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Review

Best practices for the visualization, mapping, and
manipulation of R-loops
Fr�ed�eric Ch�edin1,* , Stella R Hartono1 , Lionel A Sanz1 & Vincent Vanoosthuyse2,**

Abstract

R-loops represent an abundant class of large non-B DNA structures
in genomes. Even though they form transiently and at modest
frequencies, interfering with R-loop formation or dissolution has
significant impacts on genome stability. Addressing the mecha-
nism(s) of R-loop-mediated genome destabilization requires a
precise characterization of their distribution in genomes. A number
of independent methods have been developed to visualize and
map R-loops, but their results are at times discordant, leading to
confusion. Here, we review the main existing methodologies for R-
loop mapping and assess their limitations as well as the robustness
of existing datasets. We offer a set of best practices to improve the
reproducibility of maps, hoping that such guidelines could be
useful for authors and referees alike. Finally, we propose a possible
resolution for the apparent contradictions in R-loop mapping
outcomes between antibody-based and RNase H1-based mapping
approaches.
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Introduction

When a single-stranded RNA invades the DNA double helix and

hybridizes with a complementary template DNA strand, a three-

stranded structure called an R-loop is formed. Although some

evidence supports the idea that R-loops could sometimes form in

trans (Wahba et al, 2013; Cloutier et al, 2016; Ariel et al, 2020), it is

widely accepted that the vast majority of R-loops form co-transcrip-

tionally in cis behind the advancing RNA polymerase (RNAP), and

that high rates of transcription increase the likelihood of their

formation. For example, the stimulation of transcription at intronic

immunoglobulin switch regions upon cytokine-induced B cell

activation triggers the formation of R-loops that contribute to anti-

body class-switch recombination (CSR) (Yu et al, 2003; Yu & Lieber,

2019). The involvement of R-loops in CSR was one of the first

described examples of how “programmed” R-loops can participate

in normal cell physiology. However, work from a number of labora-

tories has also suggested that minimizing R-loop formation to low

levels is important to preserve genome integrity, particularly during

DNA replication. As thoroughly discussed by a number of recent

reviews (Crossley et al, 2019; Garc�ıa-Muse & Aguilera, 2019; Niehrs

& Luke, 2020), dedicated R-loop-destabilizing enzymes, proper

packaging of nascent RNA, proper assembly of chromatin, and the

relief of transcription-associated topological stress have been impli-

cated in limiting the formation and stability of R-loops, and thereby

maintaining genome stability.

Current models propose that a variety of genetic and/or pharma-

cological perturbations can lead to the formation of so-called

“harmful” R-loops (Garc�ıa-Muse & Aguilera, 2019). Despite their

rise in prominence, such harmful R-loops have not yet been

precisely defined at the genomic level, and major questions remain

concerning their molecular characteristics. Do they arise de novo in

regions that normally do not form R-loops (“aberrant” R-loops)?

Are they normal R-loops that now arise at higher frequency

(“excessive” R-loops)? Do they form at the “wrong” time with

respect to the cell cycle (“unscheduled” R-loops)? Do they possess a

longer dwell time [“persistent” R-loops (Garc�ıa-Rubio et al, 2018;

Costantino & Koshland, 2018)] or are they otherwise larger in size

(“extended” R-loops)? Addressing these questions will require effi-

cient and reproducible R-loop-mapping procedures at both the

population and single-molecule levels in a number of carefully

controlled cellular models of proposed R-loop dysfunction. Techni-

cal improvements that permit the measurement of dynamic R-loop

turnover will also be required to distinguish and quantify stable

and transient R-loops.

In addition to this, a key challenge in the field is to disentangle

the direct contribution of R-loops to a phenotype of interest from

the contribution of perturbed nascent transcription itself. This chal-

lenge is all the more relevant, in that most known instances of

genome-destabilizing R-loops are observed upon alterations of co-

transcriptional RNA processes such as splicing, termination, and

nuclear export [for example, see Huertas & Aguilera, 2003; Paulsen

et al, 2009; Wahba et al, 2011; Stirling et al, 2012)]. A large body
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of work shows that such processes are intimately coupled to tran-

scription elongation through a variety of feedback mechanisms

(Zhong et al, 2009; Hsin & Manley, 2012; Bentley, 2014; Herzel

et al, 2017; Core & Adelman, 2019). Thus, altered transcription

resulting from defective co-transcriptional processing might itself

affect genome stability independently of R-loops (Salas-Armenteros

et al, 2019). This key challenge will require the development of

methods to precisely and specifically manipulate R-loop levels.

Currently, the main strategy to manipulate R-loop levels is to

over-express RNase H1, an endonuclease that degrades the RNA

moiety of RNA:DNA hybrids (Hyjek et al, 2019), in the nucleus,

but the results of this approach need to be carefully interpreted, as

discussed below.

As outlined below, we came to the conclusion that the elucida-

tion of the physiological and pathological roles of R-loops currently

suffers from a lack of available datasets describing “harmful” R-

loops, from a lack of clear tools to manipulate R-loops in cells, and

from significant inconsistencies between the results of different R-

loop mapping studies, sometimes even in the context of similar

mapping strategies. In our opinion, this highlights the urgent need

for objective, unbiased criteria to increase rigor and reproducibil-

ity. Here we propose simple guidelines to evaluate the quality of

R-loop maps and offer possible explanations to harmonize and

reconcile apparent inconsistencies observed between R-loop

mapping methods.

Commonly used approaches to map R-loops
As discussed in previous reviews (Vanoosthuyse, 2018; Crossley

et al, 2019), two main types of methods are currently used to

provide a population-average view of R-loop distribution and abun-

dance. The first relies on the so-called S9.6 antibody that displays a

strong affinity for the RNA:DNA hybrid moiety of R-loops (Bogus-

lawski et al, 1986), permitting DNA:RNA immunoprecipitation

(DRIP) followed by high-throughput DNA sequencing (Ginno et al,

2012). Various iterations of the DRIP methodology have now been

published and can achieve R-loop mapping at various degrees of

resolution and strandedness through the sequencing of DNA- or

RNA-derived R-loop signals (Nojima et al, 2018; Sanz & Ch�edin,

2019; preprint: Smolka et al, 2020; Crossley et al, 2020). The

second approach relies on the often transient and inducible expres-

sion of a tagged, catalytically inactive form of RNase H1 (called

thereafter dRNase H1 for defective RNase H1), which is able to

recognize but not to process RNA:DNA hybrids (Wu et al, 2001).

