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During the past several years, an increasing number of obstacles to DNA-related transactions was found to
similarly trigger DNA repair and tolerance mechanisms. Among them, RNA-containing structures have recently
caught the attention of DNA biologists. These range from single ribonucleotide insertions to RNA stretches,
DNA:RNA hybrids and R-loops, in which a single-stranded DNA is displaced. Such structures are observed in
diverse species and represent a significant fraction of their genomes: for example, ribonucleotides are incorporated
in newly synthesized DNA at an overall rate of ~1:1000 nucleotides and R-loops occupy approximately 5% of the
human genome. It has become increasingly clear that these structures are relevant for genome integrity: on the
one hand, genetic screens have highlighted the importance of RNA metabolism factors in the DNA damage
response, and on the other hand, factors classically associated with DNA repair or genome maintenance handle
RNA-containing substrates in vitro.
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| 1. When DNA Polymerases Meet Ribonucleotides
1.1. DNA Polymerases Can Use rNTPs during DNA Synthesis

Since DNA polymerases are generally unable to catalyze de novo DNA synthesis, the initiation of DNA replication
requires the activity of DNA-dependent RNA polymerases, or primases, which utilize ribonucleotides triphosphate
(rNTPs) to synthesize short, ~10 nt-long RNA primers, providing a free 3' hydroxyl for further leading and lagging
strand elongation. Notably, replicative DNA polymerases (Pol a, Pol 8, and Pol ¢€), despite having a steric-gate
residue favoring dNTP selection at their nucleotide binding pocket, can also incorporate rNMPs into newly
synthesized DNA, as highlighted by in vitro studies [; Figure 1a). Even with rNMP incorporation disfavored, the
high cellular concentration of INTPs compared to dNTPs results in rates of ribonucleotide misincorporation within
nascent DNA from ~1:600 to ~1:5000 depending on the DNA polymerase considered W2, Thus, rNMP insertion

represents a major error that occurs during DNA replication, which has been confirmed by genome-wide mapping
Ei}
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Figure 1. The variety of RNA-containing structures in the genome. Different types of ribonucleotide- or RNA-
containing structures are represented in orange. The enzymes with reported contributions to their generation or
removal are listed in blue and magenta, respectively, and the repair pathways with which they are associated are
italicized. The orange and grey arrows indicate the direction of RNA and DNA synthesis, respectively. RNAP, RNA
polymerase. (a), Ribonucleotide incorporation during DNA replication. For simplicity, only one branch of the
replication fork is represented. (b), R-loop formation and resolution. (¢), DNA:RNA hybrid accumulation at DSBs.
(d), RNA-templated DNA repair. The cDNA produced upon reverse-transcription can also be used in homology-

directed repair in a Rad51- and Rad52-dependent process (not depicted). See text for detalils.

1.2. Recognition of Embedded Ribonucleotides: Genotoxicity vs. Tolerance

The insertion of rINMPs in the genome enhances DNA reactivity, favors alkali cleavage, and causes backbone
distortions, with possible repercussions on DNA-related transactions, such as replication and chromatin assembly
@ In view of their potentially deleterious effects, genome-embedded rNMPs are efficiently removed by
ribonucleotide excision repair (RER), an error-free pathway that relies on ribonucleotide recognition and excision
by RNase H2, which also removes the RNA stretches generated by primase activity [4l. Alternatively, in the
absence of RNase H2, ribonucleotide insertion leads to topoisomerase I-dependent cleavage, eventually leading to
short deletions in repeated sequences, as revealed by in vitro and in vivo studies B8, Furthermore, the
accumulation of rNMPs insertions in the genome causes replication stress and genetic instability, as shown by the
phenotypic analysis of RNase H2 loss-of-function or pol ¢ steric-gate mutants BBl post-replication repair
pathways are also required to tolerate rNMPs insertions within the genome. Notably, translesion synthesis by Pol ¢
can utilize rINMP-containing templates, as confirmed by in vitro studies [,

