1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Mol Cell. Author manuscript; available in PMC 2020 February 07.

-, HHS Public Access
«

Published in final edited form as:
Mol Cell. 2019 February 07; 73(3): 398-411. doi:10.1016/j.molcel.2019.01.024.

R-loops as cellular regulators and genomic threats

Madzia P. Crossley®P, Michael Bocek?P, and Karlene A. Cimprich®"

aDepartment of Chemical and Systems Biology, Stanford University School of Medicine, 318
Campus Drive, Stanford, CA 94305-5441, USA

bThese author contributed equally to this manuscript

Summary

During transcription, the nascent RNA strand can base pair with its template DNA, displacing the
non-template strand as ssSDNA and forming a structure called an R-loop. R-loops are common
across many domains of life and cause DNA damage in certain contexts. In this review, we
summarize recent results implicating R-loops as important regulators of cellular processes such as
transcription termination, gene regulation and DNA repair. We also highlight recent work
suggesting that R-loops can be problematic to cells as blocks to efficient transcription and
replication that trigger the DNA damage response. Finally, we discuss how R-loops may contribute
to cancer, neurodegeneration and inflammatory diseases, and compare the available next-
generation sequencing-based approaches to map R-loops genome-wide.

Introduction

R-loops are nucleic acid structures that form when an RNA strand invades double-stranded
DNA. This produces a Watson-Crick RNA-DNA hybrid and displaces the non-hybridized
strand as single-stranded DNA (ssDNA). The term R-loop is analogous to a D-loop
containing an RNA moiety (Thomas et al., 1976). While short RNA-DNA hybrids form
transiently during transcription and lagging-strand DNA synthesis, R-loops are distinct from
these structures and span 100-2000 base pairs (Santos-Pereira and Aguilera, 2015).
Originally thought to be rare byproducts of transcription, R-loops are now known to form
across the genomes of bacteria, yeast, and higher eukaryotes throughout the cell cycle (Lang
etal., 2017; Stork et al., 2016; Tresini et al., 2015; Wellinger et al., 2006).

R-loops participate in a number of physiological processes, but they also present a source of
DNA damage (Costantino and Koshland, 2015; Santos-Pereira and Aguilera, 2015; Skourti-
Stathaki and Proudfoot, 2014). Cells must therefore carefully regulate R-loop formation. An
ever-growing number of factors have been proposed to resolve or prevent R-loops, including
RNA binding and processing factors, helicases, DNA replication and repair-associated
factors, nucleases, signaling pathways, and introns (Bhatia et al., 2017; Bonnet et al., 2017;
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Santos-Pereira and Aguilera, 2015) (Figure 1). However, whether many of these factors act
in a direct or indirect manner is still not clear, and the putative biochemical activity of
several factors has also not been validated. Studies describing the R-loop interactome have
identified additional proteins regulating R-loop metabolism (Cristini et al., 2018; Nadel et
al., 2015; Wang et al., 2018), and may help to distinguish which factors act at the R-loop
from those that act indirectly.

In this review, we will focus on emerging themes in R-loop biology, an evolving field which
has found diverse and highly context-sensitive roles for R-loops. We review the contexts in
which R-loops have beneficial roles in transcriptional regulation and DNA repair, as well as
potentially detrimental situations in which they block transcription and replication. We also
describe how R-loops contribute to disease pathology through these roles and review
emerging genomic techniques to map R-loops.

R-loops act at promoters to regulate gene expression

R-loops are transient, reversible structures that form in many regions of eukaryotic genomes,
including regions transcribed by RNA polymerases I, Il and 111 (EI Hage et al., 2010; Tran et
al., 2017). At RNA polymerase 1l (RNAPII) transcribed genes, genome-wide mapping
studies indicate R-loops are abundant at promoters (Chen et al., 2017; Dumelie and Jaffrey,
2017; Ginno et al., 2012; Nadel et al., 2015; Sanz et al., 2016). While open chromatin at
promoters may favor RNA-DNA hybrid formation, promoter R-loops actively regulate genes
through several mechanisms.

At promoters, R-loops may facilitate transcription by protecting the underlying DNA from
methylation (Ginno et al., 2012; Grunseich et al., 2018). DNA methyltransferases bind
poorly to RNA-DNA hybrids, allowing R-loops to suppress methylation-associated silencing
(Figure 2) (Grunseich et al., 2018). R-loops at promoters can also both promote and inhibit
the binding of chromatin remodelers (Figure 2). In mouse embryonic stem cells, R-loops
inhibit repressive chromatin modifying enzymes and recruit activating chromatin remodeling
complexes to promote differentiation genes and facilitate a poised chromatin state (Chen et
al., 2015). Additionally, R-loops can block transcription factor binding, though these results
have not been generalized beyond a specific promoter locus (Boque-Sastre et al., 2015). R-
loops arising from long non-coding RNAs that bind across promoters and coding regions in
yeast can also displace repressors and promote transcription of nutrient utilization genes
(Cloutier et al., 2016) (Figure 2). What distinguishes R-loops that favor, as opposed to
inhibit protein binding is unknown, but in mouse embryonic stem cells CpG islands in the R-
loop sequence favor protein recruitment, suggesting the process is sequence-dependent
(Chen et al., 2015). Thus, R-loops can regulate gene expression through multiple context-
dependent mechanisms. Importantly, although R-loops are thought to form transiently, they
may act as an epigenetic mark, read by chromatin remodelers and other proteins to effect
longer-lived changes in chromatin state. This characterization is consistent with their
dynamic and prevalent nature across the genome (Chedin, 2016).
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R-loops aid in transcriptional termination

