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Abstract

Although long overlooked, it is now well understood that DNA does not systematically assemble
into a canonical double helix, known as B-DNA, throughout the entire genome but can also
accommodate other structures including DNA hairpins, G-quadruplexes and RNA:DNA hybrids.
Notably, these non-canonical DNA structures form preferentially at transcriptionally active loci.
Acting as replication roadblocks and being targeted by multiple machineries, these structures
weaken the genome and render it prone to damage, including DNA double-strand breaks (DSB).
In addition, secondary structures also further accumulate upon DSB formation. Here we discuss
the potential functions of pre-existing or de novo formed nucleic acid structures, as bona fide
repair intermediates or repair roadblocks, especially during Transcription-Coupled DNA Double-
Strand Break repair (TC-DSBR), and provide an update on the specialized protein complexes
displaying the ability to remove these structures to safeguard genome integrity.

Keywords

DNA Double-strand break Repair; RNA:DNA hybrid; R-loop; G-quadruplex; Transcription;
Chromatin

Non-canonical DNA structures mainly accumulate in the genome at
transcribed loci

The DNA double helix is naturally structured as a right handed helix known as B-DNA [1].
Yet, in specific contexts, non-canonical DNA secondary structures can also form, including
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R-loops (composed of a RNA:DNA hybrid and the displaced ssDNA) (reviewed in [2]) and
intra- or inter-molecular G-quadruplexes (G4), which can adopt various topologies
(reviewed in [3]). For instance, negative supercoils behind the transcription machinery melt
the DNA double helix, generating sSDNA further available for G4 or/and RNA:DNA hybrids
assembly (for review [4]). In that respect, transcribed GC-skewed sequences, by both
providing a substrate for intramolecular G4 formation and a C-rich DNA strand template
that can stably hybridize with the complementary G-rich RNA transcript, are particularly
prone to R-loop formation (reviewed in [5]).

While DNA secondary structures have been experimentally reported /n7 vitro, and predicted
to form across the genomes for decades, it is only recently that their existence in vivois no
longer debated, owing to the explosion of available probes (ligands and antibodies) [3,6-11],
In particular, the use of antibodies directed against G4 (BG4) and RNA:DNA hybrids (59.6),
or a mutant form of RNase H, have recently allowed genome-wide maps of the distribution
of G4 and R-loops across the genome [12-17], Of interest, these studies revealed that
secondary DNA structures distribution is strongly biased toward transcriptionally active loci.
On mammalian genomes, R-loops form co-transcriptionally, mainly accumulating at 5’ and
3’ ends of GC-skewed, active, hypomethylated genes [12,13,16,18], In budding yeast
genomes, R-loops were also found to accumulate on dA:dT tracks [15], although it is yet
unclear whether these loci are also prone to R-loops in higher eukaryotes. On the other hand,
G4s tend to form on hypomethylated promoter regions with a bias for genes exhibiting RNA
Polymerase Il (Pol Il) pausing [14,19].

The strong conservation of these secondary structures across evolution [20,21] suggest that
they fulfill important genome regulatory functions. These structures not only impose
physical constraints on the DNA double helix, thereby directly promoting or counteracting
the activity and processivity of machineries on DNA, but can also act as recruitment
platforms for proteins involved in DNA, RNA and chromatin metabolism. Mounting
evidence has established their control of essential genetic processes including transcription,
replication, telomere maintenance and Class Switch Recombination. Given that this has been
extensively reviewed elsewhere (see [5,22-25]), we will provide a few recent examples
below.

R-loops and G4s both tightly control transcription. Indeed, R-loops can promote surrounding
chromatin changes, for example H3K9 dimethylation over the terminator 3" end regions of
human genes allowing efficient termination [26], or PcG protein recruitment on a subset of
regulated genes to ensure transcriptional repression [27]. G4 structures can also act as
docking sites for transcription factors, as on the promoters of c-myc, hTERT or p21 where
G4 motifs are required for regulating transcriptional activity [28-30], and contribute in
regulating the local epigenomic landscape by sequestrating and inhibiting DNA methylation
[19].

Beyond regulating transcription, multiple pieces of evidence also place G4s and R-loops as
direct players in priming replication (for review [23,31]). This role was actually the first
biological function proposed for bacterial R-loops [32] and more recently, in eukaryotes,
persistent RNA:DNA hybrids were found to initiate DNA synthesis in ribosomal DNA in a
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replication origin-independent manner [33]. Genome-wide mapping of human replication
origins also showed that the majority of constitutive origins are associated with CpG island
promoters, and more precisely with G4 motifs [34,35]. Further evidence for a role of G4 in
priming replication in mammals came from the report of the preferential binding of origin
recognition complex (ORC) to these structures [36] and with the observation that some G4
motifs are required for efficient origin activation [37].

