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Abstract

DNA-RNA hybrids play a physiological role in cellular processes, but often, they
represent non-scheduled co-transcriptional structures with a negative impact on
transcription, replication and DNA repair. Accumulating evidence suggests that they
constitute a source of replication stress, DNA breaks and genome instability.
Reciprocally, DNA breaks facilitate DNA-RNA hybrid formation by releasing the double
helix torsional conformation. Cells avoid DNA-RNA accumulation by either preventing
or removing hybrids directly or by DNA repair-coupled mechanisms. Given the R-loop
impact on chromatin and genome organization and its potential relation with genetic
diseases, we review R-loop homeostasis as well as their physiological and pathological

roles.



R-loops are non-B DNA structures that form during transcription when the nascent
RNA anneals with the template DNA strand, thus displacing the non-template DNA
strand. The term R-loop refers to the three-stranded structure formed by the DNA-RNA
hybrid and the displaced single-stranded DNA (ssDNA), whereas DNA-RNA hybrid
only refers to the double-stranded structure, even though in many reports both terms
are used indistinctly. R-loops form generally behind elongating RNA polymerases as
structures that can be longer than 1 kb (Garcia-Pichardo et al., 2017; Li and Manley,
2005; Yu et al., 2003). There are two types of R loops, physiological and pathological.
The first ones normally rely on a programmed process requiring specific factors that
warrant their formation, the second ones occur accidentally in a non-scheduled
manner. DNA-RNA hybrid formation is specifically enhanced at certain regions where
they play a physiological function. These include Immunoglobulin class switching
recombination of B cells in vertebrates, mitochondrial DNA replication, CRISPR-Cas9
gene editing, specific regulatory steps in transcription initiation and termination,
telomere homeostasis, and some cases of bacterial plasmid replication, among others
(see Aguilera and Garcia-Muse, 2012; Crossley et al., 2019 ). However, hybrids have
also been detected all over the genome of bacterial and eukaryotic cells. The
frequency at which these occur at every transcribed unit has not been established yet,
but it is likely too low to represent a physiological structure with a global functional role,
but rather an accidental structure with a negative impact in the cell.

In general, R-loops may interfere with DNA replication, repair and transcription,
thus compromising genome integrity and function. Therefore, cells have developed
different mechanisms to either prevent or resolve such DNA-RNA hybrids. When any of
these mechanisms fail, R-loops become a threat to genome integrity and cell
proliferation, becoming a potential source of cellular pathologies. Apart from the fact
that a ssDNA may be highly accessible to metabolites, reactive oxygen species (ROS),
DNA modifying enzymes or nucleases that would increase the incidence of DNA
damage (Lindahl, 1993) features that can apply to the displaced ssDNA of an R-loop,
accumulated evidence suggests that R-loop-mediated replication fork (RF) stalling is a
major feature of transcription-replication conflicts and R-loop-induced DNA damage
(Boubakri et al., 2010; Tuduri et al., 2009; Wellinger et al., 2006). In order to
understand the impact of R-loops in cell fate and proliferation, we need to answer
guestions such as what differentiates physiological from unscheduled pathological R-
loops, how often unscheduled R-loops form along genomes, how cells protect
themselves from pathological R-loops, or how R-loops can affect chromatin structure

and compromise genome integrity. Here we review the relevant data that have



garnered attention for R-loops in the contexts of transcription, replication and repair,
with the aim at providing a current view of the molecular mechanisms controlling R-

loop homeostasis and how this might relate to disease.

Distribution, length and frequency of R-loops

Research on R-loop characteristics and distribution along the genome depends on the
tools available to detect them in vivo. Different methodologies have been developed to
detect DNA-RNA hybrids in vivo that include the isolation and physical analysis of
nucleic acids resistant to RNase A and sensitive to RNase H (Huertas and Aguilera,
2003); electron microscopy (EM) (Backert, 2002) or chromatin immunoprecipitation
(ChlP) and/or immunofluorescence (IF) using an inactivated RNase H (Chen et al.,
2017; Ginno et al., 2012) and the RNase H1 hybrid-binding domain (HB) fused to the
green fluorescent protein (GFP) (Bhatia et al., 2014) (Figure 1A). Nevertheless, the
most commonly used methods rely on the S9.6 anti-10 nucleotide DNA-RNA hybrid
monoclonal antibody (Boguslawski et al., 1986) (Figure 1A). This antibody has been
extensively used for DNA-RNA hybrid immunoprecipitation (DRIP) followed by either
gPCR at specific DNA regions or by sequencing for genome-wide studies, as well as
for IF. These analyses have enabled a relatively precise idea on the distribution of
hybrids along the different regions of eukaryotic genomes, mainly from Saccahromyces
cerevisae and human cells (El Hage et al., 2010; Ginno et al., 2012; Wahba et al.,
2011; Sanz et al., 2016). In both DRIP and IF assays, treatment with RNase H1, which
specifically degrades the RNA moiety of the hybrid, is required, since the S9.6 antibody
is also able to recognize double-stranded RNAs (dsRNASs) present at high
concentration at specific sites (Hartono et al., 2018; Silva et al., 2018).

In general, the initial genome-wide DRIP analyses have been confirmed and
extended by other approaches. These include using strand specific high-throughput
sequencing of either DNA libraries, marked with dUTP or with adaptors (Nadel et al.,
2015; Xu et al., 2017), or cDNA libraries obtained by RT-PCR from the RNA moiety of
hybrids after DNase | treatment (Sanz et al., 2016). Genome-wide analysis have
unveiled R-loops to be present in normal/wild-type cells at more DNA regions than
anticipated. Indeed, genome coverage data oscillates from 8% in yeast to 10% in
Arabidopsis or 5% in human cells (Wahba et al., 2016; Xu et al., 2017; Sanz et al.,
2016). Altogether the data indicate that DNA-RNA hybrids accumulate preferentially at
highly transcribed genes, including the rRNA and tRNA loci, as well as in some
transposable elements (Ty in yeast), centromeres and telomeres, antisense-RNAs or
NcRNAs regions (Chan et al., 2014; Chen et al., 2017; El Hage et al., 2014; Ginno et
al., 2012; Wahba et al., 2016). In yeast the R-loop-prone open reading frames (ORFs)



are generally highly transcribed and with high GC content, but the proportion of ORFs
observed fluctuates from 20% to more that 65% depending on the study (Wahba et al.,
2016; El Hage et al., 2014; Chan et al., 2014). This variability may be due to technical
differences in the DNA-RNA immunoprecipitation protocols (see Halasz et al, 2017). In
the case of mammalian cells R-loops are also detected mainly at active genes and they
also accumulate at promoter and terminator regions in which they play a role in gene
expression regulation (Ginno et al, 2012; Sanz et al, 2016). In addition, these studies
have permitted the identification of sequences prone to DNA-RNA hybridization such
as GC-rich sequences, CpG islands, transcription termination sites with high GC-skew
or G-quadruplex (G4)-containing sequences (Ginno et al., 2012; Sanz et al., 2016;
Chen et al., 2017; Stork et al., 2016). Despite a general agreement about such
features, certain regions were observed using specific protocols. For example, R-loop-
prone regions are preferentially AT-rich when detected by DRIP analysis combined
with S1 nuclease digestion in yeast (Wahba et al., 2016). However, in this case it
would be important to exclude the possibility that S1-induced nicks do not favor DNA-
RNA annealing during the DRIP protocol.

