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Abstract

R-loops, composed of DNA-RNA hybrids and displaced single-stranded DNA, are known to pose a severe threat to genome
integrity. Therefore, extensive research has focused on identifying regulatory proteins involved in controlling R-loop levels.
These proteins play critical roles in preventing R-loop accumulation and associated genome instability. Herein I summarize
recent knowledge on R-loop regulators affecting R-loop homeostasis, involving a wide array of R-loop screening methods
that have enabled their characterization, from forward genetic and siRNA-based screens to proximity labeling and machine
learning. These approaches not only deepen our understanding on R-loop formation processes, but also hold promise to find
new targets in R-loop dysregulation associated with human pathologies.
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Introduction

R-loops are triple-stranded nucleic acid structures in the
genome that consist of an RNA-DNA hybrid and a displaced
single-stranded DNA (ssDNA) (Fig. 1). First identified in
1976 (Thomas et al. 1976), these structures were initially
observed in living bacteria and have since been investigated
across various organisms, underscoring their prevalence
from yeast to humans. While originally regarded as tran-
scriptional by-products, R-loops have gained attention in the
past decade due to their involvement in diverse physiological
and pathological processes.

Under normal conditions, R-loops regulate gene expres-
sion by inhibiting DNA methylation at CpG islands and
recruiting noncoding RNAs near promoters (Arab et al.
2019; Boque-Sastre et al. 2015). Additionally, they serve
as intermediates for the replication of the T4 bacteriophage,
Escherichia coli, and mitochondrial genomes (Aguilera and
Garcia-Muse 2012) and contribute to the dynamics of chro-
mosome telomeres (Balk et al. 2013). In B lymphocytes, the
single-stranded DNA segment of R-loops induces mutagenic
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effects that stimulate immunoglobulin heavy chain isotype
switching (Yu et al. 2003).

However, under pathological conditions, the accumula-
tion of R-loops poses a severe threat to chromosome integ-
rity, primarily due to transcription-replication conflicts,
which can lead to genome instability and carcinogenesis.
R-loops have also been associated with neurodegenera-
tive diseases such as amyotrophic lateral sclerosis (ALS),
Aicardi—-Goutieres syndrome, Friedreich's ataxia, and Frag-
ile X syndrome (Lim et al. 2015; Walker et al. 2017; Reddy
et al. 2014; Kannan et al. 2019; Perego et al. 2018; Grun-
seich et al. 2018; Fer¢ et al. 2024), highlighting their impact
on nondividing (post-mitotic) cells.

The formation of R-loops can be attributed to mecha-
nisms proposed by Lieber and Roy, known as the "thread-
back" and the "extended hybrid" models (Roy et al. 2010). In
the "threadback" model, a single-stranded nascent RNA exits
the RNA polymerase and promptly returns to the transcrip-
tion bubble to hybridize with the DNA template, displac-
ing the coding strand. The "extended hybrid" model, on the
other hand, describes the formation of R-loops during abor-
tive transcription due to RNA polymerase stalling. These
structures, referred to as cis R-loops, are directly associ-
ated with ongoing transcription. Most R-loops are thought
to form during transcription, and cis R-loops are promoted
by guanine-rich regions, DNA single-stranded breaks (nicks)
on the coding DNA strand, and supercoiled DNA (Roy et al.
2010).
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Fig. 1 Scheme of an R-loop. An R-loop is a three-stranded nucleic
acid structure composed of an RNA-DNA hybrid and a displaced
single-stranded DNA (ssDNA). Thermodynamic stability of the
structure and its susceptibility to internal and external clastogenic
signals nominate R-loops for hotspots of mutagenesis and genomic
instability. Positive factors (red) refer to regulatory genes that directly
or indirectly help the formation of the R-loop. Negative factors (blue)
represent genes that prevent R-loop formation

Experimental data also suggest that the RNA strand in the
R-loop can originate from distant genomic regions (Wahba
and Koshland 2013; Ariel et al. 2020), representing long
noncoding RNAs (IncRNAs), circular RNAs (circRNAs), or
repetitive RNAs. These RNA molecules hybridize in trans
with complementary DNA segments distant from their tran-
scription site. In some instances, both cis and trans R-loops
can coexist in the same region, referred to as the "mixed"
model. The resulting RNA-DNA hybrids are thermody-
namically more stable than DNA-DNA duplexes, partially
due to the intermediate nature of the RNA-DNA hybrid
between the “A” form double-stranded RNA (dsRNA) and
the “B” form double-stranded DNA (dsDNA). G quadruplex
(G4) structures that often form on displaced ssDNA can also
contribute to the extreme stability of the R-loop (Duquette
et al. 2004).