Finally, DNA secondary structures also initiate Class Switch Recombination (CSR) in
antigen-activated B cells. CSR occurs at the Immunoglobulin heavy chain (IgH) locus and
results in a deletion event after recombination between two Switch sequences, the whole
process being initiated by the single-strand DNA-specific cytidine deaminase AID (for
review, [38]). Mammalian Switch regions were among the first described G-rich R-loop
forming sequences [39] and were shown by Electron Microscopy to produce so-called “G-
loops”, which contain both a G4 DNA on one strand and a stable RNA:DNA hybrid that
forms co-transcriptionally on the other strand [40]. It has long been known that these
secondary structures were necessary to initiate CSR but it is only recently that G4 structures
were identified as the preferred recognition substrates for AID binding [41].

While R-loops and G4 structures accumulate over transcribed loci and play important
biological functions during several essential genetic processes, the assembly of these
structures provide unique challenges for genome integrity.

Hyper-sensitivity of non-canonical DNA structures to breakage

R-loops, G4 and other DNA hairpins are very potent inducers of endogenous DNA damage,
especially DSBs, a notion supported by an incredibly extensive amount of evidence both in
yeast and mammals (reviewed in [42-44]). Yet, once again it is only recently that DSB
distribution across the genomes has started to be characterized at the molecular level thanks
to genome-wide methodologies. These include ChIP-seq against DSB repair proteins (such
as [45]), methods measuring the outputs of DNA transactions following break production
(HTGTS, Strand-seq, or GUIDE-seq [46-49]) or techniques allowing to directly infer the
position of DNA ends themselves at a nucleotide resolution such as BLESS, BLISS, DIG-
seq, End-seq, DSB-capture and more recently BrlITL [46,50-55]. These approaches
(reviewed in [56]) have recently provided valuable insights regarding the genome wide
distribution of DSBs, in various organisms and experimental conditions (see Table 1).
Altogether, these studies pointed toward DNA secondary structures as prominent (although
not systematic) hallmarks of DSB production. Indeed, endogenous DSBs accumulate in
transcribed loci and active Transcriptional Start Sites (TSS) [48,57-64], with a bias toward
those prone to form G4s [49,50,65]. Additionally, DSBs levels further increase at these loci
in conditions where secondary structures accumulate, for instance upon depletion of the
BLM helicase or treatment with pyridostatin both triggering G4 stabilization [11,49], as well
as in yeast strains unable to unwind RNA:DNA hybrids, where DSBs precisely occur at the
3’end of a subset of R-loops [66]). Finally, upon replication stress, DSBs also accumulate on
loci prone to form secondary structures such as active gene-enriched loci, repeated
sequences and dA:dT long stretches [45,52,67]. Hence, altogether these new insights
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regarding DSB distribution across the genome revealed a compelling connection between
DNA secondary structures and DNA breakage (Table 1).

Several mechanisms account for DSBs production in non-canonical DNA structures. First,
all these structures are strong roadblocks for DNA replication. Replication fork collisions
with these structures and/or with the RNA polymerase machinery itself stalled at these
structures can further trigger fork collapse, leading to DSBs (reviewed in [68-70]). Second,
these structures are preferential targets for nucleases and other enzymes inducing DNA
modifications that can further be converted into DSBs. One of the best illustration is found
on the IgH switch region, where both G4 and R-loop accumulate (see above, [40,71,72]) and
directly contribute to recruit AID, triggering deamination of the sSDNA strand cytidines and
further DSB production to ensure CSR [41]. In addition, R-loops are also direct targets for
the endonucleases XPG and XPF [73] or CtIP [74], which allow the resolution of these
structures thanks to the production of sSDNA nicks, that can further be converted into a DSB
[73-76]. In that respect, DSBs precisely map at the 3’end of a subset of R-loops in yeast
strains lacking Seni and RNAse H1/2[66], further illustrating nicely the tight relationship
between R-loops and DSB production.

No matter the mechanism(s) involved, it is hence clear that the DNA secondary structures R-
loops and G4s coincide on the genome with DSBs, especially at transcribed loci. One of the
questions that arise therefore is how do repair mechanisms accommodate these potentially
dangerous structures to ensure faithful genomic information recovery. Recently, a part of this
answer was provided by the identification of specialized repair mechanisms that operate in
actively transcribed loci, which we describe in the next section.

Repair of broken transcriptionally active loci: a complex process

Several pathways ensure repair of DSBs in higher eukaryotes [77]. On one hand, classical
Non-Homologous End-Joining (NHEJ) displays the ability to rapidly reseal both DNA ends
in a manner that depends on the Ku heterodimer-binding to DNA ends and sealing of the
ends by XRCC4/Ligase 4 complex. While generally faithful, this pathway can trigger
localized (few bp) mutations. NHEJ is also the main pathway involved in generating
translocations or distant End joining (such as during CSR). On the other extreme hand lies
the Homologous Recombination (HR) repair pathway, which uses an intact copy of the
broken locus as a template, providing highly accurate repair when operating on unique
sequences in S and G2 cell cycle phases when a sister chromatid template is available. Yet,
HR can also trigger dramatic genomic events when improperly controlled, for example when
operating on repeated sequences or homologous chromosomes. Consequently, this pathway
is severely downregulated during the G1 cell cycle phase when no sister chromatid is
available [78]. In addition to these two main DSB pathways, other mechanisms can ensure
the restoration of the linearity of DNA, including alternative NHEJ pathway(s) and Single-
Strand Annealing. Resection at DNA ends (/.e the generation of ssDNA through the action
of endo and exonucleases) is a critical step which lies at the heart of choosing which DSB
repair pathway to engage and which strongly influences the accuracy of the final repair
product [79]. Of interest, specialized mechanisms ensure DSB repair of damaged active
genes: first the damaged genes (and potentially genes within close proximity to the break)
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undergo a transcriptional arrest, which is further required to ensure proper repair by a yet
unclear repair pathway.