In contrast to DNA-RNA hybrids, R-loop detection relies on the identification of
the displaced ssDNA. Several reports have shown that the ssSDNA-binding protein RPA
binds the displaced ssDNA (Chaudhuri et al., 2004; Nguyen et al., 2018), suggesting
that one could use anti-RPA antibodies as a way to detect R-loops. However, since
RPA binds to ssDNA generated at resected double-strand breaks (DSBs) and at the
lagging strand of RFs, it is unlikely that an RPA signal can be unambiguously attributed
to R-loops. Indirectly, in vivo R-loops can be inferred with high precision by the
mutation profile generated by sodium bisulfite in single DNA molecules purified from
cell cultures (Yu et al., 2003) or by the in vivo action of the human activation-induced
cytidine deaminase (AID) (Gomez-Gonzalez and Aguilera, 2007) (Figure 1A).
Whereas both have proved to be reliable to detect R-loops in vivo (Garcia-Pichardo et
al., 2017) only the bisulfite mutagenesis can provide a measurement of the length of
DNA-RNA hybrids, since the in vitro treatment by bisulfite induces deamination of all
cytidines within DNA whereas in vivo AID-induced mutation is not as processive. With
this method, the mutation profile of the non-template sSDNA region allows the
inference of the average length of R-loops, provided that such a profile is abolished by
RNase H1 treatment. Some estimates have been obtained in human cells and yeast
reporting sizes ranging from less than 100 bp up to 2 kb (Garcia-Pichardo et al., 2017,
Li and Manley, 2005; Yu et al., 2003). Comparison of the length of the DNA regions
identified as R-loop-prone in the available DRIP-seq experiments shows two different

behaviors, a narrow-sized distribution (180-2350 bp) or a wide-sized distribution (180-



22500 bp) depending on the methodology used to break the DNA preparation prior to
immunoprecipitation. Sonication yields shorter R-loop-prone DNA segments, while
restriction enzymes yields long segments likely due to the more spaced distribution of
the DNA restriction sites (Halasz et al., 2017).

Importantly, with the described methodology we are yet unable to determine the
frequency at which R-loops originate, so we do not have a measure of how often R-
loops occur in cells or at specific DNA regions. However, we can affirm that R-loop
occurs co-transcriptionally over conserved genomic regions, presumably facing a
dynamic turnover. Thus, to understand the physiological meaning and causes of R-
loop distribution we must consider the different transcription profiles, the signals and
environmental conditions of growth, the cell cycle stage or the specific epigenetic

features of each cell or DNA region among other features.

DNA-RNA hybrids with a physiological role

R-loops are intermediates required for several processes regulating genome dynamics
such as immunoglobulin (lg) class-switch recombination (CSR) (Yu et al., 2003) or
CRISPR-Cas9 activity, in which the guide-RNA forms a DNA-RNA hybrid as an
intermediate to identify the target for Cas9-mediated cleavage (Jinek et al., 2012), or
the initiation of DNA replication in mitochondrial DNA, bacterial plasmids, and the
bacteriophages ColE1 and T4 (see Aguilera and Garcia-Muse, 2012) (Figure 1B).
Also, increasing evidence indicates that R-loops play roles in gene expression, as
suggested by the fact that such structures are enriched in gene promoters and
termination regions. DNA-RNA hybrids have been linked to the unmethylated state of
CpG islands, present at promoters of many genes in mammalian cells. Computational
and experimental data suggest that R-loops formed at CpG islands protect these
regions against DNA methylation, ultimately avoiding transcription silencing (Ginno et
al., 2012; Grunseich et al., 2018). This protection could be explained by the
observation that DNA methyl-transferase 1 preferentially binds and methylates double-
stranded DNA over the DNA-RNA hybrid (Grunseich et al., 2018) (Figure 1C).

In addition, R-loops can guide the binding of transcription regulation factors, as
described for the regulation driven by long non-coding RNAs (IncRNASs) (Figure 1C).
Thus, in Arabidopsis the expression of a set of INcRNAs called COOLAIR leads to
silencing of the FLC gene. The homeodomain protein AtNDX, inhibits the expression of
COOLAIR by binding to the ssDNA of an R-loop formed at its promoter ultimately
allowing transcription of the FLC gene (Sun et al., 2013). Interestingly, yeast cells also
respond to environmental changes with the formation of R-loops by INncRNAs, but in
this case to activate expression (Cloutier et al., 2016). In human cells, the vimentin



(VIM) gene involved in cell and tissue integrity is upregulated in different types of
cancer due to antisense transcription of a IncRNA, VIM-AS1, that forms an R-loop at
the VIM promoter region and transcription start site (TSS) favoring the recruitment of
transcription factors. Depletion of the VIM-AS1 or R-loop disruption by RNase H
overexpression inactivates VIM expression (Boque-Sastre et al., 2015). Similarly, the
antisense INCRNA TARID also forms an R-loop that regulates gene expression. In this
case, TARID is located at the promoter region of the tumor suppressor gene TCF21,
and the stress response protein GADD45A binds to this R-loop and recruits
methylcytosine dioxygenase TET1 leading to local demethylation and gene
transcription (Arab et al., 2019).

In addition to localization at promoters in human genes, R-loops are enriched
over G-rich terminator elements. These would facilitate RNA Pol Il pausing before
efficient termination (Figure 1C). The SETX helicase could act on these R-loops
positioned downstream of gene poly(A) signals (Skourti-Stathaki et al., 2011), where
SETX seems to act together with the Tudor-domain protein SMN, which is recruited to
the di-methylated CTD of RNAPII (Zhao et al., 2016). Removal of these R-loops allows
the access of the Xrn2 exoribonuclease and termination factors (Morales et al., 2016;
Skourti-Stathaki et al., 2011). It is unclear how general this mechanism of transcription
termination is since this system has been shown for few transcribed loci. Interestingly,
R-loops at G-rich terminator elements also induce antisense transcription, which in turn
leads to the generation of double-stranded RNA and the recruitment of the silencing
machinery including DICER, AGO1, and AGO2 as shown by ChIP (Skourti-Stathaki et
al., 2014). In Schizosaccharomyces pombe, Dicer favors the release of RNAPII at
termination sites previously identified as replication stress hotspots. Loss of Dicer
seems to cause R-loop accumulation at such sites (Castel et al., 2014), but this needs
confirmation. These results fit with genome-wide analyses in mammals showing a
correlation between R-loop location and transcription termination sites (Sanz et al.,
2016). Therefore, R-loops may contribute to transcription termination in some cases.

The existence of R-loops with a physiological role, even though limited to
specific cases, raises the question of whether they occur spontaneously or if their
formation is a regulated process mediated by the action of specific protein factors.
Indeed, several proteins exhibit RNA binding activity and the capability to hybridize it
with the complementary strand of the DNA duplex. In vitro, the mammalian capping
enzyme bound to phosphorylated RNAPII is able to promote formation of R-loops in
transcription assays (Kaneko et al., 2007), and the virus-encoded ssDNA-binding
protein ICP8 promotes invasion of an RNA molecule into a homologous acceptor
plasmid to generate an R-loop (Boehmer, 2004). Perhaps the best example for the



need of a regulated process of DNA-RNA hybridization in vivo is provided by CRISPR-
Cas9 (Jinek et al., 2012).

