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The Yin and Yang of R-loop Biology

Lorenzo Costantino! and Douglas Koshland?
1Department of Molecular and Cell Biology, University of California-Berkeley, Berkeley, CA 94720

Abstract

RNA performs diverse functions in cells, directing translation, modulating transcription and
catalyzing enzymatic reactions. Remarkably RNA can also anneal to its genomic template co- or
post-transcriptionally to generate an RNA-DNA hybrid and a displaced single-stranded DNA.
These unusual nucleic acid structures are called R-loops. Studies in the last decades concentrated
on the detrimental effects of R-loop formation, particularly on genome stability. In fact, R-loops
are thought to play a role in several human diseases like cancer and neurodegenerative syndromes.
But recent data has revealed that R-loops can also have a positive impact on cell processes, like
regulating gene expression, chromosome structure and DNA repair. Here we summarize our
current understanding of the formation and dissolution of R-loops, and discuss their negative and
positive impact on genome structure and function.

Introduction

For many years RNA-DNA hybrids were known to form during DNA replication (11bp
hybrid of an Okazaki fragments), and transcription (8bp hybrid within the RNA polymerase
active site). However, longer tracts of RNA-DNA hybrids, known as R-loops are also
capable of forming in cells. R-loops form when an RNA molecule anneals to the antisense/
template DNA strand after it exits the active site of RNA polymerase, generating a hybrid
and a displaced sense ssSDNA (Figure 1). R-loops were first identified decades ago, but the
recent outburst of studies indicates how they represent an important, but poorly understood
aspect of nucleic acid biology [1-3].

Formation of R-loops

In principle, R-loops can form whenever an RNA molecule is allowed to anneal with its
template DNA strand. However, the template strand is normally occupied by the sense DNA
strand. How then does RNA gain access to the template strand? One simple theory envisions
the extension of the usual 8bp RNA-DNA hybrid formed during transcription, but this
model could not be reconciled with the crystal structure of RNA polymerase showing that
RNA and DNA exit from two distinct channels [4]. A second model, known as the thread
back model, comes from the discovery that DNA behind the transcribing RNA polymerase
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is negatively supercoiled [5]. This negatively supercoiled duplex DNA has a propensity to
unwind, which may allow the template strand to anneal with nascent RNA. This model is
supported by the observation that hybrids are elevated in mutants defective in transcription
elongation, termination, splicing and relaxation of supercoiled DNA [6-9]. Defects in
termination and elongation factors are thought to stall the RNA polymerase, prolonging both
the proximity of nascent RNA and the negatively supercoiled (unwound) state of the DNA.
Deficiencies in splicing may unmask the RNA, making it more accessible to hybridize with
the DNA. Defects in topoisomerases enhance the unwound DNA by preventing relaxation of
the negative supercoils. Based on these supporting observations, the thread back mechanism
is the prevalent model for hybrid formation.

However, this co-transcriptional model for R-loop formation does not explain why hybrids
are elevated in mutants that affect RNA post-transcriptionally, like RNA export and
degradation. One potential explanation is that these mutants allow RNA to linger longer in
the nucleus and hybridize to a homologous DNA template even after transcription is
completed. Indeed, a recent observation revealed that R-loops can form in trans; when the
RNA transcribed at one locus forms an R-loop with a homologous DNA sequence at another
locus [10]. How do these RNAs get access to the antisense DNA? An important clue is that
the formation of R-loops in trans is promoted by Rad51 and Rad52, proteins that are
involved in DNA strand exchange during homologous recombination-mediated repair after
DNA double-strand breaks (DSBs). These proteins allow ssDNA at a DSB to invade a
homologous dsDNA and form a D-loop. Whether they promote R-loop formation by
performing an analogous RNA-strand invasion reaction with dsDNA is unclear. Although
there is evidence that RecA, the bacterial homolog of Rad51, promotes R-loop formation in
vitro and in vivo [11]. Importantly, through R-loop formation in cisand trans, transcripts can
form R-loops that act on the locus of origin and potentially many other loci across the
genome with similar sequence composition, thereby constraining or amplifying their impact
on genome structure and function.

