on displaced G-rich DNA strand at
R-loops. This structure termed G-loop has first been
proposed to happen on the immunoglobulin locus and
to contribute to class switch recombination [41] and
later found to occur in vitro and on plasmid DNA in
Escherichia coli [42]. One attractive hypothesis is that
upon transcription activation at GC-skewed
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promoters, DNA unwinding facilitates the formation of
these coupled R-loop/G4 structures. On one hand,
G-loops would favor transcription by stabilizing the
initiation bubble. On the other hand, they could also
trigger fragility if not removed appropriately. Genetic
and biochemical analyses, cytogenetics of chromo-
some spreads, and staining or mapping of DSB
markers in organisms ranging from bacteria to higher
eukaryotes have provided a wealth of evidence that
R-loop accumulation provokes DSB (for example, see
Refs. [7,43–51]). The persistence of R-loops was also
recently shown to impede replication at CFS [52],
suggesting that R-loops may be an important deter-
minant of CFS instability. Similarly, G4 structures
impede replication fork progression and threaten
genome integrity if not properly unfolded during
replication (for reviews, see Refs. [33,34]). R-loop
and/or G4-dr iven DSB could ar ise in a
replication-dependent manner through several
non-exclusive mechanisms (Fig. 1). First, R-loop
and G4 formation result in an unannealed DNA
strand, which is more sensitive to damaging agents.
This could lead to a higher frequency of single-strand
breakage (SSB), leading to fork collapse and DSB
formation during subsequent replication (reviewed in
Refs. [32,53,54]). In addition, such nicks may also be
Fig. 1. Possible mechanisms for R-loop/G4-driven DSB p
transcriptionally active genes, mainly in nucleosome-deplete
dependent DSB formation. Left panel: Displaced single-stran
addition, R-loops can be targeted by the endonucleases XP
generates a single-strand gap. In both cases, SSBs lead to f
panel: G4 and/or R-loops can directly interfere with the progr
retardation or stalling. Under replicated DNA further experienc
structure-specific endonucleases. These structures could also
replication machinery. Such collision can directly trigger DSB
produced by active endonucleolytic cleavage. Indeed,
Stork et al. and Sollier et al. demonstrated that
XPG and XPF, known to generate ssDNA gaps
during transcription-coupled nucleotide excision repair
(TC-NER), are required for DSB induction at R-loop-
forming loci [49,50] (Fig. 1, left). This XPF/XPG-
dependent R-loop processing may happen indepen-
dently of replication but may also be coordinated with
DNA replication as a mean to remove secondary
structures counteractingDNApolymeraseprogression.
Second, R-loop/G4 structures may interfere directly
with the progression of the replication fork and/or cause
RNA polymerase pausing, which itself can impede fork
progression (Fig. 1, right). Fork deceleration or stalling
upon encountering these roadblocks would give rise to
under-replicatedDNA, further triggeringDNAbreakage
at the following mitosis in a nuclease-dependent
manner [29–31]. Moreover, prolonged fork stalling
can also itself trigger nuclease-induced breaks and
fork collapse (for a review, see Ref. [55]). Notably,
NER factors might also contribute to generate these
breaks, as the replicationmachinery encountersR-loop
structures [49,50]. Finally, collision between replication
and transcription machineries in either head-on
(converging) or co-directional orientations can directly
generate DSBs in E. coli [56,57] (for reviews, see
roduction. R-loops and G4 accumulate preferentially at
d promoter regions. Both structures provoke replication-
ded DNA is more sensitive to DNA-damaging agents. In
G and XPF, components of the TC-NER machinery that
ork collapse and DSB generation during replication. Right
ession of the replication fork, provoking DNA polymerase
es breakage during mitosis in a manner that depends on
trigger RNA polymerase pausing that can collide with the
production as shown in Escherichia coli.

Image of Fig. 1
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Refs. [54,58,59]), providing an additional means of
generating DSBs during the replication of R-loop/G4-
forming loci.
In addition to this replication-dependent R-loop/

G4-driven DSB induction, these structures can also
trigger DSB in non-dividing cells by less well-
characterized mechanisms in E. coli [47] and
mammalian post-mitotic cells [44,60].