1.3. How Ribonucleotides Insertions Benefit Genome Homeostasis
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Although the insertion of ribonucleotides and their processing by the DNA metabolism machinery can be
detrimental for genetic stability, they can benefit genome homeostasis in some situations (Figure 1a). For example,
some non-replicative polymerases, such as Pol p, exhibit atypically high rNMPs incorporation rates 2. Importantly,
Pol p activity is required to fill DNA overhangs before ligation in the non-homologous end joining (NHEJ) pathway.
Thus, ribonucleotide incorporation by Pol u favors the action of DNA ligase 4, which tolerates mispairs or gaps in
the opposite strand, yet in this case prefers a terminal ribonucleotide . Another DNA repair pathway that
reportedly uses embedded ribonucleotides is mismatch repair (MMR), which is particularly critical to correct
nucleotide misincorporations that occur during replication. Unrepaired rNMPs, whose insertions are naturally
restricted to newly synthesized DNA, likely mark the DNA strand in which mismatches have to be corrected.
Indeed, RNase H2 is required in vitro and in vivo for mismatch repair in the leading strand 19X supporting a
model in which recognition and cleavage at embedded ribonucleotides provides a strand-specific entry site for the
MMR machinery. Whether other DNA repair pathways, beyond NHEJ and MMR, similarly involve one or multiple
enzymatic activities with a shared preference for rINMPs remains to be determined. Of note, the presence of a few
embedded ribonucleotides enhances the in vitro resection activity of EXO1, a nuclease involved in the processing
of DNA double-strand breaks (DSB) 121, supporting the existence of additional cellular activities preferably handling

rNMP-containing substrates.

2. R-Loop Formation: Is the Homologous Recombination
Machinery Invited?

The presence of RNA moieties within genomes is not limited to embedded ribonucleotides or RNA primers
introduced by the replication machinery. In addition, RNA molecules transcribed by RNA polymerases can anneal
to their complementary DNA following their synthesis, generating DNA:RNA hybrids with displaced ssDNA strands,
or R-loops (Figure 1b). This process is favored by the negative super-coiling of the DNA helix behind the
transcribing polymerase and the G-richness of the RNA moiety, but counteracted by RNA folding and
ribonucleoparticle assembly 131, While unscheduled accumulation of R-loops leads to genomic instability, their
programmed formation can contribute to epigenetic or transcriptional regulation 23Il141 Strikingly, although R-loops
can form spontaneously upon in vitro transcription of R-loop-prone sequences 13, a growing body of evidence

supports the notion that their generation involves dedicated enzymatic activities.

2.1. R-Loop Formation: Are There Enzymatic Activities Involved In Vivo?

R-loops are mostly believed to form co-transcriptionally, whereby the RNA molecule synthesized by an RNA
polymerase hybridizes to its DNA template in cis. Furthermore, specific reporter systems have been designed to
address whether R-loops can also form in trans. In that case, the RNA released from its transcription site would
anneal to an homologous sequence elsewhere in the genome. Koshland and colleagues designed an S.
cerevisiae strain, in which the same sequence is carried by both chromosome IIl and a yeast artificial chromosome
(YAC). DNA:RNA hybrid immunoprecipitation (DRIP) using the S9.6 monoclonal antibody, which binds hybrids with
high affinity, revealed that transcriptional induction from the chromosomal locus triggered DNA:RNA hybrid

formation on the YAC homologous sequence, suggesting that the corresponding RNAs can form R-loops
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in trans €1, More recently, Lingner and colleagues reported in human cultured cells that plasmid-borne expression
of telomeric repeat-containing RNAs (also known as TERRA) leads to their recruitment at telomeres through
DNA:RNA hybrid formation in trans 4. Strikingly, in these situations, the formation of DNA:RNA hybrids requires
the homologous recombination (HR) protein Rad51 2718l and furthermore, in human cells, depends on its strand-

exchange activity (12 Figure 1b).

