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Defining R-loop classes and their contributions to genome 
instability

Daisy Castillo-Guzman, Frédéric Chédin‡

Department of Molecular and Cellular Biology and Genome Center, University of California, 
Davis, Davis, CA 95616

Abstract

R-loops are non-B DNA structures that form during transcription when the nascent RNA anneals 

to the template DNA strand forming a RNA:DNA hybrid. Understanding the genomic distribution 

and function of R-loops is an important goal, since R-loops have been implicated in a number of 

adaptive and maladaptive processes under physiological and pathological conditions. Based on R-

loop mapping datasets, we propose the existence of two main classes of R-loops, each associated 

with unique characteristics. Promoter-paused R-loops (Class I) are short R-loops that form at 

high frequency during promoter-proximal pausing by RNA polymerase II. Elongation-associated 

R-loops (Class II) are long structures that occur throughout gene bodies at modest frequencies. We 

further discuss the relationships between each R-loop class with instances of genome instability 

and suggest that increased class I R-loops, resulting from enhanced promoter-proximal pausing, 

represent the main culprits for R-loop mediated genome instability under pathological conditions.

INTRODUCTION

R-loops are three-stranded non-B DNA structures that form during transcription upon 

reannealing of the nascent RNA to the template DNA strand, forming an RNA:DNA hybrid 

and causing the non-template DNA strand to loop out in a single-stranded state. R-loops 

were first recognized to form at the replication origins of bacterial ColE1-type plasmids, 

where they serve to open the DNA double helix and the RNA strand can be processed upon 

Ribonuclease H digestion into a primer for leading strand replication (Itoh and Tomizawa, 

1980; Masukata and Tomizawa, 1990). A similar mechanism was shown to mediate DNA 

replication initiation in bacteriophage T4 (Belanger and Kreuzer, 1998; Carles-Kinch and 

Kreuzer, 1997; Kreuzer and Brister, 2010) and in the mitochondrial genome (Lee and 

Clayton, 1996, 1998; Xu and Clayton, 1995). R-loops were then recognized to form in the 

chromosomes of mammalian B cells upon induction of transcription at specialized class 

switch regions (Yu et al., 2003). In this case, R-loop formation is associated with the 

formation of programmed double-stranded DNA breaks (DSBs) that are required to initiate 

immunoglobulin class switch recombination. Thus, from early on, it became apparent that 

transcription-mediated R-loop formation could play important physiological roles from E. 
coli to mammals, and that R-loops represent a novel type of cis-acting biological signal.
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The study of E. coli RNase H mutant strains, however, provided evidence that R-loops, if 

left to accumulate, could cause significant problems. rnhA mutants have the unique ability to 

replicate their genome independently of the chromosomal replication origin, oriC, and of the 

DnaA replication initiation protein (Kogoma and von Meyenburg, 1983; Ogawa et al., 1984). 

A similar ability was also observed for knockout mutants of the recG gene, which encodes 

a helicase capable of resolving R-loops (Hong et al., 1995). This mode of replication 

termed constitute stable DNA replication (cSDR) is strictly dependent on the recombinase 

activity of the RecA protein (Kogoma et al., 1985). It arises due to the formation of RecA-

catalyzed R-loops that persist due to their reduced resolution in the absence of RNase H or 

RecG activity, and initiate DNA replication at alternative replication origins termed oriKs, 

distributed along the chromosome (Drolet and Brochu, 2019; Kogoma, 1997). rnhA− and 

recG− E. coli mutants show sluggish growth, and increased genome instability, consistent 

with the induction of replication forks from oriKs causing global alterations of replication 

for migration patterns (Maduike et al., 2014; Wimberly et al., 2013). A similar induction of 

alternative replication origins was observed at highly transcribed rDNA regions in yeast cells 

that accumulate R-loops due to deficiency in RNase H activity and DNA topoisomerase I 

(Stuckey et al., 2015). Therefore, it became clear early on that R-loop levels must be tightly 

controlled to avoid deleterious consequences on genome stability and that cells have evolved 

enzymes such as RNase H and helicases to promote R-loop resolution.

Over the last decade, our understanding of R-loops, including the mechanisms that control 

their formation and resolution, their genomic distribution, and their functional consequences 

has dramatically increased. R-loops represent a prevalent class of non-B DNA structures in 

all genomes including from yeasts, plants, flies, and worms (Alecki et al., 2020; El Hage et 

al., 2014; Hartono et al., 2018; Wahba et al., 2016; Xu et al., 2020; Xu et al., 2017; Zeller 

et al., 2016). In mammalian genomes, R-loops collectively occur over tens of thousands of 

conserved genic loci (Chen et al., 2017; Crossley et al., 2019b; Ginno et al., 2012; Sanz 

et al., 2016; Wang et al., 2021b; Yan et al., 2019), highlighting the fact that R-loops are 

well-tolerated by cells under normal conditions. In addition, a variety of functional roles 

such as that described above for prokaryotic replication origins, have been assigned to 

R-loops, further suggesting that they play adaptive roles under physiological situations (see 

below).