The need for the regulation of DNA-RNA hybrids with a functional role is also
exemplified by the existence of specific protein factors that favor DNA-RNA hybrid
accumulation. Thus, the DDX1 helicase disentangles the G4 structures found in the
IgH S-region transcript allowing the RNA to hybridize with the DNA and thus providing
the ssDNA substrate needed for AID action and thereafter class switch recombination
(Ribeiro de Almeida et al., 2018). Similarly, the DHX9 RNA helicase promotes R-loop
accumulation in spliceosome-defective conditions (Chakraborty et al., 2018). Given
that knockdown of DHX9 suppressed the accumulation of physiological R-loops at
centromeric regions, DHX9 was suggested to be involved in the formation of these
structures even in normal conditions, probably through unwinding RNA secondary
structures (Chakraborty et al., 2018). Other protein activities that can promote R-loop
accumulation may rely on sequestering the non-template ssDNA via ssDNA-binding
proteins. Thus, a recent observation has shown that mitochondrial ssDNA-binding
proteins stabilize the formation of R-loops (Posse et al., 2019).

In summary, the prevailing experimental evidence indicates that DNA-RNA
hybrids can provide a specific mechanism for the control of gene expression likely
promoted by specific protein machineries, which in most cases need yet to be
deciphered. This contrasts with spontaneous and non-scheduled R-loops for which
cells have developed machineries to limit their formation and harmful consequences.
The mechanisms to prevent the deleterious effects on unscheduled R-loops are three-
fold: i) prevention, ii) resolution, and iii) DNA replication/repair-coupled removal. A

discussion of these activities is provided in the next three sections.

Factors preventing non-scheduled spontaneous R-loop accumulation

From the original observations in yeast THO-complex mutants (Huertas and Aguilera,
2003), supported by subsequent reports implicating other RNA processing/export
factors in DNA-RNA hybrid prevention (Li and Manley, 2005) (Table 1) it was proposed
that in eukaryotic cells, DNA-RNA hybrids are prevented by the coating of the nascent
RNA molecule with proteins involved in processing and export (Figure 2A). The
accumulation of non-scheduled DNA-RNA hybrids in mutant strains is associated with
an increase in genome instability as determined by either hyper-mutation, hyper-
recombination, gross-chromosomal rearrangements or different forms of replication
stress (Aguilera and Garcia-Muse, 2012). The protective role against hybrid
accumulation is not a property of all RNA binding and processing factors, but only of a



subset of factors that, presumably, function in the assembly of mMRNA-protein particles
during transcription elongation.

A second key factor conditioning the ability of the nascent RNA to hybridize
back with the DNA template is DNA topology (Figure 2A). Thus, the negative
supercoiling transiently generated behind the transcribing RNA polymerase makes the
double-stranded DNA prone to open, favoring DNA-RNA hybrid formation as observed
in vitro and in vivo in topoisomerase I-depleted bacteria, yeast and human cells (Drolet
et al., 1995; El Hage et al., 2010; Tuduri et al., 2009). In agreement, most DNA-RNA
hybrids occur co-transcriptionally.

Transcription is an obligatory prerequisite for R-loop formation and, in addition,
R-loop levels correlate with high transcriptional levels in normal cells (Chan et al.,
2014; Stork et al., 2016; Wahba et al., 2016). However, high transcription levels do not
ensure DNA-RNA hybrid formation in all cases. Several R-loop accumulating mutants
show severe transcriptional defects (Hraiky et al., 2000; Huertas and Aguilera, 2003),
some of which might be exacerbated by the DNA-RNA hybrid itself. Indeed, DNA-RNA
hybrids negatively affect transcription elongation (Tous and Aguilera, 2007) and R-loop
induction correlates with transcriptional pausing (Chen et al., 2017). In addition,
accumulation of RNA in the nucleus caused by deficient RNA export is not sufficient to
induce DNA-RNA hybrid accumulation (Garcia-Rubio et al., 2018). Therefore, even
though high transcription increases the chances of hybrid formation, R-loop
accumulation is not merely a consequence of high transcription.

Emerging data also supports that chromatin is one additional factor protecting
the genome from R-loop accumulation (Figure 2A). Experimental evidence that
chromatin controls R-loop homeostasis was provided in the yeast S. cerevisiae in
which a screening of a non-lethal histone H3 and H4 mutant library identified a number
of specific histone H3 and H4 mutations that strongly increased R-loop accumulation
(Garcia-Pichardo et al., 2017). Comparison of R-loop maps in mammalian genomes
with maps of DNAase | hypersensitivity revealed that R-loop positive regions correlate
with “open chromatin” better than R-loop negative regions (Chen et al., 2017; Sanz et
al., 2016). In agreement with a more accessible DNA favoring DNA-RNA hybridization,
hybrids accumulate in human cells treated with histone deacetylase inhibitors or
depleted of the SIN3A histone deacetylase (HDAC) complex (Salas-Armenteros et al.,
2017) as well as in yeast sin3A mutants (Wahba et al., 2011). The specific role of the
SIN3A histone deacetylase versus other deacetylases remains to be seen but it is
interesting that SIN3A interacts with the RNA processing/export factor THO complex,
suggesting that THO prevents R-loops not only by facilitating the formation of an
optimal mMRNP, but also by promoting local co-transcriptional histone deacetylation



(Salas-Armenteros et al., 2017). This result opens the possibility that there is a
safeguard co-transcriptional mechanism by which specific proteins like the THO
complex bind to the nascent RNA as it emerges from RNAP and talk to Sin3A to
transiently deacetylate histones thus closing chromatin. On the contrary, the less
accessible heterochromatin emerges as an R-loop opponent. In this regard,
heterochromatic marks such as histone H3 lysine 9 di- and tri-methylations
(H3K9mMe2/3) have been related to a low incidence of DNA-RNA hybrids in C. elegans
(Zeller et al., 2016). Moreover, increased R-loop levels have been reported in
Drosophila cells depleted of histone H1, which show defective heterochromatin
(Bayona-Feliu et al., 2017), in mouse cells with de-condensed chromatin induced by
topoisomerase inhibitors (Powell et al., 2013), or in S. pombe cells with a deletion of
the SNF2-like nucleosome-remodeling factor Fft3 that alters the maintenance of
heterochromatin and confers major histone turnover (Taneja et al., 2017). It is
important to differentiate this protecting role of chromatin against R-loops from the
association between R-loops and specific chromatin markers seen in S. cerevisiae, S.
pombe, C. elegans and human cells. Indeed, different studies indicate that R-loops can
indirectly affect chromatin by regulating the binding of chromatin-regulatory complexes
(Arab et al., 2019; Chen et al., 2015). Thus, the way R-loops and chromatin structure

affect or relate to each other will depend on their physiological or pathological impact.

Factors resolving R-loops

Despite all the direct mechanisms that prevent the co-transcriptional formation of R-
loops, they sometimes fail to prevent R-loops albeit with low frequency. Consequently,
cells have developed backup mechanisms to resolve R-loops and avoid their
accumulation and potential threat to transcription and genome integrity. Probably the
most relevant and well-known factor with this function is RNase H, a conserved
ribonuclease from bacteria to humans that specifically degrades the RNA moiety of the
RNA:DNA hybrids, as mentioned before (Figure 2B). In principle both types of RNase
H, RNase H1 and RNase H2, are able to resolve hybrids, the latter being also involved
in Ribonucleotide Excision Repair (RER). However, the key role of RNase H is to
remove the RNA primer of the DNA-RNA hybrid in Okazaki fragments. This is a highly
efficient back-up mechanism to resolve R-loops, which is supported by the
observations that bacteria, yeast and human cells depleted of or inactivated for RNase
H1 accumulate R-loops. Moreover, RNase H1 overexpression efficiently suppresses
specific phenotypes associated with R-loops or eliminates in vivo the DNA-RNA hybrid
signal detected by the S9.6 antibody (Drolet et al., 1995; Huertas and Aguilera, 2003;
Li and Manley, 2005; Wahba et al., 2011). However, overexpression of RNase H is an

10



artificial condition and it cannot be excluded that an excess of RNH could act on certain
hybrids that are not necessarily its main natural target. Given that non-scheduled R-
loops may be formed during transcription, it seems very costly to resolve them by
degrading the nascent RNA, in particular for human genes that can reach lengths
beyond 600 kb.