Does the formation of endogenous R-loops at genomic loci also require Rad51? Naturally-occurring telomeric R-
loops were found to similarly depend on Rad51 in human cells, as shown by DRIP 7. In both budding and fission
yeasts, the spontaneous accumulation of R-loops detected in certain RNA metabolism mutants was suppressed in
the absence of Rad51 as well as Rad52, an important Rad51 mediator protein 1828 On the other hand, R-loops
scored upon inactivation of the mRNA biogenesis pathway (tho mutants), or upon simultaneous inactivation of
RNase H1 and RNase H2, do not require Rad51 activity for their formation 2819 Of note, these reports have used
distinct R-loop detection assays, including immunofluorescence with the S9.6 antibody, an approach reportedly
suffering from specificity issues 29, Thus, complementary studies are required to assess whether Rad51 is
generally required for R-loop formation at genomic loci in cis, and how it impacts the formation of R-loops at

repeated sequences in trans.
2.2. Proposed Mechanisms for How HR Proteins Could Favor R-Loop Formation

Rad51 was found in complex with TERRA or certain mRNAs in vivo— 421 and in vitro binding assays support the
idea that this association is direct and involves its ssDNA binding activity 7. These observations raise the
possibility that Rad51 catalyzes the invasion of the RNA into the duplex DNA in a mechanism resembling the
reaction occurring during homology-directed repair (HDR). Consistent with this view, in vitro assays revealed that
pre-incubation of human Rad51 with TERRA RNAs promotes invasion of a circular dsDNA template, which
depends on the strand-invasion activity of Rad51 in the so-called forward strand-exchange reaction (1Z: Figure
2a). Since the same result was not observed in another similar assay 22, further in vitro experiments are
necessary to identify the requirements for this Rad51 strand-exchange activity and reconcile these conflicting
results. In this view, it is likely that the sequence of the RNA substrate and the topology of the dsDNA template
influence R-loop formation in such assays. Furthermore, although Rad52 is unable to perform this reaction in vitro
(23] the ssDNA-binding protein complex, RPA, also exhibits R-loop forming activity in vitro on a circular dsDNA
template in the forward strand-exchange assay 22, suggesting that additional proteins of the HR machinery should

be tested for their contribution to R-loop formation in vivo.
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Figure 2. An overview of the enzymatic reactions engaging RNA-containing structures. Examples of enzymes
reported to catalyze the indicated reactions are listed, and their respective substrates and products are
represented for forward and inverse strand exchange (a,b), branch migration (c), RNA degradation (d) and
DNA:RNA unwinding (e). Note that RNase H2 can also excise ribonucleotides and degrade short RNA primers

embedded within the genome.

An alternative proposed mechanism for R-loop formation could involve an inverse strand-exchange reaction, in
which binding of a recombinase to dsDNA favors strand exchange with a free complementary RNA template, an
activity displayed in vitro by the bacterial recombinase RecA 24123l and by Rad52 (28; Figure 2b). However, the
fact that Rad51 proteins do not support the inverse strand-exchange reaction in vitro 28, while being required for

R-loop formation in vivo, favors the forward model.

A third possibility may involve Rad51 DNA strand exchange activity during a classical HDR reaction, where the
displaced ssDNA could anneal to complementary RNAs, as previously hypothesized L1181 |n the future, identifying
whether specific cofactors are important for RNA-dependent Rad51 activity will certainly pave the way to a better

understanding of the catalytic reactions underlying R-loop formation. In this respect, it should be noted that these
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processes may also involve activities outside the HR machinery, as supported by the described DNA-RNA strand
exchange activity of the polycomb repressive complex PRC2 in vitro 2, and by the reported requirement of RNA

helicases (i.e., DHX9, DDX1) for unwinding RNA secondary structures prior to R-loop formation in vivo [28129],