At the same time, many studies have suggested that under pathological conditions, harmful 

R-loops arise from defective cellular processes and trigger DNA damage and genomic 

instability. Defects in co-transcriptional processes such as RNA export, cleavage, and 

splicing have been particularly associated with harmful R-loops (Aguilera and Garcia-Muse, 

2012; Chan et al., 2014; Kaneko et al., 2007; Li and Manley, 2005, 2006; Paulsen et al., 

2009; Stirling et al., 2012). One of the key pieces of evidence supporting the idea of harmful 

R-loops is that cellular over-expression of Ribonuclease H1 (RNase H1), an enzyme with a 

clear biochemical ability to resolve RNA:DNA hybrids and R-loops (Cerritelli and Crouch, 

2009), can at least partially suppress a variety of genome instability phenotypes (Huertas 

and Aguilera, 2003; Paulsen et al., 2009). Harmful R-loops, in turn, were proposed to affect 

genome stability by causing or exacerbating transcription-replication collisions (Hamperl et 

al., 2017; Hamperl and Cimprich, 2014, 2016; Lang et al., 2017), triggering replicative stress 

(Barroso et al., 2019; Crossley et al., 2019a; Herold et al., 2019; Landsverk et al., 2019; 
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Morales et al., 2016), or inducing nuclease-mediated DNA breakage (Sollier and Cimprich, 

2015; Sollier et al., 2014). We note, however, that the association between harmful R-loops 

and genome instability relied in many instances on observations of excessive R-loop levels 

by S9.6 immunofluorescence microscopy. Recent evidence, however, suggests that these 

observations may need to be revisited given the likelihood of significant confounding 

artefacts in S9.6 imaging studies (Smolka et al., 2021). At the genomic level, harmful 

R-loops remain poorly characterized. Similarly, the spatiotemporal relationship between 

harmful R-loop formation, DNA damage initiation and their suppression by RNase H1 

expression has for the most part never been directly assessed. Thus, significant questions 

remain surrounding the identities of harmful R-loops and their mechanism of action. Here, 

we focus on reviewing recent R-loop mapping efforts in mammalian cells. We suggest 

that these studies can be most easily reconciled in light of the existence of distinct R-

loop classes, each with unique characteristics. We further propose that events of genome 

instability may be connected to specific R-loop sub-types.

R-loop mapping efforts suggest the existence of two classes of R-loops.

Two main types of R-loop mapping methodologies have been developed to provide 

population-average views of genomic R-loop distributions. These strategies rely either 

on the S9.6 anti RNA:DNA hybrid monoclonal antibody (Boguslawski et al., 1986), or 

on catalytically inactive variants of Ribonuclease H1 (dRNase H1) that are still binding-

competent due to the RNase H1 hybrid-binding domain (Chen et al., 2017). Despite 

significant concerns about the use of S9.6 in imaging applications, it permits accurate 

R-loop mapping in genomics applications after DNA:RNA ImmunoPrecipitation (DRIP) 

(Smolka et al., 2021). Several variations of the initial DRIP-seq method (Ginno et al., 2012) 

with various degrees of resolution and strand-specificity have been published (Crossley et 

al., 2019b; Sanz et al., 2016; Smolka et al., 2021; Xu et al., 2017) and generally produce 

highly congruent maps in human cells (Chedin et al., 2021). Importantly, S9.6-based 

methods require initial steps of DNA extraction and fragmentation which allow the pre-

treatment of extracted nucleic acids by exogenous RNase H. As expected, DRIP-seq maps 

are highly sensitive to RNase H pre-treatment, providing an essential specificity control. 

In addition, DRIP-based maps have been independently validated using approaches based 

on non-denaturing sodium bisulfite in an S9.6-independent manner (Malig et al., 2020). 

Nonetheless, S9.6-based mapping methodologies can be considered as mapping R-loops 

ex vivo since they require initial nucleic acid extraction from cells. By contrast, dRNase 

H1-based approaches rely on mapping R-loops either through mapping the binding sites of 

dRNase H1 expressed in vivo (such as in RNase H1 ChIP, or R-ChIP (Chen et al., 2017)) 

or by liberating R-loops from native chromatin via methodologies derived from CUT&RUN 

and CUT&TAG (Wang et al., 2021b; Yan et al., 2019). One key advantage of such methods 

is that R-loops are profiled under more native conditions without the need to extract nucleic 

acids or chromatin from cells prior to mapping.

Distribution of R-loops from native mapping methodologies.—Major differences 

have emerged between dRNase H1- and S9.6-based R-loop maps. dRNase H1-based 

maps consistently identify R-loops over GC-rich and GC-skewed promoter-proximal pause 

regions of numerous transcribed genes. Of the twelve thousand or so R-ChIP-seq peaks 
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recovered, nearly 60% mapped to promoter-proximal regions, significantly higher than 

observed in gene bodies (17%), or over gene terminal regions (6%) (Chen et al., 2017). 

In addition to genic R-loops, dRNase H1-based methods have consistently detected the 

presence of several thousand intergenic R-loops mapping to active enhancer regions (Chen 

et al., 2017; Wang et al., 2021b; Wulfridge and Sarma, 2021; Yan et al., 2019). tRNA 

genes also represent among the strongest hotspots for dRNase H1 binding by R-ChIP (Chen 

et al., 2017). This observation is also true in yeast (El Hage et al., 2014; Hartono et al., 

2018; Legros et al., 2014), which suggests that high R-loop loads may associate with these 

short genes. Median R-loop peak sizes reported by R-ChIP were relatively short, around 

200-300 bp (Chen et al., 2017; Wang et al., 2021b). Importantly, dRNase H1 recruitment 

to transcription start sites (TSSs) was dynamically correlated with transcriptional pausing, 

suggesting a mechanistic connection between pausing and R-loop formation (Chen et al., 

2017).