Mapping in vivo dRNase H1 binding sites by chromatin immuno-

precipitation (ChIP) approaches (in this case referred to as R-ChIP)

was proposed as an alternative method for revealing R-loop

patterns (Chen et al, 2017). dRNase H1 has also been used, in a

CUT&RUN-based approach termed “MapR”, for targeting micrococ-

cal nuclease (MNase) to R-loops, allowing to solubilize them out of

chromatin (Yan et al, 2019).

A third approach, which was developed first but whose applica-

tion is not yet as widespread, maps the single-stranded DNA moiety

of R-loops using bisulfite-induced deamination of exposed cytosines.

Under non-denaturing conditions, R-loops are associated with

strand-specific and RNase H-sensitive bisulfite-mediated patches of

C-to-T base conversions (Yu et al, 2003; Malig et al, 2020). This

approach not only demonstrates the presence of genuine three-

stranded R-loop structures, it also provides an accurate view of the

position of individual R-loop footprints at single-molecule resolu-

tion. Owing to recent improvements with the single-molecule

R-loop footprinting (SMRF-seq) strategy, this approach is well-suited

to allow R-loop characterization on multi-kilobase-size, single-

molecule amplicons at ultra-deep coverage and at a range of specific

loci (Malig et al, 2020). However, it remains currently less amenable

to genome-wide studies than the other two alternatives.

Reconciling discrepancies in R-loop distribution patterns obtained
by S9.6- and dRNase H1-based approaches
At a broad level, RNase H1-based and S9.6-based approaches

produce strikingly disparate R-loop distribution patterns. DRIP-

based studies consistently show that R-loops principally form along

transcribed gene bodies, with hotspots along GC-skewed CpG island

promoters and terminal genic regions, particularly for closely spaced

genes (Sanz et al, 2016). By contrast, R-ChIP-based studies identify

only a subset of the loci highlighted by S9.6-based methods, with a

clear bias toward G-rich loci associated with promoter-proximal

pausing of RNA polymerase II (Chen et al, 2017). Only few dRNase

H1 binding sites are found in gene bodies, and terminal genic

regions are depleted in the datasets. Even at loci identified by both

strategies, the position of the signal can differ strikingly. For exam-

ple, at the classic R-loop-forming gene ACTB, one report showed

formation of R-loops primarily in the 50-end (first intron) of the gene

using dRNase H1-based approaches, and primarily in the 30-end of

the gene using S9.6-based approaches (Tan-Wong et al, 2019). By

contrast, another study reported association of dRNase H1 with the

30-end of the ACTB gene (Nguyen et al, 2017), while several

Glossary

DRIP DNA-RNA Immunoprecipitation. An S9.6 antibody-based
mapping strategy of DNA:RNA hybrids. Various iterations
of the method (DRIPc, sDRIP, qDRIP) have been published
that differ in the way the genomic DNA is sheared before
immunoprecipitation or whether the DNA moiety or the
RNA moiety of the hybrid is sequenced

dRNase H1 defective RNase H1. a catalytically inactive form of RNase
H1 able to recognize but not to process RNA:DNA hybrids

R-ChIP dRNase H1-mediated Chromatin Immunoprecipitation. A
DNA:RNA hybrid mapping strategy that relies on the
ability of an inactive RNase H1 to recognize but not
process DNA:RNA hybrids

RDIP RNA-DNA Immunoprecipitation. An alternative S9.6
antibody-based mapping strategy that differs from DRIP
in that it includes a first step of nuclei purification. RDIP
also only sequence the RNA moiety of DNA:RNA hybrids

RNase H1 an endonuclease that degrades the RNA moiety of RNA:
DNA hybrids

S9.6 a monoclonal antibody directed against DNA:RNA
hybrids

SMRF-seq Single-Molecule R-loop Footprinting. Bisulfite-based
mapping of the extruded single strand DNA within an R-
loop adapted for single-molecule long-read sequencing
technologies
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independent S9.6-based DRIP studies indicated R-loop formation

throughout the ACTB transcription unit (Skourti-Stathaki et al,

2011; Sanz et al, 2016; Crossley et al, 2020). Thus, the broad dissim-

ilarities between dRNase H1-based and S9.6-based R-loop patterns

are further compounded by apparent discrepancies within each

approach, which may be caused by technical variability as well as

insufficient systematic quantitative and qualitative controls. Below,

we propose guidelines to improve reproducibility and standardize

approaches, in order to reduce the current issues with variability,

particularly as they relate to the more commonly used DRIP-based

methods.

It has been argued that RNase H1-based approaches are more

specific than S9.6-based approaches because RNase H1 exclusively

hydrolyses RNA:DNA hybrids in vitro. While the specificity of

RNase H1’s catalytic activity toward RNA:DNA hybrids is not in

question, we note that the more pertinent parameter when using a

catalytically inactive dRNase H1 protein as an R-loop reporter is its

binding affinity (Kd). We could not find data quantifying the affinity

of the full-length human RNase H1 for RNA:DNA hybrids, let alone

for dRNase H1. We note however that the isolated hybrid-binding

domain (HBD) of human RNase H1 showed a 0.2 µM Kd for RNA:

DNA hybrids (Nowotny et al, 2008), nearly a thousand-fold higher

than S9.6 (0.6 nM; Phillips et al, 2013). Furthermore, S9.6 and the

RNase H1 HBD appear similarly challenged in their ability to

discriminate between RNA:DNA hybrid and double-stranded RNA

(dsRNA) substrates, with each showing only a roughly 20-fold lower

affinity for dsRNA. Based on the limited biochemical studies avail-

able, it is therefore unclear if dRNase H1 is intrinsically more speci-

fic for RNA:DNA hybrids than S9.6.

A second argument put forward in favor of dRNaseH1-based

approaches is that they capture sites of native R-loop formation in cells,

while DRIP-based methods only query those ex vivo, after nucleic acid

extraction and deproteinization. A follow-up argument is that R-loops

may artificially and spontaneously form during DNA extraction,

explaining their increased recovery in DRIP-based approaches.

However, as previously argued (Sanz & Ch�edin, 2019; Malig et al,

2020), artificial R-loop formation ex vivo is very unlikely to occur due

to strong energy barriers and even less likely to generate the robust

patterns of long R-loop hotspots that are commonly observed. On the

contrary, the opposite problem can clearly be observed, namely loss of

short, unstable R-loops, which are stabilized in vivo by DNA topology,

upon DNA fragmentation prior to DRIP (Sanz & Ch�edin, 2019; Stolz

et al, 2019). It is also worth noting that the over-expression of dRNase

H1 may exert a dominant-negative effect on catalytically active endoge-

nous RNase H1 and thereby interfere with the physiological turnover

and stability of R-loops (Kabeche et al, 2018; Li et al, 2020). This could

potentially alter the distribution patterns of R-loops and contribute to

discrepancies with S9.6-based approaches.