2.3. Addressing the Impact of HR-Dependent R-Loops on Genome Functions

Although there is increasing evidence supporting a role for the HR machinery in contributing to R-loop formation, it
is still an open question as to how this process impacts genome integrity. Rad51-dependent genetic instability was
reported for yeast artificial chromosomes or human telomeres forming R-loops in trans 118 A possible
interpretation of these observations is that Rad51 activity itself is responsible for the generation of R-loops in trans,
resulting in the observed genetic instability. An alternative interpretation, which is not dependent on Rad51 R-loop
forming activity, is that the R-loops themselves trigger DNA damage that is channeled into Rad51-dependent HDR
events, leading to genetic instability. In agreement with the latter possibility, existing evidence supports the idea
that R-loop formation can precede Rad51 binding. For example, transcription stimulates Rad51 recruitment to YAC
sequences 18 and R-loop formation is a prerequisite for Rad51 binding to shortened telomeres, whose length
maintenance involves the HDR pathway (9. Understanding whether the HR machinery contributes to the
generation of genotoxic R-loops in some situations will certainly require genetic tools to disentangle its function in
hybrid formation from its role in hybrid-dependent DNA damage repair. Progress in this direction has been made
utilizing a Rad51-independent single-strand annealing assay, which revealed that R-loop-associated genetic
instability mainly arises from RNA produced in cis and does not require Rad51 activity 221, Importantly, beyond their
impact on genome integrity, R-loops formed in trans could also regulate transcription of their target loci, as reported
in yeast and plants 2132, Whether the HR machinery contributes to R-loop formation in the context of coordinated

transcriptional regulation remains to be determined.

3. R-Loop Resolution: Where DNA Repair Enzymes Come to
Play

While the intrinsic ability of HR proteins to handle nucleic acid molecules can contribute to the formation of R-loops,
a number of DNA repair factors have also been shown to recognize these structures, contributing to their removal

or processing them into damage.

3.1. Direct and Indirect Roles of DNA Repair Factors in R-Loop Dissociation

The Fanconi Anemia (FA) pathway involves a number of factors that cooperate to remove replication-blocking
lesions, such as inter-strand crosslinks, ensuring genome integrity during cell cycle progression. Strikingly, several
FA proteins, i.e., BRCA1, BRCA2 and FANCD?2, are recruited to transcribed, R-loop forming regions, and their
inactivation triggers the accumulation of R-loops and R-loop-dependent damage [33I34135]36] \Whijle FA proteins
may directly recognize R-loops, as shown in vitro for FANCI-FANCD2 B7, their activity at sites of transcription-

replication conflicts may contribute to R-loop resolution through different mechanisms (Figure 2c—e).
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The branchpoint translocase activity of FANCM, which was previously reported to target replication forks and
Holliday junction intermediates, can dissociate DNA:RNA hybrids in vitro B8B83 Although the canonical FA
pathway is absent in budding yeast, inactivation of Mph1, a FANCM-related helicase, leads to R-loop accumulation
and co-lethality with RNase H inactivation 4941l Together with the observation that Mph1 dissociates R-loops in

vitro 38, these data support a conserved function in R-loop resolution for branchpoint translocases.

Other R-loop-removing activities are recruited through the FA pathway, as exemplified by BRCA2 association with
RNase H2 2l |n addition, BRCA1 and BRCA?2 interact with SETX and DDXS5, respectively, two DNA:RNA hybrid
unwinding helicases, likely favoring their activity at the sites of hybrid formation (B2l43l: Figure 1b). Finally,
members of the FA pathway were also reported to associate with BLM, a RECQ-helicase involved in the resolution
of concatenated DNA molecules at replication forks. Strikingly, inactivation of BLM in human cells, or of its
counterpart Sgsl in yeast, triggers R-loop accumulation and R-loop-dependent genetic instability 4. Of note, both

BLM and Sgs1 unwind R-loop substrates in vitro, with the same efficiency as D-loops [£41[43],

A number of FA-associated factors thereby participate in R-loop removal through different enzymatic mechanisms.
How these distinct activities are coordinated and whether they also contribute to R-loop resolution independently of

replication are still open questions.
3.2. R-Loop Processing by DNA Repair Enzymes