Distribution of R-loops ex vivo.—S9.6-based maps, on the other hand, show that 

R-loops are predominantly distributed along transcribed genic regions and correlate with 

both gene expression levels and gene length (Sanz et al., 2016). Tens of thousands of 

conserved peaks of R-loop formation have consistently been recovered from a variety of 

human cell lines and from multiple studies (Chedin et al., 2021; Sanz et al., 2016). About 

half of these peaks map to transcribed gene bodies, with hotspots observed downstream 

of GC-skewed CpG island promoters (13%) and terminal genic regions (19%)(Figure 1) 

(Sanz et al., 2016). By contrast with native R-loops that are confined to a short region 

immediately downstream of the transcription start site (TSS), R-loops revealed by DRIP 

approaches only reach a maximum representation about 1-1.5 kb downstream of the TSS. 

While ex vivo promoter R-loops clearly associate with GC skew, we note that this sequence 

property progressively decreases past the exon1 / intron 1 junction (Hartono et al., 2015), 

suggesting that other properties in addition to the thermodynamic stability of RNA:DNA 

hybrids may be facilitating R-loop formation downstream of the TSS. It is possible that 

as the RNA polymerase II (RNAPII) enters productive elongation, it introduces negative 

supercoiling on the DNA template, driving the formation of R-loops to relieve the associated 

topological stress (Stolz et al., 2019). Interestingly, gene body and terminal ex vivo R-loops 

associate with variable levels of GC skew, suggesting that such an interplay between DNA 

sequence features and topological considerations may be at play for many loci (Chedin and 

Benham, 2020; Sanz et al., 2016). In contrast to native R-loops, ex vivo R-loops show little 

signal over tRNA genes and are not readily detected over intergenic enhancers. Similarly, ex 
vivo R-loops often define much larger peaks, with median lengths of 1.5 kilobases (Sanz et 

al., 2016). Single-molecule R-loop footprinting analysis revealed that such large peaks are 

caused by the clustering of smaller individual R-loops over larger R-loop zones (Malig et al., 

2020).

Reconciling R-loop classes: paused- versus elongation-associated R-loops.
—The variation between S9.6- and dRNase H1-based methods could be explained by 

differences in specificities between RNase H1 and S9.6 and/or by the possibility that 

RNase H1 was targeted to R-loops found at paused promoters. To clarify the differences 

between dRNaseH1- and S9.6-mapping methods, a recent study profiled R-loops using 
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the CUT&TAG technology, taking advantage of the N-terminal hybrid binding domain 

(HBD) of RNase H1 and of the S9.6 antibody as R-loop sensors that were fused to GST- 

and His6-tagged moieties (Wang et al., 2021b). Each sensor protein was then used for 

both native and ex vivo R-loop profiling. The HBD sensor protein, when used ex vivo, 

generated maps similar to those obtained using the S9.6 sensor, recapitulating previous 

high-resolution strand-specific profiling results using the DRIPc-seq methodology (Sanz 

and Chedin, 2019; Sanz et al., 2016). This suggests that the RNase H1 HBD and S9.6 

can recognize the same subset of R-loops. Strikingly, when used in CUT&TAG approaches 

for native and fragmentation-free R-loop mapping, both sensor proteins generated results 

consistent with other dRNase H1-based R-loop profiles. This establishes that the primary 

difference between S9.6-based and dRNase H1-based R-loop mapping derives from the 

application of these reagents to mapping R-loops in a native context versus ex vivo. 

Methods that capture native R-loops like MapR, R-ChIP, and R-loop CUT&TAG better 

reflect R-loops formed near paused promoter regions, while methods that capture R-loops 

ex vivo like DRIP-seq and its derivatives identify R-loops that form through gene body 

regions and therefore associate with transcription elongation. The mechanistic connections 

between these two R-loop types and transcriptional pausing versus transcription elongation 

are well-reflected in their response to drugs such as DRB that enforce heightened promoter 

pausing by blocking the release of RNAPII into elongation. DRB treatment caused increased 

dRNase H1 recruitment to promoter regions, reflecting increased pausing-associated R-

loops. Conversely, washes following DRB treatment, caused the reduction of dRNase H1 

binding and promoter-associated R-loops, as expected from the release of previously paused 

RNAPII complexes into elongation (Chen et al., 2017). In sharp contrast, DRB treatment 

caused a rapid reduction of R-loops 1-2 kilobases downstream of promoters as profiled 

by DRIP-qPCR (Sanz et al., 2016), reflecting a rapid decrease in elongation complexes. 

Prolonged DRB treatment progressively suppressed all instances of R-loop formation along 

gene bodies (Crossley et al., 2019a; Sanz et al., 2016). As expected, washes following DRB 

treatment caused a rapid return of R-loops as measured by DRIP-qPCR, consistent with the 

resumption of elongation (Sanz et al., 2016). Thus, emerging data suggest that there are 

two distinct classes of R-loops that: (i) associate with two distinct states of the transcription 

cycle; and (ii) are best profiled through different approaches.

Contrasting properties of R-loop classes.

Based on the R-loop mapping data, the proposed two R-loop classes possess distinct 

properties that may account for their differential ability to be detected. We note that RNAPI-

driven and RNAPIII-driven R-loops, both of which likely correspond to important R-loop 

classes, are not being discussed here. Similarly, the formation of RNA:DNA hybrids or 

R-loops at sites of DNA double-stranded breaks (Cohen et al., 2018; D'Alessandro et al., 

2018; Ohle et al., 2016) is not considered here.