Molecular mechanisms that underlie the fragility
of active genes: Topoisomerase-II-driven DSB

Beyond the contribution of R-loops and G4 to DSB
production at active genes, there is evidence that
transcription activation itself can trigger DSB forma-
tion (Fig. 2). Both estrogen and androgen stimuli
trigger the appearance of DSBs at early responsive
genes [49,61–64]. Similarly, stimulation of neuronal
activity leads to DSB induction not only in a subset of
immediate responsive genes in primary cultured
neurons but also in normal mouse brains following
fear conditioning or novel environment exploration
[65,66]. Finally, heat shock or serum stimulation
also rapidly triggers DSB in early responsive genes
[16]. While estrogen-induced DSBs appear as cells
progress into S phase and may be replication-
dependent [49,64], serum-induced DSBs appear
within the first 15 min after reentry into the cell
cycle [16]. Together with the fact that stimulus-
induced DSBs can occur in adult mouse brains (in
post-replicative cells) [66], this observation strongly
Fig. 2. Topoisomerase-II-dependent DSB induction upon t
RNA polymerase pausing that contributes to transcription reg
polymerase II into the gene body may require topoisomerase II
impaired resealing of TOP2B intermediates.
suggests that damage induction following stimulation
can also occur in a replication-independent manner.
Notably, these breakage events depend on topoisom-
erase IIβ (TOP2B) activity [16,61,62,64,65]. Given
that DNA torsional stress impedes RNA polymerase
elongation, a current model proposes that TOP2B-
mediated DNA breakage would release topological
constraints, thereby allowing RNA Polymerase II
(RNA Pol II) to escape from its pause site and engage
in an elongation mode (Fig. 2) (for a review, see Ref.
[54]). It is likely that DSBs arise at these genes
following impaired resealing of TopoII intermediates.
Application of technologies such as HTGTS, BLESS,
End-Seq, or DSBCapture to mapping DSBs in
different cell types in response to various stimuli
should soon allow the determination of the frequency
of active promoter-associated DSBs and their exact
positioning relative to R-loop/G4 structures and to
TOP2B and RNA Pol II binding sites.

Towards “Transcription-Coupled DSB
Repair”: Specific DSB Repair Pathways
Take Place at Active Genes

While further investigation is required to determine
whether DSB production is an accidental by-product
of transcription activation or a necessity for RNA Pol II
release following stimulation, the aforementioned
studies clearly show that the DSB landscape is
strongly biased toward active genes. This raises the
ranscription stimulation. A large number of genes exhibit
ulation. Upon certain stimuli, the release of paused RNA
β (TOP2B) activity. DSBs might accidentally arise following

Image of Fig. 2
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question of how cells cope with breaks that would be
particularly detrimental since they occur inwhat canbe
regarded as the most important parts of the genome.
Investigating how the transcriptional status of a

damaged locus influences the repair reaction and
how transcription is regulated at genes that experience
aDSBhave proved to be extremely challenging since it
requires the induction of DSBs at specific, known loci
on the genome. During the past decade, most studies
have been performed using irradiation (γ-rays, X-rays,
heavy ions) or drugs (topoisomerase poisons, interca-
lating agents…), which induce (i) uncharacterized
damage beyond the DSB, including SSBs and various
DNA adducts; (ii) damage at random, unknown
positions on the genome; and iii) damage at various
stages of the cell cycle. This wide variety of DSB-
inducing methods has blurred the overall picture and
precluded any analysis of repair pathway preference
throughout the genome and of transcription regulation
at damaged genes. Consequently, much effort has
been made to develop systems where sequence-
specific and annotated DSBs can be induced on the
genome. In yeast, this was already possible in the 80s,
owing to the use of HO endonuclease combined with
the possibility of engineering the genome [67,68]. In
higher eukaryotes, the first accurate and controlled
methodof inducing a singleDSBat a specific locuswas
devised by the laboratory of Maria Jasin in 1994. To
accurately quantify homologous recombination (HR)
events, they introduced into the mouse genome a
transgene that carries the recognition site for the
endonuclease I-SceI within a GFP reporter system
[69]. This methodology has been superseded by the
use of restriction enzymes, Zinc-finger nucleases, and,
more recently, CRISPR/Cas9 technology [70–73],
which allow the induction of sequence-specific DSBs
at endogenous locations and anywhere in the genome.

