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Abstract

The dynamic structure of chromatin, which exists in two conformational states: heterochromatin
and euchromatin, alters the accessibility of the DNA to regulatory factors during transcription, rep-
lication, recombination, and DNA damage repair. Chemical modifications of histones and DNA, as
well as adenosine triphospahate-dependent nucleosome remodeling, have been the major focus
of research on chromatin dynamics over the past two decades. However, recent studies using a
DNA-RNA hybrid-specific antibody and next-generation sequencing approaches have revealed
that the formation of R-loops, one of the most common non-canonical DNA structures, is an emer-
ging regulator of chromatin states. This review focuses on recent insights into the interplay
between R-loop formation and the epigenetic modifications of chromatin in normal and disease

states.
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Introduction

DNA can adopt a number of alternative structures in addition to the
right-handed double helical B-form, such as left-handed Z-DNA, the
four-stranded G-quardruplex, D-loops, and R-loops. R-loops are
three-stranded nucleic acid structures, consisting of a DNA-RNA
hybrid and a displaced single-stranded DNA [1]. Davis and collea-
gues first reported R-loops 40 years ago [2]. They showed that RNA
could hybridize with a complementary double-stranded DNA,
resulting in a D-loop-like structure, which they called an R-loop.
Twenty years after the discovery of R-loops, Crouch and colleagues
showed that R-loops could form iz vivo during transcription in bac-
terial cells, and were regarded as mere infrequent transcriptional by-
products [3,4]. Since then and especially in the past decade, R-loop
biology has become an increasingly expanded area of research, as
these nucleic acid structures are conserved and found in a variety of
organisms, ranging from bacteria to mammals, and are implicated
in genomic instability and many genetic-based diseases, such as can-
cer and neurodegeneration diseases.

Precisely, how R-loops form in vivo is still unclear; however,
three nonexclusive models have been presented. First, they are

predominantly thought to form by the ‘thread-back’ model, wherein
the newly synthesized RNA strand, exiting the RNA polymerase, re-
anneals back with its homologous sequence in the duplex DNA (in
cis), displacing the non-template strand. This is especially the case
when RNA polymerase transcribes a C-rich DNA template, resulting
in a G-rich mRNA that invades the homologous DNA sequence
behind the elongating RNA polymerase, leaving the G-rich non-
template strand single-stranded. Second, the normal 8-bp DNA-RNA
hybrid in the transcription machinery can be extended, leaving the
non-template strand single-stranded, leading to R-loop formation.
However, this model is unlikely in light of structural studies show-
ing that the nascent RNA transcript and template DNA exit through
different channels during transcription [5]. Third, R-loops can also
form in frans, post-transcriptionally, when an RNA strand anneals
to a homologous DNA sequence at a different locus from where it
was transcribed [6,7]. This model has gained more support from a
recent R-loop genome-wide mapping study, in which R-loops were
found in untranscribed regions of human genome [8]. Nevertheless,
it has become increasingly apparent that R-loops occur much more
frequently than previously imagined and genome-wide mapping
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established R-loops to be the most abundant non-B DNA structures
in mammalian genomes [8,9]. They are involved not only in tran-
scriptional regulation and replication, but also in genomic instabil-
ity, class-switch recombination in B cells, and DNA damage and
repair. These areas of R-loop research have been extensively
reviewed recently [1,10-13]. Our review focuses on the role of
R-loops as an emerging regulator of chromatin dynamics, highlight-
ing the epigenetic interplay of chromatin with this unique DNA
structure. There have been considerable progresses in understanding
these aspects of R-loop biology, although areas of controversy
remain.

Factors Determining the Formation of R-Loops

DNA sequence composition

In silico analysis of the human genome has identified ~250,000
putative R-loop forming sequences [14]. These DNA sequences are
rich in cytosine on the template strand and guanine on the non-
template strand. In vitro transcription studies have shown that
clusters of three or more consecutive guanines promote R-loop for-
mation and high guanine density, without clustering, is important
for maintaining R-loops [15]. In addition, during transcription, the
guanine-rich non-template single-stranded DNA can form very stable
secondary structures, known as G-quadruplexes [16], which may
facilitate hybridization of the nascent mRNA with the template
DNA via the thread-back model. The single-stranded portion of
the R-loop is also susceptible to damage [17], which hinders its
ability to re-anneal with the template strand, thereby promoting
RNA binding to the template strand leading to R-loop formation.

RNA biogenesis

Currently, >50 yeast gene mutations have been found to lead to
DNA-RNA hybrid accumulation [18,19]. These include mutants
that cause defects in transcription elongation, termination, mRNA
splicing, cleavage, polyadenylation, mRNA export, RNA degrad-
ation, and rDNA processing [7,18-28], suggesting that RNA bio-
genesis factors play a key role in mitigating or preventing R-loop
formation. Three DNA topoisomerases (I, II, and IIIB), which
unwind supercoiled DNA during transcription elongation, are also
involved in preventing R-loop formation [25,27].