Besides DNA supercoiling, other features of the RNA sequence or its DNA template likely
contribute to R-loop formation. Indeed, in vitro high GC content and DNA nicks have also
been shown to influence R-loop formation [12]. Recent studies in yeast mapping hybrids
genome-wide, have reported a weak correlation between hybrid formation and GC content
[13,14]. However, the causality of these features in hybrid formation in vivo has not been
tested. Thus, the roles of the sequence and structure of nucleic acid are likely critical, but
poorly explored aspects of R-loop formation.

Dissolution of R-loops

The elevation of R-loops in cells defect for RNA biogenesis factors and topoisomerase
suggests that these proteins act to suppress R-loop formation in wild type cells. However, to
remove R-loops when they do form, cells have a number of potential hybrid-dissolution
mechanisms [15]. RNase H1 and RNase H2 are enzymes conserved from bacteria to human
that specifically degrade the RNA in hybrids. They contain a HBD (hybrid-binding domain)
that binds the RNA-DNA substrate and an RNase H domain that catalyzes the cleavage of
RNA via a hydrolytic mechanism. RNase H2 contains two auxiliary subunits, important for
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protein-protein interaction and complex recruitment [16]. RNase H2 is also able to remove
single ribonucleotides mis-incorporated into DNA during replication [17] and Okazaki
primer during lagging strand synthesis [18]. Prokaryotic and eukaryotic cells also encode
many RNA-DNA helicases that are able to unwind the RNA from R-loops, like Rho, DHX9
and Senataxin [19-21]. Thus all cells have multiple mechanisms for R-loop dissolution.

Why do so many mechanisms for R-loop dissolution exist? The presence of two distinct, but
evolutionary conserved RNase H proteins suggests they have some non-overlapping
function. So far this distinction has eluded detection. In yeast, an increase in R-loops is
observed only when both RNases H are inactivated [9], implying they can substitute for each
other to degrade the same R-loops. None-the-less, the increased R-loop formation in cells
lacking RNase H activity is surprising given the presence of numerous RNA-DNA helicases.
Similarly, the increase in R-loop formation by defects in RNA biogenesis factors in bacteria,
yeast and mammalian cells can be suppressed by overexpression of just RNase H1 [8,9] This
result begs the question why overexpression is needed, given the cells already have the two
RNases H and RNA-DNA helicases. In summary, the presence of multiple hybrid
dissolution factors with limited potency infers that each factor is regulated spatially or
temporally to constrain its ability to remove R-loops.

The regulation of hybrid dissolution factors may be dictated by their coupling to specific
processes of hybrid formation, like RNA transcription and DNA replication [22,23],
presumably by protein-protein interaction or their tethering to specific loci. In fact, the
discovery that R-loops have positive biological functions necessitates that hybrid dissolution
must occur through regulated mechanisms, to ensure that positively acting R-loops are
protected. Elucidating the distinct mechanistic and biological roles of the different hybrid
dissolution mechanisms is another important challenge to the field.

Detrimental effects of R-loop formation

The first identifications of R-loops came from the discovery that transcribing from a model
locus in yeast cells defective for the THO transcription elongation complex caused hyper-
recombination in a R-loop dependent manner [6]. Subsequent studies in yeast and
mammalian cells showed that R-loops can also induce cell cycle checkpoint activation,
DNA damage and gross chromosome rearrangements [24].

In principle, R-loops can cause DNA damage by multiple mechanisms. R-loops result in
stretches of exposed ssSDNA, which are chemically more unstable than dsSDNA, and likely
more prone to transcription associated mutagenesis (TAM), recombination (TAR) and
double strand breaks (DSBs) [25,26]. In fact, mutations during transcription are mainly
found in the non-transcribed DNA strand (the ssSDNA in the R-loop), over the transcribed
strand (the DNA hybridized with RNA) [27]. Mammalian cells express a variety of DNA
and RNA modifying-enzyme such as the activation-induced cytidine deaminase (AID) [28]
and members of the ApolipoproteinB mRNA-editing catalytic polypeptide (APOBEC) [29].
These protein complexes can generate abasic sites which can lead to base substitutions or
ssDNA nicks that are then processed to DSBs upon arrival of the replication fork [2]. R-
loops may also be directly blocking progression of the DNA replication machinery, causing
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fork collapse and subsequently DSBs [1,30]. Finally, the RNA in an R-loop may serve as a
primer to trigger unscheduled replication, or possibly re-replication. In fact, in bacteria R-
loop can be used as sites of replication initiation [31]. Most recently, work in human and
yeast cells has revealed the involvement of nucleotide excision repair (NER) endonucleases
in processing R-loops into DSBs [32]. The exact mechanism by which NER converts R-
loops to DSBs, the resulting lesions, and whether it is the only pathway driving the
mutagenic potential R-loops remains to be elucidated.