In the context of chromatin, open and transcriptionally
active chromatin regions tend to promote R-loop formation
(Halasz et al. 2017; Karanyi et al. 2018, 2020; Hetey et al.
2017). Genes with R-loops are more likely to be expressed
than those without R-loops (Sanz et al. 2016). However,
R-loops can also form in repressive chromatin regions, such
as repetitive elements, and telomeric and pericentromeric
sections, and this formation depends partly on the activity
of PRC1/2 complexes.

The formation of R-loops arises from complex interac-
tions involving nucleotide sequence composition, DNA
topology, transcription rate, and chromatin states. While the
mechanistic details of these processes are not fully under-
stood, several factors have been identified that either pro-
mote or prevent R-loop formation:

1 RNase H Enzymes: These enzymes cleave the RNA

strand in the RNA-DNA hybrid in a sequence-independ-
ent manner. RNaseH1, found in both the nucleus and
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mitochondria, is essential for preventing chromosomal
R-loops in vivo (Arudchandran et al. 2000). RNaseH2
can recognize and cleave single ribonucleotides misin-
corporated into the DNA duplex (Uehara et al. 2018).

2 RNA-DNA Hybrid Helicases: Proteins like senataxin,
aquarius, Pifl, Srs1/BLM, UPF1, DHX9, DDXI,
DDX19, DDX21, and DHX30 unwind R-loops, prevent-
ing R-loop-mediated DNA damage (Skourti-Stathaki
et al. 2011; Groh et al. 2017; Cohen et al. 2018; Yun
et al. 2017; Ngo et al. 2021; Chakraborty et al. 2018;
Ribeiro de Almeida et al. 2018; Hodroj et al. 2017).

3 Topoisomerases: These enzymes alter DNA supercoiling
to prevent uncontrolled R-loop formation during tran-
scription and replication (Tuduri et al. 2009; Hegediis
et al. 2018; Székvolgyi et al. 2006, 2007). Topoisomer-
ase I (Topl) removes co-transcriptional R-loops in
human cells, preventing transcription pausing and col-
lision with the replisome (Manzo et al. 2018).

4 RNA Biogenesis Factors: Proteins like ASF/SF2
(human) and the THO/TREX complex (yeast and
human) play crucial roles in mRNA maturation/transport
processes. They prevent nascent RNA from hybridizing
back to the DNA duplex, thereby inhibiting R-loop for-
mation and transcription—replication conflicts (Li and
Manley 2005; Dominguez-Sanchez et al. 2011).

5 Recombinases and Anti-recombinases: Human proteins
like Rad51, Srs2, UPF1, Rad52, BRCA1, BRCA2, and
FANCM play roles in promoting or inhibiting R-loop
formation. RADS51-associated protein 1 (RADS5S1API)
stimulates R-loops in humans when transcription is
active (Ouyang et al. 2021). Notably, RAD51AP1 is
required for the formation of “DR-loops” that contain
both DNA-RNA hybrids and DNA-DNA (D) loops,
preferentially bound by RADS51. Thus, RAD51AP1 pro-
motes the invasion of RNA transcripts into the donor
DNA at DSBs in transcribed regions and stimulates
recombination through DR loop intermediates. The
yeast Rad51 also helps R-loop formation but may be
recombinogenic when present in R-loop regions without
DNA damage (Wahba et al. 2013). RECQ-like helicases
Sgsl (yeast) and BLM (human), on the other hand, pre-
vent R-loop formation (Yun et al. 2017).

The regulation of R-loop structures is closely related to
factors influencing genome integrity and mutagenesis. The
displaced ssDNA strand in R-loops is sensitive to various
DNA-damaging effects, such as spontaneous or cytidine
deaminase (APOBEC)-induced dC — dU deamination,
leading to mutagenesis and recombination (McCann et al.
2023). Repair of these lesions can insert faulty nucleotides
or convert nicks into DSBs, increasing the potential for
genome instability. Additionally, R-loops can promote non-
mutagenic homology-directed DNA repair (HDD) through
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the interaction of the MRN/MRX complex (Mrel1, Rad50,
Xrs2/Nbs1) with the RNA polymerase, resulting in the syn-
thesis of an R-loop near the resected DNA end, an essential
step in HDD. The recombinase Rad52 is required for this
process (Yasuhara et al. 2018).