The R-loop structure can also be recognized by different DNA repair enzymes with single-strand endonuclease or
DNA-modifying activities, leading to DNA incision or modification. In most cases, inactivation of such enzymes
leads to R-loop accumulation, yet suppresses R-loop-dependent damage [4814711481[49] | this setting, the XPF and
XPG endonucleases, which are well characterized for their role in excising single-strand DNA patches during the
course of Nucleotide Excision Repair (NER), were the first enzymes proposed to process R-loops into genotoxic
intermediates. XPF and XPG trigger genetic instability when R-loops accumulate following the inactivation of
several R-loop preventing factors, including SETX and AQR helicases, or topoisomerase |, or upon transcriptional
induction by estrogen (281491501 |t js Jikely that XPF and XPG recognize within the R-loops the same dsDNA-ssDNA
junctions that they target in the NER pathway. Consistently, XPF and XPG introduce single-strand breaks within in
vitro formed R-loops B although additional factors, including the Transcription-Coupled Repair (TCR) proteins
XPA, XPB, CSA and CSB, contribute to their R-loop processing function in vivo 8,

A growing number of enzymes associated with distinct DNA repair pathways were similarly proposed to target
ssDNA within R-loops, thus mediating their damage-triggering potential (Eigure 1b). The Flap-endonuclease FEN1,
which functions in Okazaki fragment processing and Base Excision Repair (BER), and to a lesser extent, the
nuclease MRE11, which mediates double-strand break (DSB) resection, cooperate with XPF/XPG to generate
DNA breaks at R-loops formed upon topoisomerase | inhibition in human cells 2. |n addition, the CtIP
endonuclease, another DNA end processing factor, was also shown to prevent R-loop accumulation and to
stimulate ssDNA break formation in mammals, a function possibly conserved with its yeast orthologue, Sae2,

whose inactivation exhibits genetic interaction with R-loop-resolving factors 8. Finally, the MutLy complex, the
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endonuclease component of the MMR pathway, causes R-loop-dependent genetic instability at triplet nucleotide
repeat (TNR) loci in budding yeast 7. However, in most of these situations, the cleavage of R-loop substrates by
the corresponding nucleases has not been reconstituted through in vitro assays, and the contribution of their
enzymatic activities in R-loop processing was not evaluated in vivo. Such an assessment is all the more important

since there is a case where a non-nucleolytic role has been assigned to the Mrell nuclease in R-loop regulation
[40]

Beyond nuclease-mediated cleavage, the ssDNA exposed by R-loops can also be targeted by base-editing
enzymes. In yeast, expression of distinct mammalian cytidine deaminases, i.e., AID and APOBEC3B, triggers R-
loop-dependent mutagenesis with a bias for the non-transcribed strand 221531, |n addition, the native yeast cytosine
deaminase, Fcyl, is recruited to R-loop-forming TNR loci and contributes to their fragility. Fcyl-mediated cytosine
deamination to uracil channels these loci towards the BER pathway, where the sequential action of the uracil
glycosylase Ungl and the abasic site endonuclease Apnl cause TNR contractions 2. Of note, in vitro studies
confirmed that an abasic site within a synthetic R-loop is targeted by APE1, the major human apurinic

endonuclease 34,

3.3. DNA Repair Enzymes Encountering R-Loops: A Double-Edged Sword?

R-loop processing by the aforementioned nucleases may result in erroneous, unscheduled generation of DNA
damage on R-loop forming sequences, accounting for R-loop-associated mutagenesis and genetic instability.
However, ssDNA cleavage events may be part of natural R-loop clearance pathways ultimately favoring DNA repair
and genome integrity. Taking this view, cleavage could release structural constraints associated with R-loop
formation and further expose ssDNA ends, providing the entry point for R-loop-resolving enzymes acting
downstream in R-loop removal. Supporting this hypothesis, telomere fragility caused by FEN1 inactivation is
mitigated by hybrid degradation B2, and the sensitivity to genotoxic stress caused by Sae2 or CtIP loss-of-function
is alleviated when DNA:RNA hybrids are unwound by Sen1/SETX 8. Such observations suggest that these
nuclease activities are critical to resolving R-loop-containing intermediates that would otherwise compromise
genetic stability and survival. Similarly, repair of DSBs within transcriptionally-active regions can involve R-loop
cleavage by XPG, which channels repair toward homologous recombination €. Finally, RNA-dependent genetic
instability is utilized in host defense mechanisms for at least two well-characterized situations. In bacteria,
endonucleases of the CRISPR-Cas system use short RNAs as guides to cleave exogenous DNA molecules B, In
mammals, targeting AID to R-loops is part of the programmed genomic rearrangements occurring in class switch
recombination during the immune response, although the lack of strand-specific effects suggest the existence of