Some studies suggest R-loops are also enriched at the 3’-end of some mammalian genes
where they are proposed to mediate efficient transcription termination (Skourti-Stathaki et
al., 2014; Skourti-Stathaki et al., 2011; Zhao et al., 2016). These R-loops stall RNAPII
downstream of the poly-adenylation sequence. The RNA-DNA helicases senataxin (SETX)
and DHX9 subsequently resolve these R-loops, releasing nascent RNA for degradation by
exonucleases such as XRN2, leading to termination (Figure 2). Consistent with this idea,
loss of SETX, DHX9 or XRN2 results in R-loop accumulation and defective termination
(Cristini et al., 2018; Morales et al., 2016; Skourti-Stathaki et al., 2011). These studies do
not specifically show that the enzymatic activities of these factors are necessary for R-loop
resolution, which will be important in clarifying these mechanisms. Additionally, they focus
on a few highly transcribed loci. Thus, genomic experiments are needed to clarify whether
other classes of genes may require R-loops for termination. For example, convergent genes
were found in one study to be associated with high levels of R-loops at terminators,
suggesting that R-loops may be particularly important to prevent transcriptional read-
through into adjacent genes (Sanz et al., 2016).

R-loops at some gene terminators may also trigger antisense transcription, generating
dsRNA that recruits the RNA interference machinery and establishes repressive
heterochromatin through the H3K9me2 mark to reinforce RNAPII pausing (Figure 2)
(Skourti-Stathaki et al., 2014). However, a genome-wide study of R-loop mapping with
histone modifications did not find correlations between other repressive chromatin marks
and R-loop formation, instead finding a correlation with H3K4 methylation, a mark of active
transcription (Sanz et al., 2016). The reasons for these apparently contradictory associations
between R-loops and histone modifications are currently unclear. These results must also be
carefully interpreted, since an R-loop disfavors nucleosome formation (Dunn and Griffith,
1980), meaning simultaneous occupancy of an R-loop and histone modification on a single
allele is unlikely.

While R-loops play important roles in gene regulation and transcription termination, they are
also problematic in certain contexts and lead to DNA damage when their turnover is
deregulated (Sollier and Cimprich, 2015). This damage is strongly associated with blocks to
replication fork progression and may also occur when R-loops interfere with productive
transcription.

R-loops act as replication blocks

Transcription and replication share a common DNA template, but when replication forks
encounter transcription machinery, the resulting transcription-replication collisions (TRC)
can cause potentially lethal DNA damage. As the most prevalent source of R-loop-mediated
damage seems to arise during S phase (Gan et al., 2011; Wellinger et al., 2006), R-loops are
thought to exacerbate TRCs. Indeed, RNase H overexpression can reduce DNA damage
(Kotsantis et al., 2016; Stork et al., 2016) and replication fork slowing (Kotsantis et al.,
2016) under hormone or oncogene-induced replication stress, indicating that R-loops
interfere with replication. Additionally, Fanconi Anemia pathway factors such as FANCA
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and FANCD?2, which canonically act at replication forks to resolve intra-strand crosslinks,
suppress R-loops to prevent damage arising from TRCs, and FANCM may directly resolve
R-loops using its translocase activity (Figure 1) (Garcia-Rubio et al., 2015; Schwab et al.,

2015).

Recently, the induction of TRCs in controlled systems has allowed for precise mechanistic
studies of their causes and consequences. In studies on an engineered bacterial genome
(Lang et al., 2017) and a mammalian episomal system (Hamperl et al., 2017), R-loops
blocked replication and promoted severe genome instability when replication forks
encountered them in the head-on (HO) orientation, but had more tolerable effects when
replication and transcription were co-directional (CD). While genome instability from HO
TRCs is likely a major challenge, bacteria may also exploit this instability to tune the rate of
mutation at stress-responsive genes (Lang et al., 2017). Furthermore, in yeast R-loops are
stabilized at short telomeres in S phase, such that ensuing TRCs promote recombination to
maintain telomere length and prevent senescence (Graf et al., 2017).

R-loop levels are surprisingly affected by the orientation of TRCs. HO TRCs promote R-
loop formation and CD TRCs reduce R-loops (Figure 3), suggesting important molecular
differences in how replication forks encounter R-loops in the HO and CD orientations. In
eukaryotic cells, the replicative helicase itself may unwind hybrids in the CD orientation, as
it associates with the leading strand (Hamperl et al., 2017) and has biochemical RNA-DNA
helicase activity (Shin and Kelman, 2006). However, in bacteria the replicative helicase
travels on the lagging strand, raising questions about whether the molecular basis for this
effect is evolutionarily conserved. R-loop resolution in both cases could instead be
performed by a fork-associated factor that is not the replicative helicase.

