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Abstract

R-loops are three-stranded structures that harbour an RNA-DNA hybrid and frequently form
during transcription. R-loop misregulation is associated with DNA damage, transcription
elongation defects, hyper-recombination and genome instability. In contrast to such ‘unscheduled’
R-loops, evidence is mounting that cells harness the presence of RNA-DNA hybrids in
scheduled, ’regulatory’ R-loops to promote DNA transactions including transcription termination
and other steps of gene regulation, telomere stability and DNA repair. R-loops formed by cellular
RNAs can regulate histone post-translational modification and may be recognized by dedicated
reader proteins. The two-faced nature of R-loops implies that their formation, location and timely
removal must be tightly regulated. In this review we discuss the cellular processes that regulatory
R-loops modulate, the regulation of R-loops and the potential differences that may exist between
regulatory R-loops and unscheduled R-loops.

Introduction

The past decade has revolutionized our thinking about regulatory RNAs. Primarily through
using next-generation sequencing, it has been recognized that a large part of the genome is
transcribed and that there are countless RNAs of different lengths with potential regulatory
functions®. Although the biology of some non-coding RNAs (ncRNAS) is fairly well
established, an understanding of the regulatory functions of other ncRNASs remains
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ToC

R-loops (three-stranded RNA-DNA structures) are often associated with transcription defects, DNA damage and genome instability,

but ‘regulatory’ R-loops can promote gene regulation, telomere stability and DNA repair. This dual functionality of R-loops requires
tight control of their formation, location and timely removal.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Niehrs and Luke

Page 2

preliminary or elusive. One mode of how RNA may exert regulatory functions in the
genome, in a sequence specific manner, is through the formation of RNA-DNA hybrids. The
term RNA-DNA hybrid refers to base-pairing of RNA with DNA. When the formation of an
RNA-DNA hybrid results in the displacement of single stranded DNA (ssDNA) it is referred
to as an R-loop. RNA-DNA hybrids and R-loops have recently gained attention for having
important roles in cellular processes such as gene regulation and DNA repair 23,
Paradoxically, R-loops were long considered detrimental byproducts of transcription that
interfere with transcription® and contribute to genome instability. R-loop-induced genomic
stress is directly linked with failure to remove the R-loops in a timely manner 56, Many of
the negative consequences of faulty hybrid metabolism stem from replication stress owing to
encounters of the DNA replication machinery with R-loops’-%, however R-loop-related
defects in transcription elongation 19, double strand break (DSB) formationl!, mutagenesis 8
and altered chromatin landscapes 12 can also occur in a replication-independent manner. We
refer the reader to excellent Reviews covering the detrimental effects of misregulated R-
loops 2-413-16 and the factors involved in their removal®5:17.18,

In this review, we discuss how RNA-DNA hybrids and R-loops are used as positive
regulators and signalling beacons of certain DNA transactions, with emphasis on
transcription regulation and the maintenance of genomic integrity. We do not ignore,
however, the detrimental aspects of R-loops that can affect the very same processes. We also
discuss the factors that may determine the fate of R-loops and other hybrids and how they
may influence whether hybrids are regulatory and productive or "unscheduled’ and
detrimental.

Roles of non-R-loop hybrids

It has been known for decades that RNA-DNA hybrids have a key role in a variety of
nuclear processes, most notably transcription and DNA replication (Fig. 1). During DNA
synthesis, replication of the lagging strand offers a paramount example of RNA-DNA
hybrid function, whereby the RNA primers, synthesized by DNA polymerase a, are used by
DNA polymerase 6 to polymerise mature Okazaki fragments 19-21. Another example of
functional RNA-DNA hybridization occurs at telomeres, where the holoenzyme telomerase,
which is made up of a ncRNA and a reverse transcriptase, specifically recognizes telomere
sequences through RNA- DNA base pairing. The RNA moiety of telomerase hybridizes to
the 3’ ssSDNA extension that exists at chromosome ends and enables the extension of the
ends to prevent telomere erosion (Fig. 1) 22. Frequently, RNA-DNA ’mini-hybrids’ are
established when replicating DNA polymerases (most frequently DNA polymerase ¢)
misincorporate ribonucleotide triphosphates (rNTPs) into the newly synthesized DNA strand
23, Although misincorporated ribonucleoside monophosphates (rNMPs) can compromise
genome integrity if not efficiently excised, they also have positive roles during DNA repair,
as the mismatch repair (MMR) and non-homologous end-joining pathways utilize
ribonucleotide insertions to promote genome integrity?4-26. In the case of MMR, the INMPs
serve as a strand discrimination signal to direct the repair of a mismatched base on the newly
synthesized, and not on the template strand (Fig. 1). The fact that rNMPs are so abundant
(13,000 per cell cycle in yeast) is also suggestive of having a biological function 27. The
positive and negative effects of INMPs in the genome suggest they are transient and tightly
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regulated, to ensure optimal DNA repair while avoiding genome instability. The above
hybrids are not considered R-loops as they do not result in DNA strand displacement (Fig. 1,
blue circles).

R-loop formation and distribution

R-loops are three-stranded structures consisting of an RNA-DNA hybrid and the displaced
strand of DNA (Fig. 1, red circles). R-loop features have been extensively discussed in
several excellent reviews 2°6.17_ Briefly, the three-stranded structures are typically, but not
exclusively, linked to ongoing transcription, and until recently were assumed to be mere *by-
products’ of transcription that occur exclusively /n cis, at the site of transcription. The
negative supercoiling, and hence increased tendency for DNA melting (strand separation)
that occurs behind the RNA polymerase provide an ideal opportunity for the nascent
transcript to anneal to the complementary template strand and form an R-loop. Although
RNA-DNA hybrids are continually formed within the transcription bubble of the RNA
polymerase, it is unlikely that R-loops are simply an extension of this limited hybrid, but
rather form through re-invasion of the 5’ end of the RNA (Fig. 1). This is supported by the
structure of the RNA polymerase complex demonstrating that RNA and DNA are extruded
from the complex at different exit channels, which would prevent an R-loop from simply
being extended 28. Moreover, a recent study demonstrated that efficient formation of co-
transcriptional R-loops requires a free RNA end and a GC skew (asymmetry in the
distribution of guanines and cytosines between the strands; see below) 2°. RNA-DNA

hybrids can also form /n trans when the RNA is produced at a spatially distinct site (Fig. 1)
30