In recent years numerous reports have identified an increasing number of RNA-
dependent ATPases that in some cases have been shown to have in vilro DNA-RNA
unwinding activity and when depleted from cells lead to an accumulation of DNA-RNA
hybrids. These include human SETX and FANCM and their yeast homologs Senl and
Mphl, AQR, DDX19, yeast Pifl, DDX23, DDX1, Dbp2 (human DDX5), Sgs1 (human
BLM) and others (Chang et al., 2017; Cristini et al., 2018; Hodroj et al., 2017; Lafuente-
Barquero et al., 2017; Li et al., 2016a; Mischo et al., 2011; Ribeiro de Almeida et al.,
2018; Skourti-Stathaki et al., 2011; Sollier et al., 2014, Sridhara et al., 2017; Schwab et
al., 2015; Tedeschi et al., 2018; Tran et al., 2017; Wang et al., 2018b) (Table 1). These
results suggest that DNA-RNA helicases constitute a second type of factors to remove
R-loops (Figure 2B). SETX has been implicated in the removal of R-loops located at
terminators (Skourti-Stathaki et al., 2011). Knockdown of AQR, a DEAxQ-like putative
RNA/DNA helicase, leads to R-loop accumulation as well as R-loop-dependent DNA
damage (Sollier et al., 2014). DDX19 is a nucleopore-associated mMRNA export factor
that is able to unwind DNA-RNA hybrids in vilro. Based on the observation that
proliferating cells lacking DDX19 show an increase in R-loops and DSBs it has been
proposed that DDX19 acts on R-loops formed upon replication stress or DNA damage
(Hodroj et al., 2017). In addition, it has been shown that pausing of RNAPII at R-loop
accumulating sites initiates a signaling cascade that ends in the phosphorylation of the
DDX23 RNA helicase, its recruitment to pause sites, and the dissolution of R-loops
(Sridhara et al., 2017). As in other cases such us Pif1l, BLM and Sgsl1, DDX9 or
FANCM an in viiro DNA-RNA unwinding activity was also shown. Other helicases, such
as RECQL5 seems to act differently. RECQLS5 prevents transcription-associated
genome instability (Saponaro et al., 2014). R-loops accumulate in RECQL5-depleted
cells and the expression of RNase H reduced the number of DNA breaks. However,
the helicase domain, but not the helicase activity, is required for R-loop suppression
and it has been proposed that RECQL5 promotes TOP1 activity (Li et al, 2015).

The role of RNA helicases in resolving R-loops is conceptually appealing
because, in contrast to RNases H, helicases would resolve the hybrid without the
costly action of degrading the nascent RNA. However, most of these enzymes have
not been shown to specifically unwind DNA-RNA hybrids better than dsRNAs. Most
importantly, it has not been determined whether all these helicases unwind hybrids in

11



vivo by, for example, overexpressing them and showing a reduction of hybrids and of
any R-loop-dependent phenotype. Why cells would need so many different non-
redundant DNA-RNA helicases? One possible explanation is that each helicase acts
on a specific subset of DNA-RNA hybrids. Alternatively, most of these proteins could
act in vivo not as DNA-RNA helicases but as RNA chaperones that prevent R-loop
formation by promoting an optimal mRNP incapable of hybridizing with its DNA
template, as is the case for THO.

Interestingly, two recent proteomic analyses of DNA-RNA hybrid pull-downs
have reported more than 350 factors enriched in the DNA-RNA hybrid-binding fraction.
Among these, there were more than 25 DEAD-box helicases including those discussed
above (Cristini et al., 2018; Wang et al., 2018b). Both studies identified factors with a
role in R-loop metabolism in vivo, but since the degree of coincidence between both
studies is scarce and RNase H was not detected in the S9.6 pull down (Cristini et al.,
2018) further validation analyses are still required. Indeed, there are several limitations
to making further conclusions on the role of these proteins. For instance, one pull-down
was performed on linear DNA-RNA substrates containing free ends that might
stimulate DNA-RNA hybrids; thus, it is possible that at least a number of the identified
proteins binds to such ends, as it is the case of ligase LIG3. In addition, many of the
proteins identified were not related to RNA metabolism, such as DNA helicase MCM5,
histone methyltransferase NSD2, nuclear matrix protein MATR3 or myosin MYO1,
making their roles, if real, in DNA-RNA hybrid metabolism difficult to interpret. In any

case, these hybrid interactomes provide an appealing tool to explore R-loop biology.

Removal of R-loops by DNA replication and repair-associated mechanisms
Persistent R-loops can constitute a road-block for transcription, which has been
proposed to explain the negative impact on transcription of mutations in bacterial [op[
or the yeast THO complex (Hraiky et al., 2000; Huertas and Aguilera, 2003). Thus,
mechanisms must exist to remove such roadblocks. Since RNA polymerases stacked
in front of a DNA damage site (such as a cyclo-pyrimidine-dimer (CPD)) trigger the
process of transcription-coupled repair (TCR), one possible mechanism to resolve R-
loop-transcription conflicts is that a TCR-like mechanism could facilitate the removal of
the R-loop to allow transcription resumption. However, so far there has not been any
report indicating the existence of such kind of functions or TCR-like mechanism.
R-loops are also obstacles to RF progression, which is the main cause of R-
loop-associated genome instability in S-G2 phase of cycling cells (Crossley et al.,
2019; Gémez-Gonzalez and Aguilera, 2019). Stalled RFs need to be protected to avoid
their collapse and the resulting DNA breaks. As a consequence, different repair factors
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and pathways function to allow RF restart. One mechanism relies on members of the
Fanconi Anemia (FA) pathway, composed of a complex array of factors that have been
mainly studied in the context of inter-strand crosslinks (ICLs) repair but that is active on
any type of DNA lesion that blocks replication. Notably, cells depleted of FA factors
such as FANCD2, FANCA and FANCM and BRCA2 among others, accumulate R-
loops and R-loop-dependent DNA breaks (Bhatia et al., 2014; Garcia-Rubio et al.,
2015; Hatchi et al., 2015; Liang et al., 2019; Madireddy et al., 2016; Okamoto et al.,
2019; Schwab et al., 2015). Importantly, inhibition of transcription or RNase H1
overexpression, both diminishing R-loop accumulation, suppresses RF arrest and DNA
damage in FANCD2-depleted cells (Garcia-Rubio et al., 2015; Schwab et al., 2015).
FANCD?2 foci formation, which is the first step in the activation of this repair pathway, is
largely R-loop-dependent even in the absence of DNA damage. [n vilfo assays have
shown the FANCI-FANCD2 complex binds the displaced ssDNA and ssRNA tail and
this substrate stimulates FANCD2 activation via monoubiquitination, supporting the
view that the FA pathway functions at R-loop containing sites (Garcia-Rubio et al.,
2015; Liang et al., 2019). It was proposed that FANCM, which belongs to the DEAD
family of DNA-RNA helicases, could remove R-loops, since it unwinds DNA-RNA
molecules in vilfo (Schwab et al., 2015). However, it has also been recently shown that
FANCD?2 interacts with RNA processing factors including DEAD-box RNA helicase
DDX47 that could facilitate R-loop removal (Okamoto et al., 2019). How each of these
proteins operates to facilitate removal of R-loops is unclear.