R-loops in human diseases

The genomic instability mediated by R-loops might contribute to the mutations and gross
chromosome rearrangements typical of cancer cells [33]. Common fragile sites (CFSs) are
regions in the human genome that contain long genes, replicate late in S-phase, and are
hotspots for DNA breaks [34]. R-loops have been found to form at CFSs, where collisions
between the DNA replication fork and the transcription machinery contribute to the
instability of these loci [35]. Removal of the R-loop trough RNase H overexpression
suppresses the genomic instability associated with CFSs. Translocations between the
immunoglobulin (Ig) locus and oncogene containing loci are often found in lymphoma cells
[36]. A likely cause of these translocations is the improper processing/repair of R-loop-
induced genomic rearrangements that are normally part of the immunoglobulin class switch.

Notably, the tumor suppressor BRCAZ is often mutated and inactivated in cancer, in
particular breast cancer [37]. BRCAZ2 depletion has also been shown to cause R-loop
accumulation and DNA damage checkpoint activation. These results indicate that BRCA2
might be involved in processing/removal of RNA-DNA hybrids, otherwise a source of
replication stress and genomic instability [38]. Finally some cancers have elevated levels of
RAD51[39] or altered FIP1L1 activity [40], two proteins that promote hybrid formation in
yeast [10]. These examples may be the tip of the iceberg in the links between R-loop
formation and cancer development.

Unscheduled R-loop formation may play an important role in several other human diseases
(reviewed in [41]). Mutations in the Setx gene (Senl in yeast), is associated with ataxia
oculomotor apraxia type 2 (AOAZ2), a neurodegenerative disease characterized by
progressive degeneration of the motor neurons in the brain and spinal cord, combined with
muscle weakness and atrophy [42]. However, a direct link between the regulation of R-loops
and disease etiology is still missing. In fact mouse models that try to recapitulate the human
disease show elevated R-loop formation, DNA damage and apoptosis in proliferating cells,
but not in post-mitotic cells, like the brain neurons [43]. It is still possible that neurons are
particularly sensitive to low levels of R-loop, or R-loop formation in other tissues indirectly
impacts neuron function.

A well-characterized example of R-loops involvement in human pathologies comes from
studies on fragile X syndrome, the most common genetic form of mental retardation [44,45].
Expansion and contraction of short repetitive DNA sequences has been linked to fragile X
syndrome and several other disorders [46]. R-loop formation in these loci might play a key
role in transcription regulation and copy number variations. In fact, transcription of
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sequences rich in small repeats results in R-loop accumulation mediated by ssSDNA prone to
form secondary structures, notably G-quartets and triplex strand [47]. DSBs and DNA
replication problems due to R-loops may induce the aberrant recombination events that
cause nucleotide-repeats expansion.

In summary, R-loops are correlated with a number of cancers and human disease conditions.
It will be important to demonstrate a causative role between R-loops and disease etiology.
Whether causative or not, the presence of elevated R-loops, at least in cancer cells, may
potentially be exploited through synthetic lethal strategies as cancer therapy.

Positive side of R-loops

The first positive function exploited how R-loop formation drives the programmed genomic
rearrangement associated with immunoglobulin class switch in activated B-cells.
Transcription through the switch immunoglobulin locus drives R-loop formation and
provides the ssDNA substrate for the AID enzyme. Accumulation of R-loops initiates the
cascade of events that lead to the genomic rearrangements needed to change class of
antibody produced [48].