Length and stability.—Promoter-associated R-loops (referred to here as Class I) are 

expected to be small, reaching 60 bp at most given the lengths of RNA transcripts at 

promoter-proximal pause sites (Adelman and Lis, 2012). As suggested (Chedin et al., 2021), 

the short lengths of such R-loops may result in lower stability during genome fragmentation 

in DRIP-based approaches. It is also possible that such small R-loops owe their stability 

Castillo-Guzman and Chédin Page 5

DNA Repair (Amst). Author manuscript; available in PMC 2022 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in situ to the presence of large protein complexes nearby, including the paused RNAPII 

machinery and associated pausing and pause-regulating factors. If so, deproteinization 

during ex vivo DNA extraction may further destabilize them. This, together with minimal 

size thresholds (>100 bp) enforced during DRIP library construction steps, may account 

for significant recovery losses over these regions in ex vivo approaches. Non-denaturing 

bisulfite-based approaches are similarly challenged in identifying Class I R-loops due to 

their short size and paucity of cytosines on the displaced strand (Chedin et al., 2021; 

Malig et al., 2020). It is possible that Class I R-loops can only be captured under native 

conditions. The difficulties associated with recovering and detecting Class I R-loops in ex 
vivo approaches may in fact have allowed the detection of more stable, but less abundant, 

elongation-associated (Class II) R-loops (see below). We note that paused RNA polymerases 

are often backtracked (Noe Gonzalez et al., 2021; Sheridan et al., 2019), and it was recently 

proposed that small “anterior R-loops” may form ahead of backtracked RNA polymerases 

(Zatreanu et al., 2019) (Figure 1). The exact molecular features of promoter-associated Class 

I R-loops therefore remain to be clarified. In contrast to Class I R-loops, single-molecule 

R-loop footprinting approaches revealed that elongation-associated R-loops show median 

lengths of about 300 base-pairs and can extend to kilobase-length structures (Malig et al., 

2020). Thus, the two R-loop classes show nearly an order of magnitude difference in length. 

The large sizes of Class II R-loops may account for their relative stability to DNA extraction 

and fragmentation, allowing ex vivo profiling. As noted previously, however, it is likely 

that some Class II R-loops are unstable in the face of DNA fragmentation, especially when 

negative DNA supercoiling played a prominent role in driving their formation (Chedin and 

Benham, 2020; Stolz et al., 2019).

Frequency of formation.—While Class I and Class II R-loops show clear differences in 

length and in their association with paused versus elongating RNAPII, much less is known 

regarding the frequency at which they form. The average yields for elongation-associated 

R-loops, measured by DRIP-qPCR as a percentage of input, range from 1-10% at positive 

loci (Sanz et al., 2016). Yields from RChIP-qPCR are notably lower (Chen et al., 2017). 

We suspect, however, that this may not reflect the true frequency distribution of Class I 

and Class II R-loops. ChIP experiments, which involve crosslinking and harsh sonication 

prior to immunoprecipitation may be limited in their ability to efficiently recover Class 

I R-loops. This may be further compounded if only a portion of Class I R-loops are 

RNase H1-bound at any given time. Issues of epitope accessibility may further complicate 

recovery given the presence of large macromolecular complexes over paused promoter 

regions (Core and Adelman, 2019). While future experiments will be necessary to accurately 

quantify the relative amounts of Class I and Class II R-loops, we suggest that Class I 

R-loops formed over paused promoters are much more abundant than Class II R-loops 

are at any given position. If correct, this proposal suggests that “native” approaches are 

limited in their ability to recover Class II R-loops simply because the bulk of R-loops in 

a cell correspond to Class I R-loops formed at promoters. This proposal follows the well-

accepted notion that the highest RNAPII density measured by ChIP-seq approaches, and 

the highest transcriptional activity measured by profiling nascent transcription, are primarily 

found over paused promoters compared to transcribed gene bodies (Henriques et al., 2013; 

Rahl et al., 2010; Wissink et al., 2019). Thus, the proposed high frequency of Class I 
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R-loop formation may simply reflect the prevalence of promoter-proximal paused RNAPII 

complexes. Importantly, pause sites, particularly over CpG island promoters associate with 

very high, R-loop-favorable, GC skew levels (Chen et al., 2017; Hartono et al., 2015). 

In addition, the presence of a nearby free 5’-end may further facilitate R-loop initiation 

during promoter pausing (Chen et al., 2017; Roy et al., 2010). Finally, the fact that RNAPII 

machinery itself is paused may provide a long kinetic window for an R-loop to arise. 

Overall, we propose that Class I R-loops dominate the R-loop landscape by virtue of their 

association with abundant paused RNAPII complex, the presence of favorable sequence 

characteristics, and the availability of a free 5’-end.

Half-lives.—Class II R-loops have an estimated half-life of about 10 minutes (Crossley et 

al., 2019b; Sanz et al., 2016); by contrast, the half-life of Class I R-loops is not known. It is 

reasonable to propose, however, that Class I R-loops may show a half-life similar to that of 

paused RNAPII complexes. Measurements of RNAPII pausing indicate that pause duration 

has a median value of 7 minutes (Jonkers et al., 2014), but that there exists considerable 

variation from 2 to 30 minutes depending on the promoter being considered (Core and 

Adelman, 2019). Enhancers may display an even shorter pause duration (Henriques et al., 

2018). Thus, in all cases R-loop formation is a dynamic process but the half-lives, and 

potentially the types of enzymatic activities associated with R-loop resolution may vary 

between Class I and Class II R-loops.

Functional consequences of Class I and Class II R-loops.