The methodology for the detection of RNA-DNA hybrids has been crucial for understanding
how R-loops are regulated and for mapping where and when they form in the genome.
Although the predominant tool for detecting RNA-DNA hybrids has been the monoclonal
hybrid-specific $9.6 antibody 31, alternative reagents and techniques have emerged.
Catalytic-dead versions of ribonuclease H1 (RNase H1; an enzyme that can degrade the
RNA moiety of RNA-DNA hybrids), 2932 or the RNase H1 hybrid binding domain fused to
a fluorescent protein 33 can be used as hybrid sensors. Comprehensive summaries of these
approaches, along with a discussion of their advantages and disadvantages, are available in
refs.35:34_ Although there is a general consensus on where hybrids accumulate,
discrepancies between studies may be owing to different hybrid detection methods. One
conserved feature of R-loops is their transient nature. This was first pointed out in a study
using budding yeast, which demonstrated that only upon loss of both RNase H enzymes
could a uniformly-distributed nuclear staining of RNA-DNA hybrids be detected 3. This
indicated that hybrids frequently arise, but are rapidly removed, at least in part, by RNase H.
Subsequently, in addition to RNase H, multiple helicases have been shown to contribute to
hybrid resolution, reviewed in ref 3. The dispersed $S9.6 staining throughout the nucleus also
suggested that RNA-DNA hybrids were forming at multiple loci across the genome 35.
These predictions were verified when genome-wide sequencing of hybrid-harboring loci in
yeast revealed a widespread distribution, including a strong presence in retrotransposons,
telomeres and highly expressed genes, such as the ribosomal RNA and tRNA loci and other
structured ncRNAs (Fig. 2).
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R-loops are considerably enriched at genes associated with anti-sense transcription and have
recently been shown to directly promote anti-sense expression36-38(Fig. 2), suggesting they
have a regulatory role in gene expression (see below). Although one study, which included
treatment with S1 nuclease as part of the DRIP protocol to stabilize hybrids through removal
of the displaced strand, indicated that AT skew and especially poly(A) tracts may be
hotspots of R-loop formation3”, the general consensus was that, in yeast, sequence per seis
not a crucial determinant of R-loop accumulation, but rather the rate of transcription at the
locus. Indeed, an R-loop-poor locus can be converted to an R-loop-rich locus, simply by
boosting rates of transcription by changing promoters3’. There is a tendency for GC-rich
sequences to harbor more R-loops, however the same study revealed that GC-rich genes
were typically more highly expressed in yeast 36. In mammalian cells, GC skew strongly
favors R-loop formation (see below) (Fig. 2). However, yeast genomes do not display much
GC skew, apart from at telomeres. In plants, both regions with GC skew or AT skew are
enriched in R-loops 3°. The link between high levels of expression and R-loops suggests
either that high rates of transcription promote R-loop accumulation, or that R-loops promote
high rates of transcription. One could also envision a positive feedback loop whereby
transcription results in R-loop accumulation, which promotes further transcription. On the
other hand, it is important to keep in mind that R-loops are known to be potent inhibitors of
transcription and lead to polymerase stalling 10. The contradictory relationship between R-
loops and transcription suggest that a tight control of R-loop persistence (half-life) is
required to sustain high rates of transcription, or that a spatial separation exists between R-
loops and open reading frames.

A study in yeast found little genomic overlap between R-loop hotspots and the localization
of a subunit of RNA polymerase 11 (Pol 11)38. This revealed that R-loop mapping by DRIP
with the S9.6 antibody was not exclusively documenting ongoing transcription, but rather
that some R-loops may persist, or be formed, post-transcriptionally. This was an early
indication that R-loops may be more than mere transcription byproducts and suggested that
hybrids may form independently of transcription, that is /n frans, or influence transcription
from a distance.

Similar to yeast, in human cells and in plants, R-loops accumulate at repetitive sequences
such as transposable elements, ribosomal DNA, centromeres and telomeres32:3%-41 (Fig. 2).
Strikingly, in humans and plants they are also prominent at promoter regions that harbor
CpG islands (CGls) 29323942 (Fig. 2). CGls are present in the promoters of approximately
60% of human genes. One characteristic of CGls is the presence of a positive GC skew:
enrichment of guanine over cytosine on the non-template strand, downstream of the
transcription start site (TSS). A more precise R-loop localization within promoter regions
revealed that R-loops are generally constrained between the TSS and the first intron—exon
junction 43, In general, a strong GC skew correlates with high gene expression and with R-
loop enrichment. Accumulation of R-loops in this sequence-specific manner may be due to
the particularly strong thermodynamic binding properties of G-rich RNA to a
complementary sequence 4445, Moreover, the presence of DNA secondary structures such as
G-quadruplexes (G4s) on the displaced DNA can contribute to R-loop stability*® (Fig. 1),
either by preventing access of R-loop resolving proteins or by decreasing the re-annealing
capacity of the DNA. A recent /n vitro study using atomic force microscopy indicated that
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R-loops can attain secondary structures independently of the presence of G4 47. These
secondary structures are formed at the displaced DNA strand, and include ‘blobs’, “spurs’
and ‘loops’. Such ‘R-loop objects’ impose local physical constraints on the surrounding
DNA, for example by bending the DNA. A fascinating possibility is that R-loop objects
could encode higher order regulatory information, for example by recruiting different
chromatin modifiers. In the future, it would be important to confirm whether such R-loop
objects exist in a chromatin context /n vivo.

The strong presence of R-loops within gene promoters was a first indication that these
structures may have important gene regulatory functions. In additions to promoter regions,
genome-wide studies found considerable enrichment of R-loops at transcription termination
sites, especially those with GC skew. This is in accordance with the proposed function of R-
loops in promoting transcription termination 4849, Finally, hybrids are produced at sites of
DNA damage, including at dysfunctional telomeres and DSBs (Fig. 2), and have important
functions in coordinating DNA repair (reviewed in ® and discussed below).