However, a number of recent studies have shown that R-loops play important roles in gene
expression. In Arabidopsis, the formation of R-loops in the promoter region silences the
expression of the long noncoding RNA COOLAIR. R-loops can modulate COOLAIR
transcription, which in turns regulates the flowering locus in response to cold temperatures
[49]. This is the first reported example on how R-loop formation can regulate expression of
a specific gene and modulate physiological processes, like plant flowering. R-loops may
also control global gene expression. CpG islands are present in approximately 60% of
human genes and regulate their transcription. Also methylated CpG island is a prevalent
epigenetic mark of transcriptional silencing [50]. The Chedin group discovered that R-loops
form in a subset of transcriptionally active, unmethylated CpG islands [51]. R-loops appear
to shield the promoter from the de-novo methyltransferase DNMT3B1, keeping genes
transcriptionally active.

A second emerging and complex function of R-loops is as a regulator of chromosome
structure. R-loops are associated with a heterochromatin marker, H3S10 phosphorylation
both in yeast and human cells [52]. H3S10 is known to be associated with changes in
chromosome structure. Overexpression of RNase H not only reduces R-loop accumulation,
but also H3S10 phosphorylation and accessibility of chromatin to restriction enzyme
digestion, suggesting a link between R-loops, epigenetic modifications and chromatin
compaction. It is worth mentioning, that H3S10 has been reported to also mark actively
transcribed genes, usually characterized by open chromatin, in mouse and drosophila. The
Proudfoot lab has shown that R-loops form on G-rich transcription-termination regions,
promoting RNA polymerase pausing prior to termination [53]. Moreover, R-loop formation
drives transcription of antisense RNA, which in turn recruits epigenetic protein complexes.
The accumulation of specific epigenetic marks drives the formation of heterochromatin
DNA in this regions, helping an efficient transcription termination [54]. The formation of R-
loops might drive local chromatin changes in the promoter, gene body or terminator region,
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to fine tune gene expression levels. These data may explain why the overexpression of
RNase H1 is toxic to cells [55], potentially because the unconstrained RNase H1 removes
critical R-loops needed for modulating chromosome structure and gene expression.

R-loops also form at telomeres where the non-coding RNA TERRA hybridizes on the
telomeric DNA. Formation of R-loops at telomeres in cells lacking the telomerase enzyme
mediates telomeres elongation and delays cell senescence [56]. This observation is
intriguing given the role of cell senescence in preventing cancer proliferation [33].

RNA-DNA hybrids may also act as structural element in an alternative pathway for DSBs
repair. Storici and colleagues showed that yeast, S.Cerevisiae, is able to repair a restriction
enzyme-mediated break using an mRNA as a template [57].

Finally, Prader-Willi syndrome (PWS) and Angelman syndrome (AS) are oppositely
imprinted autism-spectrum disorders with a known genomic locus regulated by complex
epigenetic mechanism. Topoisomerase inhibitor topotecan has been shown to stabilize
formation of R-loop in the PWS/AS locus restoring physiological gene expression and
chromatin decondensation [58,59]. Thus as in cancer, R-loop biology might provide new
targets for therapeutic strategies.

Concluding remarks

The bloom of studies published in the last decades concentrated on the detrimental effects of
R-loops, shedding some light on the proteins and mechanisms that cells have evolved to
prevent R-loops formation, or to remove them once present. R-loops were considered
byproducts of transcription and a potential threat to genomic stability [1]. But the real
impact of this “dark side” of R-loops still needs to be fully addressed: we still do not know if
R-loops are directly involved in the etiology of human diseases like cancer and
neurodegenerative syndromes.

On the other end, recent data suggest that R-loops also have a “bright side”, and contribute
in regulating different physiological cell processes, like chromosomal structure and gene
expression (Figure 2). A big challenge in the field is to understand the mechanisms that
regulate R-loops and create the balance between the positive and negative effects.

Acknowledgments

We thank Lamia Wahba (Stanford University) for critical reading of the manuscript and the members of Koshland
lab, especially Brett Robison, for suggestions. D.K. is supported by the National Institute of Health (GM107583),
L.C. is supported by a Swiss National Science Foundation Advanced Postdoc.Mobility fellowship. We apologize to
those colleagues whose work we could not cite due to space limitations.