Tuning down surrounding transcriptional activity

It has been observed that DNA breaks located in active genes result in repression of
transcription locally and transiently surrounding the break. These activities following DNA
damage may function to avert potential conflicts that may exist between two DNA-templated
processes, transcription and DNA repair. In eukaryotes, the transcription cycle is a highly
regulated process from initiation, to elongation, termination and Pol Il recycling [80].
Repression of transcription following DNA damage relies heavily on direct alterations of
chromatin and Pol 11, triggered by the DNA Damage Response (DDR) kinases ATM [81]
and DNA-PK [82], as well as the DDR Poly(ADP-ribose) polymerase (PARP1) enzyme [83]

(Fig. 1).

On one hand, evidence suggests that the Pol 11 cycle is directly affected by a nearby DSB.
Indeed, using a powerful reporter assay to monitor transcription in single cells following
DNA damage, it was observed that the Ser2 of the Pol Il CTD (associated with productive
elongation) is dephosphorylated in an ATM dependent manner [81]. Interestingly, DSB-
induced ATM activation also triggers the phosphorylation of the transcription elongation
factor ENL, a component of the super elongation complex, which regulates Pol 1l
elongation. ENL phosphorylation is further required for silencing transcription [84]. In
addition, it was also reported that DNA-PK promotes the removal of Pol 11 from damage
sites in a proteasome-dependent manner [82]. Finally, the pausing, negative elongation factor
NELF complex, which contains NELF-E, is recruited to DNA damage sites and represses
transcription in a PARP1-dependent manner [85]. NELF-E binds PAR directly through a
domain in its N-terminus, explaining the potential role of PARP in regulating NELF
complex. Interestingly, NELF-E also requires Pol Il to associate with DNA damage,
suggesting that ADP-ribosylation of Pol 11 may act as the signal to recruit NELF to damage
sites. NELF-E binding to nascent transcripts is also required as mutation of the RNA binding
domain in NELF-E was not able to support its repressive activity at damage sites.

On another hand, transcriptional repression is also achieved via multiple changes of the
chromatin structure assembled on the damaged gene. It was observed that H2AK119ub, a
histone mark associated with repressive chromatin [86], is induced after DSB formation in
an ATM-dependent manner [81]. Several studies have identified likely factors that perform
this function. H2AK119ub is regulated by the polycomb repressive complexes 1 (PRC1),
which contain the E3 Ub ligases RING1B and BMI1 [86]. The PRC1 complex ubiquitylates
H2AK119 and functions along with the PRC2 complex, which methylates H3K27me3,
collectively resulting in repressive chromatin that silences transcription. Members of both
the PRC1 and PRC2 complexes, including RING1B, BMI1 and EZH2, localize to DNA
damage sites [84,87-90]. Both the PRC1 and PRC2 complexes are required for
transcriptional repression after DNA damage, including by regulating H2AK119ub at break
sites [84,87,91]. Several additional complexes have been identified that regulate
H2AK119ub. For example, the PBAF chromatin remodeling complex is required for
H2AK119ub at DNA break sites, in a manner that depends on the ATM- mediated
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phosphorylation of BAF180, a component of the PBAF complex [91]. Additionally,
deficiency in ENL results in reduced H2AK119ub and phosphorylated ENL (see above) was
found to associate with the PRC1 E3 ligase BMI1 [84]. FBXL10-RNF68-RNF2, members
of a large complex called FRRUC which display ubiquitin ligase activity, are also recruited
to DNA damage sites in a PARP/TIMELESS-dependent manner where they act to
ubiquitylate H2AK119 [92] and are required to suppress transcription at DNA damage sites.

Beyond H2AK119 ubiquitylation, other chromatin changes participate in DSB-induced
transcriptional repression. FRRUC-dependent H2AZ loading at DSBs was shown to be
required for transcriptional repression at DSBs [92]. The role of H2AZ in this process is
unclear as effector H2AZ proteins have not been identified and these effects could be
through structural changes in chromatin that occur when H2AZ is loaded versus H2A.
H2AZ is ubiquitylated by RNF168 [93] and other ubiquitylations on this histone variant
could also facilitate transcription effects at DNA lesions, similarly to H2AK119.
Additionally, the cohesin complex is also required for transcription inhibition following
DSB [94].