R-loops as effectors of transcriptional stress

R-loops may also promote toxicity by stalling transcription. Excessive pausing, arrest or
backtracking of RNAP is a toxic condition known as transcription stress (Saponaro et al.,
2014). R-loops block transcription /n vitro (Belotserkovskii et al., 2017), and studies of
transcription from R-loop forming loci show that the R-loop interferes with productive
transcription (Bonnet et al., 2017; Hamperl et al., 2017; Lang et al., 2017). On the other
hand, as already discussed, the transcription of some genes is facilitated by R-loops at their
promoters. It is unclear what distinguishes R-loops promoting transcription from those
blocking transcription. One possibility is that the regulatory R-loops are relatively rapidly
turned over in cells, and do not persist long enough to block RNAP progression. As they are
thought to recruit downstream factors to establish chromatin states, they may effect lasting
changes while being short-lived themselves. It is also unclear whether problems with
transcription derive from a RNAP stalled with the R-loop, or whether the R-loop acts as a
transcriptional block to upstream polymerases (Figure 4A). /n vitro experiments suggest that
the second situation is at least possible (Belotserkovskii et al., 2017). Interestingly, the
converse situation also appears to be possible in that persistent pausing of RNAP seems to
promote R-loop formation from the nascent RNA (Shivji et al., 2018; Zhang et al., 2017).
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R-loop resolution may involve factors that normally resolve other forms of transcription
stress. Transcription-blocking, bulky DNA lesions are removed by transcription-coupled
nucleotide excision repair (TC-NER). Although R-loops are much larger than typical
transcription-blocking lesions, TC-NER factors may also act hon-canonically to process R-
loops, leading to DNA breaks (Shivji et al., 2018; Sollier et al., 2014; Yasuhara et al., 2018).
What precisely occurs is not clear. The TC-NER nucleases XPG and XPF could excise R-
loops that block transcription, leaving a ssSDNA gap that could progress to a double-strand
break (DSB) with additional strand breaks or DNA replication (Figure 4B) (Sollier et al.,
2014). Possibly in a distinct manner, XPG and XPF were recently found to process R-loops
forming over trinucleotide repeat sequences in yeast (Su and Freudenreich, 2017). While R-
loop processing may cause DNA damage, it may prove an effective way to resolve R-loops
throughout the cell cycle and in non-dividing cells, and relieve R-loop-mediated
transcription stress.

Interestingly, the breast cancer susceptibility factors BRCA1 and BRCA2 help to resolve R-
loops by mechanisms that are still poorly understood and may be cell-type specific (Bhatia
et al., 2014; Hatchi et al., 2015; Shivji et al., 2018). It is clear that BRCAL promotes the
removal of R-loops by recruiting the RNA-DNA helicase SETX to termination sites, thereby
preventing DNA damage and mutations (Hatchi et al., 2015; Shiviji et al., 2018).
Furthermore, while BRCA2 depletion increases R-loops at the 5’ end of genes, BRCA1 is
reported to prevent R-loop accumulation at both the 3’ and 5’ ends of genes. Overall, as both
BRCAL and BRCAZ2 associate with RNAPII, they are key factors in suppressing R-loop-
mediated transcriptional stress both by promoting elongation and by resolving R-loops that
form after RNAP pausing (Figure 1) (Shivji et al., 2018; Zhang et al., 2017). Transcriptional
stress from R-loops could also cause DNA damage by sequestering BRCAL, which
contributes to both R-loop and DNA damage responses, with the stalled RNAPII (Gorthi et
al., 2018). Moreover, related work demonstrates that overexpression of non-coding
pericentromeric satellite RNAs sequesters BRCAL in cells, making them vulnerable to R-
loop-mediated damage (Zhu et al., 2018). R-loops associated with stalled transcription could
thus represent a significant, if indirect, cause of DNA damage by preventing repair.

R-loops in canonical and non-canonical DNA damage responses

As central regulators of the DNA damage response (DDR), the ATR and ATM protein
kinases orchestrate responses to replication fork slowdown or stalling (replication stress),
and to DSBs respectively (Blackford and Jackson, 2017; Saldivar et al., 2017). R-loops
activate the canonical DDR by stalling replication forks, triggering ATR activation, and they
can also activate ATM by promoting DSB formation (Sollier and Cimprich, 2015).

However, not all R-loops activate both ATM and ATR. For example, R-loops induced by
mutations in splicing factors cause replication stress and appear to solely activate ATR
(Chen et al., 2018). Moreover, recent studies have shown that HO TRCs specifically activate
ATR, while CD TRCs specifically activate ATM (Figure 5A,B) (Hamperl et al., 2017).
Exactly how R-loops activate ATR vs ATM in different contexts is not known. ATM
activation likely occurs when R-loops are converted to DSBs, either by replication through a
gap or nick in the displaced ssDNA, or by nucleases acting on the R-loop or the adjacent

Mol Cell. Author manuscript; available in PMC 2020 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crossley et al.

Page 6

fork. In bacteria, RNAP backtracking causes R-loop-mediated DSBs upon CD collisions
(Dutta et al., 2011), and it is possible a similar mechanism occurs in eukaryotes (Figure 5A).
In the case of ATR, a stalled fork at an R-loop may activate ATR in the classical manner by
recruiting replication protein A (RPA) to ssDNA at the replication fork (Figure 5B).
However, alternative ATR activation pathways may also be possible in this scenario.

R-loops can also activate non-canonical ATM and ATR signaling in the absence of DSBs
and outside of S phase. Transcription-blocking lesions in non-cycling cells induce R-loops,
which activate non-canonical ATM signaling without DSB formation (Figure 5C) (Tresini et
al., 2015). The ssDNA binding protein RPA, which recruits the ATR-ATRIP complex to
ssDNA at replication forks, colocalizes with R-loops throughout the cell cycle (Nguyen et
al., 2017). This could in principle directly promote ATR activity independent of DNA
replication (Figure 5C). Indeed, ATR is activated by R-loops independent of DNA damage at
centromeres during mitosis to promote chromosome segregation, and RPA is found at these
sites as well (Kabeche et al., 2018). Whether R-loops activate ATR non-canonically in other
contexts, and how ATR activation is restricted given that R-loops are present throughout the
cell cycle, remain open questions.

Interestingly, the DDR also regulates R-loop resolution pathways. ATR and ATM activation
promote the recruitment of the RNA-DNA helicase SETX to TRCs (Yuce and West, 2013).
Moreover, ATR activation following DNA damage causes translocation of the RNA-DNA
helicase DDX19 from the nuclear pore into the nucleus, where it unwinds RNA-DNA
hybrids to relieve putative TRCs (Hodroj et al., 2017).

