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Regulation and function of R-loops at repetitive elements
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ABSTRACT

R-loops are atypical, three-stranded nucleic acid structures that contain a stretch of RNA:DNA hybrids
and an unpaired, single stranded DNA loop. R-loops are physiological relevant and can act as regulators of
gene expression, chromatin structure, DNA damage repair and DNA replication. However, unscheduled
and persistent R-loops are mutagenic and can mediate replication-transcription conflicts, leading to DNA
damage and genome instability if left unchecked. Detailed transcriptome analysis unveiled that 85% of
the human genome, including repetitive regions, hold transcriptional activity. This anticipates that R-
loops management plays a central role for the regulation and integrity of genomes. This function is
expected to have a particular relevance for repetitive sequences that make up to 75% of the human
genome. Here, we review the impact of R-loops on the function and stability of repetitive regions such as
centromeres, telomeres, rDNA arrays, transposable elements and triplet repeat expansions and discuss
their relevance for associated pathological conditions.
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1. R-loops form in cis and in trans

Hybrids between DNA and RNA are typically formed in a tran-
sient manner during transcription by RNA polymerases (RNAPs).
Transcription is paralleled by the displacement of the non-template
strand, forming a three-stranded nucleic acid structure, commonly
called “R-loop” [1]. Negative supercoiling of double-stranded DNA
(dsDNA) upstream of the processing RNAP produces an highly en-
ergetic conformation that is prone to RNA pairing, favouring R-loop
formation, that will subsequently mitigate torsional stress by
absorbing the local under-twist and relax nearby domains [2,3].
RNAP movement, RNA binding proteins and the action of top-
oisomerases assure the efficient resolution of RNA:DNA hybrids
leaving a double stranded DNA template that can engage in DNA
replication or additional rounds of transcription [4,5].

In the past years an increasing number of loci has been identi-
fied that form R-loops to control DNA replication, transcription,
translation, chromatin structure, and genomic stability [1,4,6,7]
Typically, these structures form in cis during transcription [8];
however a panel of RNAs was reported to invade into comple-
mentary DNA regions in trans [9—15]. Sequence regions that are
prone to form RNA:DNA hybrids are typically G-rich or G/A-rich
[16,17]. Consistent with this, repetitive regions featuring GC- and
AT-skew, G-richness and tandem repeats represent privileged sites
for novel R-loop formation [18—24]. Recent work unveiled that R-
loop forming regions are composed of three distinct parts: an R-
loop initiation zone (RIZ) that needs G-clusters, a sequence inde-
pendent linker and R-loop elongation zone (REZ), composed by
high density in G bases [25]. Application of these features allowed
the development of an R-loop prediction tool that led to the iden-
tification of R-loop forming sequences in the HOTTIP IncRNA that
control the formation of topologically associated domains (TAD) in
acute myeloid leukemia (AML) [26,27]. In addition, the presence of
G/C stretches on the displaced non-template strand can result in
the formation stacks of G-quartets, so-called G-quadruplexes, in
which four guanine bases form Hoogsteen base pairs in a planar
ring configuration. These atypical DNA secondary structures are
reported to promote R-loop formation and interfere with DNA
replication causing genetic or epigenetic instability [28—30].

2. Physiological relevance of programmed R-loops

R-loops have been reported to control central physiological
processes across different species [8,18,20,28,31—34]. Classic ex-
amples comprise R-loop driven immunoglobulin class switch
recombination (CSR) that promotes antibody isotype diversity, as
well as the formation of RNA primers for the replication of the
bacteriophage T4 DNA, the ColE1 plasmid, or mitochondrial DNA
[35—40]. Research in the past years has demonstrated that R-loops
act as potent regulators of gene expression [41,42]. R-loops have
been found to be enriched at CpG islands at gene promoters of
highly transcribed genes, protecting them from the access of DNA
methyltransferase enzymes (DNMTs) and supporting the recruit-
ment of ten-eleven translocation (TET) demethylase enzymes, thus
promoting a permissive environment for transcriptional activation
[18,43]. In addition, antisense RNA mediated formation of R-loops
at promoters was shown to recruit transcription factors such as NF-
kB or recruiting chromatin modifiers including the mixed-lineage
leukemia (MLL) H3K4 methyltransferase complex that regulates

GATA3 expression [14,44]. R-loops were found to stall RNAPII at
transcriptional termination sites by inducing an unfavourable DNA
torsions, resulting in polymerase dissociation [19]. R-loops have
also been functionally linked to chromatin compaction. Repeat
containing transcripts such as telomeric repeat-containing RNAs
(TERRA) or pericentric RNAs that engage in R-loop formation were
shown to interact with multiple chromatin modifying activates,
such as SUV39H1 or PRC2, mediating chromatin compaction
[45—48]. Recently, RNA:DNA hybrids were also shown to guide DNA
damage repair at double strand breaks [49].