A recent in-depth comparison over 24 human single-gene loci

showed an excellent agreement between bisulfite-based and S9.6-

based techniques, and a poor agreement with dRNase H1-based

approaches (Malig et al, 2020). The results of bisulfite footprinting

experiments have been further validated by direct AFM-based visu-

alization of R-loops (Carrasco-Salas et al, 2019) and by mathemati-

cal modeling (Stolz et al, 2019). Importantly, the use of non-

denaturing bisulfite approaches independent of S9.6 enrichment

confirmed that R-loops are a prevalent feature of the 30-end of genes,

although they remain largely undetected by dRNase H1 (Malig et al,

2020). The specificity of DRIP-based signals is further demonstrated

by their sensitivity to exogenous RNase H treatment, something that

is not usually tested in the context of dRNase H1-based strategies

(with the notable exception of fission yeast studies, where dRNase

H1 signals were shown to be sensitive to the over-expression of the

catalytically active RnhA enzyme from Escherichia coli (Rivosecchi

et al, 2019; Legros et al, 2014)). Overall, the bulk of these observa-

tions support that loci identified by S9.6-based approaches but

missed by dRNase H1 correspond to genuine R-loops and strongly

suggest that S9.6- and bisulfite-based strategies provide a more

exhaustive distribution pattern for R-loops. It is possible, however,

that these approaches might miss a subset of small R-loops that are

stabilized in cells by negative topological stress. We therefore

suggest that alternative explanations for the smaller number of R-

loops identified by RNase H1-based approaches should be consid-

ered, recognizing the biological interest of elucidating patterns of

RNase H1 binding in vivo.

One possibility is that RNase H1-based strategies only identify a

subset of RNA:DNA hybrids formed in specific contexts. In support

of this, we note that the dRNase H1-based approach proved helpful

to characterize R-loop formation at RNA Polymerase III-transcribed

genes in fission yeast, but was a poor reporter of R-loop formation

elsewhere in the genome (Legros et al, 2014). One hypothesis to

account for the possibility that dRNase H1 might capture a specific

class of R-loops that is poorly identified by other strategies is that

RNase H1 may require ancillary factors to efficiently recognize R-

loops in vivo. Consistent with this, the ssDNA-binding protein RPA

was shown to be necessary for RNase H1 to recognize and process

R-loops (Petzold et al, 2015; Nguyen et al, 2017). Thus, accordingly,

RNase H1 may recognize a subclass of RPA-bound R-loops. This, in

turn, suggests that many R-loops, for reasons that remain unclear,

may escape RPA binding and therefore, RNase H1. There is

currently no data available to evaluate the genome-wide overlap

between the localizations of RPA, dRNase H1, and R-loops, which

would determine which R-loops are more likely to be targeted by

the RPA/RNase H1 complex.

A second, complementary hypothesis is that dRNase H1 may

have a particular specificity for R-loops associated with RNA poly-

merase pausing. dRNase H1 recognizes highly G-skewed loci associ-

ated with promoter-proximal RNAP pausing (Chen et al, 2017; Tan-

Wong et al, 2019). Furthermore, dRNase H1 recruitment to promot-

ers is functionally and dynamically coupled to RNAP pausing (Chen

et al, 2017). It is thus plausible that dRNaseH1 is particularly

attracted to paused RNAPs to deal with short R-loops that may form

there. Paused transcription complexes, which occur at thousands of

genes (Adelman & Lis, 2012; Core & Adelman, 2019), represent an

ideal environment for R-loop formation for several reasons. First,

the relative stability of paused complexes provides a kinetic window

of opportunity for the RNA to engage with its template DNA.

Second, this engagement is further facilitated by the confluence of

two R-loop-favoring characteristics: (i) optimal sequence (sequences

located immediately downstream of the transcription start sites are

highly GC-skewed (Ginno et al, 2012; Hartono et al, 2015)); and (ii)

proximity to the nascent RNA transcript’s 50-end (Roy et al, 2008;

Chen et al, 2017; Stolz et al, 2019). Finally, the capping enzyme,

which is immediately bound to the emerging transcript, was

proposed to facilitate R-loop formation, at least in vitro (Kaneko

et al, 2007). The hypothesis that short R-loops formed around
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paused transcription complexes represent a major landing pad for

dRNAseH1 is attractive. We believe that such short R-loops would

be difficult to detect via DRIP-based or non-denaturing bisulfite-

based approaches. This might explain why R-ChIP and DRIPc-seq

signals do not overlap around transcription start sites (TSS)

(Fig 1A). R-loops associated with paused RNA polymerases are

expected to be small (~ 60 bp at most given the lengths of RNA

transcripts at pause sites (Adelman & Lis, 2012)) and therefore prob-

ably unstable during genome fragmentation in DRIP-based

approaches. Furthermore, their high G-content on a short displaced

strand would make them invisible to bisulfite conversion

approaches, which require stretches of cytosines to be able to make

confident calls. As a result, such small promoter-associated R-loops

may be best captured by in situ approaches relying on crosslinking

such as R-ChIP. Alternatively, we note that paused RNA poly-

merases are often backtracked (Sheridan et al, 2019), and it was

recently proposed that small so-called “anterior R-loops” can form

ahead of backtracked RNA polymerases (Zatreanu et al, 2019). It is

possible that dRNase H1 and RPA have a particular affinity for those

“anterior R-loops” (Fig 1B). Additional work will be necessary to

clarify the mechanisms underlying RNase H1 targeting and elucidate

why dRNase H1 and/or RPA are relatively depleted from longer

“posterior” R-loops commonly identified by S9.6-based and other

approaches. Overall, we suggest that dRNase H1 may be primarily

driven to bind to short, possibly RPA-bound, R-loops that preferen-

tially form around promoter-proximal regions due to RNAP pausing.

We note that the physiological relevance of RNase H1 binding to

mechanisms of pause release, if any, remains unclear.