additional mutagenic mechanisms (reviewed in 28159,

While R-loop recognition and processing by DNA repair factors can be beneficial for genome homeostasis, it is
unclear which parameters dictate the choice of the nuclease(s) or modification enzyme(s) that will preferentially
engage in a given situation. In view of the preference of some enzymes (e.g., AID, [8%) for structured substrates, it
is tempting to speculate that the sequence, the ssDNA secondary structure and the topological constraints

associated with R-loops are features that define their processing.
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| 4. DNA:RNA Hybrids in DNA Repair: Scaffolds or Obstacles?
4.1. DNA:RNA Hybrids Accumulation as a Consequence of DNA Damage

As summarized above, DNA damage can result from the accumulation of diverse RNA-containing structures,
including DNA:RNA hybrids. Strikingly, the last decade has also revealed that DNA:RNA hybrids accumulate
in cis at DSBs caused by reactive oxygen species, laser irradiation or site-specific endonucleases, as observed in
several distant eukaryotes from yeast to metazoans 8162, |n this context, the hybrids have been proposed to form
as a consequence of de novo transcription initiating at DNA ends. Accordingly, RNA synthesis at DSBs is
associated with increased recruitment of RNA polymerase |l [B3I6465] ith reported contributions from RNA
polymerase Il 88 or RNA polymerase 1V in plants 7. In this view, DNA ends bound by MRN (MRE11-RAD50-
NBS1) function as promoters and assemble canonical pre-initiation complexes, resulting in bidirectional
transcription from the DSB site 82, Annealing of the newly synthesized RNA to the 3' DNA overhang generated by
resection then forms double-stranded DNA:RNA duplexes at the break (Figure 1c). Since hybrid accumulation has
been preferentially detected at DSBs located in transcriptionally-active regions 88 it is also likely that changes in
the dynamics of ongoing transcription contribute to the accumulation of canonical three-stranded R-loop structures

engaging the pre-existing RNAs (Eigure 1c). There is also evidence that in metazoans, DSBs trigger the formation

of small RNA species arising from the processing of double-stranded RNAs, which themselves result from the
hybridization of de novo and pre-existing transcripts near the break site 811, Interestingly, a novel species of small
single-stranded RNAs was recently reported to contribute to DNA repair in human cells £ In line with the
accumulation of various types of RNA and DNA:RNA hybrid species, DSBs recruit a growing humber of RNA and
R-loop processing factors, such as the exosome, the splicing machinery, RNase H2 and Sen1l/senataxin 226870
(24721 while the choreography of their respective recruitment will require further investigation, the network of RNA-

dependent interactions formed at DSBs has the potential to influence their fate and repair.

4.2. Do DNA:RNA Hybrids Contribute to the Outcome of DNA Repair?

The physiological relevance of the RNA and DNA:RNA hybrid response at DSBs has remained controversial,
possibly due to the different approaches used to address this question. Several groups have tackled the functional
consequences of RNA synthesis and DNA:RNA hybrid accumulation at DSBs, by interfering, for instance, with
transcription 83, RNA processing 3, RNA degradation 4, or hybrid accumulation B3IE8I72] | this setting,
impairing de novo transcription or RNase H-dependent hybrid removal reportedly reduces DNA repair efficiency, as
probed by HR or NHEJ reporters [E3I68II73] These studies support the idea that DNA:RNA hybrids are intermediates
in DSB processing. In contrast, preventing hybrid unwinding through Senl or senataxin inactivation was reported to
lead to increased NHEJ efficiency in yeast or human cells 8872 suggesting that the presence of DNA:RNA
hybrids modulates the DSB repair pathway choice. In the future, additional experiments using distinct reporter
systems will be required to tackle the functional importance of DNA:RNA hybrid formation for DSB repair. In
particular, it will be of paramount importance to provide novel tools to disentangle the multiple functions of the
aforementioned factors, not only at the DSB sites but also elsewhere in the genome. Indeed, inhibition of

transcription, or inactivation of the R-loop removing machinery, are expected to cause drastic changes in DNA and
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RNA metabolism, as exemplified by the transcriptomic changes that result from Senl or RNase H inactivation in
yeasts [Z3Il76],