3. Un-programmed R-loops drive replication stress and
genomic instability

The presence of persistent, unscheduled R-loops represent a risk
for genome instability [50—52]. R-loops are I) hotspots for muta-
tions driven by reactive oxygen species, nucleases, and other agents
that target the displaced single-stranded DNA loop, II) can impede
replication fork progression, III) cause transcription-replication
conflicts, leading to replication fork stalling or collapse or IV)
interfere with DNA repair by physically blocking the access of repair
enzymes to DNA lesions [51,53]. In line with this, R-loops that
threat genomic stability can be targeted by multiple DNA damage
repair pathways. The resolution of R-loops is commonly linked to
the activation of classic DNA damage signalling pathways (for re-
view [4,54,55]). R-loops are physiologically sensed by the single
strand DNA binding protein RPA32 that after phosphorylation, re-
cruits a panel of sensor proteins including the ATR interacting
protein (ATRIP), the heterotrimeric ring-shaped 9-1-1 complex
(RAD9-RAD1-HUS1 and the ATR kinase. Complex formation leads
to activation of ATR, signal transduction and the activation of DNA
damage response that is thought to lead to the recruitment of R-
loop resolution machineries. In line with this model, inhibition of
ATR or the activation of DDR impairs the recruitment of the RNA
helicase DDX19 and Senataxin to R-loops [56,57]. Remarkably, R-
loop and ATR act at centromeres of metaphase centromeres, pro-
moting Aurora kinase B-mediated phosphorylation of histone H3
Serine 10 (H3S10P) to promote chromatin condensation and assure
faithful chromosome segregation [58,59].

Additional pioneering work showed that un-resolved R-loops
can be processed by the Xeroderma pigmentosum group F and G
(XPF and XPG) endonucleases that are involved in transcription-
coupled nucleotide excision repair (TC-NER) [60]. The activation-
induced deaminase (AID) can mediate cytosine to uracil deamina-
tion in the displaced single stranded DNA loop that is processed by
the uracil DNA glycosylase, leading to abasic sites and DNA break
formation, as demonstrated during immunoglobin class switching
[35]. Collision between R-loops and the replication fork was shown
to represent a major risk to genome stability. Co-directional colli-
sions between replisome and the RNA synthesis machinery and R-
loops activate Ataxia-telangiectasia mutated (ATM) and results in
R-loop unwinding by the replicative helicase. In contrast, head-on
collisions activate Ataxia telangiectasia and Rad3-related (ATR)
via the structure specific MUS81 endonuclease, leading to the
stalling of the replication fork. This subsequently facilitates repli-
cation fork repair by I) reducing the frequency of transcription
replication conflicts, II) mediating a G2/M checkpoint arrest and III)
replication fork recovery via the homologous recombination
pathway [4,32,61]. This pathway is highly similar to break induced



replication (BIR) that was shown to elongate telomeres in an R-loop
dependent manner via a recombination dependent pathway in
telomere negative cancer cells [62]. R-loop driven DNA damage that
cannot be repaired in a correct manner leads to the accumulation of
mutations and genomic instability [63]. Accordingly, R-loops have
been linked to functional alterations of oncogenes, tumor sup-
pressor genes and DNA repeat instability with particular relevance
for centromeres, telomeres, ribosomal DNA (rDNA) arrays, but also
transposable elements and triple repeat expansions [50,64,65].