Furthermore, the histone demethylase KDM5A demethylates the transcription active mark,
H3K4me3, which is reduced after DNA damage [95,96]. The demethylation of H3K4me3
may participate in transcriptional repression by reducing this active mark but also by
allowing the stable association of the NuRD chromatin remodeling complex with damaged
chromatin in actively transcribed genes. The NURD complex also requires the ZMYNDS8
bromodomain-containing protein to facilitate its association with break sites [97-99],
ZMYNDS8 binds to acetylated lysines and the HAT TIP60 regulates its association with
DSBs, which are required to support the recruitment of NuRD to damage sites. Collectively,
these observations suggest that there is a demethylation-acetylation pathway involving
KDM5A-ZMYNDB8-NuRD axis that functions to remodel chromatin to repress transcription
and promote DSB repair. Finally, H2BK120 deubiquitylation was recently reported to take
place at site-specific DSBs in human cancer cells [100]. Of interest, H2B ubiquitination have
been proposed to facilitate Pol Il release from pausing and to contribute to productive
elongation [101,102]. H2B deubiquitylation may therefore participate in dephosphorylating
Pol 11 Ser2 in response to DSB, hence contributing to alter Pol 11 cycle and turn off
transcription.

Collectively, these studies uncovered a complex picture, involving multiple pathways, to
down-regulate transcription of DSB nearby genes (Fig. 1). Additional experiments are
warranted to determine the interplay between these multiple pathways that orchestrate
chromatin and transcription changes surrounding DNA breaks [103], and to establish
whether they act in concert or independently at damage sites.

Transcription-coupled DSB Repair (TC-DSBR) pathway

Beyond the signals that end up turning off transcription of damage-associated genes,
evidence is starting to accumulate for a specific pathway that repairs DSBs occurring in
transcriptionally active loci, that we refer to here as Transcription-Coupled DSB Repair (TC-
DSBR) (see [104] and Fig. 2). Unbiased, genome-wide ChlP-seq analysis of repair protein
recruitment at DSBs generated by a restriction enzyme revealed that in human asynchronous
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transformed cells, active genes (and active promoters) display the ability to robustly recruit
the Rad51 recombinase, involved in HR, which is not the case for other DSBs induced -with
an equal efficiency- elsewhere in euchromatin (silent genes or intergenic sequence)
[100,105]. Notably, turning off gene transcription using transcription inhibitors decreases
Rad51 recruitment [105-108], while conversely turning on transcription of the targeted
locus, prior to break induction, switches the repair pathway choice toward HR
[105,108,109], indicating that the transcriptional status of a broken locus is a decisive
determinant for DNA repair pathway choice. Consistently, DSBs induced by AID off-target
activity-which mostly reside in transcriptionally active and potentially G4-rich genes
[41,110]- exhibit a strong requirement for HR [111].

Notably, the chromatin status, via the SETD2-dependent elongation-associated H3K36me3
histone mark, which preexists on active genes prior DSB, contributes to channeling broken
transcribed loci to HR repair [105,112,113]. In addition, other active genes associated
histones modifications also promote HR usage (such as H4K16ac [114,115], reviewed in
[104,116]), suggesting that the chromatin structure assembled at active genes may create a
platform suitable for HR protein recruitment via various “reader” protein/histone mark-
mediated interactions.

Of importance, this preference of transcribed loci for HR repair is restricted to S/G2 phases
[105,107] and the mechanism(s) that ensure repair of these loci in G1 are still unclear (Fig.
2). In G1, DSBs induced in Polll-bound loci display delayed repair compared to DSBs
induced in intergenic or silent genes [117], similarly to AID-induced DSBs at off-target
genomic sites [118], Interestingly this delayed repair coincides with the ability of broken
genes to “cluster” together (/.¢e. get spatially closer within the nuclear space) [117]. We
proposed that secondary DNA structures, for example in ¢/s embedded RNAs or Pol |1
machinery occupancy, may counteract fast classical NHEJ repair, at transcriptionally active
loci, leaving a time window for resection to occur (Fig. 2). At these processed breaks, further
repair “pausing” (potentially ensured by clustering or roadblocks by in ¢/s factors?) may be
required for faithful recovery of the genetic information [104,117], In this respect, evidence
indicates that resection can occur in G1 [119], in a manner that depends on ATM, Artemis,
CtIP, and Mrell exonuclease activity [119,120]. This G1-specific resection process was
proposed to occur at heterochromatic breaks but also potentially at transcriptionally active
broken genes (discussed in [104,121]). Last year, a major breakthrough into 53BP1 function
in counteracting resection was uncovered with the discovery that it brings CST-DNA Pol a
at sites of resected DSB for fill-in [122]. Hence a tempting hypothesis is that at broken
active genes, CtIP, Mrell, Artemis- dependent resection that occurs in G1 is
counterbalanced by the accumulation of 53BPI-CST-Pola that allows to reconstitute
compatible DNA ends for accurate repair by NHEJ. Future work is necessary to further
validate this hypothesis and to determine whether such fill-in reactions can occur in G1 or
necessitate entry into S phase. In this respect, the fact that G1-formed, AlID-induced DSBs
(both on the IgH locus as well as off-target loci, which display active transcription and R-
loops/G4 structures) are resolved in early S phase [118,123] and require DNA synthesis
[124], further supports the idea that an S phase environment may be critical to complete
repair at active loci when they experience breakage in G1.
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The data presented above delineate a specific pathway dedicated to signal and repair DSBs
in active genes, which entails both transcription extinction and specialized repair events. Of
importance, the proneness to form secondary structures and the presence of RNAs and Pol 11
complexes at active genes and promoters, confer to these damaged loci the ability to further
accumulate secondary structures including RNA:DNA hybrids and G4 post-damage
(described below). Whether these structures represent bona fide repair intermediates or
roadblocks requiring dissolution for proper repair is discussed.