Class II R-loops have been associated with several important functions under normal 

conditions in mammalian cells (Chedin, 2016). Whether they occur in promoter-distal 

regions, gene bodies, or terminal genic regions, Class II R-loops correspond to regions 

of increased RNAPII density (Sanz et al., 2016). This suggests that they help to slow 

or stall the transcription machinery, as observed in vitro (Belotserkovskii et al., 2017; 

Belotserkovskii et al., 2018). Towards the beginning of genes, where Class II R-loops are 

prominent, slower elongation is expected to favor the recruitment of chromatin modifying 

enzymes to the C-terminal domain of RNAPII. This, in turn, may account for the 

increased deposition of several transcription-coupled histone modifications such as histone 

H3 lysine 36 trimethylation observed for R-loop-positive genes compared to expression-

matched, but R-loop-negative, genes (Sanz et al., 2016). At the end of genes, which 

also correspond to Class II R-loop hotspots, R-loop-positive regions show dramatically 

elevated RNAPII stalling compared to expression-matched R-loop-negative terminal regions. 

Stalling, in turn, associates with efficient transcription termination, which is a property 

preferentially observed for genes with close neighbors (Sanz et al., 2016). Mechanistically, 

slower transcription elongation downstream of the polyadenylation site may tip the kinetic 

competition between the XRN2 ribonuclease and RNAPII in favor of XRN2-mediated 

transcript degradation (Saldi et al., 2018). Class II R-loop formation also generally correlates 

with regions of increased chromatin accessibility, consistent with the notion that rigid 

A-like form RNA:DNA hybrids do not wrap around nucleosomes (Dunn and Griffith, 

1980). Finally, R-loops were proposed to absorb large amounts of negative superhelicity, 

contributing to the transient relaxation of topological stresses in the genome (Chedin 

and Benham, 2020; Stolz et al., 2019). Thus, under normal conditions, Class II R-loops 
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have been assigned roles in chromatin patterning, transcription regulation, and topological 

management. Class I R-loops have been associated with chromatin features typical of highly 

active promoters over the promoter-proximal pause sites, such as high GC skew and G 

quadruplex motifs, high levels of H3K4 trimethylation and histone acetylation, and high 

RNA polymerase II occupancy (Chen et al., 2017). Interestingly, similar enrichments were 

observed around the TSSs of Class II R-loop-forming genes (Sanz et al., 2016), consistent 

with the notion that genes undergoing R-loop formation during transcription elongation also 

correspond to genes that accumulate Class I R-loops over their promoter-proximal pause 

regions. Indeed, Class II R-loop formation downstream of promoters was shown to be 

significantly associated with RNA polymerase II pausing (Zhang et al., 2017).

Harmful R-loops and genome instability.

Harmful R-loops, whether they correspond to Class I or Class II R-loops, should in 

principle be revealed using appropriate genomic mapping techniques. It is therefore worth 

reviewing studies that credibly examined global R-loop patterns in cellular models of 

genome instability for any evidence that might clarify the nature of such structures and 

their spatiotemporal relationship to phenomena associated with DNA damage.

Class II R-loops and genome instability, an elusive connection.—DRIP-type 

approaches have been used in a variety of cellular models. DNA topoisomerase I (Top I) 

is widely thought to suppress R-loop formation by relaxing the R-loop-favorable negative 

superhelicity that propagates upstream of the active transcription machinery (Kouzine et 

al., 2004; Pommier et al., 2016). Long-term Top I depletion in human HeLa cells leads to 

elevated DNA damage and globally slower replication fork progression due to transcription-

replication conflicts (Tuduri et al., 2009). Following up on this work, Promonet et al., 

(2020) mapped R-loop distributions, DNA breaks, and the location of DNA damage markers 

including phosphorylated RPA, a replicative stress marker, and γH2AX. In control cells, 

R-loops were observed broadly over promoter distal regions, gene bodies, and terminal 

regions, consistent with the distribution of elongation-associated R-loops. By contrast, 

phosphorylated RPA accumulation was only observed over the terminal regions of expressed 

genes that are replicated in a head-on (HO) orientation relative to transcription. This 

indicates that stalled forks marked by phosphorylated RPA occurred as a result of HO 

replication-transcription interactions, which coincide with naturally R-loop-rich terminal 

genic regions. The vast majority of Class II R-loops therefore do not interfere with DNA 

replication under normal conditions (Promonet et al., 2020). In Top I-depleted cells, R-

loops showed a slight increase over terminal regions which was accompanied by increased 

γH2AX and DSBs formation. Importantly, replication fork speeds were uniformly reduced 

by 30-40% in Top I-depleted cells, even though R-loop increases were minor and localized. 

Thus, it is unlikely that “excessive” R-loop formation can account for the global replication 

slowdown. Instead, it was proposed that the stalled forks that naturally occur at a subset of 

HO genes are further challenged in the absence of Top I, leading to fork collapse, DSBs, 

and the activation of the ATR kinase to slow S phase progression globally (Promonet et al., 

2020). Overall, this study suggests that Class II R-loops may not be directly involved in 

events of genome instability even upon Top I depletion.
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Interestingly, RNase H1 over-expression was able to suppress the slow replication fork 

phenotype observed upon Top I depletion (Promonet et al., 2020; Tuduri et al., 2009). To 

account for this, Promonet et al., (2020) proposed that RNase H1 may degrade RNA:DNA 

hybrid structures that form over stalled forks and prevent fork rescue or remodeling. 