Ribonucleases and helicases

Once formed, R-loops are very stable and exhibit a structure that is
intermediary between B-form DNA and A-form double-stranded
RNA (dsRNA) that is thermodynamically more favorable than
duplex DNA. It is critical to remove excessive R-loops in a time-
and space-dependent manner to avoid its catastrophic outcomes
[11,13]. This can be achieved by either ribonucleases or helicases.
RNase H enzymes remove R-loops by degrading the RNA strand of
the DNA-RNA hybrid [29]. Overexpression of RNase H has been
shown to partially complement the growth defect of DNA topoisom-
erase I mutants in Escherichia coli by reducing R-loops formation
[3,30]. This mechanism is evolutionary conserved and found in yeast
and mammals [31].

Another mechanism cell utilizes to remove R-loops is through
DNA-RNA helicases that unwind the hybrids. This group of
enzymes belongs to either DNA or RNA helicases, but with a prefer-
ence for DNA-RNA hybrids as substrates [32,33]. For example, the
yeast Piflp DNA helicase preferentially unwinds DNA-RNA sub-
strates and is involved in mitochondrial DNA maintenance and

telomeric DNA synthesis [34]. The human DEAH box protein
DHX9 preferentially unwinds R-loops and G-quadruplexes for tran-
scription activation and genome stability [35]. The human senataxin
(SETX) is a DNA and RNA helicase that resolves R-loops formed at
transcription termination sites [28,36]. Loss of SETX leads to aber-
rant R-loop accumulation and failure of meiotic recombination and
infertility in mice [37].

DNA damage response pathways

In line with the increasing evidence showing that R-loops are threats
to genome stability, proteins involved in DNA damage response
(DDR) pathways can also process R-loops. For example, R-loops
are accumulated at damaged transcribed sites in a transcription-
dependent manner and are regulated by DDR pathway proteins
such as SAF-A, FUS, and TAF15 [38]. It was also found that
R-loops induced by loss of function mutations of SETX and AQR
helicases or inhibition of topoisomerase 1 are processed into DNA
double-strand breaks through transcription-coupled nucleotide exci-
sion repair pathway [17]. R-loops are believed to be a major source
of spontaneous replication stress and that BRCA2 and Fanconi
anaemia proteins contribute to the elimination of R-loops that block
replication folk progression [39-41]. Furthermore, BRCA1 was
found to interact with SETX at transcription termination regions to
prevent R-loop formation, as deletion of either one of them increases
R-loops [42]. The physical interaction between BRCA1 and SETX
provides the first evidence for targeting the helicase activity for
R-loop resolution.

Recombination-driven R-loop formation

The concept that R-loop formation invariably occurs at the site of
transcription (in cis) was challenged by a series of recent findings
showing that R-loops can also form by RNA invading the DNA
duplex at a remote genomic location (in frans). The first evidence
comes from the E. coli homologous recombination and DNA dam-
age repair protein, RecA. It catalyzes the assimilation of complemen-
tary RNA into a homologous region of a DNA duplex to form
R-loops [43,44]. Interestingly, mutation of eukaryotic Rad51 pro-
tein (the yeast homolog of RecA), which promotes strand exchange
by forming nucleoprotein filaments during homolog recombination,
was reported to result in reduced R-loop formation, suggesting that
Rad51 likely promotes R-loop formation in trans [7]. However, fur-
ther biochemistry assays are required to demonstrate the Rad51
activity in this regard. Recently, an in vitro study shows that tran-
scripts harboring AGGAG repeats can form R-loops with CTCCT-
repeat template in frans [6], suggesting that R-loops formed in trans
may likely prefer some sequences that are prone to undergo strand
separation under negative supercoiled condition, thus favoring spon-
taneous R-loop formation.

The Genomic Distribution of R-Loops

Detection of R-loops in vivo had been a challenge before the DNA-
RNA hybrid-specific antibody ($9.6 monoclonal antibody) was
developed [45]. This antibody is widely used to visualize R-loops by
immunofluorescence and to isolate R-loops from cells by immuno-
precipitation. In combination with microarray and next-generation
sequencing approaches, several genome-wide mapping strategies
were developed to detect R-loops in vivo. For example, Ginno et al.
[46,47] developed the first DNA-RNA immunoprecipitation-
sequencing (DRIP-Seq) technique to quantitatively recover R-loops
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from complex nucleic acid mixtures of human genomic DNA. This
approach identified thousands of R-loop peaks distributed along the
human genome [46,47]. The majority of these R-loop forming
regions showed enrichment at the promoters of highly transcribed
genes (e.g. housekeeping genes). In addition, a significant amount of
R-loops were also found at the 3’ end of genes, consistent with the
role of R-loop formation at transcription termination  sites
[36,48,49]. Ginno et al. [46,47] also developed another R-loop
enrichment method, called DNA-RNA i# vitro enrichment (DRIVE)
to complement with DRIP-Seq, which relies on the intrinsic specifi-
city of the $9.6 monoclonal antibody. DRIVE makes use of a cata-
lytically deficient but DNA-RNA hybrid binding competent human
RNASEH1 protein for affinity pull down of R-loops from nucleic
acid mixtures. Over 1000 R-loop forming regions were identified
and they are significantly overlapping with core promoter regions.