We have yet to elucidate the mechanisms by which the BRCA factors and the
FA pathway dissolve R-loops that cause DNA damage. In principle, the FA pathway
may cleave and eliminate the hybridized DNA strand, as it does with ICLs. In the case
of the FA and DSB repair factor BRCA2, it has been proposed to help remove hybrids
by acting directly on the R-loop provided that this partially resembles a blocked RF
(Bhatia et al., 2014). Interestingly, BRCA2 binds to DSS1 and PCID2, whose yeast
orthologs belong to the TREX-2/THSC complex involved in mMRNP biogenesis and
export, which might suggest a role not necessarily associated with replication. It is
possible that BRCA2 also functions to resolve R-loops or to deal with the lesions
originated by them (Bhatia et al., 2014). Additionally, BRCA1, another FA factor, is
enriched at a subset of transcription termination regions, which accumulate R-loops,
and mediates the recruitment of helicase SETX (Hatchi et al., 2015). The mechanisms
by which BRCA2 and BRCAL facilitate R-loop removal, therefore, are not necessarily
related to each other. Given their roles as FA and DSB repair factors, and in protecting
stalled forks from collapse, it is also possible that they act on hybrids accumulated at
DSBs (see below). In this capacity, by facilitating DSB repair they would help remove
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the hybrid as well (see below). Indeed, the importance of DNA-RNA hybrids as a
background spontaneous source of replication stress and genome instability that can
be indirectly eliminated via DNA repair is supported by the observation that silencing of
DNA damage response (DDR) and DNA repair genes (ATR, ATM, CHK1, CHK2,
UBE1, etc) cause DNA-RNA hybrid accumulation (Barroso et al., 2019). It would not be
surprising that many genome instability conditions, whether or not caused by failures in
DDR or repair, were associated with the accumulation of DNA-RNA hybrids that
preceded spontaneous DNA breaks.

In conclusion, despite our poor knowledge on how DNA replication and repair
functions help to remove R-loops and prevent R-loop-mediated genome instability, it
seems that in addition to cellular functions directly involved in R-loop prevention (RNA
biogenesis factors, chromatin) and resolution (RNAse H, DNA-RNA helicases), specific
DNA repair pathways might constitute a back-up mechanism to dissolve R-loops
accumulated in S-G2 at either RF stalls or, as we discuss below, DSBs. Whether this is
in concert with other proteins such as DDX47, SETX, PCID2 or others, as it has been
proposed for FANCD2, BRCA1, BRCA2 and other DNA repair factors is yet unknown
(Table 1).

R-loops as a source of replication stress and genome instability
Although regulated R-loops are relevant in several cellular processes, unscheduled R-
loops give rise to DNA damage and ultimately genome instability. This has been first
shown in mutations of genes involved in the biogenesis and export of mMRNP and in
pre-mRNA splicing, which exhibit increased R-loops that correlate with increased DNA
damage and transcription-associated recombination (Huertas and Aguilera, 2003; Li
and Manley, 2005; Paulsen et al, 2009). One reason behind this may rely on the
ssDNA fiber from the R-loop, which would be more susceptible to the action of
nucleases and genotoxics (Figure 3A). Nevertheless, the most relevant mechanism by
which an R-loop causes genome instability in cycling S-G2 cells is its capacity to stall
RF progression and potentially cause fork breakage (Figure 3B). This is strongly
supported by many different studies showing replication impairment through R-loop-
enriched regions or in bacteria and yeast R-loop accumulating mutants (Gan et al.,
2011; Wellinger et al., 2006; Gomez-Gonzélez et al., 2011) or by the asymmetry
increase in RFs as detected by DNA combing in human cells (Salas-Armenteros et al.,
2017; Tuduri et al., 2009).

The difficulties of replication progression through transcribed chromatin are a
long-known source of genome instability. It is possible that R-loops themselves or in
association with a paused RNA polymerase contribute to the RF blockage. Strong
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support for this model is provided by the observation that cells depleted of FA factors
also accumulate R-loops, as discussed. Or, that depletion of the FACT chromatin-
remodeling complex causes accumulation of R-loops and R-loop-dependent DNA
damage. FACT exchanges nucleosomes around the RNA polymerase during
transcription elongation and is important during RF progression to avoid R-loop-
mediated transcription—replication conflicts (Herrera-Moyano et al., 2014). Also,
analysis of separation-of-function [1 CI [ allele, which cannot activate the checkpoint
under replication stress but accomplishes normal replication, showed that yeast cells
carrying such checkpoint defective allele of [ CLI [Jalso accumulates DNA-RNA hybrids
that correlate with an increase in damage, suggesting a role for the MCM replicative
helicase in preventing transcription-replication conflicts (Vijayraghavan et al., 2016).
Finally, PrimPol activity has been described to re-establish replication at sites where R-
loops have impaired replication (Svikovic et al., 2019). We do not know exactly how or
at which frequency the conflict occurs in normal cells, but certainly it can be highly
stimulated in cells lacking R-loop-protecting factors (Dominguez-Sanchez et al., 2011;
Stirling et al., 2012; Tuduri et al., 2009).

The conflicts between the transcription and replication can occur in two modes
since the RNA polymerase either moves head-on or co-directionally with respect to the
movement of the replication fork and both have different outcomes. Two reports in
bacteria and yeast have proposed that R-loops are generated as a result of the
transcription-replication conflicts (Hamperl et al., 2017; Lang et al., 2017), provided that
they are mainly observed in systems in which conflicts occur head-on vers(s co-
directional. The fact that head-on but not co-directional conflicts are responsible for
transcription-mediated instability was shown from yeast and bacteria (Prado and
Aguilera 2005; Mirkin and Mirkin, 2005), and recent results in yeast have shown that R-
loop formation is independent of the orientation of the collision (Garcia-Rubio et al.,
2018). However, only those present in head-on collision cause stalling and damage,
whereas those in co-directional orientation do not. If a DNA-RNA binding protein
stabilizes such R-loops, these would constitute a block to replication regardless of the
collision orientation (Figure 3B). It is likely that the RF is able to dissolve the R-loop
without undergoing a permanent stalling, unless the R-loop is stabilized or blocked, as
in yeast with excess of Yral (Garcia-Rubio et al., 2018), or in human cells expressing
an DNA-RNA hybrid domain-GFP (HB-GFP) fusion protein (Bhatia et al., 2014).

Recent genome-wide analysis in yeast has demonstrated that persistent R-
loops are behind gross chromosomal rearrangements (Costantino and Koshland,
2018). This finding may be particularly relevant in the context of fragile sites that are
genomic regions, often consisting of repetitive DNA sequences, which are difficult to
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replicate and undergo DNA breaks under conditions of replication stress. Supporting
that R-loops may be one factor influencing transcription-replication conflicts as a
source of fragility, several groups have reported accumulation of R-loops at fragile sites
(Groh et al., 2014; Helmrich et al., 2011). In agreement, it is known that transcription
stimulates the genetic instability of trinucleotide repeat sequences and several studies
in bacteria and eukaryotes have shown that persistent R-loops at trinucleotide repeats
promote such instability (Grabczyk et al, 2007; Kim and Jinks-Robertson, 2011; Reddy
et al, 2011). Thus, in vilro transcribed CG-rich repeating sequences form RNase A-
resistant and RNase H-sensitive structures, supporting that they form R-loops since the
RNase A degrades double stranded RNA while the RNase H removes the RNA from a
DNA-RNA hybrid. Furthermore, instability of CTG-CAG repeats is stimulated by the
reduced activity of RNase H1 in (1. coli and by siRNA knockdown of RNase H1 and H2
in human cells (Lin et al., 2010).