Through this activity, RNase H1 was suggested to reduce ATR activation and thereby 

counteract a global replication slowdown over undamaged forks, consistent with prior 

observations (Mutreja et al., 2018; Seiler et al., 2007). This is an exciting possibility that 

needs to be further tested. It also suggests that the sensitivity of a phenotype to RNase H1 

over-expression may not necessarily implicate co-transcriptional R-loops and could instead 

reflect a novel effect of RNase H1 on replication fork rescue.

Excessive R-loop formation was hypothesized early on to be responsible for the increased 

γH2AX deposition observed upon splicing factor depletion or mutation (Li and Manley, 

2006; Li et al., 2005; Paulsen et al., 2009). We recently used DRIP-seq to profile Class 

II R-loops upon inhibition of the U2 spliceosome SF3B1 subunit using the splicing 

inhibitor Pladienolide B (PladB) (Kotake et al., 2007; Yokoi et al., 2011). This treatment 

causes widespread intron retention as well as γH2AX accumulation and sensitivity to 

ATR inhibitors (Nguyen et al., 2018). Surprisingly, PladB treatment resulted in a dramatic 

genome-wide R-loop loss (Castillo-Guzman et al., 2020). This loss was caused by a 

profound negative feedback on transcription elongation caused by increased promoter-

proximal pausing and increased premature transcription termination (Caizzi et al., 2021; 

Castillo-Guzman et al., 2020; Sousa-Luis et al., 2021). For a small subset of ~400 genes, 

PladB triggered a transcription termination defect, leading to readthrough transcription far 

downstream of genes. Such readthrough transcription events were associated with new 

instances of R-loop formation, defining a class of de novo excessive R-loops (Castillo-

Guzman et al., 2020). Importantly, the γH2AX accumulation caused by PladB was 

significantly delayed compared to de novo R-loop accumulation and was not spatially 

enriched over regions of increased R-loops (Castillo-Guzman et al., 2020). It therefore 

appears that excessive Class II R-loops generated during splicing inhibition did not associate 

with DNA damage events. More broadly, DNA damage events induced by U2 spliceosome 

inhibition occurred against the backdrop of a dramatic loss of Class II R-loop.

A number of studies nonetheless provide qualified support for the notion that increased 

formation of Class II R-loops triggers or enhances genome instability phenomena. Stork et 

al., (2016) showed that addition of the hormone estrogen (E2) to breast cancer cells triggers 

rapid expression of E2-responsive genes and an increase in elongation-associated R-loops 

over these targets (Stork et al., 2016). E2 treatment also causes rapid cellular proliferation 

and increased deposition of the γH2AX DNA damage marker during S phase, indicating 

that R-loops may be driving this response. Indeed, rearrangements observed in breast tumors 

were enriched over E2-responsive genes. However, proximity ligation assays using S9.6 

and γH2AX antibodies suggested that the majority of DNA damage events induced by 

E2 were located at a distance from R-loops (Stork et al., 2016). An alternative source of 

endogenous damage could come from the introduction of DSBs by Topoisomerase 2 beta 

at promoters, where it functions to facilitate transcription initiation in response to estrogens 

(Ju et al., 2006; Morimoto et al., 2019). Gorthi et al., (2018) showed that Ewing sarcoma 

cells driven by the EWS-FLI1 oncoprotein display globally elevated transcription levels 
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and R-loop loads. These tumors were additionally characterized by increased replicative 

stress and sensitivity to ATR inhibitors and genotoxic agents (Gorthi et al., 2018). However, 

the direct involvement of R-loops in these responses remains unclear. Evidence suggests 

that the hyper-transcription caused by EWS-FLI1 results in the sequestration of BRCA1 

with elongating RNA polymerase complexes, phenocopying a BRCA1 deficiency, and 

leading to a DNA damage response (DDR) deficiency (Gorthi et al., 2018). Two recent 

studies analyzed the impact of knocking out or depleting subunits of mammalian SWI/SNF 

chromatin remodeling complexes. Knockout of PBRM1, encoding the BAF180 subunit of 

the polybromo-associated BAF complex (PBAF), led to increased γH2AX foci formation, 

replication stress, and DNA breaks (Chabanon et al., 2021). This was correlated with an 

increased genic R-loop burden measured by DRIP-seq and the involvement of R-loops was 

further suggested by the ability of RNase H1 to rescue many of the above phenotypes. 

However, the spatial overlap of such excessive R-loops with DNA damage events was not 

assessed. In addition, authors noted that PRBM1 deficiency led to significant reductions 

in the protein levels of multiple genome stability factors, such as members of the Fanconi 

Anemia complex and of the BLM helicase (Chabanon et al., 2021). Thus, the genome 

instability observed in the absence of PBRM1 may reflect an intrinsically reduced DDR 

capacity in addition to elevated R-loop levels. Depletion of the BRG1 subunit common to all 

SWI/SNF complexes led to an array of RNase H1-sensitive genome instability phenotypes, 

including global decrease in replication fork velocity (Bayona-Feliu et al., 2021). DRIP-

based profiling of Class II R-loops confirmed an increased burden of genic R-loops over 

3,200 loci enriched for BRG1 binding sites. Analysis of transcription-replication conflicts 

showed that HO conflicts were marked by elevated DNA damage markers γH2AX and 

FANCD2, when co-directional (CD) conflicts were not, even though the R-loop levels 

observed at HO and CD regions were not significantly different (Bayona-Feliu et al., 2021). 