Transcription-Coupled DSB repair entails RNA:DNA hybrid accumulation

There is now a large body of evidence showing that RNA:DNA hybrids specifically
accumulate at sites of DNA damage. Indeed, accumulation of mutant RNase HI and GFP-
tagged hybrid-binding domain of RNase H1 (GFP-HB), as well as structures detected by the
S9.6 antibody, are evident at sites of laser micro-irradiation or ROS-induced damage
[107,109,125]. Further experiments using a duplex specific nuclease (DSN) and RNase H
identified RNA:DNA hybrids at sites of DSB induced by I-Scel [126]. Finally, the use of
S9.6 to immunoprecipitate RNA:DNA hybrid loci (by the so called DRIP technique)
followed by qPCR [106,127,128] or high throughput sequencing [129,130] further
established that hybrids accumulate /7 cisto DSBs induced by endonucleases. Strikingly,
genome-wide analysis of hybrid distribution around multiple DSBs indicated that hybrids
mostly accumulate at loci exhibiting transcriptional activity and/or high Pol 11 binding
[129,130], although few exceptions with very low levels of hybrid formation were also
reported at intergenic, Pol 11-unbound, loci [129]. Consistently, ROS-induced damage
display RNA:DNA hybrids accumulation only if the targeted locus is transcriptionally active
[109].

The exact mechanisms that underlie accumulation of R-loops is still under investigation

(Fig. 3). It has been proposed that they could be (i) either a consequence of DSB-induced
transcriptional pausing [129], a process known to favor R-loop formation [16,131,132], (ii) a
consequence of Jin ¢fs co-transcriptional pre-mRNA annealing with the resected strand [126]
or (iii) due to de novo recruitment of Pol Il and transcription at DNA ends, which would
produce a long non coding RNA (IncRNA) complementary to the resected strand
[106,127,133,134] (Fig. 3). Notably, RNA:DNA hybrids specifically accumulate in S-G2
[106] and inhibition of resection, by depleting CtIP, Exol or MRN, decreases hybrid
formation [106,107] suggesting that indeed these hybrids form, or are stabilized via
hybridization with available resected ssSDNA ends. Yet, genome-wide ChlP-seq experiments
against RNA Pol Il failed to demonstrate de novo recruitment at intergenic DSBs ([135], and
our unpublished observations). Along the same line, genome-wide analyses of Pol I1-
embedded RNAs by strand-specific NET-seq also confirmed that RNAs only accumulate at
DSBs induced in genic sequences [127]. This, together with the strong bias for DSB-induced
RNA:DNA hybrids to form at active loci compared to inactive loci [109,129], suggest that
proximity of pre-bound RNA Pol Il fosters (if not accounts for) the accumulation of RNAs
at DSBs. Whether at these loci, proximal Pol Il can be de novoloaded onto ssDNA to ensure
RNA production from the ends (Fig. 3 iii) is a matter of debate, which needs additional
experimental clarification. Indeed, this hypothesis was recently proposed from RT-gPCR
analyses [106,134] as well as NET-seq experiments ([127] and see Fig. 4A top panel at 200-
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kb scale). However, zooming in on this same data to a 4 kb and 400-bp scale failed to detect
Pol ll-embedded transcripts starting at the DSB ends (see Fig. 4A lower panel, data from
[127]), which may suggest other alternative hypotheses. Collectively, experimental data may
support the idea that R-loops accumulate at loci where Pol Il pauses following DSB.
Transcripts embedded in paused Pol 11 would further hybridize with either the double-
stranded DNA and/or the ssDNA after resection takes place, accounting for increased
RNA:DNA hybrids, and potentially other processed RNAs, around DSBs (Fig. 4B). Further
characterization of these hybrids using for example DRIPc-seq, which allows both strands
specificity and exact length of hybrids to be determined, may help resolve this issue and
provide a better understanding of the nature of the DSB-induced RNA:DNA hybrids.