Hage et al. [50] applied chromatin immunoprecipitation fol-
lowed by sequencing (ChIP-Seq) to systematically identify R-loop
forming sites throughout the nuclear and mitochondrial genomes
in budding yeast. They detected R-loops in actively transcribed
genes by all RNA polymerases (Pol I, II, III) and mitochondrial
RNA polymerase (mtRNAP). These regions include rDNA genes
transcribed by Pol I, tRNAs, and U6 snRNA transcribed by
Pol III, transcription units of the mtDNA, and a subset of intron-
containing genes transcribed by Pol II. Tyl retrotransposons also
form low levels of R-loops in wild-type strains, but notable accu-
mulation was observed in RNase H mutants. Exon 2 of spliced
protein-coding genes was found to be a favored site for R-loop
formation [50]. It was speculated that R-loops over exon 2 deceler-
ate Pol II elongation and create a chromatin environment favorable
for Pol II pausing, thus promoting co-transcriptional mRNA spli-
cing [51]. Although this hypothesis still needs to be tested, the
observed correlation between transcription activity, R-loop forma-
tion, and GC content is consistent with the features of R-loop
forming sequences in mammalian cells [46,47]. Similar but not
identical observations have been made from a separate study map-
ping DNA-RNA hybrid sites in yeast using DRIP followed by
hybridization on tiling microarrays (DRIP-Chip) [18]. In that
study, Chan et al. [18] showed that R-loops not only preferentially
accumulated at rDNA1, Ty2 retrotransposons, telomeric-repeat
regions, and a subset of open reading frames (ORFs), but also sig-
nificantly enriched at genes with antisense transcripts. The expres-
sion of these genes was shown to be sensitive to RNase H
overexpression. Although the role of R-loop formation in antisense
regulation is still unclear, available evidence shows that it may
both up- and down-regulate the expression of certain antisense
transcripts, and more interestingly, play a role in determining the
direction of divergent gene transcription [52-54].

It is also notable that although strand asymmetry in the distribu-
tion of guanine (G) and cytosine (C) residues (as measured by GC
skew) is a strong predictor of R-loop forming regions in human
genome, in yeast, the levels of gene expression contribute more to
R-loop forming potential than GC content. Additionally, DRIP-Seq
and DRIVE-Seq did not enrich significant R-loops formed at rDNA,
tRNAs, retrotransposons, and genes with antisense transcription. It
is possible that these differential enrichments are due to different
mechanisms that evolved from different species. However, different
R-loop detection approaches used in these studies could also explain
the variation. When mapping R-loops in mammals, genomic DNA
was first extracted and then fragmented using a cocktail of restric-
tion enzymes before R-loops were enriched by $S9.6 monoclonal
antibody; while in yeast studies, whole cells were cross-linked with

formaldehyde and the chromatin was fragmented by sonication
before $9.6 monoclonal antibody immunoprecipitation (similar to
conventional ChIP). It is likely that R-loops formed at ORFs are
more sensitive to formaldehyde cross-link and sonication, while
repetitive regions are either digested too frequently or rarely digested
by selected restriction enzymes.

Nadel et al. [8] recently modified the DRIP protocol and mapped
R-loop forming regions in SV40 large T antigen transformed human
embryonic kidney cells (HEK293T). These modifications include
pretreatment of nucleic acid with RNase I, the use of sonication for
genomic DNA fragmentation and addition of directional informa-
tion for RNA strand in the hybrid. Although the new data set sup-
ports the correlation of R-loops with DNA hypomethylation at
promoters to some extent, several distinct observations are unex-
pected. First, a large amount of R-loops were found in the intergenic
regions, suggesting that R-loops formed in trans are more prevalent
that previous thought [6,7]. Second, R-loops are rather relatively
depleted than enriched at the end of RefSeq genes. Third, a signifi-
cant amount of R-loops were detected at enhancers as evident by
their association with H3K27ac and H3K4mel histone modifica-
tions, indicating the involvement of R-loops in enhancer-promoter
looping and high-order chromatin architecture. Although further
validations of these bioinformatics analysis are required, this study
sheds light on the importance of the formation and regulatory roles
of R-loops in intergenic regions.