Thus, consistent with earlier statements, many R-loops outside of HO conflicts do not 

associate with DNA damage markers. HO interactions between transcription and replication, 

however, are particularly responsible for stalled forks and DNA damage. Whether the R-

loops observed over these regions are causally involved in further enhancing the fragility 

of HO replication-transcription interactions currently rests on the interpretation of the 

sensitivity of instability phenotypes to RNase H1 over-expression. As discussed above, 

RNase H1 binding sites mapped by R-ChIP mostly map to promoter proximal regions while 

Class II R-loops mapped by DRIP approaches primarily map to transcribed gene bodies. The 

deployment of R-ChIP approaches in models of genome instability such as those described 

above may clarify whether RNase H1 can gain access to new R-loop subsets under these 

conditions or if it can be recruited directly to stalled forks, as suggested (Promonet et al., 

2020).

Overall, the association of Class II R-loops and genome instability phenomena remains 

elusive. Part of the issue is that only few studies have both mapped R-loops and analyzed the 

presence of DNA breaks at sufficient resolution to reach definitive conclusions regarding the 

roles of R-loops as causes of genome instability. In addition, the observations that instability 

phenomena have been linked to global R-loop increases and losses in various models 

suggests that instability may arise through a variety of mechanisms. Indirect effects linked to 

reduced DDR responses under pathological conditions further complicate matters. To date, 
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no specific R-loops subset has been associated directly with events of DNA breakage at high 

resolution. Furthermore, the distinguishing molecular features of harmful R-loops remain to 

be defined, an important task given the consensus finding that most Class II R-loops do not 

cause instability even under altered conditions.

Class I R-loops as harmful R-loops candidates.—Overexpression of nuclear RNase 

H1 suppresses a diversity of genome instability phenotypes. Common sense dictates that for 

RNase H1 to mediate these effects, it needs to gain access to the loci causing these altered 

phenotypes in the first place. Based on the few available datasets where RNase H1 genomic 

binding sites were mapped in human cell lines, these loci predominantly correspond to Class 

I R-loops that form at the promoter-proximal regions of paused promoters (Chen et al., 

2018; Chen et al., 2017). By contrast, most Class II R-loops are not bound by RNase H1 in 
vivo. It is therefore difficult to conceive how RNase H1 might relieve instability phenotypes 

if these were driven by elongation-associated R-loops.

One interpretation of the data is therefore that harmful R-loops predominantly correspond 

to Class I R-loops. This model is attractive for several reasons. It has been well 

documented that the deleterious effects of harmful R-loops are linked to conflicts with 

the replication machinery (Garcia-Muse and Aguilera, 2016; Gomez-Gonzalez and Aguilera, 

2019; Hamperl and Cimprich, 2016; Zeman and Cimprich, 2014). Class I R-loops possess 

multiple properties that might make them much more formidable replication obstacles 

than Class II R-loops. First, they are proposed to arise at high frequencies compared to 

Class II R-loops, consistent with the much greater RNAPII density at paused promoters 

compared to gene bodies. Second, Class I R-loops consistently occur in a narrow near-TSS 

genomic window, while Class II R-loops can occur almost anywhere along R-loop hotspots 

distributed throughout gene bodies (Figure 2A). Thus, encounters between replication forks 

and R-loops will be more likely to involve Class I R-loops, and these encounters are 

expected to be focused over paused promoters. Third, one major difference between Class I 

and Class II R-loops is that the former is associated with a paused, and possibly backtracked, 

RNAPII transcription machinery (Sheridan et al., 2019). By extension, Class I R-loops 

will also be proximal to the large general transcription factor (GTF) complexes that recruit 

RNAPII to promoter sequences (Verger et al., 2021). By contrast, Class II R-loops occur 

during elongation behind an actively translocating RNAPII, far away from GTF complexes. 

One can even envision that RNAPII has moved away from an R-loop once R-loop extension 

is terminated (Figure 2A).

Recent in vitro work suggests that R-loops by themselves do not represent a strong 

impediment for the E. coli replication machinery, while the presence of transcription 

complexes led to potent blockages, particularly in the head-on orientation (Bruning and 

Marians, 2020). In addition, R-loop-anchored transcription complexes arrested at UV lesions 

were proposed to represent the main cause of head-on replication blocks in RNase H-

deficient E. coli mutants (Kouzminova and Kuzminov, 2021). Class I R-loops, associated 

with paused RNAPII complexes, therefore represent attractive “harmful” R-loop candidates. 

We note that human genes are generally thought to be replicated co-directionally from 

origins located upstream of promoter regions (Petryk et al., 2016). Thus, one would expect 

encounters between Class I R-loops and replication forks to be mostly co-directional. These 
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interactions, while potentially harmful (Hamperl et al., 2017), are thought to play a lesser 

role compared to head-on conflicts in driving genome instability (Gomez-Gonzalez and 

Aguilera, 2019; Hamperl and Cimprich, 2016). It remains possible, however, that Class I 

R-loops might also arise from antisense transcripts that frequently originate from promoters, 

setting up head-on clashes with incoming forks. In addition, recent evidence suggests 

that antisense-associated promoter regions display delayed replication characteristics that 

may factor in possible fragility events (Wang et al., 2021a). Studies aimed at dissecting 

transcription-replication encounters, and their intersection with Class I R-loop formation, 

will be important to further delineate the role of R-loops in genome fragility.

A growing number of studies provide support to the notion that Class I R-loops increase in 

frequency under pathological instances. Using R-ChIP, Chen and colleagues profiled Class I 

R-loops in HEK293T cells harboring mutations in the splicing factors SRSF2, U2AF1, and 

U2AF2 (Chen et al., 2018). Mutations in SRSF2 and U2AF1 caused cellular growth defects, 

γH2AX induction, and replicative stress as evidenced by slower replication forks and ATR 

activation. Such defects could be at least partially alleviated by RNase H1over-expression. 