Even though not all CFSs are explained by R-loops, in agreement with
transcription influencing fragility, it has been shown that fragile sites are cell type-
specific, as some of the sites are fragile in lymphocytes but not in fibroblasts and vice
versa and, in each cell line, fragile sites correlate with chromatin status and gene
expression (Letessier et al., 2011). Importantly, cells lacking proteins associated with
the FA pathway are prone to chromosome breaks at common fragile sites (CFSs)
(Madireddy et al., 2016; Wang et al., 2018a). In this case, analysis of FANCD2-/-
lymphoblast cells revealed that DNA-RNA hybrids accumulate at the CFS-FRA16D.
Removal of R-loops by overexpressing RNase H suppresses the replication
perturbations observed at this CFS as shown by single-molecule analysis of replicated
DNA (SMARD) (Madireddy et al., 2016). This can be extended to other FA factors.
Thus, analysis with the AT-rich sequence Flex1 derived from CFS-FRA16D, which
induces HR-mediated mitotic recombination, showed that FANCM together with Rad52
are vital in the protection of CFSs (Wang et al., 2018a). Therefore, under conditions of
replication stress there are regions prone to induce the formation of DSBs and
chromosomal translocations and in many cases these regions correlate with sites of
transcription-replication conflicts at R-loop-enriched sites.

Apart from the effect on RFs, specific reports have raised the possibility that
DNA breaks and genome instability may also occur in the absence of DNA replication.
Thus, it has been proposed that DNA-RNA hybrids accumulated by the lack of RNA
processing factors are actively processed into DSBs by the NER endonucleases XPF
and XPG (Sollier et al., 2014; Brustel et al., 2018). However, new reports suggest that
R-loop-dependent DSBs require replication. Thus, it has been shown at g’ | locus

during class switch recombination (CSR) that DNA replication origin activation relies on
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transcription-dependent R-loop formation and it is required for efficient CSR
(Wiedemann et al., 2016) and that XPG has a nuclease-independent role in replication
(Trego et al., 2016). Therefore, it remains to be seen if NER endonucleases coordinate
DNA incision with DNA refilling.

DNA-RNA hybrids at DNA breaks: positive or negative effect on repair?

Several reports have uncovered that DNA breakage, whether single or double-
stranded, is another driving force for DNA-RNA hybrid formation, as recently reviewed
(Figure 4) (Aguilera and Gomez-Gonzalez, 2017). The use of an in vilro system,
constituted by a T7 RNA polymerase upstream of defined Ig class switch substrates to
elucidate the DNA features that contribute to R-loop formation, led to the observation
that an ssDNA nick on the non-template strand strongly stimulates DNA-RNA hybrid
formation (Roy et al., 2010). Similarly, analysis of the role of ribonucleoprotein SAF-
A/hnRNP U during DNA damage response (DDR) suggested a transient transcription-
dependent accumulation of DNA-RNA hybrids at sites of breaks in transcribed genes
(Britton et al., 2014). Furthermore, in mammalian cells the RNA helicase DEAD box 1
(DDX1) involved in DDR forms foci after IR; importantly, those foci are R-loop-
dependent as they can be reduced with RNase H or treatments with transcription
inhibitor. Indeed, R-loops could be detected by DRIP around a DSB upon DDX1
depletion (Li et al., 2016a). These data support the conclusion that nicks and DSBs
favor hybridization between the RNA and the template strand.

A free DNA end relieves the torsional stress imposed by a closed molecule,
thus facilitating the entanglement of the invading RNA with its ssDNA template
(Figures 4B and C). Topoisomerase | (Topo ) is required to relax DNA supercoils
generated during transcription by the RNA polymerase. It is inhibited with high
specificity by camptothecin (CPT) generating a Topo I-DNA cleavage complex
(Top1cc) in which the ssDNA break persists with its 3’ end covalently bound to Topo |I.
Several studies have shown that CPT treatment stimulates DNA-RNA hybrid formation
(Groh et al., 2014; Marinello et al., 2013; Sordet et al., 2009). Analysis of post-mitotic
primary neurons and lymphocytes show that DDR foci induced by CPT were reduced
by inhibiting transcription or by overexpressing RNase H1, both limiting co-
transcriptional R-loops. This could either be explained if Topo | inactivation stalled
transcription promoting R-loop formation that would lead to DSBs, or the other way
around, if the broken DNA resulting from Toplcc facilitated R-loop formation (Sordet et
al., 2009). Supporting the first possibility, CPT triggers the accumulation of antisense
RNAPII transcripts specifically at active divergent CpG-island promoters causing a
transient stalling of RNAPII at the promoter and an increase of R-loops at highly-
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transcribed regions including rDNA (Marinello et al., 2013). In the same line, analysis of
endogenous (1] and [ [1[1genes, which are altered in Friedreich ataxia (FRDA) and
Fragile X syndromes, show R-loop accumulation at the CGG-repeats that lead to gene
silencing (Colak et al., 2014; Groh et al., 2014). Importantly, treatment with CPT leads
to increased levels of such R-loops at the 111 resulting in strong transcriptional
silencing (Groh et al., 2014). Altogether, these data reinforce the idea that DNA
cleavage at actively transcribed regions favors R-loop formation.

The question emerging is if a DNA-RNA hybrid at a DNA break could impact on
its repair. Several reports have led to the proposal that R-loops could mediate DSB
repair. It has been shown that S. pombe RNase H-deficient cells are sensitive to
genotoxic agents that generate DSBs, whereas RNase H overexpression delayed
repair of DSBs artificially generated by an endonuclease. In addition, RNAPII was
observed at higher levels at such DSBs, in which DNA-RNA hybrids are accumulated
(Ohle et al., 2016). Taken together, these data suggested that efficient DSB repair
requires transcription at resected DSBs followed by DNA-RNA hybrid formation and
subsequent removal by RNase H. Nevertheless, a positive ChlP signal can result from

e novo protein recruitment or from accumulation of a pre-existing protein at the site
analyzed; so a major occupancy of RNAPII at breaks could also result from a potential
stalling of an elongating RNAP at the DNA region undergoing a break. On the other
hand, a different study revealed that the S. pombe RNase H double mutant strain have
neither defect in DSB repair nor enrichment of R-loops at the [J [I[] programmed DSB.
This RNase H double mutant is proficient for ionizing radiation-DSB repair and for
survival to CPT treatment and did not show R-loop accumulation at the (1 locus by
DRIP analysis in contrast to other regions (Zhao et al., 2018). Since RNase H1 and
RNase H2 remove either RNA primers of Okazaki fragments during replication or
ribonucleotides inserted into the DNA, sensitivity to specific genotoxic agents may also
be due to an indirect effect on replication or repair.

Accumulation of human factors involved in homologous recombination (HR) at
DSBs, such as RAD52, RAD51, BRCA1 and BRCA2, has been shown to be reduced
by RNase H overexpression at active transcription regions or through specific reporter
systems (D'Alessandro et al., 2018; Yasuhara et al., 2018). Nevertheless, genome-
wide analysis of RAD51 accumulation at DSBs induced by the [1siSI restriction
endonuclease in vivo in human cells revealed that HR factors are enriched
preferentially at DSBs located at transcriptionally active chromatin (Aymard et al.,
2014). Whether this is enhanced by the existence of R-loops has not been determined.
However, it has recently been shown that the transcription inhibitor DRB reduces RPA
and Rad51 foci after IR exposure. Critical for this response was Rad52, whose
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recruitment to laser tracked-DSBs was lessened in cells overexpressing RNase H;
supporting this, DNA-RNA hybrid detection at such IR tracks was increased in RAD52
KO cells (Yasuhara et al., 2018). These results suggest the possibility that DNA-RNA
hybrids at active transcription regions may direct DSB repair via HR. However,
evidence that hybrids enhance HR is lacking. It is possible that HR factors are
necessary to remove the hybrids to permit DSB repair. Indeed, as the first step for HR
is resection of the 5’ end, a hybrid at that strand will protect this end from resection,
whereas a hybrid at the 3’ end may facilitate resection of the 5’ end, but will impair the
ability of the 3’ end ssDNA to invade the homologous DNA and initiate DSB repair by
HR (Aguilera and Gomez-Gonzalez, 2017) (Figure 4C).