Weaknesses of S9.6-based approaches and practical guidelines for
improved reproducibility and rigor
While the S9.6 antibody is currently the best existing tool to map

and quantify RNA:DNA hybrids, it is nevertheless important to be

aware of its limitations. For instance, the affinity of S9.6 for its

targets might be influenced by their sequence, at least as docu-

mented for short synthetic RNA:DNA hybrids in vitro (K€onig et al,

2017). While this had no measurable impact on the composition of

sequences recovered in DRIP data (Sanz & Ch�edin, 2019), the recov-

ery of short hybrids, could, in principle, be affected by such prefer-

ence. S9.6 is commonly used in three different types of approaches:

imaging, dot blots, and DRIP. Each of these approaches presents a

particular set of challenges, as detailed below.

Risk of inaccuracies associated with S9.6-based
imaging applications
S9.6 has probably been used most frequently for visualization and

quantification of in situ RNA:DNA hybrid formation using

immunofluorescence (IF) microscopy. Mounting evidence suggests

that S9.6-based imaging approaches are challenged by the signifi-

cant residual affinity of S9.6 for dsRNA species (Phillips et al, 2013;

Hartono et al, 2018; Tan-Wong et al, 2019). Given that RNA-derived

materials are more abundant in cells than RNA:DNA hybrid-derived

signals by orders of magnitude, this residual affinity is highly prob-

lematic and might interfere with the reliable quantification of

genuine RNA:DNA hybrids in situ.

While RNA:DNA hybrids are expected to show an exclusively

nuclear and mitochondrial (as well as—in plants—chloroplastic)

distribution, most studies report that the majority of the IF signals

detected by S9.6 antibodies is cytoplasmic. Recent results (preprint:

Smolka et al, 2020) show that, under normal conditions in human

cells, the S9.6 signal does not overlap with mitochondria, in agree-

ment with prior work (Koo et al, 2015; Silva et al, 2018). In addi-

tion, this cytoplasmic signal was found not to be sensitive to

exogenous RNase H treatment (Silva et al, 2018; preprint: Smolka

et al, 2020), even under conditions where RNase H was proven

effective against transfected in vitro labeled RNA:DNA hybrids

(preprint: Smolka et al, 2020). Instead, the sensitivity of the cyto-

plasmic signal to RNA-specific ribonucleases T1 and III implicated

that the majority of the S9.6 signal in standard IF microscopy stud-

ies derives from RNA, but not from RNA:DNA hybrids (Silva et al,

2018; preprint: Smolka et al, 2020). These observations do raise

substantive concerns about the results of past S9.6-based imaging

studies. The odds that S9.6 IF microscopy have led to inaccurate

claims of R-loop fluctuations are significant and further enhanced

by the fact that many of the conditions tested involved perturbations

of co- and post-transcriptional processes. Such perturbations could

have profound effects on nascent transcription and RNA transport,

triggering cascading effects on mRNA pools and their translation,

and therefore potentially affecting the levels and distribution of

many types of RNAs in both the cytoplasm and the nucleus. Such

changes in RNA quantities and sub-cellular distribution may signifi-

cantly confound the detection and quantification of genuine RNase

H-sensitive RNA:DNA hybrids by IF.

We note that some studies have reported the cytoplasmic S9.6

signal to be at least partially sensitive to exogenous RNase H treat-

ment, often as measured under perturbed cellular conditions [for

example, see Koo et al, 2015; Silva et al, 2018; Prendergast et al,

2020; Wu et al, 2020)]. However, the origin of such RNase H-sensi-

tive cytoplasmic RNA:DNA hybrid species remains still largely unex-

plained, especially considering that this signal is often more intense

than the nuclear signal. It is also of paramount importance that

images obtained with and without RNase H treatment are collected

under the exact same conditions, as anecdotal evidence suggests

that buffers, incubation times and temperatures have a strong

impact on the S9.6 IF microscopy signal. Finally, we note that in

addition to issues of specificity, it is possible that S9.6-based imag-

ing may lack the sensitivity needed for detecting genuine R-loops.

As mentioned above, several groups have reported that S9.6 IF

microscopy failed to detect mitochondrial signals in unperturbed

cells (Koo et al, 2015; Silva et al, 2018; preprint: Smolka et al,

2020), although these organelles were shown to carry stable R-loops

(for review Holt, 2019).

Practical guidelines
Overall, while S9.6 IF microscopy approaches should probably be

avoided whenever possible, any protocol should incorporate steps

to destroy non-hybrid RNA molecules and demonstrate the RNase H

sensitivity of the proposed hybrid signal using exact mock condi-

tions as a control. We also encourage investigators to make efforts

to eliminate other confounding variables such as cell cycle perturba-

tions or modifications to the nascent transcriptome (see discussion

below). It is important to note that those recommendations apply

equally if imaging were to be performed using dRNaseH1-based

reagents instead of the S9.6 antibody.

i The large amount of RNA-derived and RNase H-resistant S9.6

signal must first be reduced through RNase T1 and RNase III
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treatments. The elimination of this contaminating signal is para-

mount to the ability to detect the much less abundant R-loop and

RNA:DNA hybrid signals (estimated to 300 per cell at steady-

state; (Crossley et al, 2020)).

ii It needs to be verified that any S9.6 signal claimed to be due to

genuine RNA:DNA hybrids is broadly RNase H-sensitive. The

use of transfected labeled hybrids (Rigby et al, 2014; preprint:

Smolka et al, 2020) provides a useful control for RNase H activity

in situ. This should be shown visually on fields of cells, and the

S9.6 signal should be carefully quantified. We note that this key

control should be performed using exogenous RNase H treat-

ments after cell fixation instead of in vivo over-expression of

RNase H1. As discussed above, questions remain regarding the

cellular function of RNase H1 particularly in mammalian cells,

and its over-expression may cause considerable changes to the

nascent transcriptome and perhaps also to the proteome (see

below).

iii Considering the technical hurdles associated with the IF strat-

egy, even reproducible evidence of genuine RNase H1-sensitive

nuclear signals obtained by IF should be validated by a comple-

mentary approach, such as DRIP-qPCR with adequate positive

and negative controls.

Difficulties with the interpretation of S9.6-based dot blots
S9.6-based dot immuno-blots are often performed to measure over-

all R-loop levels and classically performed on total nucleic acids. In

general, dot blots do not appear to suffer from interference with

non-hybrid RNA. We speculate that the RNA species recognized by

the S9.6 antibody in imaging applications are depleted during

nucleic acid extraction in favor of chromosomal DNA. Nevertheless,

RNase H and loading controls should always be included, accompa-

nied with quantifications of independent biological replicates. It is

important to emphasize that changes observed in total R-loop loads

may not necessarily be attributable to changes in genic R-loops.
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Instead, these changes could be driven by fluctuations in mitochon-

drial R-loops, or in RNA:DNA hybrids forming over repetitive

portions of the genome (telomeres and pericentromeric regions) that

are not easily accessible using short-read sequencing strategies (see

below). Because dot blots measure summary R-loop loads, they

would also miss more nuanced events of concurrent R-loop gains

and losses over distinct genomic regions, as observed for instance

upon DNA topoisomerase I depletion (Manzo et al, 2018). In addi-

tion, dot blots are often not highly sensitive and difficult to quantify

precisely and as a result can thus only offer limited concrete infor-

mation. Caution is therefore required when interpreting their

results.