References

1. Aguilera A, Garcia-Muse T. R loops: from transcription byproducts to threats to genome stability.
Mol Cell. 2012; 46:115-124. [PubMed: 22541554]

2. Skourti-Stathaki K, Proudfoot NJ. A double-edged sword: R loops as threats to genome integrity
and powerful regulators of gene expression. Genes Dev. 2014; 28:1384-1396. [PubMed: 24990962]

3. Hamperl S, Cimprich KA. The contribution of co-transcriptional RNA:DNA hybrid structures to
DNA damage and genome instability. DNA Repair (Amst). 2014; 19:84-94. [PubMed: 24746923]

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Costantino and Koshland

Page 7

. Westover KD, Bushnell DA, Kornberg RD. Structural basis of transcription: nucleotide selection by

rotation in the RNA polymerase 11 active center. Cell. 2004; 119:481-489. [PubMed: 15537538]

. Liu LF, Wang JC. Supercoiling of the DNA template during transcription. Proc Natl Acad Sci U S

A. 1987; 84:7024-7027. [PubMed: 2823250]

. Huertas P, Aguilera A. Cotranscriptionally formed DNA:RNA hybrids mediate transcription

elongation impairment and transcription-associated recombination. Mol Cell. 2003; 12:711-721.
[PubMed: 14527416]

. Gomez-Gonzalez B, Garcia-Rubio M, Bermejo R, Gaillard H, Shirahige K, Marin A, Foiani M,

Aguilera A. Genome-wide function of THO/TREX in active genes prevents R-loop-dependent
replication obstacles. EMBO J. 2011; 30:3106-3119. [PubMed: 21701562]

. Dominguez-Sanchez MS, Barroso S, Gomez-Gonzalez B, Luna R, Aguilera A. Genome instability

and transcription elongation impairment in human cells depleted of THO/TREX. PL0oS Genet. 2011;
7:1002386. [PubMed: 22144908]

. Wahba L, Amon JD, Koshland D, Vuica-Ross M. RNase H and multiple RNA biogenesis factors

cooperate to prevent RNA:DNA hybrids from generating genome instability. Mol Cell. 2011,
44:978-988. [PubMed: 22195970]

**10. Wahba L, Gore SK, Koshland D. The homologous recombination machinery modulates the

formation of RNA-DNA hybrids and associated chromosome instability. Elife. 2013; 2:e00505.
The authors show that R-loops can form in trans, when the RNA transcribed at one locus forms
an R-loop with a homologous DNA sequence at another locus. This study shows that R-loops
formation is not restricted to the locus of origin, but can potentially affect many other loci across
the genome with similar sequence composition. [PubMed: 23795288]

11. Zaitsev EN, Kowalczykowski SC. A novel pairing process promoted by Escherichia coli RecA

protein: inverse DNA and RNA strand exchange. Genes Dev. 2000; 14:740-749. [PubMed:
10733533]

12. Roy D, Zhang Z, Lu Z, Hsieh CL, Lieber MR. Competition between the RNA transcript and the

nontemplate DNA strand during R-loop formation in vitro: a nick can serve as a strong R-loop
initiation site. Mol Cell Biol. 2010; 30:146-159. [PubMed: 19841062]

13. El Hage A, Webb S, Kerr A, Tollervey D. Genome-Wide Distribution of RNA-DNA Hybrids

Identifies RNase H Targets in tRNA Genes, Retrotransposons and Mitochondria. PLoS Genet.
2014; 10:1004716. [PubMed: 25357144]

14. Chan YA, Aristizabal MJ, Lu PY, Luo Z, Hamza A, Kobor MS, Stirling PC, Hieter P. Genome-

wide profiling of yeast DNA:RNA hybrid prone sites with DRIP-chip. PLoS Genet. 2014;
10:e1004288. [PubMed: 24743342]

15. Cerritelli SM, Crouch RJ. Ribonuclease H: the enzymes in eukaryotes. FEBS J. 2009; 276:1494—

1505. [PubMed: 19228196]

16. Shaban NM, Harvey S, Perrino FW, Hollis T. The structure of the mammalian RNase H2 complex

provides insight into RNA. NA hybrid processing to prevent immune dysfunction. J Biol Chem.
2010; 285:3617-3624. [PubMed: 19923215]

17. Hiller B, Achleitner M, Glage S, Naumann R, Behrendt R, Roers A. Mammalian RNase H2

removes ribonucleotides from DNA to maintain genome integrity. J Exp Med. 2012; 209:1419-
1426. [PubMed: 22802351]