4.3. Mechanisms by Which DNA:RNA Hybrids Impact the DNA Damage Response

How could the presence of DSB-associated DNA:RNA hybrids foster or impair DSB processing and repair? Hybrids
were proposed to protect DNA 3' overhangs (68, possibly preventing excess resection €2l while contributing to the
recruitment of a number of DNA repair factors, including RPA, BRCA1, BRCA2, 53BP1 [42l43I63I65]  ith some of
them possibly directly recognizing their structures. Consistently, in vitro reconstitution of de novo transcription
events occurring at DNA ends revealed that local RNA synthesis is sufficient to promote the recruitment of DNA
damage response factors, perhaps by forming foci that have liquid-phase separation properties 83, In line with the
reported role of RNA-protein interactions in granule formation, it is thus likely that the local accumulation of RNA
species or DNA:RNA hybrids helps spatially organize DNA damage recognition, signaling and repair. Conversely, in
some settings, hybrid accumulation has been shown to interfere with the recognition of DNA ends and to alter the
dynamics of the resection process 274 in line with the observation that resection enzymes are differentially
impaired by RNA-containing substrates in vitro 12, Similarly, hybrid accumulation was shown to counteract the
formation of Rad51 filaments (68! possibly explaining the increased NHEJ and decreased HR observed in this
situation. Beyond these apparent discrepancies, it is tempting to speculate that hybrid formation is regulated
according to the cell cycle stage or the level of genotoxic stress, to further modulate the efficiency and the accuracy

of DSB repair.

| 5. When RNA Acts as a Template in DNA Repair

In addition to forming structures that impact DNA repair, RNA molecules can also serve as a source of genetic
information to restore DNA sequences following damage. RNA-templated DNA synthesis had been observed for
decades, but this activity was believed to be restricted to reverse transcriptases (RT) encoded by virions or
retrotransposons, or telomerases. A growing body of evidence supports the view that RNA-dependent processes

are also used in cells to modify undamaged DNA sequences, or to repair DSBs.

5.1. RNA-Templated Repair: Lessons from Yeast

Studies performed in budding yeast in the early 1990s provided the first evidence for the involvement of RNA
intermediates in recombination. Garfinkel and colleagues introduced an artificial intron (Al) in the antisense
orientation within a reporter gene, and further scored genetic modification events relying on transcription and
splicing of the RNA intermediate 2. Strikingly, the detection of recombinants strictly required the expression of
endogenous Tyl retrotransposons, suggesting that their intrinsic RT activity could somehow handle cellular RNAs
and convert them into cDNAs used for recombination. Further studies suggested that Tyl cDNAs can serve as the
donor template for homologous recombination events targeting endogenous Tyl sequences, or for non-
homologous repair of inducible DSBs 87983 T specifically track the involvement of RNA intermediates in DSB

repair, Storici and colleagues further modified the Al reporter system by introducing an inducible DSB within an
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homologous sequence B, By using variations of this reporter system, in which the template RNA is transcribed
either at the inducible DSB locus (in cis), or from a remote sequence (in trans), they observed that the predominant
repair pathway involves the synthesis of a cDNA intermediate. Indeed, most RNA-dependent repair events are
suppressed in mutants impacting Tyl expression, upon pharmacological or genetic inhibition of RT, and

in Saccharomyces paradoxus strains lacking Tyl elements [23][81],

Beyond cDNA-mediated recombination, RNAs can also be directly used as recombination templates, without
reverse transcription. It was first reported that the introduction of RNA oligonucleotides within yeast cells allows for
the repair of chromosomal, inducible DSBs, yet this process does not depend on cellular reverse transcriptase
activities supplied by retrotransposons or telomerase B2, |n addition, the Al reporter system described above
further scored RNA-dependent recombination events that do not require cellular transposition and increase after
RNase H1 and H2 inactivation, supporting the existence of DNA:RNA hybrid intermediates 1. Such RNA-
templated repair occurs predominantly in cis, when the transcribed RNA is used to repair its own DNA sequence,

resulting in precise repair of the DSB using the information from the RNA template ],