Addressing variability in DRIP-seq experiments
S9.6-based R-loop mapping approaches have been broadly used. A

recent analysis of 110 different DRIP-based datasets from human

cells (Pan et al, 2020) suggests that significant variation exists

between results of DRIP experiments. To move the field forward, it

is important to standardize protocols, both experimental (Sanz &

Ch�edin, 2019) and computational, and to develop objective criteria

to evaluate the quality of datasets. For human cells, numerous

DRIP-seq datasets have by now been reported and thus allow for

systematic comparisons to be performed. A large ensemble of data-

sets exhibited strong concordance as measured through signal corre-

lation analysis (Fig 2A). As expected, results from “classic” DRIP-

seq methods, which have lower resolution and lack strandedness,

are more congruent with each other than with results from more

recently established strand-specific, high-resolution DRIP-based

approaches. Nonetheless, a clear correlation between all such data-

sets is evident, even with data from multiple cell lines and obtained

in various different laboratories being compared. This correlation

between datasets is also apparent when visualized as genome

browser screenshots, defining clear, consistent patterns of R-loop

distribution throughout the genome (Fig 2B). These results support

the view that R-loop formation occurs through transcribed genic

regions over conserved R-loop hotspots (Sanz et al, 2016). In partic-

ular, R-loop formation over housekeeping genes offers a clear

template to compare datasets across cell types. Such simple correla-

tion analysis also identifies a number of discordant datasets

(Fig 2A) that, similarly to RNase H-treated negative controls,

showed little to no correlation with any other dataset. Visual inspec-

tion confirmed that the signal from such studies lacked the widely

appreciated features of R-loop distribution patterns (Fig 2B),

mandating caution when interpreting these datasets. To enable data

comparison and quality control, we encourage users to exploit the

UCSC genome browser (http://genome.ucsc.edu/s/fredericched

inlab/hg19_DRIP_Correlation), which comes pre-loaded with

numerous datasets from both S9.6-based and dRNaseH1-based

mapping studies.

Practical guidelines for S9.6-based mapping via DNA:RNA
immunoprecipitation (DRIP)
i Consistency between DRIP datasets requires further harmoniza-

tion of experimental procedures. Detailed experimental proto-

cols for conducting “standard” DRIP, DRIP-qPCR, and DRIP-seq

are available (Sanz & Ch�edin, 2019) and should be followed

carefully, especially as it concerns DNA extraction and fragmen-

tation methods. We note that while restriction enzyme

fragmentation is often viewed as imposing resolution limits and

potential biases, restriction enzyme cocktails can be adapted as

needed (Ginno et al, 2013), including the use of four-base-pair

cutters, which can result in high-resolution and mostly strand-

specific R-loop maps [ssDRIP-seq; Xu et al, 2017; Yang et al,

2019)]. Approaches using sonication for genome fragmentation

are now also available [qDRIP-seq (Crossley et al, 2020) and

sDRIP-seq (preprint: Smolka et al, 2020)], allowing high-resolu-

tion, strand-specific R-loop mapping. Owing to the fact that soni-

cation breaks R-loops down to two-stranded RNA:DNA hybrids,

close attention to library building strategies should be paid in

this case: It is necessary to adopt techniques that can convert

such two-stranded RNA:DNA hybrids back into dsDNA, either

through an ssDNA ligation step as in qDRIP-seq (Crossley et al,

2020), or by introducing a second strand-synthesis step prior to

adapter ligation, as in sDRIP-seq (preprint: Smolka et al, 2020).

Results from both methods show strong agreement (Fig 2A).

ii Consistency between DRIP datasets also requires further harmo-

nization of computational pipelines. We advocate increased

transparency in the way authors call and filter peaks, especially

when RNase H-resistant peaks are filtered out. Considering that

not all RNA:DNA hybrids seem to be equally sensitive to RNase

H (Crossley et al, 2020), filtering out peaks that are only

partially resistant to RNase H might discard genuine, biologi-

cally relevant hybrids from the analysis. This also underscores

the need for standardizing RNase H treatments. Ultimately, we

believe that the community should work toward a single analy-

sis pipeline optimized against a series of robust datasets.

iii Since free RNA, particularly dsRNA, could interfere with the

capture of RNA:DNA hybrids by S9.6 antibodies (Hartono et al,

2018), it may be necessary to apply enzymatic treatments to

eliminate contaminant RNA, such as RNase T1 and RNase III

treatment (note that the use of RNase A is not recommended, as

this enzyme possesses significant RNase H-like activity that is

hard to control for). This is particularly important when

sequencing libraries are built from RNA-derived materials (see

below). However, even with DNA-based mapping strategies, the

presence of unusually high levels of RNA can sequester S9.6

antibody away, as shown in vitro, and interfere with the quanti-

tative recovery of hybrids (Zhang et al, 2015; Hartono et al,

2018). In pull-down experiments with the S9.6 antibody, the

ratio of genomic DNA to antibody should therefore be standard-

ized, to ensure the quantitative recovery of hybrids (Sanz &

Ch�edin, 2019). Note that the optimal ratio might vary between

organisms, because of different degrees of genome complexity

and total RNA levels. Spike-in controls can also be implemented

to validate IP efficiency (see below).

iv RNase H-treated controls are mandatory and should be opti-

mized to eliminate even the most refractory RNA:DNA hybrids

(Crossley et al, 2020).

v For DRIP-qPCR studies:

• Raw data (shown as “% of input”) rather than normalized

data should be provided. Normalized data do not give an indi-

cation of the absolute strength of the signal and therefore of

the yield of the IP. If necessary, normalized data may be

presented in addition to the raw data.