R-Loops as Emerging Regulator of Chromatin
Dynamics

In this section, we discuss in detail about the interplay between
R-loops formed at different genomic loci and changes in epigenetic
modifications. A brief summary in this regard is listed in Table 1.

R-loops formed at the gene promoters

R-loops have been implicated in all stages of gene expression from
transcription initiation to termination, as they modulate chromatin
architecture and hence, the accessibility of the transcription machin-
ery to the underlying DNA. R-loop forming sequences are enriched
at the 5’ and 3’ end of genes, in the CpG promoter and termination
regions, respectively. Recent studies showed that in the human gen-
ome, these promoter and termination regions are characterized by a
significant asymmetry in the distribution of guanine and cytosine
residues, called GC skew, that are highly prone to R-loop formation
[46,69]. In CpG island-containing promoter regions, the formation
of R-loops negatively correlates with DNA methylation, and is asso-
ciated with activation of gene expression. However, the underlying
mechanism by which this occurs is unknown. One possibility is that
CpG islands associated with R-loops are poor substrates and
sterically inaccessible for the de novo DNA methyltransferase,
DNMT3B1, due to the presence of the transcription machinery,
resulting in hypomethylated CpG promoters and transcriptional
activation. In support of this, RNA polymerase presence at CpG
island promoters has been shown to counteract DNA methylation,
whereas, in the absence of RNA polymerase, CpG island methyla-
tion is enhanced [70,71]. A more intriguing possibility is that the R-
loop structure acts as a binding site for factors that antagonize CpG
promoter methylation to promote transcription activation or repels
factors associated with silencing. In support of this model, histone
marks associated with transcription activation including H3K4me3,
H4K20mel, H3K36me3, and H3K79me2 were associated with
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Table 1. R-loop associated epigenetic modifications

R-loop forming regions Determining factors Epigenetic modifications References
Promoters GC skew, transcription activity Depletes DNA methylation, promotes active histone marks, [8,46,47,55]
e.g. H3K4me3, H3K79me2, H4K20mel, and H3K36me3,
and prevents H3K27me3
Trinucleotide repeats Promotes repressive histone mark H3K9me2 [56,57]
Enhancers Mediators and RNA exosome Long-range gene looping, higher-order chromatin structure, [19,58,59]
pathway loss of repressive mark H3K9me2
Transcription GC skew, antisense transcription Promotes repressive histone marks, e.g. H3K9me2 for Pol [28,36,47,49]
termination sites II release
Centromeres ncRNA of centromeric repeats, Promotes repressive histone marks H3K9me and H3S10p [60,61]
defects in mRNP biogenesis
Telomeres Telomeric repeat-containing Promotes repressive histone marks H3K9me2 and H3K9me3 [62-65]
IncRNA (TERRA)
rDNA repeats Topoisomerase activity, Promotes DNA methylation and repressive histone mark [66-68]
pRNA and asRNA of rDNA H4K20me3

highly GC skewed CpG island promoters that are prone to R-loop
formation, whereas a specific type of CpG island characterized by
‘reverse GC skew’ was enriched for the repressive histone mark
H3K27me3 [47]. The factors responsible for these transcription-
activating modifications, SET-domain lysine methyltransferases,
were shown to contain motifs that bind single-stranded DNA. These
motifs potentially may recognize the displaced single-stranded DNA
of the R-loop and target the methyltransferases to genomic loci to
lay the active chromatin marks [72]. Regulation of the antagonistic
relationship between R-loops and CpG promoter methylation is
important because its deregulation can lead to the autoimmune dis-
ease, Aicardi-Goutieres syndrome (AGS), which is characterized by
elevated levels of R-loops [55]. A recent study showed that patients
with AGS had decreased DNA methylation levels, particularly at
loci where R-loops accumulated, suggesting a potential role for
R-loop in inhibiting DNA methylation. It is likely that this R-loop-
driven inhibition of DNA methylation results in aberrant gene
expression profiles in cells, which triggers an immune response lead-
ing to autoimmunity [55].