Identifying regulatory proteins that control
R-loop levels

To understand the above R-loop-mediated processes, extensive
studies have been conducted in a number of species to iden-
tify new regulatory proteins that control R-loop levels. Stirling
et al. performed an R-loop screen in Saccharomyces cerevisiae
that identified several mRNA cleavage and polyadenylation
mutants (Stirling et al. 2012) that accumulated DNA-RNA
hybrids and emphasized the role of these factors in suppressing
R-loop formation. Cafias et al. examined the role of chromatin
modifiers in R-loop homeostasis and associated genome insta-
bility (Canas et al. 2022). Their specific screening revealed
that the Rtt109 histone acetyltransferase prevents DNA-RNA
hybrid accumulation and plays a role in repairing DNA breaks
caused by R-loops. The study provides insights into the influ-
ence of chromatin context on DNA-RNA hybrid-associated
DNA damage and repair. Penzo et al. investigated the intrigu-
ing relationship between R-loops and nuclear pore complexes
(NPCs) (Penzo et al. 2023). Their screen uncovered an asso-
ciation between transcribed genes, NPCs, and the accumula-
tion of R-loops. This relocation pathway mirrors mechanisms
for sensing transcriptional and genotoxic stresses, shedding
light on the convergence of these processes. In Arabidopsis
thaliana, a forward mutagenesis screen identified the Nodu-
lin homeobox (NDX) protein as an R-loop stabilizing factor
within the flowering locus C (FLC) gene locus (Sun et al.
2013). However, subsequent research revealed that NDX
primarily regulates heterochromatic small interfering RNA
(het-siRNA) expression and heterochromatin homeostasis,
rather than euchromatic R-loops (Karanyi et al. 2022; Fer6
et al. 2023). In human cells, Cristini et al. utilized an affinity
purification approach to define an RNA/DNA hybrid interac-
tome (Cristini et al. 2018). The interactome comprises known
R-loop-associated factors and previously uncharacterized
interactors, including helicases, RNA processing, DNA repair,
and chromatin factors. DHX9 helicase emerges as a top can-
didate for R-loop suppression, with interactions with PARP1
to prevent R-loop-associated DNA damage. Wang et al. per-
formed a liquid chromatography/tandem mass spectrometry
(LC-MS/MS) screen to identify human proteins bound to
the RNA-DNA hybrids (Wang et al. 2018). A study by Kim
et al. systematically explored the role of human bromodomain
(BRD) proteins to genome stability and DNA double-stranded
break repair (Kim et al. 2019). Using a siRNA screen, they
identified BRD proteins, including BRD2 and BRD4, as

negative regulators of transcription-associated RNA-DNA
hybrids. Barroso et al. screened an siRNA library covering
240 human DNA damage response (DDR) genes to understand
how cells counteract spontaneous RNA—-DNA hybrids (Bar-
roso et al. 2019). The study identified DDR factors involved
in post-replicative repair and DNA damage checkpoint path-
ways. Wu et al. conducted a rigorous purification of proteins
linked to R-loops in mouse embryonic stem cells, identify-
ing 364 proteins strongly associated with R-loops. Notably,
nucleolar proteins, particularly numerous DEAD-box family
helicase proteins, were prominently enriched in this screen.
In-depth analysis of selected DEAD-box helicases unveiled
their involvement in post-transcriptional processes for generat-
ing mature rRNAS and their direct or indirect roles in regulat-
ing genes associated with differentiation. These discoveries
highlighted an extensive network of R-loop-associated proteins
crucial for maintaining stem cell homeostasis (Wu et al. 2021).
Yan et al. employed a proximity-dependent labeling system
to identify proteins that regulate R-loops (Yan et al. 2022).
They discovered an unexpected enrichment of R-loop regula-
tory proteins containing zinc fingers and homeodomains, with
implications for developmental disorders and cancer. Kumar
et al. employed a machine learning approach to predict R-loop
binding proteins (Kumar et al. 2022). They identified features
enriched in R-loop binding proteins and created random for-
est classifiers. Known R-loop regulating pathways, including
splicing, DNA damage repair, and chromatin remodeling, were
highly enriched in their dataset, validating the predictive power
of their in silico approach. Most recently, a screen by Camino
et al. presented an intriguing discovery: DICER, the ribonu-
clease known for its role in RNA processing, acts as an R-loop
resolvase (Camino et al. 2023). Through biochemical analysis,
the study demonstrated that DICER cleaves the RNA strand
within R-loops, thereby preventing their accumulation. This
study not only expands our understanding of DICER's mul-
tifunctionality but also underscores the importance of RNA
processing factors in maintaining genome integrity. Taken
together, the above R-loop screens are well suited to under-
standing the regulation of R-loops and how R-loop formation
influences RNA biogenesis, DNA repair and genome stability.
We expect that R-loop screening approaches will seamlessly
interface with the expanding range of functional genomic
screens in human and other cell models, identifying many
dozens of new R-loop regulators that control R-loop forma-
tion, stability, resolution, dissolution, and signaling.