The fact that R-loops appear to be a potent source of DNA damage seems paradoxical in
light of their prevalence and beneficial roles (Costantino and Koshland, 2015). One
possibility is that most damage arises from a subset of relatively rare and “bad” R-loops that
form in some contexts. In yeast, for example, HO TRCs are a strong, but not exclusive,
determinant for which R-loops cause damage (Costantino and Koshland, 2018).
Furthermore, R-loop-mediated genome instability in yeast occurs only if accompanied by
histone H3 serine-10 phosphorylation, possibly owing to chromatin compaction near these
R-loops (Garcia-Pichardo et al., 2017). In human cells, HO TRCs with an R-loop have been
shown to be particularly detrimental to genome stability in controlled systems, and cellular
perturbations that disrupt the replication program could cause damage by promoting HO
collisions with R-loops (Hamperl et al., 2017). An alternative model posits that cells tolerate
beneficial R-loops up to a critical threshold, at which point the pathways that resolve them
and promote their turnover become saturated. This could cause “good” R-loops to
abnormally persist and affect replication or transcription, causing damage more globally
through multiple mechanisms. Multiple studies demonstrate RNase H-sensitive DNA
damage under perturbations in which new R-loops are formed and globally increase across
transcribed genes (Gorthi et al., 2018; Stork et al., 2016) and microscopy studies also
suggest global R-loop increases in many situations (Bhatia et al., 2014; Sollier et al., 2014;
Zhang et al., 2017). However, care must be taken in interpreting results from both
approaches, as described below and in other reviews (Vanoosthuyse, 2018). In general, it is
difficult to assess global changes in genome occupancy by sequencing without an internal
standard and controls are crucial to account for potential off-target antibody staining.
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Precisely which loci are responsible for the DNA damage resulting from R-loop
perturbations is not clear, making it difficult at present to distinguish between so-called
“good” and “bad” R-loops in sequencing studies. Furthermore, not all studies that have
mapped R-loops under DNA-damage-inducing perturbations find a general increase in R-
loops on the genome (Manzo et al., 2018). Emerging techniques to map DNA breaks, as well
as DNA damage markers in systems where R-loops are induced should clarify how the
replicative, transcriptional and chromatin landscape at R-loops can promote or repress
damage and also what distinguishes potentially good and bad R-loops. In parallel,
biochemical approaches will be critical to understand which specific R-loop-derived
structures are able to differentially activate ATM and ATR.

R-loops and DNA double-strand break repair

While R-loops are a potential cause of DNA damage, recent studies show that RNA-DNA
hybrids can also form after DNA damage, both inhibiting and promoting DNA repair. These
hybrids could form by de novo transcription (Ohle et al., 2016; Yasuhara et al., 2018) or
from hybridization of existing nascent RNA (Figure 6A) (Aguilera and Gomez-Gonzalez,
2017; Roy et al., 2010). Persistent hybrids may compromise DNA repair in multiple ways:
impeding binding of DNA repair factors to DSBs (Aguilera and Gomez-Gonzalez, 2017),
affecting the chromatin structure flanking DSBs (Cohen et al., 2018), and causing aberrant
repair (Amon and Koshland, 2016; Cohen et al., 2018). Conversely, R-loops may also
promote DSB repair (Ohle et al., 2016; Yasuhara et al., 2018) as excessive removal of R-
loops reduces the efficiency of homologous recombination (HR) and non-homologous end
joining (NHEJ) (Lu et al., 2018), the two main pathways of DSB repair. In summary, R-loop
formation seems to be critical for efficient HR but not NHEJ in budding and fission yeast,
while in human cells R-loops may facilitate both types of repair. The apparently
contradictory positive and negative roles of RNA-DNA hybrids may depend on the type of
repair, or reflect roles for RNA-DNA hybrids in multiple steps of the repair process.

One major influence R-loops have on DSB repair is to alter the efficiency of resection, a step
that determines whether repair proceeds by HR or NHEJ (Figure 6B). While many studies
link hybrids to resection efficiency, they have been reported to play conflicting roles. In
fission yeast, R-loop formation prevents excessive resection at DSBs, but R-loop removal is
also required for efficient RPA binding early after DSB formation (Ohle et al., 2016). In
budding yeast, persistent R-loops also block DSB resection, with no detectable ssSDNA
formation on the break side adjacent to an R-loop (Costantino and Koshland, 2018).
Additionally, budding yeast SAE2 and its ortholog in mammals CtIP, which mediate
resection, have been shown to promote R-loop resolution, further complicating this
relationship (Makharashvili et al., 2018). In a possibly alternative pathway in human cells,
hybrids appear to enhance resection (Lu et al., 2018). R-loops also promote a specialized
form of HR: transcription-associated homologous recombination repair (TA-HRR). During
TA-HRR, RNA-DNA hybrids forming at a transcriptionally active subset of DSBs recruit
Rad52. Subsequent recruitment of XPG and XPG-mediated R-loop processing initiates
resection and HR (Figure 6C) (Yasuhara et al., 2018). In a possibly related mechanism
deemed TC-HR, R-loops recruit the TC-NER factor CSB, which then recruits Rad52 to
facilitate HR at sites of ROS-induced damage (Teng et al., 2018). R-loops can also affect

Mol Cell. Author manuscript; available in PMC 2020 February 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Crossley et al.

Page 8

other steps of DSB repair downstream of resection, such as Rad51 foci formation (Figure
6D) (Cohen et al., 2018). Therefore, R-loop processing, genomic location and transcriptional
status are all potential determinants of how R-loops affect DSB repair.