R-loops have long been considered accidental by-products of transcription, detrimental to
cellular physiology, and merely a source of genomic instability when not properly
removed®6. However, it has recently emerged that there is a class of beneficial, ‘regulatory’
R-loops, which have an essential role in a variety of biological processes. Regulatory R-
loops harness the sequence specificity of RNA-DNA basepairing to either repel cofactors
from, or target them to distinct chromosomal loci. A paramount example, from prokaryotes,
is the CRISPR (Clusters of Regularly Interspaced Short Palindromic Repeats)—-Cas9 system,
which has evolved in bacteria as a natural defence mechanism to recognize and destroy
foreign DNA elements of viral origin °%51, Viral DNA that has been integrated into a
CRISPR array in the bacterial genome is transcribed and associates with the Cas9 nuclease.
The Cas9-RNA complex forms an R-loop with a matching sequence at the invading viral
DNA and generates a DNA break, which eventually results in the destruction of the viral
DNA. This module has now been harnessed as a highly precise and easily engineered gene
editing tool using guide RNAs to target Cas9 to a specific sequence in the genome, a process
which involves R-loop formation /n trans 52:53,

The first examples of endogenous regulatory R-loops in eukaryotes came from studies on
class-switch recombination at the 1g heavy chain locus %4. R-loops that form within the G-
rich switch regions promote recombination-based deletions and drive antibody class
diversity 556, A similar recombination-based switch occurring in the variant surface
glycoprotein (VSG) locus during immune evasion in trypanosomes is also R-loop-regulated
57 The sequence specificity of RNA-DNA hybrids positions R-loops as prime candidate
regulators of gene expression through precise targeting of promoter and termination
sequences (Fig. 2).

Gene regulation by R-loops

When R-loop removal pathways are perturbed, the presence of R-loops in gene bodies or
promoters can interfere with transcription initiation, elongation or termination 10:48.58,
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Although these consequences appear detrimental at first glance, cells exploit these very same
features in a controlled manner to regulate gene expression.

Regulation of chromatin accessibility and transcription

Regulatory R-loops are implicated in chromatin and gene regulation, both by activating and
by silencing gene expression. In Arabidopsis thaliana, the function of the promoter of the
long non-coding RNA (IncRNA) COOLAIR is repressed by an R-loop, which is stabilized
by the binding of the transcription factor ATNDX to the displaced ssDNA of the loop.
ATNDX binding may impair the accessibility of R-loop resolving enzymes, thereby
affecting transcription at the COOLAIR promoter %°. Also in A. thaliana, there is some
evidence that circular RNAs may regulate exon-skipping by forming an R-loop with their
cognate locus, although whether this happens /n vivo and the underlying mechanism remain
to be shown 0. In addition to promoter regions, certain genome-wide studies map R-loops
to gene 3" ends (Fig. 2). This correlates with a well-established role of R-loops of promoting
transcription termination by stalling Pol 111248, which we discuss below.

The chromatin signature (histone post-translational modifications) associated with R-loops
resembles those associated with transcription at promoters and TSS, including mono-
methylation and tri-methylation of histone H3 Lys 4 (H3K4mel and H3K4me3,
respectively) and histone H3 Lys 27 acetylation (H3K27ac), and with transcription
elongation (H3K36me3) 12:32. Consistent with such activating histone modifications, R-
loops can induce chromatin decondensation 61, but can also promote heterochromatin
assembly 62-64 and chromatin compaction .

Regulatory R-loops are often generated by antisense INcRNAs, which recruit transcription
regulators (Fig. 3). The gene RASSFI and its antisense INCRNA RASSF1 antisense RNA 1
(ANRASSFI), for example, are transcribed in a convergent manner (head-to-head) from
opposite strands of their locus; ANRASSFI forms an RNA-DNA hybrid, which recruits
Polycomb repressive complex 2 (PRC2) to silence the RASSF1A promoter 56 (Fig. 3a). A
similar scenario, with a different outcome of expression, occurs when the head-to-head
antisense INCRNA VIM-AS1 (VIM antisense RNA 1) activates the V/M gene, which
encodes the intermediary filament vimentin. Transcription of VIM-AS1 initiates 709 bp
downstream of the V/M transcription start site and forms an R-loop, which then promotes
recruitment of transcription activators of the NF-xB pathway 67 (Fig. 3b). The same study
also showed that expression of the gene HMGAZ, which encodes a high-mobility group
protein is induced by head-to-head transcription of the overlapping antisense INCRNA
RPSAP52. In budding yeast, the galactose metabolism (GAL) gene cluster is tightly
regulated by sugar availability in the environment. The GAL locus transcribes InNcRNAs,
which overlap with and positively regulate protein coding GAL genes by forming R-loops
68, These INcRNAs normally act in cis, but they also function in trans, when expressed from
transgenes. The non-overlapping genes encoding GATA3-ASI IncRNA and GATA3are
divergently transcribed. GATA3-AS1 forms an R-loop ~2kb upstream of the GATA3TSS to
upregulate GATA3 expression, likely by recruiting the H3K4 methyltransferase complex
mixed-lineage leukaemia (MLL; also known as KMT2A) 9 (Fig. 3c). GATA3-AS1
expressed from plasmids can also activate GATAS3, meaning the R-loop can also form in
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trans. Antisense RNAs are a widespread phenomenon and recent work showed that R-loops
themselves facilitate antisense RNA transcription by acting as Pol Il promoters 70,

The head-to-head antisense INCRNA, TAR/D (TCF21 antisense RNA inducing
demethylation), which overlaps with the promoter of the tumor suppressor transcription
factor 21 (7CFZ2I), forms an R-loop that induces local DNA demethylation and 7CF21
expression /1 (Fig. 3d). Again, co-transcription of the sense and antisense transcripts from
the same locus appears not to be essential, as exogenously-expressed IncRNA can form an
R-loop and bring about gene activation. R-loop accumulation is a characteristic feature of
unmethylated CGI-containing promoters that also show GC skew 42. Transcription through
GC skew regions promotes R-loop accumulation because G-rich RNAs bound to C-rich
DNA templates have a high thermodynamic stability 4445, Genome-wide mapping showed
that R-loops are enriched at loci with decreased DNA methylation and increased DNase
hypersensitivity (chromatin accessibility) 41. R-loops can inhibit DNA methylation at
promoters by preventing binding DNA (cytosine-5)-methyltransferases (DNMTs) 32.72;
another mechanism whereby R-loops may favor DNA hypomethylation is by attracting ten-
eleven translocation (TET) DNA demethylases /1 (Fig. 3d). In embryonic stem cells (ESCs),
some 4% of the ~90,000 TET1 binding sites at CGl-containing promoters may be R-loop-
dependent. Concordantly, the oxidized DNA demethylation intermediates 5-formyl cytosine
and 5-carboxyl cytosine are enriched at R-loops and their levels increase upon RNase H1
depletion 71,