Although the consequence could be either gene activation or
repression, transcription regulation by R-loops formed at promoter-
proximal region seems to be more and more a general mechanism.
A recent study, using embryonic stem cells (ESCs), showed that
R-loops at the promoters of specific sets of transcribed genes recruit
the transcriptional activating acetyltransferase, Tip60-p400, and
simultaneously inhibit the binding of the polycomb repressive com-
plex 2 (PRC2), which deposits the transcriptional repressive mark,
H3K27me3, a process that is important for ESC differentiation [73].
However, it is unclear which portion of the R-loop, DNA-RNA
hybrid or the single-stranded DNA, is important for this discrimin-
atory binding mechanism. Fragile X syndrome, the most common
genetic form of mental retardation, is characterized by a progressive
CGG trinucleotide-repeat expansion adjacent to the fragile X mental
retardation 1 (EMR1) gene promoter, which leads to epigenetic
silencing of FMR1 gene [74]. It was recently shown that during dif-
ferentiation of ESCs into neurons, FMRI gene expression was
silenced by R-loops formed between FMR1 mRNA and FMR1
DNA at CGG-repeat-containing promoter region, which was
accompanied by a loss of the chromatin active mark, H3K4me2 and
gain of the repressive mark, H3K9me2 [56,75]. Thus, the formation
of R-loops at promoters can either promote the recruitment of
transcription activator complex (Tip60-p400) for transcription acti-
vation or initiate the deposition of repressive histone mark

(H3K9me2) for gene silencing. It is likely that this complex regula-
tion mediated by R-loops is gene specific and the key factors that
determine the specific outcome have yet to be discovered. Interestingly,
although GC content does not contribute to R-loop formation
potential in yeast, the trinucleotide-repeat induced R-loops seem to
be specific to the length of the CGGs—gene silencing occurs at loci
containing >200 repeats [56,74].

R-loops formed during transcription elongation

During transcription elongation, the negatively supercoiled DNA
behind the elongating RNA polymerase is loose and susceptible
to invasion by the mRNA transcript to form R-loops. Co-
transcriptional R-loops impede the movement of RNA polymerase
both in vitro and in the cells. For example, Aguilera and colleagues
provide the first experimental evidence that stably formed DNA-
RNA hybrids in a negatively supercoiled transcription template
reduces the efficiency of transcription elongation in wvitro [76].
Furthermore, transcription studies i vitro using an artificial DNA
mimic, with greater nucleic acid affinity than natural nucleic acids,
triggers R-loop formation and blocks the progression of RNA poly-
merase II [77]. Additionally, the GAA trinucleotide-repeat expansion
in the first intron of the frataxin (FXN) gene, which leads to reduced
FXN gene expression, is considered to be the molecular basis of
Friedreich ataxia (FRDA), one of the most frequent autosomal reces-
sive ataxia [78]. Studies from Gromak’s group found that R-loops
form in FRDA patient cells on expanded GAA repeats of endogen-
ous FXN gene. These R-loops are stable and co-localize with
repressive histone marks H3K9me2, which impedes RNA Pol II
elongation [57]. To inhibit R-loop formation during transcription,
cells employ three different enzymes: topoisomerase type 1A,
RNase H, and DNA-RNA helicase. How these surveillance
mechanisms discriminate and target these co-transcriptional R-
loops, while avoiding the beneficial R-loops is still unclear. A
recent study showed that methylation of histones at H4R3 and
H3R17 at actively transcribing regions, by the arginine methyltrans-
ferases PRMT1 and CARMI, respectively, recruits the methylargi-
nine reader protein TDRD3 in complex with topoisomerase IIIf
(TOP3B). TOP3B recruitment at the actively transcribing regions
relaxes underwound DNA behind the elongating RNA polymerase
and inhibits R-loop formation, resulting in transcription activation
[27,79]. Tt is likely that transcribing genes are pre-loaded with the
TDRD3-TOP3B complex prior to R-loop formation. In this case,
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methylation of H4R3 and H3R17 precedes R-loop formation. This
model is supported by further identification of arginine methylation
of RNA Pol II C-terminal Domain (CTD) by CARM1 at R1810
[80]. This modification promotes the interaction of CTD with
TDRD3-TOP3B complex, potentially resolves underwound DNA
during transcription elongation and prevents R-loop formation.

On the contrary, R-loops formed in the gene body have benefi-
cial effects in yeast cells, where its enrichment is found at the
second exon of ORFs to facilitate efficient mRNA splicing [50].
This leads to an intriguing hypothesis that R-loop might be
involved in the regulation of alternative splicing. R-loop is
known to form at antisense transcribed genes [18] and antisense
transcripts have been shown to be a conserved mechanism con-
tributing to splicing regulation across multiple metazoan species
(81,82].