Transcription extinction and recovery at damaged
active genes

One of the consequences of DSB production in
active genes is the rapid extinction of transcription at
sites of damage (recently reviewed in Ref. [74]).
Transcription inhibition occurs at the damaged gene
[70,71,75–80] and can also spread a few kilobases
away from the DSB [71,80], although not over the
entire megabase-wide γH2AX domain [70,79,81,82].
Transcriptional repression is an active process that
relies on ATM signaling, ubiquitination of H2A lysine
K119, which is a well-known repressive histone mark
established by Polycomb group proteins, and histone
deacetylation by the NuRD complex [71,77,83,84]
(Fig. 3, right panel). Importantly, this transcriptional
shut-down is tightly linked to the completion of repair
of damaged genes [77,83–85], suggesting that it
may help “clean” the damaged locus to enable repair
activity. This proposal agrees with the finding that
transcriptional extinction is correlated with the disap-
pearance of RNA Pol II from the broken gene, which
may rely on proteasome activity [75]. It is also
consistent with the observation that in yeast, tran-
scription inhibition spreads over flanking genes as
resection proceeds [78–80], even if this might not be
the case for mammalian cells [71,77].
Once repair has been achieved, transcription

must be suitably revived to maintain cell fate. A recent
study indicates that transcription of the repaired gene
recovers normally in non-dividing cells, indicating
that cell cycle progression is not required for the
restoration of the epigenetic information and for the
resumption of transcription [82]. Transcription recovery
at DSB-flanking genes was shown to take place within
2 h after the termination of DSB induction and to require
the deubiquitinylation of H2A-K119 by USP16 [71]. At
present, little is known about these essential steps,
probably because investigating transcription recovery
at damaged genes has been challenging. The recent
development of tools that not only permitDSB induction
at controlled loci but also repair completion, owing to
the availability of degradable or reversible enzymes
[71,86,87], should now enable more rapid advance.
Repair pathways influence faithful sequence
recovery at damaged genes

Beyond the transcriptional regulation of damaged
active genes, the cell's most important challenge is to
accurately recover genetic information at these loci.
Multiple, partly redundant, and extremely well-

conserved repair pathways exist in eukaryotes
(reviewed in Ref. [88]). They are usually classified
into two major groups: non-homologous end joining
(NHEJ) and Homologous Recombination (HR). NHEJ
promotes the direct ligation of the two DNA ends with
minimal processing, while HR accomplishes repair
using an intact copy of the broken locus (mostly the
sister chromatid) as a template. To this end, HR relies
on a process called resection, during which endo- and
exonucleases generate single-strand DNA required for
D-loop formation with the template DNA. D-Loop
establishment is followed by DNA synthesis, tightly
coupledwith dissolution/resolutionmechanisms, which
determine theoutput ofHRandgive rise to crossover or
non-crossover products. Since this initial classification,
several alternativemechanismshavebeendiscovered,
which soften the distinction between these two major
pathways. Single-strand annealing initially resembles
HR, resecting to form single strands, but then uses an
illegitimate homologous copy in cis to anneal and
directly reseal the two resected ends. Similarly, alter-
native NHEJ relies on short-range resection to expose
microhomologies, which are further used to synapse
and ligate the break (therefore also known as micro-
homology-mediated end joining). In yeast, break--
induced replication initiates a non-canonical
replication fork, which can proceed to the end of the