Regulatory R-loops and IncRNAs are also implicated in chromatin changes during
differentiation of mouse embryonic stem cells. Two chromatin modifying complexes
associated with these IncRNAs are Polycomb complex PRC2 (gene repression) and the
histone acetyltransferase complex TIP60 (also known as KAT5)—p400 (gene activation) 73
(Fig. 3e). Promoter regions with strong tendency for R-loop formation are not bound by
PRC2 or PRC; instead, they recruit TIP60—p400 and activate transcription. Indeed, the
overexpression of RNase H1 in mouse ESCs decreases the localization of both TIP60 and
p400 at most of their target genes and allows the recruitment of PRC2. In contrast, another
study found that R-loops attract PRC to a subset of PRC-repressed target genes. Loss of R-
loops leads to transcriptional activation of R-loop-positive PRC targets’4. What
distinguishes R-loops, which attract-from those that repel the PRC is unclear.

Taken together, these studies strongly indicate that regulatory R-loops can function as
epigenetic marks, by altering chromatin and gene expression without affecting the
underlying sequences. If R-loops function as epigenetic marks, what are their ‘readers’?
Proteomics studies have documented many R-loop-associated proteins, including chromatin-
modifying enzymes 776, However, whether these proteins bind to R-loops directly or
indirectly, are associated with regulatory R-loops or with detrimental R-loops, and merely
‘co-associate’ with R-loops to the same chromatin environment, is unknown. The ssDNA
binding proteins replication protein A (RPA) /7, RAD51 30 and ATNDX 2 may bind to the
displaced DNA strand of R-loops to stabilize the hybrids and mediate transcription
repression. In A. thaliana, ALBA DNA/RNA binding proteins recognize RNA-DNA hybrids
in vitro and may protect R-loops from forming DNA breaks in vivo 78. Recently, the stress
response protein growth arrest and DNA damage protein 45A (GADD45A) was identified as
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a reader of R-loops. GADDA45A functions as adapter for the DNA demethylation enzymes
TET and thymidine DNA glycosylase, and targets them for locus-specific DNA
demethylation 7981, GADDA45A directly and selectively binds RNA-DNA hybrids /n vitro,
and /n vivo it promotes DNA demethylation and gene expression through the regulatory R-
loop formed by TAR/D at the TCF21 promoter /1 (Fig. 3d). A summary of the discussed
regulatory R-loops and the processes they regulate is provided in Table 1.

Roles of R-loops in transcription termination

Pol 11 transcription termination at gene 3" ends is a complex process, failure of which can
affect gene expression. For example, in tandemly-arranged genes, read-through RNA from
an ill-terminated upstream gene can restrict the activity of a downstream gene through
transcription interference 82. Genome-wide analyses showed that about 2000 genes with G-
rich Pol 11 termination sites map to R-loop regions 42. Consistent with a role of R-loops in
transcription termination, gene-dense regions, where read-through RNA could be most
deleterious are enriched in genes with R-loops at their 3’-ends. R-loops can play a role in
transcription termination of certain genes by facilitating Pol 11 pausing at the 3" end. Stalling
of elongating Pol Il downstream of extended R-loops formed by the nascent mRNA is well
documented and various mechanisms have been proposed to account for it. For example, an
elongating Pol 1l complex was proposed to sense’ the conformation of the DNA in its
vicinity and terminate transcription when this conformation is altered 83, Pol 11 is known to
oscillate between elongation and backtracking, and extended R-loops were proposed to
terminate backtracked Pol Il (Fig. 4a). Furthermore, while the position of the R-loop
remains fixed relative to the DNA axis, elongating Pol I1 rotates along the helical path
during transcription. Hence, the nascent transcript produced downstream of the R-loop must
wrap around the DNA and it was proposed that this unfavorable torsional stress could lead to
transcription termination 84 (Fig. 4b).

More recent work revealed a molecular link between R-loops and termination-promoting
heterochromatinization#8:64 (Fig. 4c). The work provides evidence for a model where G-rich
sequences promote R-loop formation and synthesis of antisense RNAs, which somehow
forms double-stranded RNA over the termination region. Exactly how dsRNA is arranged
within the R-loops is unknown, but it attracts the RNA interference RNase Dicer and the
histone lysine methyltransferase G9a (also known as EHMT2) by unknown
mechanisms*8:64, The local deposition of H3K9me2 by G9 was proposed to promote the
formation of a repressive chromatin environment (heterochromatin), which reinforces Pol 11
pausing and transcription termination. Inconsistent with this model is genome-wide R-loop
mapping, which showed that R-loops at gene 3’ ends are in open chromatin regions enriched
with gene activating histone modifications compared with matched gene 3’ ends devoid of
R-loops 12. R-loops at gene termini may also recruit specific termination proteins such as the
transcription elongation factor PAF1C, although the mechanism of recruitment is unknown.
Recently, RNA N6methyladenosine (mfA) was suggested to promote R-loop formation to
facilitate transcription termination®. Produced by a methyltransferase complex containing
the catalytic subunit METTL3, mBA is the most abundant reversible RNA modification.
METTL3 depletion enhances read-through in m6A-containing protein-coding transcriptss®.
A recent report has demonstrated that the m®A modification by METTL3 is abundant at R-
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loops and demonstrated that its recognition by the m6A reader YTHDF2, crucial for RNA-
DNA hybrid removalS®. It will be important to reconcile how m8A may promote RNA-DNA
hybrid formation, while at the same time enhance hybrid removal. Overall, the mSA
modification may be important for defining regulatory R-loops and hence influencing
transcription termination.