RNA-DNA hybrids may also contribute to an alternative, RNA-templated form of HR during
which a homologous RNA molecule is used instead of DNA as the template for DSB repair
(Keskin et al., 2014; Mazina et al., 2017). /n vitro, the recombination protein Rad52
promotes RNA-DNA hybrid formation by bridging DNA ends and facilitating their ligation
(Figure 6E) (McDevitt et al., 2018). The prevalence of RNA-DNA hybrids acting via this
mechanism in cells remains to be established.

R-loops and human disease

Cancer

Molecular insights have revealed direct connections between R-loops and human disease
(Table 1), opening possibilities for potential therapeutic modalities. We focus here on new
developments and emerging themes in R-loops and disease and point the reader to other
extensive reviews on this topic for a deeper understanding (Groh and Gromak, 2014;
Richard and Manley, 2017).

While cancers are a highly complex and diverse group of diseases, many rely on overactive
growth factor signaling and exhibit high levels of DNA damage and mutagenesis (Hanahan
and Weinberg, 2011). As R-loops form during transcription, and can cause DNA damage in
some contexts, they provide a potential link between these two hallmarks of cancer.

In breast cancer cells subjected to high levels of estrogen signaling, R-loops were found to
accumulate and drive DNA damage at genes induced by estrogen (Stork et al., 2016).
Oncogenic mutations in HRAS similarly cause R-loop accumulation and subsequent DNA
damage and replication stress (Kotsantis et al., 2016). These studies support that a cell’s
transcriptional landscape may shape where DNA damage occurs through R-loop formation
in active genes, and could even imply that R-loop formation at specific genes may drive a
mutator phenotype (Loeb et al., 1974). Indeed, in human breast cancers translocations and
structural variants are associated with genes induced by estrogen signaling (Stork et al.,
2016). With increased sequencing of patient tumors and emerging technologies to map DNA
damage in cells, it will be informative to compare patterns of DNA damage and mutation to
transcription and R-loop formation. The established roles of R-loops in altering chromatin
state will also be of interest as epigenomic instability becomes better characterized in human
cancers.

Perturbations in pathways driven by the breast cancer susceptibility factors BRCA1 and
BRCA2 can also cause R-loop driven DNA damage. Cell treated with carcinogenic
aldehydes degrade BRCAZ2, and in turn accumulate DNA damaging R-loops (Tan et al.,
2017). Mutations in BRCAL also cause R-loops to accumulate at stalled transcription
complexes. These R-loops are directly implicated in mammary tumorigenesis in mice
(Zhang et al., 2017). While these cancer-causing perturbations cause BRCA1/2
insufficiency, which induces R-loops, a recent report indicates that the converse situation
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also occurs in that R-loops may prevent proper functioning of the BRCAL1/2 pathway. In
Ewing’s Sarcoma patient cells, R-loops induced by the oncogenic EWSFLI fusion protein
sequester the available BRCAL, rendering these cancers functionally haploinsufficient for
BRCAL and preventing DNA repair (Gorthi et al., 2018). Given that BRCA2 also associates
with RNAPII (Shivji et al., 2018), conditions which increase R-loops may sequester BRCA2
to confer vulnerabilities associated with both BRCAL and 2-deficiency in other cancers.
These vulnerabilities may provide therapeutic opportunities in cancers driven by R-loops.
For example, functional haploinsufficiency in BRCAL tumors could sensitize them to PARP
inhibitors which are less toxic than conventional chemotherapy (Gorthi et al., 2018).

More directly, R-loops formed during oncogenesis could exert selective pressure on cancer
cells by causing DNA damage. In a study of pre-leukemic myelodysplastic syndromes, a
number of seemingly disparate splicing factor mutations were all found to induce R-loop
formation, suggesting a common mechanism of action. These R-loops activate ATR and
interfere with cellular proliferation. The authors also suggest that the cells which are able to
proliferate in spite of this stress may ultimately become cancerous (Chen et al., 2018). In
mature cancers, there may be an opportunity to re-activate the response to R-loop-induced
replication stress and sensitize tumors to this endogenous damage. Indeed, in Synovial
Sarcoma cells, ATR was found to suppress R-loops and DNA damage through an unknown
mechanism. Inhibiting ATR caused these cells to accumulate R-loops and increased their
sensitivity to chemotherapy (Jones et al., 2017). As R-loops seem to be a nearly universal
byproduct of transcription, targeting R-loop tolerance in cancers could be a potent and
specific way to treat certain otherwise intractable tumors.

Recent studies have also shown that genome instability and DNA damage trigger innate
immune and pro-inflammatory responses, particularly via activation of the cGAS-STING
axis (Ng et al., 2018). Given that R-loops forming upon oncogenic stimuli are a potent
source of DNA damage, their formation may directly contribute to activation of innate
immune responses in cancer cells. On one hand, activation of cGAS-STING is crucial for
anti-tumor immunity, and immunomodulatory therapeutics are currently being explored to
augment this pathway. However, cGAS-STING-mediated inflammation may also promote
growth and metastasis of some tumors (Ng et al., 2018). How R-loop formation may affect
cGAS-STING, or other innate immune signaling pathways, is therefore an open and exciting
question.

Neurological Diseases

R-loops are also associated with several neurological diseases. R-loops forming at expanded
trinucleotide DNA repeats are associated with heterochromatin formation and transcriptional
repression of genes linked to neurological disorders, including Friedreich’s ataxia and
fragile X syndrome (Table 1) (Colak et al., 2014; Groh et al., 2014; Loomis et al., 2014). In
these cases, R-loop formation is limited to the expanded trinucleotides and primarily affects
the repeat-containing gene (Groh et al., 2014).