R-ChIP revealed increased Class I R-loops over promoter regions. SRSF2 and U2AF1 

mutations also caused increased RNAPII promoter-pausing (Chen et al., 2018), further 

linking promoter-proximal pausing and Class I R-loop formation. Pharmacological splicing 

inhibition also triggers increased promoter pausing (Caizzi et al., 2021; Castillo-Guzman et 

al., 2020; Sousa-Luis et al., 2021) suggesting that Class I R-loops may generally increase 

under these conditions. Release from the promoter-proximal pause is regulated by the 

pTEFb complex which is recruited in part via the general BRD4 co-activator protein (Kwak 

and Lis, 2013). Loss of BRD4 function triggers global transcriptional pausing (Muhar et al., 

2018). Pharmacological inhibition of BRD4 and BRD4 depletion cause S phase-dependent 

γH2AX deposition, DSB formation, and slow replication fork progression in a manner 

that was compensated by RNase H1 expression (Edwards et al., 2020; Lam et al., 2020). 

Performing R-ChIP, Edwards et al., (2020) showed that BRD4 loss of function caused global 

increase in Class I R-loops over promoters, as expected, and also in gene bodies, which 

is counter-intuitive given the reduction of the elongating form of RNAPII (Edwards et al., 

2020). While none of studies cited above mapped DSBs and therefore did not directly 

address the connection between R-loops and DNA breakage, this recent work supports the 

notion that Class I R-loops may represent harmful obstacles to replication progression and a 

source of DNA damage.

More broadly, we propose that defects in mRNA processing, particularly splicing 

dysfunction, may feedback on transcription by increasing promoter pausing and therefore, 

increasing Class I R-loops (Figure 2B). The increased focal burden of paused transcriptional 

complexes anchored to Class I R-loops is expected to enhance replication-transcription 

conflicts over promoter regions and may lead to replication stress and R-loop-induced 

DNA damage. Given that increased promoter pausing associates with reduced transcription 

initiation (Gressel et al., 2019; Gressel et al., 2017; Shao and Zeitlinger, 2017), the model 

further predicts that Class II R-loops may undergo progressive losses as a result of reduced 

elongation (Figure 2B), as observed upon U2 spliceosome inhibition (Castillo-Guzman et 

al., 2020).
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Concluding remarks and future directions.

The notion that RNAPII-driven R-loops can be broken into pausing-associated and 

elongation-associated structures hopefully serves to reconcile and rationalize the seemingly 

discordant results obtained through ex vivo and native R-loop mapping approaches. With 

the right methodologies now at hand, new investigations will test the proposal that Class 

I R-loops significantly contribute to genome instability phenotypes associated with RNA 

processing defects. We suggest that future work should include integrative strategies that 

reveal the distributions of both Class I and Class II R-loops under relevant cellular models 

of R-loop dysfunction in combination with DNA double-strand break profiling and nascent 

transcription analysis. Such integrative studies are the most likely to reveal the mechanisms 

that lead to genome destabilization when gene expression programs are deregulated. Given 

the importance of RNase H1 over-expression as a tool and its broad ability to suppress 

genomic stresses, it will also be essential to ascertain how suppression is mechanistically 

achieved. If Class I R-loops truly emerge as source of DNA damage under pathological 

conditions, it will become important to understand how RNase H1 activity at paused 

promoters can lower transcription-replication conflicts. One possibility is that RNase H1, 

when over-expressed, facilitates the release of paused RNAPII into elongation (Sridhara et 

al., 2017). Alternatively, RNase H1 may mediate its effect by facilitating the processing 

and restart of stalled replication forks (Promonet et al., 2020) in the vicinity of paused 

promoters. Interestingly, recent evidence suggests that the persistence of RNAPII at TSSs 

characterized by strong antisense transcription prevents the timely replication of these 

loci until G2/M (Wang et al., 2021a). In agreement, mapping of transcription-replication 

interactions in murine B cells revealed that such interactions primarily occurred over regions 

characterized by bidirectional promoters and focal accumulation of markers of replicative 

stress and DNA breakage (St Germain et al., 2021). Future work will be required to tease out 

these interesting possibilities.
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Figure 1. Schematic of proposed classes of R-loops: “promoter-paused” R-loops and “elongation-
associated” R-loops.
Shading represents population distribution of R-loops for the two classes. Promoter-paused 

R-loops are best captured under native conditions and occur in the immediate surrounding 

of the promoter region and transcription start site. Elongation-associated R-loops form 

throughout the gene body and transcription termination site.
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Figure 2. Pause-associated R-loops as candidate harmful R-loops.
A. Schematic of a gene and its hypothetical R-loop formation state in 10 independent 

chromosomes. Class I R-loops are suggested to frequently arise at promoters as a result of 

promoter-proximal pausing. By contrast, elongation-associated Class II R-loops are spread 

throughout the gene body and therefore occur at much lower frequencies at any given 

site. RNA is only depicted when in a R-loop bound state or exiting RNAP (full transcript 

not shown). B. Under pathological conditions caused for instance by defective mRNA 

processing, RNAPII pausing is proposed to increase, causing a focal increase in Class I 

R-loops. Class II R-loops are by contrast proposed to be reduced as a result of lower 

transcription initiation due to increased pausing. Under such conditions, paused RNAPII 

complexes anchored to Class I R-loops may represent significant obstacles to replication 

fork progression, causing DNA damage.
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