In contrast to the studies discussed above, deficiency in R-loop dissolving enzymes,
including in the RNA helicases senataxin, DHX9 or DDX5 or in 5'-3' exoribonuclease 2
induces global R-loop accumulation and impairs transcription termination at certain genes
48,75,87.88 transcribed by Pol 11 or even by Pol 111 89, Whether these enzymes directly bind
and process the sites where their deficiency induces R-loops or whether enzyme deficiency
acts indirectly remains to be demonstrated (Fig. 4c). It is also unclear what the consequences
of accumulated R-loops are on transcription termination and read-through activity on a
genome-wide level. These studies emphasize how crucial it is to strike the perfect R-loop
balance, because both a failure to form and a failure to remove R-loops can affect a
biological process in a similar manner.

Promoting genome integrity

The initial perception of RNA-DNA hybrids was that of drivers of DNA damage and hence
of genome instability10:35.90-93 This perception was based on observations made in
conditions where hybrid prevention or removal was compromised. It was striking how the
misregulation of RNA-DNA hybrids frequently leads to a considerable increase in the rates
unscheduled recombination repair and in the number of cellular repair foci harbouring
recombination factors. However, recent work has demonstrated that exactly these
recombination supproting properties of R-loops can be channeled to promote DNA repair at
breaks and at dysfunctional telomeres. R-loops have also been implicated in the
establishment of centromere function to ensure accurate chromosome segregation, which is
crucial for maintaining a stable genome. RNA— DNA hybrids at telomeres and centromeres
form R-loops, however, for accuracy we will only refer to RNA-DNA hybrids at sites of
DNA damage, as it is not clear that three-stranded R-loops are formed at these sites (Fig. 5).

RNA-DNA hybrids can promote DNA repair in transcribed regions

When DNA single-stranded breaks (nicks) or double-stranded breaks (DSBs) are formed in
regions of active transcription, multiple repair pathways converge to ensure that transcription
in the immediate vicinity of the break is down-regulated. These include the checkpoint-
mediated removal®* and pausing®®6 of Pol I1; the latter can also result in R-loop
stabilization. Additionally, the local chromatin structure is altered to a more repressive state
around damage sites to ensure a decrease in transcription through a myriad of gene-
repressive chromatin changes occur around break sites?6-99, It is interesting that both PRC1
and PRC2, which localize to some promoters in an R-loop dependent manner (Fig. 3a), also

localize to breaks and induce transcriptional silencing through H2AK119 ubiquitylation
100-102

Transcription repression may, at first glance, appear incompatible with R-loop presence as
high transcription rates are typically correlated with R-loops, however it is becoming clear
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that RNA-DNA hybrids do indeed accumulate at a subset of break sites, particularly in
transcribed regions of the genome, where they actively contribute to DNA repair. The co-
localization of hybrids to some breaks and sites of DNA damage has been demonstrated
using different RNA- DNA hybrid detection techniques and multiple different sources of
DNA damage 103-108_ Although the pausing of Pol |1 at sites of damaged DNA may be
responsible for the local accumulation of R-loopst07:9:29.109 it has also been proposed that
at sites if DNA damage, de novo transcription from the 3"end of the resected strand
105,108,110 \whjch gives rise to damage induced long noncoding RNA (dilncRNA) 108, or the
annealing of pre-existing transcripts from the same locus 30:106.107 may contribute to hybrid
accumulation (Fig. 5a). The proposed sources of RNA-DNA hybrids at DNA breaks —
stalled transcription, de novo transcription, and transcript re-annealing — are not mutually
exclusive and the source of the hybrid may be context dependent, for example in terms of
sequence, cell cycle and/or transcriptional activity. Although the source of hybrids at sites of
DNA damage remains unresolved (reviewed in REF. 110), their transient presence is clearly
important for repairlll. It is important to emphasize that hybrids are not a universal feature
of all DSBs and there are clear examples of site-specific breaks that are not associated with
RNA-DNA hybrids 112,

R-loops appear to accumulate on both sides of a DSB, as assayed by DRIP-seq or DRIP-
qPCR105.107.108 Breast cancer type 1 susceptibility protein (BRCA1), which is crucial for
homologous recombination, is able to bind directly to RNA-DNA hybrids in vitro 1%,
Consistently, formation of BRCAL foci following ionizing radiation (which generates DSBs)
is strongly reduced when RNase H1 is overexpressed and RNA-DNA hybrids fail to form
108, BRCA1 then recruits BRCA2 and PALB2 (partner and localizer of BRCA2) to the DSB,
which has the combined effect of attracting RNase H2 in order to remove the RNA from the
hybrid, and stimulate the subsequent loading of RAD51 onto the newly exposed ssDNA to
begin homology search (Fig. 5a). Although the factors involved may differ depending on the
context of repair, the sequence of events seems to be consistently played out: following 5°-
end resection at the DSB, an RNA-DNA hybrid forms at the exposed 3"end, which recruits
repair factors such as RAD52103) XPG193 BRCA1108 and BRCA2108; the RNA is
subsequently removed by either senataxin1%7, RNaseH1105113 RNaseH2105.108 or
DDX1196 thereby allowing RAD51107:108.106 |oading and HR. The presence of RNA-DNA
hybrids at DSBs exemplifies the importance of a transient hybrid that performs its function,
but is subsequently evicted to avoid potential problems. It is interesting to speculate about
why such a process would be implemented, when RAD51 could be just as easily loaded
directly onto ssDNA, without the need for an RNA-DNA hybrid intermediate. It is possible
that an "R-loop-first approach’ at breaks allows the cell to distinguish between exposed
ssDNA that occurs during DNA replication (where RAD51 and HR would be detrimental)
and ssDNA generated at DSBs, where RAD51 is essential for repair. Alternatively, or
additionally, an RNA-DNA hybrid may help to ensure that RPA does not outcompete
RAD51 at a DSB.