18. Qiu J, Qian Y, Frank P, Wintersberger U, Shen B. Saccharomyces cerevisiae RNase H (35)

functions in RNA primer removal during lagging-strand DNA synthesis, most efficiently in
cooperation with Rad27 nuclease. Mol Cell Biol. 1999; 19:8361-8371. [PubMed: 10567561]

19. Richardson JP. Loading Rho to terminate transcription. Cell. 2003; 114:157-159. [PubMed:

12887917]

20. Chakraborty P, Grosse F. Human DHX9 helicase preferentially unwinds RNA-containing

displacement loops (R-loops) and G-quadruplexes. DNA Repair (Amst). 2011; 10:654—665.
[PubMed: 21561811]

21. Mischo HE, Gomez-Gonzalez B, Grzechnik P, Rondon AG, Wei W, Steinmetz L, Aguilera A,

Proudfoot NJ. Yeast Senl helicase protects the genome from transcription-associated instability.
Mol Cell. 2011; 41:21-32. [PubMed: 21211720]

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Costantino and Koshland

22

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Page 8

. Alzu A, Bermejo R, Begnis M, Lucca C, Piccini D, Carotenuto W, Saponaro M, Brambati A,
Cocito A, Foiani M, et al. Senataxin associates with replication forks to protect fork integrity
across RNA-polymerase-I1-transcribed genes. Cell. 2012; 151:835-846. [PubMed: 23141540]
Chinchilla K, Rodriguez-Molina JB, Ursic D, Finkel JS, Ansari AZ, Culbertson MR. Interactions
of Senl, Nrd1, and Nab3 with multiple phosphorylated forms of the Rpb1 C-terminal domain in
Saccharomyces cerevisiae. Eukaryot Cell. 2012; 11:417-429. [PubMed: 22286094]

Li X, Manley JL. Inactivation of the SR protein splicing factor ASF/SF2 results in genomic
instability. Cell. 2005; 122:365-378. [PubMed: 16096057]

Muers M. Mutation: the perils of transcription. Nat Rev Genet. 2011; 12:156. [PubMed: 21283089]
Wimberly H, Shee C, Thornton PC, Sivaramakrishnan P, Rosenberg SM, Hastings PJ. R-loops and
nicks initiate DNA breakage and genome instability in non-growing Escherichia coli. Nat
Commun. 2013; 4:2115. [PubMed: 23828459]

Beletskii A, Bhagwat AS. Transcription-induced mutations: increase in C to T mutations in the
nontranscribed strand during transcription in Escherichia coli. Proc Natl Acad Sci U S A. 1996;
93:13919-13924. [PubMed: 8943036]

Dickerson SK, Market E, Besmer E, Papavasiliou FN. AID mediates hypermutation by
deaminating single stranded DNA. J Exp Med. 2003; 197:1291-1296. [PubMed: 12756266]
Nabel CS, Schutsky EK, Kohli RM. Molecular targeting of mutagenic AID and APOBEC
deaminases. Cell Cycle. 2014; 13:171-172. [PubMed: 24241207]

Gan W, Guan Z, Liu J, Gui T, Shen K, Manley JL, Li X. R-loop-mediated genomic instability is
caused by impairment of replication fork progression. Genes Dev. 2011; 25:2041-2056. [PubMed:
21979917]

Kogoma T. Stable DNA replication: interplay between DNA replication, homologous
recombination, and transcription. Microbiol Mol Biol Rev. 1997; 61:212-238. [PubMed: 9184011]
Sollier J, Stork CT, Garcia-Rubio ML, Paulsen RD, Aguilera A, Cimprich KA. Transcription-
Coupled Nucleotide Excision Repair Factors Promote R-Loop-Induced Genome Instability. Mol
Cell. 2014

Negrini S, Gorgoulis VG, Halazonetis TD. Genomic instability--an evolving hallmark of cancer.
Nature reviews Molecular cell biology. 2010; 11:220-228. [PubMed: 20177397]

Glover TW. Common fragile sites. Cancer Lett. 2006; 232:4-12. [PubMed: 16229941]

Helmrich A, Ballarino M, Tora L. Collisions between replication and transcription complexes
cause common fragile site instability at the longest human genes. Mol Cell. 2011; 44:966-977.
[PubMed: 22195969]

Robbiani DF, Nussenzweig MC. Chromosome translocation, B cell lymphoma, and activation-
induced cytidine deaminase. Annu Rev Pathol. 2013; 8:79-103. [PubMed: 22974238]

Roy R, Chun J, Powell SN. BRCA1 and BRCAZ2: different roles in a common pathway of genome
protection. Nat Rev Cancer. 2012; 12:68-78. [PubMed: 22193408]

**38. Bhatia V, Barroso SI, Garcia-Rubio ML, Tumini E, Herrera-Moyano E, Aguilera A. BRCA2

39.