• Positive and negative control loci should be queried systemati-

cally. One positive control applicable to all organisms could be
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a site within ribosomal DNA (rDNA). In human cells, other

positive controls would be “gold standard” sites that have

already been validated by S9.6-independent approaches in

(Malig et al, 2020). Such controls should help to determine the

efficiency and specificity of S9.6-mediated immunoprecipita-

tion. Spike-in controls, such as transcribed R-loop plasmids or
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Figure 2. Addressing variability in DRIP-seq experiments.
(A) Dataset comparison using Pearson’s correlation analysis. Pearson’s correlation values were calculated pairwise on normalized, log-transformed signals from the
indicated datasets and reported as a heatmap. Correlation was calculated over a set of test regions consisting of “gold standard” genes recently characterized using
bisulfite-based single-molecule R-loop footprinting, SMRF-seq (Malig et al, 2020). In the example shown here, each “gold standard” region was extended by 10 kb on
each side before correlation analysis. Similar results were obtained if the regions were extended by 100 kb instead, or if other genic regions chosen at random were
used. When a dataset included multiple replicates, correlation analysis was performed on each replicate and then averaged. “RNase H” indicates that a sample had been
pre-treated with RNase H to destroy R-loops prior to DRIP. Blue arrows highlight discordant datasets. (B) Genome browser screenshot over a large region centered
around the standard “gold standard” housekeeping gene RPL13A. For simplicity, only a subset of DRIP-seq datasets are shown, along with two discordant datasets
identified here (bottom). Datasets are identified by their respective publication (first author and year). See Dataset EV1 for a detailed list.
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synthetic RNA:DNA hybrids, should also be included to afford

more rigorous quantifications and comparison across experi-

ments or studies (see below).

vi For DRIP-sequencing studies:

• The purpose of conducting R-loop mapping is often to measure

the impact of a genetic or pharmacological disruption on R-

loop patterns. To obtain quantitative data, spike-in controls

should again be developed to normalize sequencing data

across samples, as in Crossley et al (2020). Such spike-in

controls could be known amounts of synthetic RNA:DNA

hybrids (Crossley et al, 2020) or of exogenous genomes (e.g.,

Drosophila, �Svikovi�c et al, 2019). Obviously, when validating

the use of spike-in controls, great care should be taken to

demonstrate that the same amount of spike-in material has

been added to each sample before R-loop enrichment. To

properly call regions of differential signals, a strict minimum

of two biological replicates is required and, in all cases, a

subset of the regions exhibiting differential R-loop profiles

should be validated using DRIP-qPCR on independent biologi-

cal replicates.

• Optimized RNase H-treated controls must be provided to verify

the RNA:DNA hybrid dependency of the data. Showing input

samples are highly recommended to assess possible sequenc-

ing biases and facilitate downstream computational analysis.

• Datasets need to be compared to other published high-quality

datasets, now that clear congruent DRIP-based datasets have

been identified (Fig 2). The simple signal correlation analysis

shown above is one possible method by which to measure the

“fit” of datasets. Results of such comparisons should be

reported, focusing on control or mock-treated conditions. Simi-

larly, screenshots of the data over key “gold standard” regions

should be provided as supplemental data to allow assessing of

data quality. We hope the UCSC genome browser link

provided here will facilitate this process.

• When building sequencing libraries from RNA-derived materials

such as in DRIPc-seq (Sanz et al, 2016) and RDIP-seq (Nojima

et al, 2018), great care should be taken to avoid contamination

from RNA sources, as work in fission yeast has demonstrated

that such contaminations are a real possibility (Hartono et al,

2018). A close inspection of the RDIP-seq signal reported in

(Nojima et al, 2018) shows widespread patterns that would

seem most consistent with contamination by spliced RNA pools,

as indicated by clear exon-delimited peaks over highly expressed

genes (Fig 3A). Such patterns are not seen in other high-resolu-

tion mapping approaches including sonication-derived methods

(preprint: Smolka et al, 2020; Crossley et al, 2020), DRIPc-seq

mapping (Sanz et al, 2016; Data ref: Sanz et al, 2020) and single-

molecule R-loop footprinting (SMRF, Malig et al, 2020). In addi-

tion, we noted striking enrichment of RDIP-seq signal over

sequence repeats along transcribed gene bodies, in particular

short interspersed elements (SINEs) such as Alu elements,

which are well-known to form abundant dsRNA structures

(Fig 3B). Such patterns may well have resulted from contamina-

tion with nascent, unspliced transcripts, given their stranded-

ness and distribution over transcribed regions. Similar patterns

of possible exon or Alu element contamination from RNA pools

can also be observed in other recent DRIPc-seq datasets (P�erez-

Calero et al, 2020) (Fig 3C). Thus, RNA contamination is a

significant problem when mapping R-loops via the RNA moiety

of RNA:DNA hybrids. RNA-derived material can easily over-

whelm rare events derived from R-loops and lead to erroneous

conclusions. To help validate such experiment, we encourage

investigators to ascertain that their signals are not abnormally

enriched over exons and Alu elements. We note that building

sequencing libraries from DNA, as in sDRIP or qDRIP, remedies

concerns about RNA contamination while permitting high-reso-

lution, strand-specific R-loop mapping, this making it a viable

alternative.

• It is important to note that even though R-loop formation is

believed to play a biological role in repetitive regions such as

centromeres or telomeres (see for example Graf et al, 2017;

Kabeche et al, 2018), current genome-wide approaches are

limited in their ability to map R-loops in such regions, primar-

ily due to the use of short-read sequencing technologies. The

use of long-read technologies, such as PacBio (Malig et al,

2020) and nanopore sequencing, combined with the ability to

mark R-loops using non-denaturing bisulfite probing, may

provide future avenues by which to tackle this technically

challenging question.

Considerations for careful interpretation of R-loop
mapping experiments
Differential gains or losses of RNA:DNA hybrids or R-loops observed

in rigorous R-loop mapping experiments still have to be carefully

interpreted. Changes in R-loop patterns can result from a variety of

sources, including perturbations to the cell cycle, transcriptional

alterations affecting the nascent transcriptome, and the inactivation

of factors that directly modulate the homeostasis of RNA:DNA

hybrids and/or R-loops. It is important to take these possibilities

into consideration when comparing R-loop formation in different

cell populations.

i Changes in R-loop patterns may reflect alterations in cell cycle

progression. Given that a number of genes are cell cycle-controlled,

one expects at least a subset of R-loops to exhibit cell cycle depen-

dency. It was further reported that DNA replication modulates R-

loop formation (Hamperl et al, 2017), and that the bulk of RNA:

DNA formation occurs during S phase (Teloni et al, 2019; �Svikovi�c

et al, 2019). In addition, RNA:DNA hybrids were shown to accu-

mulate upon replication catastrophe, characterized by the nucleus-

wide exhaustion of RPA and the accumulation of DNA damage

(Teloni et al, 2019). It is therefore conceivable that changes in the

length and efficiency of S phase could impact the average amount

of R-loops at the population scale. To make meaningful compar-

isons of R-loop formation in different cell populations, it is there-

fore important to eliminate the possibility that a change in cell

cycle dynamics could underlie the observed changes in the amount

or distribution of given R-loops, e.g., by ensuring that the cell cycle

profiles of the compared cell populations are similar. Alternatively,

synchronized cell populations may allow a more accurate compar-

ison of genomic R-loop patterns (Manzo et al, 2018).

ii Because R-loops are mainly by-products of ongoing transcription,

R-loop formation is exquisitely sensitive to perturbations in

nascent transcription. Nascent transcription must therefore be

monitored to reach rigorously supported conclusions. For

instance, the observation that knockdown of a given “factor X”

increases R-loop levels is by itself insufficient to claim that this

8 of 13 The EMBO Journal 40: e106394 | 2021 ª 2021 The Authors

The EMBO Journal Fr�ed�eric Ch�edin et al



SINE
LINE
LTR
DNA

Simple

FLT3LG RPL13A RPS11
HeLa qDRIP (+)
- Crossley, 2020

40 _

1 _

HeLa qDRIP (-)
- Crossley, 2020

40 _

1 _

HeLa DRIPc (+)
- Sanz, 2020

125 _

1 _
125 _

1 _

HeLa DRIPc (-)
- Sanz, 2020

125 _

1 _
125 _

1 _

HeLa RDIP (+)
- Nojima, 2018

120 _

1 _
60 _

1 _
120 _

1 _
60 _

1 _

FLT3LG RPL13A RPS11

A SMRF-seq

C Shuffled
HeLa DRIPc-seq 
(Sanz, 2020)
K562 DRIPc-seq 
(Sanz, 2020)
K562 DRIPc-seq 
(Perez-Calero, 2020)
HeLa RDIP-seq 
(Nojima, 2018)

Repeats
(%peak overlap)

0% 20% 40% 60% 80%

Repeat
masker

HeLa DRIPc (+)
- Sanz, 2020

HeLa DRIPc (-)
- Sanz, 2020

HeLa RDIP (+)
- Nojima, 2018

HeLa RDIP (-)
- Nojima, 2018

HeLa RDIP (-)
- Nojima, 2018

SINE
LINE
LTR
DNA

Simple

YWHAZ

HeLa DRIP
- Sanz, 2020

68 _

1 _
68 _

1 _
68 _

1 _
150 _

0 _
150 _

0 _
100 _

1 _
100 _

1 _
100 _

1 _
100 _

1 _
60 _

1 _
40 _

1 _
60 _

1 _
40 _

1 _

B

Repeat
masker

HeLa DRIP
- Sanz, 2020

HeLa RNase H
- Sanz, 2020

HeLa DRIP
- Hamperl, 2017

HeLa DRIP
- Hamperl, 2017

HeLa DRIPc (+)
- Sanz, 2020

HeLa DRIPc (-)
- Sanz, 2020

HeLa DRIPc (+)
- Sanz, 2020

HeLa DRIPc (-)
- Sanz, 2020

HeLa RDIP (+)
- Nojima, 2018

HeLa RDIP (+)
- Nojima, 2018

HeLa RDIP (-)
- Nojima, 2018

HeLa RDIP (-)
- Nojima, 2018

Figure 3.

ª 2021 The Authors The EMBO Journal 40: e106394 | 2021 9 of 13

Fr�ed�eric Ch�edin et al The EMBO Journal



“factor X is involved in R-loop resolution”. “Factor X” depletion

may instead increase nascent transcription levels, which in turn

might entirely account for the observed higher R-loop accumula-

tion. Generally, R-loops may accumulate in specific conditions

either when (a) the probability R-loop formation at each tran-

scription cycle remains unchanged but there are more transcrip-

tion cycles (e.g., R-loop gains upon estrogen induction (Stork

et al, 2016)); (b) transcription is unchanged but each transcrip-

tion cycle is more likely to produce an R-loop; or (c) R-loops

form with the same probability but their disassembly is ineffi-

cient (which might eventually interfere with nascent transcrip-

tion). Situations (b) and (c) are predicted to be associated with

unchanged or lowered levels of nascent transcription, while situ-

ation (a) is predicted to correlate with increased levels of nascent

transcripts. Situations (b) and (c) are not easy to distinguish

experimentally.

Manipulating R-loop levels by the strong expression of RNase H1
As mentioned above, cells tend to experience DNA damage and

genome instability in conditions where R-loop levels increase,

which often involve altering transcription itself or the co-transcrip-

tional processing of nascent RNAs. To demonstrate that R-loops

(rather than the transcriptomic alterations associated with such

manipulations) indeed account for these phenotypes, a common

strategy is to induce the strong nuclear expression of RNase H1,

which often suppresses genome instability phenotypes associated

with R-loop-increasing manipulations to some extent. In most stud-

ies, the subsequent conclusion that accumulation/stabilization of

R-loops above a certain threshold indeed underlies an observed

phenotype of interest, solely relies on this single experimental

approach, and the lack of a complementary confirmatory approach

is a limitation in the field. Another problem comes from the fact

that most studies lack verification that R-loop levels are indeed

reduced after RNase H1 over-expression; as notable exceptions,

expression of E. coli RNase H was shown to reduce R-loop levels

in fission yeast (Hartono et al, 2018), and human RNase H1 over-

expression was shown to reduce R-loop levels at specific loci by

DRIP-qPCR in mouse embryonic stem cells (Skourti-Stathaki et al,

2019) and genome-wide in HeLa cells (Tan-Wong et al, 2019)

(within the above-mentioned RDIP-seq-associated caveats). In

addition, conclusions regarding the toxicity of certain R-loops for

genome stability suffer from the fact that “harmful” R-loops have

thus far not been convincingly identified. Thus, the amelioration

of genome instability upon RNase H1 expression has never been

conclusively linked to the disappearance of a class of proposed

harmful R-loops.