Regulatory R-loops promote telomere repair

Another example of RNA-DNA hybrids driving DNA repair is found at telomeres. The
telomere repeat-containing RNA (7TERRA) has a strong tendency to form R-loops at
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chromosome ends 36:114-116 This s likely due to its repetitive, G-rich sequence, which may
potentiate R-loops by the formation of G4 structures on the displaced DNA strand!1’.
TERRA (and the R-loops at yeast telomeres) are unstable, being formed in the early S phase
and degraded by the RNase H enzymes approximately at the time of telomere replication, in
late S phase!18:119 Therefore, similar to the bulk of R-loops, TERRA R-loops are also
transient. They are stabilized, however, when telomeres become critically short through
breakage or progressive shortening through replication, and RNase H enzymes no longer
efficiently localize to the telomeres. In yeast, stabilized R-loops at a single shortened
telomere promote recombination with the long telomeres and this has the outcome of
preventing the onset of premature senescence (Fig. 5b). When short telomeres are
experimentally prevented from R-loop stabilization — either through RNase H
overexpression or TERRA ablation — recombination impairment ensues, which results in
the accelerated onset of senescencell4.

Telomeric R-loops also have a role in human cancer cells that exclusively rely on the
recombination mechanism known as alternative lengthening of telomeres (ALT) to maintain
their telomeres and achieve immortality?0115. Therefore, as is the case with DSB repair, the
presence of R-loops at short telomeres drives recombination. One important difference,
however, between telomeres and DSBs is the DNA strand that is engaged in the hybrid.
Whereas at DSBs, the 3" overhang base-pairs with RNA (Fig. 5a), it is the 5"-end strand that
hybridizes with TERRA at telomeres (Fig. 5b). In both cases, the presence of an R-loop
facilitates RAD51 loading 107:108.118 | jve cell imaging has revealed that 7TERRA has the
ability to leave and subsequently return to the specific telomere were it was transcribed20, It
will be interesting to determine whether short telomeres are better acceptors of TERRA
acting /n cisor in trans, whether they are inefficient resolvers of 7TERRA, or both. Similar to
DSBs, it is presumed that the hybrid at short telomeres must eventually be removed to allow
re-annealing of the newly extended strand. Indeed in yeast, the over-expression of the RNA
annealing protein Yral stabilizes R-loops at short telomeres and leads to accelerated, rather
than attenuated, replicative senescence (irreversible cell cycle arrest triggered by telomere
attrition) 121, Whereas RNase H2 is responsible for R-loop removal at telomeres of normal
length in a cell cycle dependent manner!18, it remains to be determined how hybrids are
eventually resolved at short telomeres that are subject to repair. In summary, telomeric R-
loops are also subject to a Goldilocks-like effect, in which just the right amount of R-loops
should be present in order to achieve a productive, and not destructive, outcome.

R-loops ensure centromere function

Centromeric loci are transcribed into centromeric RNA (CEN-RNA) and also harbour R-
loops (CEN R-loops), which are regulated in a cell cycle dependent manner, a feature
conserved from yeast to man122123_|n human cells, the displaced ssSDNA at the CEN R-loop
is bound by RPA and recruits the DNA damage response kinase ATR, leading to the
activation of Aurora B, which promotes correct microtubule—kinetochore attachments (Fig.
5c¢). Accordingly, RNase H overexpression prevents ATR localization and hence full Aurora
B activation, and leads to increase in the number of anaphases with lagging chromosomes,
and. Importantly, in both yeast and human cells, CEN R-loops are formed only after DNA
replication to prevent replication conflicts and are only present when required, that is, during
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mitosis. In both yeast and humans it has been shown that an increase in CEN R-loop levels
leads to local chromatin compaction83:6%. and in the fission yeast Schizosaccharomyces
pombe CEN R-loops stimulate the formation of RNAi-induced heterochromatin®2. It is
interesting to note that ATR and the related kinase ATM also transiently associate with
telomeres in a cell-cycle regulated manner to ensure telomere functionality24. It will be
interesting to determine whether R-loops provoke their recruitment as is the case at
centromeres.

Regulating regulatory R-loops?

A key question is how the potentially detrimental effects of regulatory R-loops are
constrained. For example, how can regulatory R-loops activate gene expression if they might
stall Pol 11? How can R-loops promote DNA repair, when they are themselves considered a
source of DNA damage? We now understand that some detrimental repercussions of
unscheduled RNA-DNA hybrids, that is hyper-recombination and transcription stalling, can
be harnessed to promote essential cellular functions such as DNA repair and transcription
termination, respectively. Therefore, RNA-DNA hybrid regulation is crucial as the hybrids
should form at the right place and time to allow certain regulatory processes to occur
without deleterious consequences.