Regardless of the exact mechanism for generating these structures, DSB-induced RNA:DNA
hybrids may fulfill important functions during DSB repair (Fig. 5). RNA:DNA hybrids may
contribute to repair factor recruitment, as was proposed for CSB, Rad51, Rad52 and BRCA1
loading [106,107,109,130,136], as well as 53BP1 [127,130] andMDCI [127]. Of interest,
BRCA1, Rad52 and CSB were shown to directly interact /in vitro with RNA:DNA hybrids
[106,109,136]. RNA:DNA hybrids may further contribute to the production of DDRNAs, a
class of double-stranded small RNAs required for full DDR foci assembly (reviewed in
[137]). DDRNASs are reported as a general feature of DSBS, yet some evidence also suggests
that their accumulation may not be universal [130,138-140] and may be related to the
expression level of the host locus, as well as the presence of introns and splicing machinery
[138,139]. Hence, future studies are required to understand the frequency and contribution
of DDRNAs during DSR repair in general and TC-DSBR more specifically (Fig. 5). RNAs
within RNA:DNA hybrids could serve as a template for repair [141], by a yet undeciphered
mechanism (reviewed in [137,142]) which requires at least CSB and Rad52 [108,136](Fig.
5). In this respect, the unique strand exchange activity of RAD52 with homologous ssSRNA
in vitro [143] further points toward a potential role of RNA:DNA hybrids (independently
shown to recruit Rad52, see above) in RNA-templated repair. Finally, RNA:DNA hybrids
have important roles in controlling resection and/or ssSDNA binding factor assembly (Fig. 5).
On one hand, some data indicate that they could promote resection: indeed Drosha
depletion, necessary for hybrid accumulation, decreases resection [130] and transcription
inhibition using DRB (expected to decrease hybrids) impairs RPA recruitment [107], In
contrast, in S.pombe, overexpression of RNAse H (which also decreases hybrids) enhanced
the extent of resection as detected by the spreading of RPA binding and single-strand
annealing (SSA) frequency [133], suggesting a potential anti-resection role for RNA:DNA
hybrids. Lastly, other studies have suggested that RNA:DNA hybrids act downstream of
resection and rather regulate the recruitment of ssDNA binding factors. For example,
transcription inhibition by a amanitin-treatment was reported to have no effect on resection
(as detected by BrdU staining) and to rather increase RPA binding [106]. Secondly,
depletion of Dead box 1 (DDX1), a RNA:DNA hybrid helicase, does not impact CtIP
recruitment (resection initiation) but does decrease RPA foci assembly [126]. Finally, the
depletion of senataxin (SETX), another RNA:DNA helicase specifically recruited at
damaged active genes and not at other DSB induced elsewhere on the genome, does not
affect resection but reduces Rad51 binding [129]. Collectively, all these data suggest that
RNA:DNA hybrids form at DSBs-induced in active genes. More work is required to know
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whether these are just a side effect of transcription extinction (Fig. 4B) or result from an
active process dedicated to produce such intermediates de novo (Fig. 3 iii), and to fully
determine whether they display important functions during repair or are rather obstacles that
need to be displaced. Of importance, these structures possess the capability of regulating
ssDNA accessibility, which has profound impacts on the repair output (see next section).

Removal of secondary structures is necessary for repair completion

The RNA:DNA hybrids referenced in the above section, by assembling on the resected
strand or/and by controlling the resection rate, strongly regulate sSDNA availability for
further steps in homologous recombination (RPA assembly, homology search, strand
invasion). In agreement, depletion of SETX or DDX1, both shown to be recruited at DSB
forming RNA:DNA hybrids (see above), impairs Rad51 loading and HR [126,129]. Notably,
XPG, a R-loop processing factor [73] is also recruited at DSBs and necessary for TC-DSBR
completion by HR, along with RAD52 [107], as is RNase H2 [106] (Fig. 6, right side of the
break). Recently, RPA has been described as able to assemble on the displaced ssDNA of R-
loop structures and, more importantly, to trigger RNase H targeting at sites of R-loops on the
genome [144]. This raises the interesting possibility that this could also occur on resected-
RPA-coated DSB ends, thereby creating a feedforward enhancing loop: as soon as a small
patch of ssDNA would be made available thanks to RNA:DNA hybrid unwinding activities,
RPA binding would further recruit RNase H, fostering hybrid removal and further RPA
binding/spreading to allow HR repair.

Defects in hybrid removal during DSB repair have profound impact on repair outcome and
cell survival. In human cells, depletion of SETX triggers a strong increase in translocation
frequency and DSB-induced lethality [129]. Similarly, rnaseh1/rnaseh2 mutant yeast strain
display persistent Rad52 foci, increased usage of Break Induced Replication and increased
lethality, phenotypes suppressed by BIR inactivation [145]. Altogether these data suggest
that upon inactivation of RNA:DNA hybrid removal mechanisms, HR is compromised and
alternative repair pathways take over, eventually leading to impaired repair capacities and
loss of viability.

Beyond R-loops and/or RNA:DNA hybrids repair intermediates removal, evidence is
accumulating that G4s can also act as roadblocks for DSB repair (Fig. 6 left side of the
break). Notably, various proteins that display G4 binding or melting properties (reviewed in
[146]) are recruited at DSBs and/or promote repair. This includes BLM and WRN, two G4
unwinding helicases with 3’to 5’ directionality [146,147], Pifl, FANCJ, DNA2 and RTEL1,
all 5’ to 3" G4 unwinding helicases [148-151], CSB [152], as well as Rif1, a G4-interacting
53BP1 effector [153,154], Even though their G4 helicase function may not be the sole role
of these proteins in DSB responses, it is interesting to note that most of them are involved in
hereditary syndromes with genetic instability and cancer susceptibility.