Consistent with the idea that hybrids would interfere with HR, genome-wide
mapping of DNA-RNA hybrids in human cells carrying the DSB inducible system based
on [1siST expression to cause DSBs all over the genome, revealed a significant R-loop
enrichment on DSB-flanking chromatin. Interestingly, SETX was found to be recruited
at such DSB ends. Moreover, SETX depletion impaired RAD51 recruitment and
favored 53BP1 accumulation, a key DDR factor in NHEJ (Cohen et al., 2018). These
data suggest that DNA-RNA hybrids may favor HR factor accumulation to potentially
facilitate the elimination of the hybrids so that HR could occur, likely counteracting
NHEJ at DSBs within transcribed genes. Whether DNA-RNA hybrids formed after a
DSB could facilitate DNA-end resection as a first step of HR repair is unclear. However,
DNA-RNA hybrids are likely a structure required to be removed to allow repair. Indeed,
a number of reports favor a model that DNA-RNA hybrids would interfere with DSB
repair rather than enhance it. Thus, in a RNase H double mutant in budding yeast, the
absence of Topl leads to increased lethality due to defective break-induced replication
(BIR) within the repetitive rDNA locus (Amon and Koshland, 2016) and that persistent
R-loops hinder DSB resection thus blocking proper repair, as suggested from the
analysis of a yeast triple mutant strain in RNase H1, RNAse H2 and Senl (Costantino
and Koshland, 2018). Similarly, in mammalian cells depletion of AQR leads to a
reduced DNA damage-induced recruitment of HR proteins such as CtIP (Sakasai et al.,
2017). On the contrary, it has recently been shown that human CtIP/yeast Sae2
involved in DSB resection also has a role in R-loop prevention in yeast and human
cells. Although the study proposes an endonucleolitic role of CtIP/Sae2 in cleaving R-
loops regardless of their known functions on DSB end resection (Makharashvili et al.,
2018), it would be interesting to see whether CtIP action is more prominent on hybrids
at DSBs. Indeed, we cannot discard the possibility that the role of BRCAZ2 and other
putative DSB repair factors in protecting from R-loops were in part a consequence of

the hybrids accumulated in unrepaired DSBs in repair-deficient cells. The recent
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observation that depletion of the ATM/CHK2 DSB signaling pathway leads to R-loop
accumulation would be consistent with this possibility (Barroso et al., 2019).

In conclusion, while it is clear that both ssSDNA and dsDNA breaks favor R-loop
formation, extensive research is still required to know whether hybrids are just a
secondary consequence of breaks occurring at DNA undergoing transcription or are

intermediates with a function in repair.

R-loops and disease

The overabundance of DNA-RNA hybrids has been documented in a number of
syndromes, human neurological disorders and cancer cells (Perego et al., 2019;
Richard and Manley, 2017). The latter may not be surprising since R-loops lead to
genome instability and replication stress, which are hallmarks of tumor cells
(Halazonetis et al., 2008). Apart from the involvement of the BRCA1 and BRCA2
tumor-suppressors and FA factors in R-loop prevention, a recent screening for cancer-
related genome caretakers revealed components of mRNA biogenesis previously
shown to be involved in R-loop prevention (Teloni et al., 2019). Regarding this,
analysis of human breast cancer cell lines showed that translocations are located
within genes induced by estrogen signaling, and that R-loops accumulate at such
estrogen-induced genes (Stork et al., 2016), suggesting that DNA damage may be
mediated by R-loops in active genes. This is supported by the mechanism to induce
genome instability proposed for Kaposi sarcoma-associated herpesvirus (KSHV), for
which the sequestration of the THO complex by the KSHV ORF57 protein leads to R-
loop-dependent DNA damage and genome instability (Jackson et al., 2014). Also in
connection with cancer, a particularly relevant recent observation is that in Ewing
sarcoma expression of the EWS-FLI1 fusion enhances transcription leading to R-loop
accumulation and at the same time impairs HR by interacting with BRCAL, thus
causing the genome instability found in cancer cells (Gorthi et al., 2018). Therefore, it
is alluring to place R-loops as the driving force during oncogenesis either as a source
of replication stress or by preventing proper activity of the DNA repair pathways,
however as yet there is no direct evidence for this.

Autoimmune diseases have also been related to R-loops that might
compromise genome integrity by impacting DNA replication and/or repair. This is the
case of the Wiskott-Aldrich syndrome (WAS), which has a high incidence of childhood
leukaemia. Recently, it has been shown that deficiency of the WAS protein, WASp,
causes R-loop accumulation, defects in splicing of specific genes and R-loop-mediated
DSBs in T helper lymphocytes (Sarkar et al., 2018). Interestingly, the observation that
WASD, a cytoplasmic protein, enters the nucleus and together with the actin-nucleating
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ARP2/3 complex is recruited to damaged chromatin undergoing HR repair of DSBs
(Schrank et al., 2018), raises the question of whether the increase in R-loops is
preferentially occurring at DSBs or at replication stress sites. A link has also been
described in the case of Aicardi-Goutieres syndrome (AGS). Mutations in either of the
three subunits of the human RNase H2 are connected with AGS, for which R-loops
have been shown to accumulate along the genome of patient cells (Lim et al., 2015).
Interestingly, AGS is also linked to mutations in the dNTPase SAMHD1, a protein
shown to promote ssDNA degradation at stalled RFs as a step required for replication
restart (Coquel et al., 2018). We need further research to know whether it is the RER
defect or if hybrid accumulation is the main cause behind this syndrome.

Finally, several diseases emerging as potentially related to R-loop accumulation
are neurogenerative disorders. The key difference with cancer and previously
discussed syndromes is that neurodegenerative disorders affect non-dividing neuronal
cells, therefore R-loops accumulated in neuronal cells would not be compromising DNA
replication. Repeat expansions are at the core of several neurogenerative disorders
including ataxias, amyotrophic lateral sclerosis and nucleotide expansion disorders. In
Friedreich’s ataxia patient cell lines, which carry GAA repeat expansions, R-loops form
at such trinucleotide repeats and trigger transcriptional silencing of the genes
associated with the disease (Groh et al., 2014). Interestingly, introduction of antisense
oligonucleotide and duplex RNAs to recognize the expanded GAA repeats in
Friedreich’s ataxia cell lines restore expression levels by blocking R-loop formation (Li
et al., 2016b). This may be explained if the antisense RNA engages the RNA from the
R-loop disrupting the hybrid and/or if the silencing machinery is yet another mechanism
to solve R-loops. On the other hand, it has been proposed that R-loops promote repeat
expansion by BIR, which has led to speculation that R-loops might be at the origin of
such expansions (Neil et al., 2018). In the case of neurological diseases, we cannot
forget SETX whose mutation is linked to ataxia with oculomotor apraxia type 2 (AOA2)
and amyotrophic lateral sclerosis type 4 (ALS4), although is still unclear how SETX
mutations cause neurodegeneration in humans. AOA2 cells have altered expression of
neuronal genes, as determined by genome-wide studies, and increased R-loop levels
(Becherel et al., 2015). In addition, amyotrophic lateral sclerosis (ALS) have been
related to genes whose mutations also lead to R-loop accumulation in motor neurons
(Perego et al., 2019). However, a gain-of-function mutation of SETX has been recently
described that shows decreased R-loop formation in ALS4 patients implying that low
levels of DNA-RNA hybrids do not always correlate with the disease (Grunseich et al.,
2018). A similar situation is been shown in two autism-spectrum disorders with known