So how might such regulation be established? Firstly, R-loops that regulate gene expression
could be spatially separated from the TSSs of the genes they regulate., for example R-loops
regulating upstream genetic elements may avoid interference with transcription of the
regulated genes. Accordingly, the GATA3-ASI IncRNA forms a regulatory R-loop ~2kb
upstream of the GATA3TSS © (Fig. 3c). Second, when located at promoters and within
gene bodies, the decoding (reading, interpreting and eventual removal) of regulatory R-loops
could be temporally separated from transcription of the genes, for example during the cell
cycle. R-loop levels change during the cell cycle85:125 and RNase H2 is tightly cell-cycle
regulated!28. Indeed, in the case of 7CF21, transcription of its antisense INCRNA 7AR/D, R-
loop accumulation, DNA demethylation and 7CF21 expression proceed sequentially during
the cell cycle 71 (Fig. 3f). Such a sequence may avoid simultaneous R-loop formation at
promoters, and at the coding strand by the regulatory antisense InNcRNA, or at the non-
coding strand by the transcribed mRNA, so that downstream processes could be initiated
through R-loops, while the detrimental effects of R-loops would be avoided through their
rapid removal. However, in postmitotic cells, temporal separation between the decoding of
regulatory R-loops and gene transcription would require cell-cycle-independent modes of
temporal separation. In such instances it would be beneficial if regulatory R-loops were only
transient in nature. R-loops associated with DNA repair provide examples of such
regulation. At DSBs and shortened telomeres, an R-loop is formed just long enough to
recruit the repair machinery and is then removed. This regulation appears to be a key feature
as both the hyper-stabilization and the absence of R-loops can hinder the DNA repair
process 105108118121 Therefore, similarly to unscheduled R-loops, regulatory R-loops are
likely to be short-lived and tightly regulated by endonucleases and helicases to avoid having
detrimental effects (Fig. 6).
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The prevailing model for how unscheduled R-loops form is by co-transcriptional invasion of
the duplex DNA at the site of transcription by the nascent transcript /n cis® (Fig. 1). The
presence of unscheduled R-loops is likely related to defects in R-loop prevention or removal
(Fig. 6). By contrast, a recurring theme of regulatory R-loops is the ability of IncRNAs to
form in trans. Therefore hybrid formation may not require co-transcription from the same
locus. An additional feature of regulatory R-loops is that the #ransacting RNAs may
contribute to the longevity of regulatory R-loops through continued de novo formation,
which raises the question of how the IncRNA threads into the DNA duplex. Although RNA
helicases may facilitate RNA threading, ATPase activity may not be required, as exemplified
by the CRISPR-Cas system, which can cause DNA bending that leads to DNA unwinding
and threading of the guide RNA 127_ In vitro, RNA-DNA hybrids can form post-
transcriptionally /n trans with the aid of the ssDNA-binding protein RecA, which is the
bacterial homologue of RAD51 128129 /5 vjp, RAD51 is required for R-loop formation /n
trans 30 and may act analogously to CRISPR—Cas to facilitate hybrid formation 127 (Fig. 1).
Thus, local unwinding of the DNA duplex may be sufficient to nucleate self-propagating R-
loops /n trans, notably in negatively supercoiled DNA, where hybrids relax this high-energy
state 130, Certain DNA sequences or structures may also facilitate RNA threading at
regulatory R-loops. One prominent DNA structure that may stabilise the unwound DNA is
intramolecular G4s, which are prevalent in R-loops and, upon stabilization, increase R-loop
levels 46.131 This suggests that G-rich INcRNAs may form R-loops /n trans by threading into
sites where G4 structures form and basepairing with the C-rich strand (Fig. 6).

Finally, it will be interesting to see how m8A contributes to unscheduled and to regulatory
RNA-DNA hybrids. Although m8A was shown to promote hybrid formation83, it can also
stimulated hybrid removal and prevent R-loop-mediated genotoxic stress®6.

Conclusion

The fact that (at least some) regulatory R-loops function /n trans, opens up the possibility
that the expression of R-loop-regulated genes or the elongation of critically short telomeres,
may be manipulated using RNA oligonucleotides. Transfection of R-loop-forming RNAs
may be used to control gene expression, for example by targeting promoters exhibiting GC-
skew. Conversely, RNA oligonucleotides complementary to endogenous R-loop RNAs could
be used to prevent R-loop formation. Therefore, the regulation of regulatory R-loops could
be potentially harnessed for therapeutic purposes.
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Figure 1. Types of RNA-DNA hybrids.
RNA has the capacity to localize to genomic regions in a sequence specific manner and

regulate downstream cellular processes (labelled in bold). R-loops are three-stranded
structures harbouring an RNA-DNA hybrid and a displaced strand of DNA (highlighted in
red). Non-R-loop forming RNA-DNA hybrids (highlighted in blue) are involved in different
chromosomal transactions. At telomeres, the RNA moiety of the telomerase holoenzyme
base-pairs with the 3"overhang at chromosome ends and provides a template for their
extension. DNA replication, especially on the lagging strand, is dependent on the prior
synthesis of small RNAs, which are used as polymerization primers by DNA polymerases.
The cleavage of DNA-incorporated ribonucleoside monophosphates (rNMPs) on the 5 side
serves as a signal for the DNA mismatch repair (MMR) machinery to distinguish the newly
replicated strand from the template strand and ensure that the right mismatched base (here,
“T”) is removed. R-loops are thought to form behind the RNA polymerase transcription
machinery, where negative DNA supercoiling results in DNA unwinding, which provides an
opportunity for the 5"end of the nascent transcript to base-pair with the template strand.
Hybrid formation maybe be facilitated in the presence of G-rich sequences on the non-
template strand, which may result in G4 structures. When RNA is produced from an
exogenous source (such as a plasmid) or from a homologous chromosome or a distal
homologous sequence, R-loops can also form /n fransin a RAD51 recombinase-dependent
manner. All RNA molecules are depicted in red, and DNA is depicted in blue. DSB, double
strand break; G4, G-quadruplex secondary structure; NHEJ, non-homologous end joining;
Pol 11, RNA polymerase II.
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Figure 2. R-loops across the genome.

R-loops have been mapped genome-wide in a number of species. The most prevalent
predictor of R-loop presence is high transcriptional activity; indeed, R-loops are found at
promoter regions, where they promote transcription by inducing DNA demethylation, and at
transcription termination regions, where they promote transcription termination. Other
features of R-loop-rich areas include high GC content and GC skew, g-quadruplex (G4)
structures, antisense transcription and regions where the replication and transcription
machineries collide. RNA-DNA hybrids (and perhaps R-loops) also form at sites of DNA
damage, particularly at double-stranded breaks (DSBs), where they promote homologous
recombination (HR)-mediated repair through the recruitment of breast cancer susceptibility
protein 1 (BRCA1). ncRNA, non-coding RNAs; snoRNAs, small nucleolar RNAS; rDNA,

ribosomal DNA.
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Figure 3. R-loops as regulators of gene expression.
a. At the RASSF1A locus, the anti-sense long non-coding RNA (IncRNA) RASSF1