40.

41.

42.

prevents R-loop accumulation and associates with TREX-2 mRNA export factor PCID2. Nature.
2014; 511:362-365. This study shows how R-loops can be a chief source of cancer associated
instability. BRCAZ2 inactivation, often found in cancers, causes R-loop accumulation and DNA
damage checkpoint activation. [PubMed: 24896180]
Klein HL. The consequences of Rad51 overexpression for normal and tumor cells. DNA Repair
(Amst). 2008; 7:686—693. [PubMed: 18243065]
Gotlib J, Cools J. Five years since the discovery of FIP1L1-PDGFRA: what we have learned about
the fusion and other molecularly defined eosinophilias. Leukemia. 2008; 22:1999-2010. [PubMed:
18843283]
Groh M, Gromak N. Out of balance: R-loops in human disease. PL0oS Genet. 2014; 10:e1004630.
[PubMed: 25233079]
Moreira MC, Klur S, Watanabe M, Nemeth AH, Le Ber I, Moniz JC, Tranchant C, Aubourg P,
Tazir M, Schols L, et al. Senataxin, the ortholog of a yeast RNA helicase, is mutant in ataxia-
ocular apraxia 2. Nat Genet. 2004; 36:225-227. [PubMed: 14770181]

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Costantino and Koshland Page 9

43. Yeo AJ, Becherel OJ, Luff JE, Cullen JK, Wongsurawat T, Jenjaroenpoon P, Kuznetsov VA,
McKinnon PJ, Lavin MF. R-loops in proliferating cells but not in the brain: implications for
AOAZ2 and other autosomal recessive ataxias. PLoS One. 2014; 9:e90219. [PubMed: 24637776]

**44. Colak D, Zaninovic N, Cohen MS, Rosenwaks Z, Yang WY, Gerhardt J, Disney MD, Jaffrey
SR. Promoter-bound trinucleotide repeat mMRNA drives epigenetic silencing in fragile X
syndrome. Science. 2014; 343:1002-1005. This paper shows for the first time that R-loops-
mediated gene silencing is the etiology of fragile X disorder. [PubMed: 24578575]

45. Loomis EW, Sanz LA, Chedin F, Hagerman PJ. Transcription-associated R-loop formation across

the human FMR1 CGG-repeat region. PL0oS Genet. 2014; 10:e1004294. [PubMed: 24743386]

46. Lopez Castel A, Cleary JD, Pearson CE. Repeat instability as the basis for human diseases and as a
potential target for therapy. Nat Rev Mol Cell Biol. 2010; 11:165-170. [PubMed: 20177394]

47. Haeusler AR, Donnelly CJ, Periz G, Simko EA, Shaw PG, Kim MS, Maragakis NJ, Troncoso JC,
Pandey A, Sattler R, et al. C9orf72 nucleotide repeat structures initiate molecular cascades of
disease. Nature. 2014; 507:195-200. [PubMed: 24598541]

48. Roy D, Yu K, Lieber MR. Mechanism of R-loop formation at immunoglobulin class switch
sequences. Mol Cell Biol. 2008; 28:50-60. [PubMed: 17954560]

**49. Sun Q, Csorba T, Skourti-Stathaki K, Proudfoot NJ, Dean C. R-loop stabilization represses
antisense transcription at the Arabidopsis FLC locus. Science. 2013; 340:619-621. This study
shows how R-loop formation can regulate the transcription of the flowering locus in Arabidopsis.
This is an important example on how R-loops are able to modulate complex physiologycal
processes like plant flowering in response to temperature changes. [PubMed: 23641115]

50. Deaton AM, Bird A. CpG islands and the regulation of transcription. Genes Dev. 2011; 25:1010—

1022. [PubMed: 21576262]