R-loops formed at the transcription termination sites
Regulation of transcription termination was best illustrated at the
human B-actin (ACTB) gene 3’ end [36]. It is characterized by the
formation of R-loops over G-rich pause sites downstream of polyA
signals. Consistent with this observation, genome-wide mapping of
R-loop forming regions in mammalian cells also shows positive GC
skew and enrichment of R-loops at 3’ end of genes [47]. Both in
yeast and in mammalian cells, R-loops formed at 3’ end of genes
have been reported to be critical for transcription termination and
RNA Pol II release, a process involving the coordination of helicases
and nucleases, including Senataxin and XRN2 [83]. The working
model includes R-loops accumulation after RNAP II transcribes
through G-rich pause site and resolve of R-loops by Senataxin to
allow XRN2-mediated Pol II release [36,48]. Overexpression of
RNASEHT1 and depletion of Senataxin from cells cause transcription
read-through, indicating that efficient R-loop-dependent termination
mechanism prevents transcription read-through. In line with this
hypothesis, genes with positive GC skew at 3’ end are localized in
regions of high gene density, where transcription read-through tends
to have more detrimental effects to the cell [47]. In this model,
Senataxin is the major helicase to resolve R-loops, but how it is
recruited to termination site is not clear. A recent study on RNAP II
CTD arginine methylation sheds light on understanding the target-
ing mechanism for Senataxin. Protein arginine methyltransferase 5
(PRMTS) catalyzes the symmetrical dimethylation (SDMA) of CTD
at arginine 1810 (R1810), which promotes the recruitment of the
survival of motor neuron protein, SMN. SMN interacts with
Senataxin and targets it to regions where R1810me2s-modified
RNAP II is enriched. Knockdown of PRMTS or SMN, as well as a
R1810 methylation-deficient mutation in RNAP II CTD, all cause
R-loop accumulation at ACTB termination sites, supporting the role
of a PRMTS5-mediated RNAP II methylation—SMN—Senataxin
cascade in R-loop resolution at 3’ end of gene [28]. This provides an
additional targeting mechanism for Senataxin helicase, in addition
to BRCA1-mediated SETX recruitment [42].

Despite the appreciation of the role of R-loops in regulating tran-
scription termination, how its formation disengages RNAP II from
its DNA template is still unknown. In addition to acting as a road-
block for RNAP II, chromatin modifications induced by R-loop for-
mation additionally contribute to its role in termination. For
example, R-loops formed at the G-rich termination pause site of the
ACTB gene induce antisense transcription and initiate the formation
of dsRNA, which recruits the RNA interference (RNAi) machinery,
including DICER1, Argonaute 1 and 2 (AGO1, AGO2), and

chromatin modifying enzyme G9A. In this model, the methyltrans-
ferase G9A deposits H3K9me2 repressive mark [84] and recruits
heterochromatin protein 1y (HP1y) to reinforce a condensed local
chromatin status for impeding RNA Pol II progression and pausing,
culminating in efficient termination [49]. Although these results indi-
cate a connection between R-loops and chromatin condensation or
focal heterochromatin formation at termination sites, others have
found that transcription termination sites actually tend to be nucleo-
some free, especially in yeast genome [85-87]. Accordingly, R-loops
at Snord116 locus in human cells correlate with increased chromatin
decondensation [88]. However, it is still unclear why in some cases
R-loops promote chromatin condensation, but in other cases
R-loops are associated with open chromatin. Since the length of
the R-loop varies from a few bp to a few kb, different lengths of
R-loops may affect epigenome differently.

R-loops and antisense transcription

R-loops have also been shown to regulate antisense transcription of
long noncoding RNAs (IncRNAs). In Arabidopsis, one of the ways
that flowering is regulated is by an epigenetic switch called vernal-
ization [89]. This epigenetic switch is triggered by prolonged expos-
ure to cold in the winter and is mediated by PRC2, which marks the
Flowering Locus C (FLC) with the silencing mark H3K27me3.
PRC2 is recruited to the FLC gene by antisense noncoding RNA,
such as COOLAIR, and therefore the relative levels of COOLAIR
are crucial for the proper transition to flowering during vernaliza-
tion. The mechanism that regulates these IncRNAs is unclear.
However, a recent study showed that R-loops are important for
COOLAIR antisense expression, in line with the observation in
yeast that R-loops form at genes with antisense transcription [18].
These R-loops accumulate in the promoter region of the COOLAIR
gene, which is in the terminator region of FLC, and are thought to
stall the elongating RNA Pol II, leading to abortion of COOLAIR
transcription [90]. Although the mechanism is not yet clear, a small
patch of heterochromatin marked by H3K9me2 was identified
immediately downstream of the FLC sense transcript polyadenyla-
tion site where R-loop forms [90], indicating that the formation of
R-loops may promote a repressive chromatin status to suppress
COOLAIR expression.