antisense RNA 1 (ANRASSFI) forms an R-loop in the promoter region, which can serve as
a recruitment platform for Polycomb repressive complex 2 (PRC2) to silence RASSFIA
expression through histone H3 Lys27 tri-methylation (H3K27me3). b. R-loops can be
recognised by transcription factors to promote gene expression. At the V/M locus, the anti-
sense INCRNA VIM antisense RNA 1 (V/M-ASI) promotes NF-kB recruitment through the
formation of an R-loop at the transcription start site ¢c. Histone modifiers such a the
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methyltransferase mixed-lineage leukaemia (MLL), are recruited to R-loops in the promoter
region of the GATA3 gene to facilitate transcription through H3K4me3 deposition. d. Ata
subset of CpG island (CGI)-containing promoters, growth arrest and DNA damage protein
45A (GADDA45) serves as an R-loop ‘reader’ that recruits ten-eleven translocation (TET)
DNA demethylases, which demethylate the promoter DNA and activate transcription. Shown
here is the case of the antisense INCRNA TCF21 antisense RNA inducing demethylation
(TARID) and its cis-target gene transcription factor 21 (7CF2I). The effect of demethylation
may be enhanced by the exclusion of DNA (cytosine-5)-methyltransferases (DNMTS) such
as DNMT3 from R-loop-rich CGls. e. During differentiation of embryonic stem cells, the
binding of chromatin modifiers with opposing functions (PRC1 and PRC2 versus TIP60-
p400) can be dictated by R-loop occupancy, potentially resulting in histone modifications,
such as histone H4 acetylation (H4ac) or incorporation of histone variants such as H2A.Z. f.
Transcription of the 7AR/D IncRNA, R-loop formation and transcription of the 7CF21
MRNA proceed sequentially during the cell cycle. Tight temporal restriction of the
formation of regulatory R-loops may be essential to prevent their detrimental effects.
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Figure 4. R-loops promote transcription termination.
Shown are mechanisms by which R-loops may lead to pausing of elongating RNA

polymerase 11 (Pol 11) and transcription termination. a. Backtracking may arrest Pol Il over
the R-loop. Pol 1l oscillates between transcription elongation and backtracking. The
presence of an R-loop may terminate the function of backtracked Pol I1. b. During
transcription, the R-loop remains fixed relative to the DNA helix, while elongating Pol 1l
continues rotating along the helical path. The nascent transcript produced downstream of the
R-loop must therefore wrap around the DNA, which may lead to Pol |1 arrest due to buildup
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of torsional stress. c. R-loops can promote the production of double-stranded RNA that
recruits the RNase Dicer and the histone methyltransferase G9a, which forms a repressive
chromatin environment that promotes Pol 11 pausing. Conversely, R-loop recognition and
dissolving enzymes such as BRCAL, the RNA helicases senataxin (SETX), DHX9 and
DDXS5, and 5'-3" exoribonuclease 2 (XRN2) are also required for proper transcription
termination at certain genes.
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Figure 5. RNA-DNA hybrids can promote genome stability.

a. RNA-DNA hybrids at DNA double-stranded breaks (DSBs) may form from transcription
stalling within a gene (not shown); from de novo transcription from a free 3"end at the break
site, as in the case of damage induced long noncoding RNA (dilncRNA); or alternatively a
pre-existing transcript may associate with the newly resected strand in trans. The hybrid
attracts BRCAL and eventually other repair factors (BRCA2, PALB2, XPG (not shown)).
The hybrid is then removed by either senataxin, RNase H1, RNase H2 or DDX1 or DDX1 to
allow RAD51 loading and homologous recombination (HR). b. At short telomeres, the
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accumulation of telomere repeat-containing RNA (7TERRA) R-loops promotes repair
through RAD51-mediated homology-dependent repair. It is uncertain whether 7ERRA can
form R-loops in trans at short telomeres, and the R-loop removal pathway has not been
identified c. The post-replicative formation of R-loops at centromeres leads to replication
protein A (RPA)-dependent recruitment of the kinase ATR. ATR catalyses multiple
phosphorylation events and stimulates Aurora B activity, which promotes accurate
microtubule attachment to kinetochores and chromosome segregation. Pol 11, RNA
polymerase II.
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Figure 6. Unscheduled vs. regulatory R-loops — a model.
a. We suggest that in normal conditions, potential sites of unscheduled-R-loop formation are

free of RNA-DNA hybrids owing to either efficient hybrid prevention by RNA binding
proteins, or to efficient R-loop removal. In the absence of R-loop prevention and removal,
the dwell time of an R-loop increases, which can lead to replication stress, or to DNA
damage on the, now vulnerable, displaced strand. Examples of proteins and protein
complexes involved in R-loop removal or prevention are depicted. b. Regulatory R-loops
may be associated with genomic features that allow R-loops to form more readily and with
increased stability. Such features could include formation of stable G-quadruplexes (G4) on
the non-template strand, GC skew, and a favourable chromatin environment. These features
may also promote the formation of R-loops by #rans-acting RNAs bound by RAD51, which
promotes strand invasion at homologous sequences. Regulatory R-loops must also be
resolved in order to prevent the very same problems that are associated with unscheduled R-
loops. In the absence of R-loop removal factors, regulatory R-loops could be converted into
unscheduled R-loops. DDX, DEAD-Box helicase; FACT, facilitates chromatin transcription;
hnRNP, heterogeneous nuclear ribonucleoprotein; SETX, Senataxin; THO, suppressors of
transcription defects of Hprl by overexpression, TOP1, Topoisomerase 1.
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Table 1
Selected examples of regulatory R-loops and other RNA-DNA hybrids and their effects

RNA in a regulatory R-loop or hybrid Hybrid location Effect
ANRASSF1A %6 RASSFI1A promoter H3K27me3 deposition and RASSFIA repression
VIM-AS1 67 VIM1 promoter NFkB recruitment and V/MI transcription
GATA3-AS1% GATA3 promoter H3K4me3 deposition and GATA3transcription
TARID™ TCF21 promoter DNA demethylation and 7CF21 repression
TERRA 118 Telomeres Repair of short telomeres by homologous recombination
T1P60-p400-dependent genes’ Subset of INcRNA in ESCs Prevent PRC-mediated gene repression
Select PRC target genes 74 Promoters Promote PRC target gene repression
CEN-RNA 122 Centromeres Activation of Aurora B and centromere function
dilincRNA 110 and other RNAs at DSBs!!! | Any DSB in a transcribed region RAD51 recruitment and homologous recombination

CEN-RNA, centromeric RNA, dilincRNA, damage induced long noncoding RNA; DSB, DNA double-stranded break; IncRNA, long non-coding
RNA; PRC, Polycomb repressive complex; TARID, TCF21 antisense RNA inducing demethylation; TERRA, telomere repeat-containing RNA.
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