Mutations in the R-loop resolving helicase SETX are linked to multiple neurological
disorders (Groh et al., 2017), including ataxia with oculomotor apraxia 2 (AOA2) and
amyotrophic lateral sclerosis type 4 (ALS4). Intriguingly, ALS4 patient cells have decreased
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R-loop levels due to a gain of helicase function in SETX. This results in increased promoter
methylation and gene silencing, causing abnormal TGF-p signaling in ALS4 cells, and
ultimately neuron dysfunction and death (Grunseich et al., 2018). Thus, while elevated R-
loops are more commonly linked to disease, decreased R-loop levels can also be
pathological. By contrast, AOAZ2 cells have increased R-loop levels and altered neuronal
gene expression (Becherel et al., 2015), but how this relates to SETX has not been
established.

Autoimmune Diseases

A role for R-loops in autoimmune diseases is also possible. Aicardi Goutieres Syndrome
(AGS) is a rare inflammatory disorder that affects the brain, skin and immune system. It is
attributed to mutations in nucleic acid-degrading enzymes, including TREX1, SAMHD1 and
RNase H2, which cause endogenous nucleic acids to accumulate in the cytoplasm of cells
and ultimately activate the cGAS-STING pathway and interferon responses (Crow and
Manel, 2015). cGAS-STING activation in AGS cells has been directly linked to cytoplasmic
DNA in micronuclei and DNA fragments released from stalled replication forks (Coquel et
al., 2018; Mackenzie et al., 2017; Ng et al., 2018). However, a role for other cytoplasmic
nucleic acids has not been ruled out. Indeed, RNA-DNA hybrids are elevated in the genome
of AGS cells, and new sites of RNADNA hybrid formation overlap with sites of decreased
DNA methylation. It has therefore been proposed that elevated R-loops may contribute to
AGS pathology by altering gene expression or reactivating retroelements (Lim et al., 2015).
While the presence of R-loops and DNA methylation-driven phenotypes in both AGS and
ALS4 is suggestive of a common role for R-loops in both disease states, no specific link has
been established. Beyond these phenotypes, hybrids may stall forks and release sSDNA
through fork processing which directly activates cGAS-STING.

In summary, while R-loops have long been suspected to contribute to human disease, recent
developments have directly implicated R-loops in disease pathology. In particular, these
pathologies relate to the established roles of R-loops in inhibiting DNA methylation, and in
their roles in promoting DNA damage. It will be interesting in the future to see if other R-
loop related phenotypes, such as in establishing chromatin state, also contribute to disease
pathology.

Emerging technologies to map genomic R-loops

Several techniques using next-generation sequencing now exist to map the positions of R-
loops and answer questions about how their distribution changes between cell types or
growth conditions. Broadly, these techniques detect R-loops by footprinting or direct
pulldown, and each has advantages and disadvantages (Table 2). In footprinting, bisulfite
treatment converts cytosine in the displaced ssDNA of the R-loop to uracil, which is read as
thymine during sequencing. As with many R-loop driven phenotypes, exogenous RNase H
treatment is used to ensure this signal depends on an RNA-DNA hybrid (Yu et al., 2003).
Pulldown assays directly recognize the RNA-DNA hybrid, using either the hybrid-binding
activity of RNase H or an antibody (S9.6) raised against RNA-DNA hybrids (Boguslawski et
al., 1986). These tools do not recognize the ssDNA component of the hybrid, although it is
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possible that RNase H could be recognizing RPA-coated ssDNA in addition to the RNA-
DNA hybrid (Nguyen et al., 2017). Here, we briefly review these genomic techniques but
also refer the reader to another more detailed review on this topic for additional information
(Vanoosthuyse, 2018).

DRIP-seq and its variants

The most widely adopted method for R-loop mapping is DRIP-seq (Ginno et al., 2012),
which uses next generation sequencing to map R-loops isolated by S9.6
immunoprecipitation (EI Hage et al., 2010). In DRIP-seq, nucleic acids are extracted from
unfixed cells and gently fragmented using restriction enzymes. After immunoprecipitation,
sequencing libraries are created using a standard dsDNA approach. Alternatively, the
material can be used for targeted, higher precision quantification by gPCR.

DRIP-seq has proved to be a consistent, reproducible, and popular method for sequencing R-
loops. However, there are some limitations. Fragmenting the genome with restriction
enzymes introduces bias and limits resolution, particularly at the 5’-end of genes (Halasz et
al., 2017). This can be addressed by sonicating DNA rather than using restriction enzymes
(El Hage et al., 2014; Halasz et al., 2017). Sonication is also used in S1-DRIP-seq, where
the displaced ssDNA is removed with S1 nuclease prior to sonication to stabilize the RNA-
DNA hybrid (Wahba et al., 2016). DRIP-seq is also limited by its strand-insensitivity. This
can be addressed by strand-specific DNA library preparation as in ssDRIP-seq (Xu et al.,
2017). Alternatively, DRIP-RNA-seq (Chen et al., 2015), RDIP-seq (Nadel et al., 2015) and
DRIPc-seq (Sanz et al., 2016) address both strand-specificity and resolution by sequencing
the RNA component of the hybrid instead of the DNA. Finally, bis-DRIP-seq (Dumelie and
Jaffrey, 2017) combines /in situ ssSDNA bisulfite footprinting with S9.6 hybrid pulldown,
theoretically improving the specificity by targeting both the hybrids and ssDNA. While none
of these methods are currently widely adopted, they provide workarounds for some of DRIP-
seq’s limitations.