Future directions for R-loop research

An important issue in the field involves distinguishing
between physiologically relevant regulatory R-loops and
co-transcriptional by-products. The formation of R-loops by
RNA polymerases, whether acting at the transcription site
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(cis) or away from it (¢trans), demands complex approaches
for comprehensive understanding. Quantitative changes in
R-loop levels, observed in DRIP-seq (or similar genome-
wide) experiments, require cautious interpretation due to
their potential diverse sources. Factors such as transcrip-
tional perturbations with agents like actinomycin D or
a-amanitin, or conditional RNA polymerase mutations, can
significantly impact R-loop levels, emphasizing the need for
parallel measurements of nascent transcription, as demon-
strated by GRO-seq. To compare and quantify R-loop pro-
files in different samples, it is desirable to use a spike-in
control.

Careful evaluation of the effects of genetic perturba-
tions on R-loop levels is also crucial. Merely observing an
increase in R-loop levels upon deletion or silencing of a
specific gene does not conclusively establish that the gene
affects R-loop formation. Cell cycle variability further com-
plicates the picture, with R-loop levels fluctuating through-
out the G1/S/G2/M phases.

The relationship between R-loops and DSB repair, dem-
onstrated by Rad52 performing inverse strand exchange
using sSRNA, raises intriguing possibilities that need to be
explored. However, the controversies on the role of de novo
transcription in R-loop-mediated repair processes need to
be clarified. Particularly, co-transcriptional R-loops with a
regulatory role can be created by an RNA polymerase that
"runs into" a DNA break and turns back from the break site
to synthesize an R-loop (Lim et al. 2023). This R-loop is
then extended in one direction from the break to the tran-
scription start site to prevent transcription in the vicinity of
the DNA lesion. These observations add to the complexity
of R-loops and remain a challenging frontier.

In addition to cis R-loops, much less is known about the
generation and abundance of frans R-loops, which exert
their effects by hybridizing to distant genomic regions. A
recent study demonstrated the role of APOLO IncRNA in
the establishment of transchromosomal R-loops that regulate
the activity of the Polycomb repressive complex 1 (PRC1)
complex in Arabidopsis (Ariel et al. 2020). In yeast, the
role of Rad51 in the formation of trans R-loops was dem-
onstrated (Wahba et al. 2013), which was later refuted by
another group (Lafuente-Barquero et al. 2020). These con-
tradictions also prove that many aspects of R-loop biology
are unexplored, and its relationship with transcription and
DNA repair awaits further explanation.

Conclusions for future biology

R-loops, initially perceived as mere transcriptional by-
products, have emerged as pivotal players in a range of
cellular processes. Their role in regulating gene expres-
sion under normal conditions and their potential to cause
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genome instability under pathological conditions make them
a topic of intense research. The identification new regula-
tory factors that either promote or prevent R-loop formation
has added depth to our understanding of these structures.
Recent studies across different species have revealed new
insights into the regulation of R-loop levels, highlighting the
importance of chromatin modifiers, RNA processing factors,
and resolvases. Thee powerful R-loop screening methods not
only broaden our knowledge on R-loop homeostasis but also
provide potential new targets for therapeutic interventions in
diseases linked to R-loop dysregulation.
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