G4 structures that pre-exist before break induction may block or reduce resection
processivity as suggested by the recent finding that the helicase activity of Pifl is required
for resection [149]. Consistently, Pifl depletion strongly affected HR [149]. Notably,
artificial introduction of TG repeats on one side of a DSB dramatically impairs resection on
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the TG-rich side of the break and triggers translocation in yeast [155]. While in this study
the authors did not investigate whether such behavior is due to secondary structure
formation, it raises the important possibility that resection processivity and symmetry at
natural loci contribute to the efficiency of HR and to the translocation outcome in human
cells.

In addition, G4 and hairpins can also accumulate in ¢/sto DSB on the resected strand (Fig.
6). In this respect, RPA was shown to be necessary for elimination of hairpins [156,157].
Moreover, break induction by CRISPR/Cas9 was recently reported to increase G4 structures
in the vicinity of DSB [158]. The authors proposed that free sSSDNA may fold to form G4
structures which then require BLM and PARP3 for unwinding and proper HR [158]. At last,
it is likely that RNA:DNA hybrids and G4/hairpins crosstalk during DSB repair: on double-
stranded DNA, G-quadruplexes formation stabilize R-loops, and hence combined R-loop/G4
structures may act as strong roadblocks for resection and repair. In contrast, on sSDNA, it
can be envisaged that RNA hybridization could rather be antagonistic to hairpin and G4
assembly.

Concluding remarks

Altogether, recent studies have then determined that i) transcribed loci are prone to DNA
secondary structures such as G4 and R-loops, ii) these secondary structures are potent
inducers of DSBs, and iii) a specialized pathway acts to repair these DSBs induced in Pol II-
bound, transcribed, secondary structure-forming, loci. Moreover, DSB production also
further trigger accumulation of these non-canonical DNA/RNA structures, due to the
regulation of Pol 1l and chromatin at damaged genes and to the generation of single-strand
DNA by resection. Hence, repairing these loci represent a tremendous challenge that
nevertheless shall be accomplished with minimal genetic change, given the function of
transcribed loci as essential bricks for cell function and fate. Yet the exact nature of
RNA:DNA hybrids and DNA secondary structures at DSBs is still unclear, and the processes
that are responsible for their accumulation and dissolution, as well as how these factors are
switched between damaged and undamaged states within chromatin, are only starting to be
deciphered. Future work will be necessary to fully apprehend the complexity and
metabolism of non-canonical DNA/RNA structures as well as their consequences on genome
integrity.
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Figure 1. Repression of transcription at damage-associated loci.
Undamaged chromatin is decorated by histone modifications that promote transcription.

Upon DSB formation, chromatin is highly modified and participates along with pre-existing
marks to facilitate repressive chromatin and altered RNA Pol I, which collectively tune
down transcription to coordinate repair activities within these damage gene loci. DSB -
DNA double-strand break.
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Figure 2. Transcription-coupled DSB Repair pathway (TC-DSBR) repairs DSBs occurring in
transcriptionally active loci.

R-loops and G4 structures accumulate at transcribed genes, mainly over TSS and promoter
regions, where they can induce DSBS, resulting in a rapid transcriptional arrest of the local
elongating RNA polymerases (RNA Pol I1) (see Fig. 1). We propose that secondary DNA
structures may inhibit fast and accurate NHEJ pathway, consequently triggering DNA ends
processing, further stimulated by CtIP recruitment through LEDGF/H3K36me3 interaction.
In G1 cells, this short range resection may delay repair and promote DSB clustering [117].
These processed DNA ends may require DNA Pola dependent fill-in to complete repair by
NHEJ. In S/G2 cells, long range resection of the 5’ strand allows formation of a 3’
nucleoprotein filament further available for HR repair using the available sister chromatid as
a template.
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Figure 3. Hypotheses for RNA:DNA hybrids and/or R-loops formation at transcriptionally active
broken loci.

(i) The signaling of a DSB occurring in a Pol 11-bound locus induces transcriptional pausing
known to trigger R-loops formation. (7)) Nearby pre-mRNA hybridizes with the single-
strand DNA following resection. (777) Pol Il is de novo recruited and uses the single-strand
DNA available following resection as a template to generate a RNA:DNA hybrid.
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Figure 4. A proposed model for RNA production around DSB.
A. Genome browser screenshots showing Pol Il occupancy (ChIP-seq data in undamaged

DIVA cells [129]) and NET-seq data from [127] in undamaged U20S cells (NET-seq -DSB)
and in damaged DIVA cells (NET-seq +DSB), at different scales, around two AsiSl-induced
DSBs. The DSB position is indicated with a vertical dotted line. Note that Pol 11-embedded
transcripts are not exactly starting at the DSB position even following damage. B. A
proposed model of RNA:DNA hybrids and R-loops accumulation after DSB occurring in
transcriptionally active genes. 7op panel. In normal conditions (no DSB), sense and
antisense transcription can produce R-loops on melted promoters [17] (see for instance Fig.
4A, 4kb scale, NET-seq data in absence of damage, in blue, where low level of antisense
transcription is detected upstream TSS). Downstream of the TSS, elongating Pol Il can also
produce transient RNA:DNA hybrids during the process of transcription. Lower panel: As a
consequence of DSB induction (damaged locus), the transition from initiation to elongation
is inhibited. Non elongating Pol Il accumulate at melted promoters of damaged genes,
increasing sense and antisense transcription (see for example Fig. 4A, at 4kb and 400bp
scale, the NET-seq data in presence of DSB, in red), further enhancing R-loops. Moreover,
downstream TSS, DSB-induced Pol 1l pausing, or simply a decrease in Pol Il elongation
rate, triggers RNA:DNA hybrids accumulation, which may also be further stabilized as the
resection machinery uncovers single-strand DNA.
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Figure 5. Possible functions of RNA:DNA hybrids during DSB repair.
RNA:DNA hybrids formed around the break could serve: 1. as a platform to recruit DSB