Moving beyond S9.6

Any variant of DRIP-seq presumes that S9.6 has an unbiased and specific affinity for
hybrids. However, S$9.6 has some affinity for double-stranded RNA (dsRNA) and shows
biases in hybrid sequence recognition (Konig et al., 2017). As different DRIP-seq variants
have found R-loops associated with homopolymeric dA:dT tracks (Wahba et al., 2016) as
well as regions of high GC-skew (Ginno et al., 2012), it is unclear whether antibody binding
biases are confounding results. Furthermore, as most R-loops are much longer than the 6 bp
epitope of S9.6 (Phillips et al., 2013), biases in S9.6 may not strongly affect binding of most
R-loops. Binding to dsRNA is mostly relevant to methods that sequence hybrid RNA like
DRIPc-seq, and can be mitigated using RNase 111 treatment before pulldown (Hartono et al.,
2018).

Catalytically-inactive RNase H also binds RNA-DNA hybrids, providing an alternative
approach to S9.6-based methods. DRIVE-seq (Ginno et al., 2012) is conceptually similar to
DRIP-seq, using tagged, catalytically-inactive RNase H to pull down hybrids. As it is less
sensitive than DRIP-seq, its adoption has been limited.
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An alternative approach uses RNase H to capture R-loops in their native context, limiting the
opportunity for hybrids to dissociate or shift in position before immunoprecipitation. In R-
ChiP-seq (Chen et al., 2017), catalytically-inactive RNase H is stably expressed in cells, and
immunoprecipitated from cross-linked chromatin. Expressing the RNase H construct
endogenously improves sensitivity and allows for /n situ capture of hybrids, although its
stable expression could in principle alter the turnover of R-loops.

Broad discrepancies remain between methods

Interestingly, there are some differences in where hybrids map depending on the method
used. bis-DRIP-seq and R-ChlIP-seq both involve an /n situ step and show R-loops to be
highly concentrated at gene promoters and almost entirely absent from the 3’ end of genes.
Variants of DRIP-seq show high signal at promoters, but also appreciable signal in gene
bodies and termination regions. As much of the DRIPc-seq and DRIP-seq signal is sensitive
to RNase H (Chen et al., 2015; Ginno et al., 2012; Stork et al., 2016), the differences in
signal outside of promoters are probably not due to off-target binding.

These differences more likely reflect differences between capturing hybrids /n situ and after
cell lysis. RNase H could recognize a promoter-proximal subset of hybrids in a chromatin
context, reflecting an underlying biological role at these sites or increased accessibility
within open chromatin at promoters. However, this does not necessarily explain why bis-
DRIP-seq shows similar patterns (Vanoosthuyse, 2018). Alternatively, non-promoter
associated signal could be artefactual. For example, the small RNA-DNA hybrids formed at
transcription bubbles could hypothetically expand, forming a full length R-loop. This seems
highly unlikely, as melting a kilobase length stretch of dsDNA to allow strand invasion from
the nascent RNA would be a considerable kinetic barrier outside of highly denaturing
conditions (Thomas et al., 1976). Nonetheless, bis-DRIP-seq has been used to test whether
R-loops rehybridize in solution by delaying bisulfite treatment until after nucleic acid
extraction. Under these conditions, some R-loops appear to be unstable, but there was no
signal consistent with massive rehybridization throughout the gene body (Dumelie and
Jaffrey, 2017). Thus, these differences probably do not derive from artefactual R-loops
formed after extraction.

It must also be noted that /n s/itu capture methods may have relatively low enrichment
compared to solution capture: for example, bis-DRIP-seq requires high numbers of
replicates to achieve consistent signal (Dumelie and Jaffrey, 2017). Therefore, some
optimization of these protocols may refine the picture of where R-loops occur under /n situ
conditions. The development of new methods independent of S9.6 or RNase H could also
clarify outstanding questions remaining about the observed differences between /n situand
solution-based capture methods.

Conclusions and Future Questions

Recent work has successfully linked R-loops to cellular processes at the molecular level, but
many open questions remain. While R-loops participate in a diverse array of processes, their
roles can be strikingly different between systems and even different contexts within the same
system. For example, R-loops appear to be able to both recruit and inhibit the binding of
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chromatin remodeling factors to alter transcription, inhibit or promote repair at double strand
breaks, and in a more general sense both facilitate cellular processes and cause DNA
damage. While the different contexts determining these roles are known in some cases, a
major challenge for the field moving forward will be to resolve some of these apparent
conflicts. As R-loops have complex interactions with replication, transcription and
chromatin state, genomic studies to associate them with other factors may be limited by the
number of potential confounding variables. Many of the fundamental conflicts in R-loop
biology may be more cleanly resolved through the use of engineered systems to more
precisely separate these variables.

Recent work demonstrating the formation of hybrids at DSBs and a role for them in repair
requires further investigation as well. DSB-associated hybrids should now also be
recognized as a factor complicating the analysis of hybrid formation in scenarios where
DSBs and R-loops are both induced, as DNA breaks may lead to hybrid formation as well as
the reverse. Additionally, it will be important to resolve which steps of repair are facilitated,
as opposed to inhibited, by R-loops, as the current literature has some apparently
contradictory effects of R-loops in modulating DNA repair.

The proliferation of R-loop mapping techniques also provides both opportunities and
challenges to the field moving forward. As the distributions suggested by /n situ capture
methods are consistently different from those obtained by pulldown in solution, it will be
important to understand what factors influence R-loop capture in different contexts. As data
are acquired in more cell lines and conditions, comparisons between these techniques will
become easier.