In supporting R-loop-mediated transcription repression of anti-
sense genes in plants, R-loops formed at the human Szord116 locus
suppress the expression of its downstream antisense gene, Ube3a-
ATS [88]. Expression of this antisense transcript leads to silencing of
the Ube3a gene, whose loss-of-function has been characterized as
the fundamental genetic basis for Angelman syndrome (AS) [91].
Topotecan was recently identified as an AS candidate drug for its
inhibition of Ube3a-ATS and restoration of Ube3a expression in
mouse neurons and brain [92]. Topotecan acts as a topoisomerase
inhibitor and stabilizes R-loops at the Snord116 locus, leading to
excessive stalling of the transcription machinery, resulting in
decreased Ube3a-ATS expression [88]. Interestingly, although no
particular histone modification has been linked to Snord116-
induced R-loop formation, more decondensed chromatin was
observed at R-loop forming regions using combined immuno-FISH
assays, possibly due to the depletion of nucleosome occupancy at
these regions. This seems to be also the case for R-loops induced by
antisense transcription at the promoter of the human vimentin
(VIM) gene, which increases chromatin decondensation and facili-
tates VIM transcription [93]. VIM gene expression is positively cor-
related with its promoter antisense R-loop levels, as knockdown of
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antisense expression or overexpression of RNASEH]1, which reduces
promoter R-loops, both lead to reduction in gene expression.

R-loops at telomeres and centromeres

Telomeres are important chromatin territories that protect chromo-
some ends from degradation and activation of DDR pathways [94].
Telomeric repeat-containing long noncoding RNA (TERRA) plays
an important role in regulation of heterochromatin formation at
chromosome ends, a process involving the formation of DNA-RNA
hybrids between TERRA transcripts and telomere DNA [95].
Additionally, loss of function mutations of the THO complex, an
evolutionary conserved mRNA processing component, causes accu-
mulation of TERRA-dependent R-loops and telomere shortening
[62]. In contrast, in telomerase-deficient cells, where telomere length
is maintained through telomerase-independent alternative lengthen-
ing of telomere pathway, overexpression of RNASEH1, which dis-
rupts TERRA R-loops, leads to telomere shortening [63]. These
results suggest that TERRA transcript-induced R-loop levels need
to be precisely controlled to maintain telomere integrity. R-loop-
induced heterochromatin formation could play a role in this process,
because TERRA transcripts have been reported to interact with a
group of chromatin modifying enzymes to promote repressive chro-
matin states, including depositions of H3K9me2 and H3K9me3 and
recruitment of heterochromatin protein HP1 [64,65].

Noncoding RNAs transcribed from centromeric repeats can also
form R-loops, which mediates heterochromatin states of the centro-
mere. The RNA-induced transcriptional silencing (RITS) complex
was targeted to either chromatin-associated noncoding RNA or the
single-stranded DNA of the R-loops to promote heterochromatin
formation in yeast [60]. Similar mechanisms have also been pro-
posed in the R-loop-induced repressive chromatin marks over mam-
malian gene terminators [49]. A recent study also showed a direct
correlation between R-loops and the repressive chromatin compac-
tion marks, phosphorylation at H3S10 (H3S10P) in both yeast and
human cells at centromeres and pericentromeric regions [61]. Cells
defective in mRNP biogenesis pathways, including loss-of-function
mutations of THO complex and Senataxin, show accumulated
R-loops and the H3S10P mark. Chromatin condensation caused by
accumulated R-loops can act as a strong barrier to replication pro-
gression and hence, a major source of replication stress and genome
instability [61]. For the establishment of H3S10P mark following
R-loop formation, it is likely that enhanced recruitment of the respon-
sive kinase or inhibition of phosphatase activity could be involved.
However, their targeting mechanisms have not been explored.

R-loops regulate gene looping

Besides local epigenetic modification changes, R-loops formed by
IncRNA are likely involved in gene looping and higher-order chro-
matin architecture, which promote interactions between distal gene
elements for efficient transcription regulation and potential recom-
bination [96]. The mediator complex has long been known as the
major component of gene looping machinery, but the mechanisms
are still elusive [97]. Recently, a group of mediator-related IncRNAs
was discovered, which sheds new light into the mechanisms by
which the mediator complexes promote chromatin architecture
change [98-100]. In these models, ncRNA-activating (ncRNA-a) or
enhancer-like RNAs interact with components of mediator complex,
including MED1 and MED12, which bridge enhancer—promoter
interactions and activate neighboring gene expression. Although no
direct evidence supports the role of R-loop formation in this process,

mediator components have been shown to constitute a major path-
way to suppress R-loop formation. Yeast strains mutated in medi-
ator components (e.g. med13, med12, med1, med$, and med16) all
show significant amounts of genome instability caused by aberrant
R-loop formation [19]. Thus, it is attractive to test the hypothesis
that R-loop formation is involved in the maintenance of high-order
chromatin structure. A recent study showed that in differentiated B
cells and pluripotent ESCs, an enhancer RNA (eRNA) transcribed
from a distal divergent eRNA-expressing element (IncRNA-CSR) is
engaged in long-range DNA interactions that regulate IgH 3’
(immunoglobulin heavy chain) super enhancer function [58]. In fact,
the eRNAs transcribed from active enhancers form R-loop struc-
tures when the RNA exosome machinery (including core and
nuclear RNase components) is attenuated, suggesting that the RNA
exosome regulates the levels of divergently transcribed eRNA by
preventing R-loop formation [58]. However, R-loops formation at
eRNA loci, caused by loss of RNA exosome function, is accompan-
ied by loss of the chromatin silencing mark H3K9me2 and HP1
recruitment, which is in contrast to the R-loop-induced gain of
H3K9me2 mark at transcription termination sites [49] and at
trinucleotide-repeat sequences [56].