repair proteins; 2. to produce DNA damage response RNAs (DDRNAS); 3. as a template for
a RNA-mediated repair mechanism 4. to control resection and single-strand binding proteins
assembly, thereby regulating downstream events such as Rad51 nucleofilament assembly
and homologous recombination.
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Figure 6: Pre-existing and DSB-induced G4 and RNA:DNA hybrids shall be dissolved for repair
completion.

Right side of the DSB: RNA:DNA hybrids that pre-exist and accumulate following DSB
shall be removed to ensure RPA loading. SETX, XPG and RNAse H participate in hybrids
dissolution. In this respect, RNAse H recruitment by RPA may allow processive hybrids
unwinding and RPA spreading. Left side of the DSB. G4 shall also be disassembled for
repair. Pifl is necessary for DNA double-strand G4 unwinding, allowing resection. On
another hand, G4 were also proposed to form on the resected strand which may require
BLM and PARP3 for dissolution and RPA binding. Together these processes allows Rad51
nucleofilament assembly and HR.
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Table 1.
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sequences.
DSBs distribution Organism Experimental conditionl Method Studyz
Active TSSs mouse WT and AID-/- B cells HTGTS [48]
Active genes, TSSs mouse WT and AID™~ B cells TC-seq [60]
Predicted G4-containing gene bodies human pyridostatin YH2AX ChIP-seq [11]
Highly transcribed genes, repeated sequences and human none and hydroxyurea (replication RPA, yH2AX, [45]
GC-rich regions stress), WT, XRCC2753BP1/~ cells | BRCAL, SMC5
ChlIP-seq
Alpha-type satellite repeats prone to hairpins, CFSs human none and aphidicolin (replication BLESS [52]
and long active genes stress)
Promoters of high and medium expressed genes human etoposide DSB-seq [64]
Preferentially occur at genes transcriptionally yeast hydroxyurea, WT and Mecl mutant Break-seq [159]
induced by HU cells
Promoter/TSS of active genes mouse none, etoposide, doxorubicin and BLESS [61]
aclarubicin
Breakpoint hotspots near centromeric or telomeric human none GUIDE-seq [46]
regions
H3K4me3 enriched loci (specific mark of active human none RAFT [62]
gene promoters)
Topo lIp-induced DSBs at promoter regions of mouse etoposide, 70p2b shRNAs YH2AX ChiP-seq [160]
neuronal early-response genes
Active TSSs mouse Neural Stem Cell Progenitors, WT, HTGTS [59]
Xrecd™ p53~- and ATM /-
Within long, actively transcribed and late replicating | mouse Neural Stem Cell Progenitors, WT, LAM-HTGTS [58]
neural genes Xrced ™~ p537/~, aphidicolin
(replication stress)
G4-forming sequences, CTCF binding sites, highly human none DSB-capture [50]
transcribed loci, 5’UTRs, promoters and TSSs
RSS heptamer cleavage sites at Ig and TCR loci and mouse ATM -, Ligd™"~ END-seq [51]
RAG off-targets at cryptic RSSs
TSSs and along the gene body of highly expressed human, etoposide BLISS [53]
genes mouse
Loop anchors (CTCF and Top2 binding sites) mouse none and etoposide END-seq [161]
CFSs (very long active genes) and ERFSs chicken aphidicolin (replication stress) FANCD?2 ChIP-seq | [57]
G4 motifs on active genes (higher on transcribed mouse, BLM™~ cells Strand-seq (SCE [49]
DNA strands) and at promoters human mapping)
rDNA and 3' end of R-loops yeast Senl and Rnases-H A triple strain Rad52 ChlP-seq [66]
Preferentially within introns and repeated sequences | mouse differentiating spermatids Breakome [162]
Intergenic, replication origins, single-strand and mouse, none and hydroxyurea (replication END-seq [67]
unprotected poly(dA:dT) tracts within ERFSs, CFSs | human stress)
and rDNA, prone to form non-B DNA structures
G4-forming sequences yeast none and Pifl mutant cells i-BLESS [65]
CTCF binding sites, repetitive DNA that form stable | mouse, ATR inhibitor, aphidicolin, RPA ChIP-seqand | [55]
intrastrand secondary structures (microsatellites, human TIMELESS shRNAs BriTL

inverted retroelement repeats, and quasi-palindromic

AT-rich repeats)

1(genetic background or drug treatment)
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(references in chronological order)
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