Fig. 3. Transcription-coupled DSB repair. Left panel: Transcriptionally active genes are subjected to specific repair. In G2,
homologous recombination is specifically targeted at transcribing genes, in amanner that largely depends on chromatin features
associated with active transcription. Trimethylation of histone H3 on lysine 36 (H3K36me3), which is correlated with elongating
RNA Pol II, recruits CtIP via LEDGF, allowing the initiation of resection and HR repair. In addition, acetyl H4K16, a histone mark
enriched in active regions, interferes with the binding of 53BP1 to H4methylated on lysine 20, hence promoting BRCA1 binding
and resection. Finally MBTD1, part of the TIP60 complex, competes with 53BP1 for binding to H4K20me. DSB-recruited TIP60
acetylates H2A on lysine 15 (H2AK15ac) in G2, counteracting its ubiquitination and thereby further destabilizing 53BP1.
Together, thesechromatinmarks favor resection,RAD51 loading, andHR repair. InG1, specific repair events that occur onactive
gene are still under characterization. Tip60 does not acetylate H2AK15, allowing its ubiquitination that, together with H4K20me,
stabilizes 53BP1 and inhibits resection. Although XRCC4 is recruited, these DSBs exhibit a strong repair delay and undergo
clustering. RNA might also participate in the repair reaction as a patch to synapse the two DNA ends or as a template for
Rad52-dependent repair. Right panel: Gene transcription is inhibited locally following DSB induction, while transcription is
maintained farther away within the γH2AX domains. Transcriptional repression is achieved by the eviction of RNAPol II from the
damaged gene and possibly via its degradation, as well as multiple chromatin modifications, including histone deacetylation by
the NuRD complex and Polycomb dependent ubiquitination of H2A at lysine 119.
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chromosome and generate complex chromosome
rearrangements. More recently, it has been proposed
that RNA-templated repair also occurs in yeast and
possibly in higher eukaryotes (reviewed inRef. [89]). All
these repair mechanisms coexist and can give rise to a
multitude of genomic scars, such as point mutations,
translocations, and even chromothripsis, a massive
chromosomal reshuffling observed in cancer. The
choice between these pathways at DSBs induced in
active genes is therefore critical, as it will clearly
determine the quality of the repair event and thus the
subsequent functionality of the damaged gene.

A role for HR in repairing active genes

In the late 80s, a study from the Thomas and
Rothstein established that spontaneous recombination
between duplicated sequences inserted in the yeast
GAL10genewas strongly enhancedwhenGAL10was
transcribed. The authors had already discussed the
“avant-garde” possibility that chromatin status may
contribute to this elevated recombination rate [90].
Similarly, mammalian cell studies led to the conclusion
that transcription enhances recombination rate by a
process termed “transcription-associated recombina-
tion” (TAR) [91,92]. In yeast and bacteria, an increase
of mutation rate was also observed in active genes
(also known as TAM or transcription-associated
mutagenesis; for a review, see Ref. [93]); hence,
TAR was attributed to higher damage frequency in
genes (for a review, see Ref. [94]). However, recent
work, described below, also raises the possibility that
TAR may be related to repair mechanisms specifically
set up at active genes.
Analysis of the fate of an HO break introduced at

dedicated position on the yeast genome revealed
that an active gene exhibits faster repair than an
inactive gene, supporting the existence of a

Image of Fig. 3
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“transcription-coupled DSB repair” pathway [95].
Analyses of repair in higher eukaryotes at an I-SceI
site close to inducible promoters showed that
transcription activity generally did not strongly affect
HR and NHEJ pathway usage or outcome
[92,96,97]. However, the inherently transgenic na-
ture of this single I-SceI-targeted locus called for
further work to compare repair events that take place
at different endogenous loci on the genome.
ChIP-seq analyses of the distribution of HR and
NHEJ proteins at DSBs introduced by the AsiSI
restriction enzyme throughout the genome [70,98]
revealed that among AsiSI-induced DSBs, mostly
those lying within or close to transcriptionally active
loci (e.g., promoters) could recruit the HR factor
RAD51 [86]. This result clearly demonstrated that
damaged genes that are active exhibit a preference
for HR repair compared to other sequences located
in euchromatin (AsiSI activity being inhibited by DNA
methylation, these studies did not allow the investi-
gation of repair at heterochromatin loci). Preference
of transcribed loci for HR was further confirmed by
inducing damage with Killer Red (a DNA-damaging
agent activated by visible light) at a transcriptionally
active or repressed cassette inserted in the genome
[99].