Although it is relatively simple to implement, some important

drawbacks of the described RNase H1 over-expression strategy are

frequently ignored (Vanoosthuyse, 2018). First, excess RNase H1 is

often toxic to vertebrate cells (Paulsen et al, 2009; Britton et al,

2014; Salas-Armenteros et al, 2017; Shen et al, 2017; Barroso et al,

2019; Chang et al, 2019) with the molecular reasons for this toxic-

ity not yet being understood. A second possible side effect of this

strategy is again dose-dependent indirect perturbations to the

nascent transcriptome and proteome, the extent of which may vary

in different genetic backgrounds (Hartono et al, 2018). In human

cells for example, the over-expression of RNase H1 was shown to

impact the production of antisense transcripts (Tan-Wong et al,

2019) and the stability of a number of DNA damage response

factors (Shen et al, 2017), while in mouse ESCs it was shown to

derepress Polycomb-repressed genes (Skourti-Stathaki et al, 2019).

As a result of these transcriptome and proteome alterations, the

over-expression of RNase H1 might only indirectly modulate the

phenotype of interest.

In addition, as mentioned above, RPA associates with and stimu-

lates the activity of RNase H1 toward R-loops and, while the over-

expression of wild-type RNase H1 could suppress genome instability

in several contexts, the over-expression of a catalytically active

RNase H1 mutant that cannot bind RPA failed to do so (Nguyen

et al, 2017). It is therefore conceivable that increased RNase H1

nuclear levels might at least partially titrate away RPA and compli-

cate the interpretation of such experiments. To circumvent this

issue, it may be advisable to over-express a bacterial (E. coli RnhA)

rather than human enzyme, which lacks the domain required for

RPA interaction (Nguyen et al, 2017). Moreover, to limit unwanted

indirect effects on the transcriptome, it is advisable to use cell cycle-

regulated promoters and degrons to restrict the over-expression of

RnhA to specific cell cycle phases, as described recently (Lockhart

et al, 2019; �Svikovi�c et al, 2019). It is also worth further exploring

the recently described the possibility of targeting active RNase H1 to

specific loci using dCas9 (Li et al, 2020; Abraham et al, 2020) in

order to achieve local R-loop degradation and interrogate R-loop

function. To fully validate this strategy, it will however be important

to demonstrate that the presence of a pre-existing RNA:DNA hybrid

does not interfere with the targeting of dCas9. In addition, the ability

of dCas9-RNASEH1 fusion proteins to effectively and selectively

degrade the targeted R-loops in the absence of transcriptional conse-

quences remains to be better established. We suggest that SMRF-seq

assays (Malig et al, 2020) would be ideally suited to determine if

such targeted approaches can lead to the full degradation of the long

R-loops (500–1,000 bp) that are frequently encountered in the chro-

mosomes of living cells.

▸Figure 3. RNA contamination is a significant problem when mapping R-loops via the RNA moiety of RNA:DNA hybrids.
(A) Genome browser screenshot over the RPL13A “gold standard” region showing results from DNA-based (qDRIP-seq; (Crossley et al, 2020)) and RNA-based high-
resolution mapping (DRIPc-seq and RDIP-seq; (Nojima et al, 2018; Data ref: Sanz et al, 2020) in HeLa cells. The boxed region was also profiled using SMRF-seq (Malig
et al, 2020). Red and blue colors indicate R-loops forming on the positive and negative strands, respectively. RDIP-seq bears striking resemblance to results expected
from RNA-seq data, with a clear exon-delineated pattern visible genome-wide for highly expressed genes. (B) R-loops form over the YWHAZ gene promoter region
according to multiple independent datasets in HeLa cells (top, boxed). RDIP-seq data instead displays striking enrichments over SINE repeats (highlighted by the repeat
masker track), which include dsRNA-generating Alu elements. (C) Overlap of peak calls from various human RNA-derived R-loop datasets with repeat elements; some
datasets show significantly higher repeat overlap. In all cases, Alu elements are responsible for the overwhelming majority of the repeat overlap (80–97%) and the
increased overlap in some datasets is entirely driven by excess Alu elements, as exemplified in Fig 3B. “Shuffled” indicates the extent of repeat overlap expected at
random and was measured by arbitrarily moving peaks in each dataset 2 kb to the left before determining repeat overlap (similar results were observed if peaks were
moved by 1 or 2 kb to the right or left). Results are shown as average with standard deviation calculated over biological replicates available for each dataset.
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Finally, to strengthen the demonstration that R-loops contribute

directly to the phenotype of interest (for example DNA damage),

investigators are encouraged to demonstrate the spatial and tempo-

ral co-localization between R-loops and DNA damage at the

genome-wide scale and to show that RNase H1-sensitive damaged

loci form exclusively over R-loops that are stabilized. For example,

while the RNase H1-sensitive genome instability associated with a

splicing deficiency has been reported by several studies (Li &

Manley, 2005; Chen et al, 2018; Chakraborty et al, 2018), it has yet

to be demonstrated that R-loops and DNA damage form on incor-

rectly spliced transcripts.

Conclusions

R-loops have risen to prominence as a major type of transcription-

driven non-B DNA structure in all genomes. Correctly addressing

the possible impact of R-loop formation on adaptive and maladap-

tive cellular processes requires well-controlled, standardized, and

carefully interpreted methodologies. This commentary was moti-

vated by the desire to describe best practices for mapping, visualiz-

ing, and manipulating R-loops, to resolve discrepancies in the field,

and to promote careful interpretation and (where needed) re-evalua-

tion of existing datasets. We hope that these recommendations will

be useful for authors, referees, and editors alike and will help

improve the reliability of future R-loop-related studies.

A puzzling observation in the field has been the major disparity

between results from dRNase H1- and S9.6-based R-loop maps. We

propose here that endogenous dRNase H1 may only recognize a

subset of RNA:DNA hybrids associated with promoter-paused RNA

polymerases. Future studies will determine the molecular underpin-

nings of such specificity, probe if such short R-loops have biological

significance, and whether endogenous RNase H1 participates in

resolving them in the context of physiological pause-release mecha-

nisms. The thorough identification of harmful R-loops in a variety of

cellular models will also be critical to test the popular notion that a

subset of R-loops may negatively interfere with genome stability.

Strategies to evaluate the stability of different R-loops in vivo will

further be important to determine whether altered R-loop stability,

in addition to altered distribution, is an important determinant of

genome instability (Garc�ıa-Rubio et al, 2018). Existing strategies

using transcription inhibitors (Sanz et al, 2016; Crossley et al, 2020)

are limited in determining the turnover of R-loops that form at the 30

end of genes. This is a limitation considering that such terminal R-

loops have been associated with DNA replication stress (Costantino

& Koshland, 2018; Promonet et al, 2020). Strategies to accurately

determine the stability of individual R-loops throughout the cell

cycle or in response to stress will be invaluable to understand the

full impact of R-loop formation on genome stability.

Data availability
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Expanded View for this article is available online.
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