5.2. Which Enzymatic Activities Are Necessary for RNA-Templated Repair?

The requirement for Rad51 and Rad52 homologous recombination proteins in cDNA-templated repair supports the
notion that classical HDR mechanisms are involved (22; Figure 1d). In contrast, direct RNA-templated DNA repair
only requires Rad52 as it is still observed in the absence of Rad51 or the Rad52 paralog, Rad59, or upon
inactivation of resection nucleases or NHEJ factors [28l23181 How could Rad52 catalyze RNA-templated
recombination? In vitro experiments revealed that Rad52 associates with a variety of RNA-containing substrates,
including ssRNA, DNA:RNA hybrids, and synthetic R-loops [28l83184]  One possible mechanism could thereby
involve the formation of a Rad52-RNA complex that would further engage with a DNA duplex in a forward strand-
exchange reaction, as observed in vitro (83: Figure 2a). Alternatively, a Rad52-dsDNA complex could interact with
an RNA molecule in an inverse strand-exchange reaction (Eigure 2b). Notably, both yeast and human Rad52 more
efficiently promote inverse compared to forward strand-exchange in vitro 2881l Furthermore, neither Rad51 nor
Rad59 displayed inverse strand-exchange activity in the same experimental setup 28], Together with the genetic
requirements of RNA-templated repair in vivo, these experiments support a model in which Rad52 inverse strand-

exchange activity catalyzes the annealing of dsDNA ends to transcribed RNA.

Once annealed to DNA, RNA molecules could contribute to DSB repair either by bridging the DNA ends, as
supported by in vitro experiments 3 or by providing a template that would be copied to elongate the DNA
molecule. Since RNA-templated repair occurs in the absence of retrotransposon-encoded reverse transcriptase
(23] the latter model is likely to involve cellular DNA polymerases. Although replicative DNA polymerases o and &
can handle RNA templates in vitro 82, RNA-templated-repair depends on the translesion polymerase Pol Z in vivo
((23: Figure 1d). Of note, in the system tested, Pol Z is also required for RNA-templated DNA modification occurring
even in the absence of induced damage (referred to as R-TDM in [23)). Whether this latter reaction involves
spontaneous or catalyzed R-loop formation requires further investigation, notably since the intron harbored by the

Al reporter may actually prevent hybrid formation 2!,
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5.3. RNA-Templated Rearrangements in Other Model Systems: Same but Different

While experiments performed in the budding yeast model have been instrumental in dissecting the genetic
requirements of RNA-templated repair, mounting evidence suggests that related mechanisms exist in other
organisms. Similar to the cDNA-templated yeast pathway, DSB repair can involve the capture of retrotransposon or
reverse-transcribed RNAs in mammalian cells [B8I8788] |n addition, RNA oligonucleotides can direct the repair of a
chromosomal DNA break in human cells, with a strand-bias consistent with a direct, RNA-templated mechanism
89 Furthermore, Rad52 has been detected at DNA lesions in GO or post-mitotic human cells, in a manner

depending on transcription and DNA:RNA hybrid accumulation [E4120],

Other examples of RNA-dependent rearrangements have been reported recently. In mammals, expression of
artificially-created chimeric RNAs can template translocations 2 and in plants, RNAs derived from ribozyme
processing following transgenic expression, or delivered by particle bombardment, can be used as donor repair
templates during CRISPR/Cpfl-mediated genome editing 22. RNA-templated rearrangements naturally occur in
ciliates, where small RNAs specify the retention or the removal of non-coding DNA sequences during the
development of the macronucleus (reviewed in 1), Since nascent RNAs are associated with the NHEJ machinery
in human cells, it is possible that RNA is used as an intermediate in an NHEJ error-free repair pathway 221931,

Whether RNAs serve as scaffolds, bridges or templates in these different situations remains to be determined.
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