Chromatin-driven HR targeting to damaged
active genes

Transcription itself does not seem to be responsi-
ble for HR recruitment at damaged active genes. It
is rather the trimethylation of histone H3 on lysine
36 (H3K36me3), well known to be correlated with
elongatingRNAPol II, that acts asacritical determinant
for resection andRAD51 loading [86,100]. Accordingly,
depletion of SetD2, themain histonemethyltransferase
responsible for H3K36me3 in human cells, strongly
impedesHR repair [86,100,101]. H3K36me3 has been
reported to be directly recognized by the PWWP
domain of LEDGF, a protein that interacts with the CtIP
resection factor [102]. Hence, these studies point
toward a model in which H3K36me3 recruits CtIP at
least in part via LEDGF, allowing the initiation of
resection and the use of HR pathway at active genes
(Fig. 3, left panel). Following another line of investiga-
tion, Tanget al.discovered that histoneacetylationalso
regulates the repair outcome. Acetylation of histoneH4
lysine16, ahistonemark correlatedwith activegenomic
regions, counteracts the recruitment of 53BP1, an
anti-resection factor, to H4 methylated on lysine 20
and favors the binding ofBRCA1, apro-resection factor
[87]. Accordingly, Tip60 and hMof, two histone
acetyltransferases with known activity on K16, have
been shown to favor HR [87,103]. More recently, Tip60
was shown to acetylate H2A lysine K15 during G2,
which precludes H2A ubiquitination on the same
residue and so destabilizes 53BP1 binding at the
break site [104,105] (Fig. 3, left panel). Taken together,
these studies reveal a complex regulatory network of
multiple chromatin marks that fine-tunes repair out-
comes by influencing the recruitment and stabilization
of repair factors and identified chromatin status as
central in HR recruitment at active genes (for a review,
see Ref. [106]; Fig. 3, left panel).

Other pathways are involved in active gene repair
in G1

An additional layer of complexity in pathway usage is
cell cycle dependence. Indeed, HR is strongly sup-
pressed during theG1 phase [107], andHRpreference
at active genes only occurs during G2 [86]. This raises
the question of how DSBs in active genes are repaired
during G1 or in non-dividing cells (Fig. 3, left panel).
NHEJ proteins are clearly recruited at DSBs induced in
active genes throughout the cell cycle [84,86,99].
Accordingly, NHEJ repair proteins are associated with
RNA Pol II (for example, see Refs. [108,109]). Howev-
er, XRCC4 depletion does not affect repair kinetics at
transcriptionally active regions [86], and Ku70 dissoci-
ates rapidly after its recruitment at a damaged
transcribed locus, while HR proteins persist much
longer [99]. This raises the possibility that although
recruited, canonical NHEJmight not be entirely efficient
at these loci. In agreement, a recent genome-wide
analysis by BLESS of repair kinetics revealed that
transcriptionally active genes are not fully proficient for
repair in G1, in contrast to non-transcribed sequences
on the genome [110]. Moreover, these delayed DSBs
exhibit an increased ability to cluster (i.e., coalesce) as
shown by high-resolution mapping of long-range
contact using Capture Hi-C [110]. These unrepaired,
damaged active genes assemble within foci that are
reminiscent of the 53BP1/OPT bodies. Indeed, follow-
ing breakage in mitosis, CFS, which occur in long and
active genes, assemble within 53BP1 bodies. These
bodies persist throughout the G1 phase and might be
cleared during the following replication phase [111].
Thesedata suggest that inG1, a suboptimal efficacyof
NHEJat activegenes, combinedwith the unavailability
of HR, could result in persistent DSBs that cluster and
await the arrival of S phase to undergo repair by a still
uncharacterized mechanism.
Thus, while HR seems to be preferentially used to

repair active loci in G2, the contribution of other less
well-characterized repair pathways at DSBs arising
in active genes, especially during G1, needs further
investigation. Among these elusive pathway(s), RNA-
templated repair, which bypasses the need for a
homologousDNA template and thusmay occur inG1,
is further discussed below.

A direct function for RNA as template at active
genes?