**51. Ginno PA, Lott PL, Christensen HC, Korf I, Chedin F. R-loop formation is a distinctive
characteristic of unmethylated human CpG island promoters. Mol Cell. 2012; 45:814-825. This
paper highlights how CpG island containing promoters are mantained transcriptionally active.by
R-loops formation The data show how R-loops can be used as master regulators of transcription.
[PubMed: 22387027]

52. Castellano-Pozo M, Santos-Pereira JM, Rondon AG, Barroso S, Andujar E, Perez-Alegre M,
Garcia-Muse T, Aguilera A. R loops are linked to histone H3 S10 phosphorylation and chromatin
condensation. Mol Cell. 2013; 52:583-590. [PubMed: 24211264]

53. Skourti-Stathaki K, Proudfoot NJ, Gromak N. Human senataxin resolves RNA/DNA hybrids
formed at transcriptional pause sites to promote Xrn2-dependent termination. Mol Cell. 2011;
42:794-805. [PubMed: 21700224]

54. Skourti-Stathaki K, Kamieniarz-Gdula K, Proudfoot NJ. R-loops induce repressive chromatin
marks over mammalian gene terminators. Nature. 2014

55. Paulsen RD, Soni DV, Wollman R, Hahn AT, Yee MC, Guan A, Hesley JA, Miller SC, Cromwell
EF, Solow-Cordero DE, et al. A genome-wide SiRNA screen reveals diverse cellular processes and
pathways that mediate genome stability. Mol Cell. 2009; 35:228-239. [PubMed: 19647519]

56. Balk B, Maicher A, Dees M, Klermund J, Luke-Glaser S, Bender K, Luke B. Telomeric RNA-
DNA hybrids affect telomere-length dynamics and senescence. Nature structural & molecular
biology. 2013; 20:1199-1205.

57. Keskin H, Shen Y, Huang F, Patel M, Yang T, Ashley K, Mazin AV, Storici F. Transcript-RNA-
templated DNA recombination and repair. Nature. 2014; 515:436-439. [PubMed: 25186730]

58. Powell WT, Coulson RL, Gonzales ML, Crary FK, Wong SS, Adams S, Ach RA, Tsang P,
Yamada NA, Yasui DH, et al. R-loop formation at Snord116 mediates topotecan inhibition of
Ube3a-antisense and allele-specific chromatin decondensation. Proc Natl Acad Sci U S A. 2013;
110:13938-13943. [PubMed: 23918391]

59. Huang HS, Allen JA, Mabb AM, King IF, Miriyala J, Taylor-Blake B, Sciaky N, Dutton JW Jr,
Lee HM, Chen X, et al. Topoisomerase inhibitors unsilence the dormant allele of Ube3a in
neurons. Nature. 2012; 481:185-189.

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Costantino and Koshland Page 10

Q)"o
N
S
S
&
[72]
o
g i
L
=
jaY)
>
n
Q
=
(@)

Figure 1. R-loop formation and dissolution
The R-loop can form co-transcriptionally (in cis) or post-transcriptionally (in trans), a

process mediated by Rad51. R-loop formation is elevated by defects in RNA processing
factors that coat, splice, export and degrade the nascent RNA. R-loop dissolution is
promoted by RNase H enzymes that recognize and degrade the RNA in the R-loop, and by
RNA-DNA helicases that unwind the RNA molecule.

Curr Opin Cell Biol. Author manuscript; available in PMC 2016 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Costantino and Koshland Page 11

Defects in

// RNA processing factors
cis RNase H BT
F B vy S N - -
A ‘ QI \/\/\/ A\YANED FAVAVAV LAV AV
L IRV VAV s

TRANS RNA-DNA Helicase \_ N\ /\/

Figure 2. The Yin and Yang of R-loop Biology
R-loop formation can have a detrimental impact on the genome stability, but also contributes

positively in regulating cellular processes. Several factors can contribute to R-loop mediated
genomic instability: exposure of unstable sSDNA, proteins that modify the ssDNA, R-loop
interference with the transcription and replication machinery. On the other side, R-loops can
contribute to efficiently terminate transcription, recruit epigenetic regulators to modulate
gene expression and chromosome compaction, contribute to DNA repair and regulate
transcription of specific genes.
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