genetic basis. Prader-Willi syndrome (PWS) and Angelman syndrome (AS) are caused
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by deletion or mutation of the maternal allele of the ubiquitin protein ligase E3A
(UBE3A). In neurons, the paternal allele of UBE3A is intact but epigenetically silenced
because transcription continues through the convergent Snord116 gene to generate an
antisense Ube3a transcript (Ub3a-ATS). The stabilization of R-loops at the GC-rich
repetitive intronic segments within Snord116 locus with topotecan, a topoisomerase |
inhibitor, leads to chromatin decondensation and impairs Ube3a-ATS transcription thus
avoiding the silencing of Ube3a (Powell et al., 2013). Therefore, despite R-loop-
dependent genomic instability appearing to be a common feature in neurological
disorders, the correlation between neurological diseases and R-loops may not
necessarily reflect a cause-effect relationship, but rather a collateral consequence of a

defect in transcription caused by specific mutations.

Concluding remarks and perspectives

Evidence has accumulated the past two decades indicating that DNA-RNA hybrids
occur all over the genome of cells and play specific functions in a number of regulated
cellular processes but that, in most cases, they constitute a source of DNA damage
and genome instability. DNA-RNA hybrids are found in protein-coding genes, tRNAs,
rRNAs and non-coding RNAs, and they have a relevant impact on genome function
and integrity. Three different types of factors protect genomes from unscheduled or
pathological R-loop accumulation: i) factors preventing their formation, in most cases
RNA binding and processing factors and chromatin remodelers; ii) factors resolving
them, such as ribonucleases and DNA-RNA unwinding proteins, and iii) DNA repair
factors that directly or indirectly help remove R-loops during repair or replication. The
increasing identification of factors functioning in R-loop homeostasis is consistent with
the relevance of these ubiquitous structures along genomes and their potential impact
on cell proliferation and physiology. However, many questions emerge about the role of
these factors on R-loop homeostasis.

Thus, we know much about the distribution of DNA-RNA hybrids in normal cells,
but we do not know precisely: i) R-loop size and frequency along the genome; ii) what
distinguishes a physiological R-loop from a pathological one; iii) the accumulation and
impact of R-loops during different stages of the cell cycle; iv) why so many non-
redundant RNA helicases with an in vilro DNA-RNA unwinding activity protect
genomes from R-loop accumulation; v) how R-loops affect transcription-replication
conflicts and vice versa; vi) whether hybrids at DNA breaks are made from de novo-
synthesized RNA or from the nascent RNA generated by a previously engaged RNA
polymerase during elongation, or vii) whether DNA-RNA hybrids have any role in DSB
repair.
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Current research points to a scenario in which R-loops represent a mark linked
to genomic stress and dysfunction. The same way that any condition associated with
genomic stress can be identified by the accumulation of DNA breaks, replication fork
stalling or mitotic mis-segregation, among other features, we are starting to realize that
they can also be identified by R-loop accumulation. High R-loop levels may just be a
signature of cellular (nuclear) stress, thus the increasing identification of numerous
factors involved in replication, repair, transcription, RNA processing, RNA export,
chromatin remodeling, whose depletion is accompanied by R-loop accumulation, may
not be identifying direct regulators of R-loop homeostasis. Even though unscheduled
R-loops associate with genome instability and replication stress, hallmarks of cancer
and a number of genetic diseases, and multiple neurodegenerative diseases are
associated with R-loop accumulation, we have yet to establish a causal connection
between R-loops and disease. Understanding the molecular basis of R-loop
homeostasis, and the mechanisms that protect cells from unscheduled R-loops, is
therefore required to comprehend the role of R-loops as the hidden face of

transcription.
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FIGURE LEGENDS

Figure 1. R-loop recognition and its involvement in cellular processes. A. R-loop
detection systems. The DNA-RNA hybrid can be detected by the S9.6 antibody or GFP
fused to an inactive RNase H or the RNA binging domains (HB) of the RNase H. The
displaced ssDNA can be detected by induced-mutagenesis with bisulfite in vitro, which
converts cytosines in the displaced ssDNA of the R-loop to uracil, or with activation-
induced cytidine deaminase (AID) in vivo. B. R-loops as intermediaries of cellular
processes. These include mammalian mitochondrial light DNA strand replication (top),
Ig class-switch recombination (middle) or identification of a cognate target DNA site by
a guide RNA in the CRISP-Cas9 system (bottom). C. R-loop contribution to gene
regulation. This can be achieved at promoters, in transcription silencing by impeding
transcription-factor binding (top) or in transcription activation by promoting
transcription-factor binding or by blocking binding of transcriptional repressors or DNA
methylases (middle), and at terminators, by facilitating transcription termination
(bottom).

Figure 2. Avoiding R-loop accumulation. A. R-loop formation is prevented by
specific RNA-binding proteins that are involved in RNA biogenesis (hnRNP), by
topoisomerase 1 (Topo |) that resolves the negative supercoiling behind the elongating
RNA polymerase Il (RNAP), and by chromatin. B. R-loop removal is achieved by
RNase H enzymes that degrade the RNA moiety of the hybrid and by DNA-RNA

helicases that unwind the hybrid.

Figure 3. R-loops as a source of DNA damage. A. In non-cycling cells or in Go/G1
cells DNA damage and breaks might be originated from an R-loop because the ssDNA
is a target of nucleases and genotoxics. B. In S/G2 phases of cycling cells the most
likely source of DNA damage derives from transcription-replication conflicts. These can
be head-on (top), in which the RNA polymerase (RNAP) and RF (RF) travel on
opposite direction, or co-directional (bottom), in which both RNAP and RF travel in the
same direction. In the latter case, the R-loop must be stabilized in order to generate
DNA breaks.

Figure 4. DNA break-dependent R-loops. A. A nick in the template DNA strand
behind the RNA polymerase (RNAP) would free a DNA end favoring DNA-RNA hybrid
formation. B. A break covering both DNA strands (DSB) will also favor DNA-RNA
hybrid formation. In addition to the more likely scenario of the RNA hybridizing with its
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proximal ssSDNA template (continuous red line), it would be also possible the

hybridization with the ssDNA at the other side of the break (orange dashed line).
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Table 1

Tablel. Selected factors regulating DNA-RNA hybrid homeostasis

Biological activity

Mammals / yeast factors

Transcription and mRNA
processing

THO complex; SPT6; SRFR1; CE (capping enzyme);
DSS1/yDssl; yMex67; yRnal4d; SETX/ySenl; WDR33;
XRN2; yNup64; yNup84

RNA surveillance

TRAMP complex; SUV3/PNPase

Ribonucleases

RNase H1; RNase H2

Helicases

SETX/ySenl; DDX23; DDX9; BLM/ySgs1; RECQLS5;
FANCM/yMph1; AQR; DDX19; DDX1; DDX21; DDX43;
yPifl; yDbp2; ySub2

Topoisomerases

TOP1/yTopl; yTop2

Chromatin remodelers

FACT complex; SIN3A/ySin3; SNF2

DNA repair

BRCA1; BRCA2; FA (FANCM, FANCD?2); XPG/XPF;
CtIP/ySae2; PrimPol

For references see text.
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