In addition to exhibiting specific chromatin patterns,
active genes are distinguished from the rest of the
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genomeby their ability to produceRNA. It has recently
emerged that RNA could serve as a template for HR
repair (recently reviewed in Ref. [89]). In budding
yeast, RNA oligonucleotides can be used as direct
templates for a synthesis-dependent repair, probably
involving the polδ replicative polymerase [112].
Moreover, using a very elegant reporter system, the
Keskin et al. demonstrated that a transcript produced
in cis to the gene experiencing a DSB can aid repair
not only indirectly via the formation of cDNA but
also directly by providing a template for a Rad52-
dependent repair mechanism [113]. However, the
latter process was observed only in mutant yeast
strains devoid of RNAseH1 and RNAseH2 and thus
deficient in DNA:RNA hybrid processing, raising doubt
as to whether this RNA-templated repair pathway
occurs in normal cells. How RNA-templated DNA
repair functions in yeast remains speculative. It could
involve the use of the RNAmolecule as a patch, which
maintains the DNA ends in close proximity to facilitate
their ligation or the RNA molecule could be used to
extend the 3′ end of the DSB by an as yet unknown
polymerase. These findings challenge the traditional
view that HR requires a DNA template for repair
and highlight the notion that RNA, which is available
at transcriptionally active genes, could be used to
template DNA repair. RNA-dependent repair might
also takeplace in higher eukaryotes: quiescent human
cells use a RNA and RAD52-dependent mechanism
for DSB repair [99], and NHEJ has been proposed to
operate at active genes through an RNA-templated
mechanism [114]. However, the massive amount of
damage induced in the latter study (1 DSB/10 kb,
based on the failure to PCR amplify 10-kb amplicons
following drug treatment) means that confirmation of
these findings following milder or more relevant
genotoxic insults will be required. While direct
evidence demonstrating the use of RNA as a template
for repair in higher eukaryotes is still lacking, these
studies open the possibility that RNA-templated repair
is a conservedalternativepathway for repairing regions
of the genome in the course of transcription (Fig. 3).
Interestingly, small non-coding double-stranded RNAs
have also been discovered at or in the vicinity of
DSBs in plant, Drosophila, and human cells (recently
reviewed in Refs. [115–117]).Whether these DSB-
induced small RNAs (diRNAs) arise only at DSBs
induced in active genes is still under debate. Indeed,
in Drosophila, diRNAs are produced to much higher
levels from a plasmid linearized by the induction of
DSBs in a highly active gene than from DSBs in a
weakly transcribed one [118]. Yet, in mammalian
cells, diRNAswere also detected at an I-SceI-induced
break in an inactive locus, indicating that the induction
of diRNAs at DSB might not be specific to active
genes [119]. Future work is clearly needed to
determine whether diRNAs arise by de novo tran-
scription in both sense and antisense orientations or
whether they require a preexisting RNA precursor.
While the function of these diRNAs is still being
characterized, it is interesting that under conditions of
no DNA damage, double-stranded RNAs have been
proposed to function in terminating transcription and
assembling repressive chromatin [120], raising the
possibility that diRNAs could be similarly involved in
transcriptional extinction at damaged genes. Finally, a
very recent study by Ohle et al. [121] demonstrated
that RNA:DNA hybrids accumulate at resected ends
in fission yeast. Importantly, these hybrids were found
to control single-strand annealing usage and to exert
strong regulation of rDNA copy number following
damage in rDNA, suggesting that this mechanism
might be particularly relevant in transcribed regions.
Concluding Remarks

The existence of a transcription-coupled repair
process for DNA damage such as chemical adducts
or UV-induced pyrimidine dimers, called transcription‐
coupled NER (TC-NER, has emerged since the 90s
(for a review, see Ref. [122]). Notably, mutations in
TC-NER proteins are associated with diseases that
provoke premature aging (for a review, see Ref.
[123]). The fact that specific processes are involved to
maintain gene integrity may now be extended to DSB
repair since the evidence discussed clearly estab-
lishes that active genes are the theater of complex and
tightly regulatedDSB repair events that together could
define a “transcription-coupled DSB repair” pathway.
These transcription-coupled DSB repair mecha-

nisms may reveal to be important, given that normal
transcription activity is now emerging as a potent
DSB-inducing agent. We shall soon see whether
transcription-coupled DSB repair deficiency underlies
particular diseases, as does the impairment of
TC-NER. Mutations of some DSB repair factors are
associated with progeria or segmental premature
aging phenotypes (such as Werner disease) and
neurodegenerative diseases (Ataxia Telangectasia,
Nijmegen breakage syndrome…). Whether these
disorders impede the correct repair of DSB induced
in active regions of the genome is a possibility that
deserves attention in the near future.
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