Finally, recent links between R-loops and disease raise the exciting possibility that
manipulating R-loop levels could be exploited therapeutically. Studies have demonstrated
that R-loops can be targeted using small molecules to suppress molecular phenotypes
associated with disease (Colak et al., 2014; Powell et al., 2013). Given the complex roles of
R-loops as both positive and negative regulators of various cellular functions, however, loci-
specific and tunable strategies to manipulate R-loop levels will likely be needed.
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R-loops are RNA-DNA hybrid structures prevalent in mammalian, yeast and bacterial
genomes. Crossley et alreview emerging themes in R-loop biology, including roles in
regulating transcription and DNA damage repair, deleterious effects in blocking
transcription and replication, and contributions to human diseases. Genomic R-loop
mapping methods are also briefly compared.

Mol Cell. Author manuscript; available in PMC 2020 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crossley et al. Page 21

RNA processing Elongation  Transcriptional
and splicing factors factors repression

- g@.

Hybrid unwound Hybrid cleaved

Key
Processive
. RNAP? "H3K9me2/3
Figure 1.

R-loop resolution and suppression mechanisms. R-loops form co-transcriptionally when
nascent RNA (red) hybridizes with DNA (black), generating an RNA-DNA hybrid and
displaced ssDNA. R-loops are suppressed by processing/splicing factors which coat nascent
RNA, elongation factors that ensure processive transcription, or transcriptional repression at
certain repeat sequences. Once formed, a variety of helicases (blue) and other factors such as
the FANCM translocase, RNase H family nucleases (RNH), or the replisome (not shown)
may remove the hybrid, restoring processive transcription. Not all factors implicated in this
process have been illustrated for clarity, and many factors have not been examined in
biochemical assays to support the proposed activity. Factors outlined in dotted lines show R-
loop resolution in cellular assays, but have not been shown to biochemically resolve
RNADNA hybrids in vitro.
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Figure 2.

R-loops participate in gene regulation. A) At promoters, R-loops activate transcription by
preventing binding of transcriptional repressors or DNA methylating enzymes (DNMT), or
by acting as binding sites for transcription factors (top left). Alternatively, R-loops repress
transcription by blocking transcription factor binding (bottom left). B) At terminators, R-
loops facilitate efficient transcription termination by promoting RNAP 11 pausing and
cleavage of the transcript from its template either by recruiting R-loop resolution helicases
and RNases (bottom right), or by recruiting the RNAI silencing machinery (top right).
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Figure 3.
R-loops at transcription-replication collisions. Collisions of a replication fork with an R-loop

can resolve the R-loop when replication forks are co-directional with transcription, or
stabilize them when replication forks collide with the R-loop head-on. The MCM replicative
helicase complex may directly unwind RNA-DNA hybrids in the co-directional orientation.
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Figure 4.

Transcription stress and R-loops. A) Transcription stress may arise from a stalled RNA
polymerase associated with an R-loop (left) or upstream polymerases that are stalled from
collisions with the R-loop (right). B) Two ways that NER processing may convert an R-loop
to a DSB: either NER enzymes XPG and XPF cut the hybridized DNA, leading to a single-
strand gap that is processed into a DSB by replication (top), or NER enzymes cut non-
canonically to directly create a DSB at the 3’ or 5’ end of the R-loop (bottom).
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Figure 5.

R-loops drive DNA damage responses. A) R-loops may cause DSBs and canonical ATM
activation through three mechanisms: damage to the displaced ssDNA that is converted to a
DSB by DNA replication, nucleolytic processing of the R-loop or fork stalled by R-loops, or
collision of the replication fork with a backtracked RNA polymerase. B) R-loops may
activate ATR in head-on collisions by stalling replication forks, which then accumulate RPA
and signal to ATR through the canonical pathway. C) Non-canonical DNA damage response
pathway activation could occur when polymerases stalled at R-loops activate ATM, or when
RPA accumulates on the displaced ssDNA and activates ATR.

Mol Cell. Author manuscript; available in PMC 2020 February 07.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Crossley et al. Page 26

>

ssDNA
nick L/ \DSB

so vt
T @D DD —_— ®PADDD
HR and genome stability Chromosomal rearrangements
C AtDsBs D At DSBs E

e
S\
@D

I 4 @
\ Chromosomal DsSB ,I,
HR

,
/ translocations Repair
NHEJ

Key
. Processive RNAP2 ‘ DNA resection enzyme & P-H2ZAX

Figure 6.
R-loops participate in DNA repair at breaks. A) DNA breaks, either sSDNA nicks (left) or

DSBs (right), create free 3’-DNA ends, promoting the annealing of RNA to DNA to form
hybrids. B) In yeast, R-loops form at DSBs and initiate repair by HR. Subsequent R-loop
resolution by Senl or RNase H regulates the extent of DNA end resection and subsequent
binding of RPA (left). In the absence of Senl or RNase H (right), RNA-DNA hybrids
persist, blocking DNA resection and RPA binding and leading to chromosomal
rearrangements. C) In human cells RNA-DNA hybrids formed at a subset of DSBs recruit
Rad52, which further recruits XPG and BRCA1. XPG-mediated R-loop processing initiates
DNA resection and repair by HR, and suppresses aberrant NHEJ. D) SETX is recruited to
DSBs and resolves RNA-DNA hybrids at active genes. SETX regulates yH2AX spreading
and Rad51 foci formation promoting DSB repair and suppressing chromosomal
translocations. E) Rad52 promotes the formation of RNA- DNA hybrids that facilitate RNA-
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templated HR by bridging two DNA ends. The DNA ends are ligated, and the RNA strand is
removed by RNase H.
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