More direct evidence supporting R-loop function in higher-order
chromatin architecture comes from a yeast study using chromatin
conformation capture (3 C) to analyze the role of a IncRNA in facili-
tating promoter—terminator looping [59]. The yeast GAL10 gene is
known to form gene loops upon transcription activation, but the
mechanism is largely unknown [101]. GAL IncRNAs, transcribed
from the 3’ end of GAL10, reduce Cyc8 repressor binding at GAL
promoters in a time-dependent manner and form IncRNA-DNA
hybrids, a critical step for gene looping and activation during a
nutritional switch [59]. Overexpression of RNase H1 disrupts
IncRNA-DNA hybrids and abolishes the gene activation, supporting
the role of R-loop formation in this regulation.

Conclusions and Perspectives

The study of R-loops is experiencing a renaissance since the recent
development of the methods using DNA-RNA hybrid-specific anti-
body for gene specific and genome-wide R-loop detection. Researchers
start to depict the regulatory network of this previously considered
rare transcription by-product. However, there are likely many other
aspects of R-loop biology that have not been explored.

Crosstalk between R-loops and epigenetic
modifications

Emerging evidence suggests that the crosstalk exists between R-loops
and epigenetic modifications of chromatin. On the one hand,
certain chromatin modification features are preventive for R-loop
formation [27,28,80], while on the other hand, their formation can
promote chromatin dynamics by altering epigenetic modifications
[46,47,55,60,61,65,73,75]. However, it is still unclear why in some
cases R-loops promote chromatin condensation but in other cases,
R-loops are associated with open chromatin. It is likely that specific
epigenetic changes induced by R-loops are context-dependent and
are determined by complex regulatory mechanisms, including where
it forms (e.g. promoters, enhancers, or termination regions), what
leads to its formation (e.g. mRNP biogenesis, DNA topoisomerase,
trinucleotide-repeat, or antisense transcription), what are their fea-
tures (e.g. length, additional structures of single-stranded DNA
within R-loop and so on), among others. These factors need to be
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considered in experimental design and interpretation of the data.
Furthermore, as discussed before, current R-loop mapping in mam-
malian cells relies on restriction enzymes to fragment the genomic
DNA before immunoprecipitation, which limits the resolution to
define the lengths of R-loops. It is necessary to develop a high-
resolution R-loop mapping strategy to facilitate studies in this
direction.

Cell cycle regulation of R-loop dynamics

Unscheduled formation of RNA-DNA hybrids in the genome cre-
ates harmful intermediates that can have deleterious consequences
on genome stability [102]. Although multiple surveillance protein
factors have been identified to control the R-loop formation in gen-
eral or in a gene-specific manner, it is still unclear how the formation
of R-loops is dynamically regulated through cell cycle. To avoid
transcription and replication conflicts, cells coordinate transcription
and DNA replication such that early firing replication origins tend
to be located near transcription start sites and have an open chroma-
tin configuration [103]. Transcriptionally active regions are more
likely to cause replication fork stalling, so replicating them at the
very beginning of S phase might minimize the possibility of incom-
plete replication by the end of S phase or delay cell cycle progres-
sion. R-loops are mostly found at the promoters of highly
transcribed genes, which are also, mainly, the regions of replication
firing. The formation of R-loops at these regions has been found to
cause replication—transcription conflicts and genome instability [1].
Unfortunately, little is known about specific mechanism that control
or limit R-loop formation during cell cycle progression.

Novel factors involved in R-loop biogenesis

Genome-wide screens in budding yeast and human cells have
revealed that levels of RNA-DNA hybrids increase when mRNP
biogenesis is disturbed at sites of transcription initiation or repres-
sion, elongation, splicing, degradation, and export. Additionally,
accumulating evidence suggests that DDR pathway proteins are
also involved in R-loop regulation. Recently, the yeast homologous
recombination protein, Rad51, was found to be required for
R-loop formation in frans [7]. These findings not only present a
paradox in which DNA repair protein can also promote R-loop-
dependent DNA damage, but also identifies for the first time that
R-loop can form in trans. The transient nature of DNA-RNA
hybrids complicates their detection and biochemical analysis in a
chromatin context, and it is likely that only a fraction of the par-
ticipating proteins and mechanisms have been identified and
characterized.
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