4. R-loop management factors with impact on genome
instability

In the past years, targeted experiments and proteomics based
approaches revealed a series of proteins that can bind and suppress
R-loops, limiting the risk of genomic instability [42]. Here we pre-
sent a selection of R-loop resolving machineries ranging from ri-
bonucleases to histone chaperons that are relevant for R-loop
management at repetitive elements. Ribonuclease H (RNase H)
family proteins resolve R-loops by degrading the RNA component of
the RNA:DNA hybrid, allowing the re-annealing of complementary
DNA strands [66,67]. The ssDNA sensing replication protein A (RPA)
was shown to bind to the exposed ssDNA loop and to recruit RNase
H1, suppressing un-programmed R-loops in a vast variety of
sequence contexts [68—70]. In contrast to the monomeric RNase H1
[71], RNase H2 is present as a trimeric complex formed by RNase
H2A, RNase H2B and RNase H2C when resolving R-loops [72—75].
DNA helicases have a fundamental role in resolving R-loops by
unwinding the RNA moiety trapped in RNA:DNA hybrids [74]. The
human RNA helicase Senataxin (SETX), and its S. cerevisiae coun-
terpart Sen1, translocate along single stranded DNA and RNA, have
RNA:DNA unwinding activity and support transcriptional termi-
nation, DNA damage repair and replication fork progression
[49,76—78]. Other helicases such as the DHX9 RNA helicase, the
Bloom's syndrome helicase (BLM), Aquarius (AQR), FANCM, and the
Werner syndrome helicase (WRN) have been reported to hold
unwinding activity towards R-loops, thus suppressing genome
instability [60,79—85]. The resolution of negative supercoils by type
I Topoisomerases was found to be fundamental for R-loop sup-
pression from bacteria to humans [7,86,87]. Topoisomerase 1
(TOP1) is an evolutionarily conserved factor that resolves negative
supercoils behind the progressing RNA polymerases, thus sup-
pressing the formation of R-loops [88—90]. Accordingly, loss or
inactivation of TOP1 leads to increase R-loop levels, replication
stress and DNA damage [91-93]. In addition to TOP1, increasing
evidence indicates that other Topoisomerases such as TOP2 or
TOP3B are involved in R-loop resolution [94]. Transcript maturation
factors have also been linked to R-loop management. The splicing
regulator SRFSF1 was shown to bind to single stranded RNA and
suppress R-loop formation during RNAPII dependent transcription
[95,96]. The evolutionary conserved THO/TREX complex, involved
in transcription, splicing and RNA export, also supresses R-loops to
ensure elongation of transcription and antagonize transcription
associated recombination [97—102]. Components of the Fanconi
anemia (FA) pathway that sense and coordinate the resolution of
intra-strand crosslinks play a central role in targeting and resolving
R-loops [103—105]. The central tumor suppressor BRCA1 (FANCS)
has been found to bind to R-loops, recruiting SETX to resolve
RNA:DNA hybrids [106]. BRCA2 (FANCD1) binds the branched
structure of R-loops, facilitating the recruitment of RNase H1 and
SETX [107]. Loss of FANCI, FANCD2, or FANCA causes a dramatic
increase in R-loop levels and subsequent DNA breaks in various cell
models cells [104,108]. In particular, the monoubiquitinated FANCI/
D2 complex binds to R-loops, representing an important step in R-
loop response. FANCM was shown to use its ATPase/translocase

activity to unwind R-loops and has a critical role in suppressing
recombination events at telomere repeats in telomerase negative
cells [109]. FANCR (RAD51) was shown to bind to ssDNA and RNAs
to catalyse R-loop formation in trans and initiates recombination
events downstream of R-loop mediated DNA damage [15,110]. R-
loops also represent a challenge to chromatin structure as they
cannot be arranged in a nucleosome template [8,111]. Accordingly,
histone chaperons play an important role in R-loop resolution and
the re-establishment of a functional chromatin template. The his-
tone H3 variant H3.3 is deposited by the Death Domain Associated
Protein (DAXX) in collaboration with the helicase activity of its
binding partner, the ATP-dependent helicase and SWI/SNF family
chromatin remodeler Alpha Thalassemia/Mental Retardation Syn-
drome X-Linked (ATRX) [112]. The DAXX/ATRXX complex was
shown to suppress R-loop formation in a replication independent
manner at heterochromatic regions, such as telomeres and (peri)
centromeres [113—116].

5. R-loops map to repetitive elements from yeast to man

The human genome contains up to 75% of repetitive DNA ele-
ments, predominantly represented by transposable elements,
(peri)centromeric repeats, telomere repeats and rDNA arrays
[117,118]. The finding that the vast amount of repetitive DNA ele-
ments are subject to transcription anticipates an important role for
R-loop management in the control of genome stability, transcrip-
tion and chromatin status in these regions. Importantly, an
increasing number of studies indicate a relevance for R-loops for
human diseases that are characterized by genetic or epigenetic
alterations in repetitive DNA elements [119]. DNA repeats can be
divided in two major groups. Variable Number of Tandem Repeats
(VNTRs) that contain microsatellite (1-10bp) and minisatellite (10-
100bp) repeats and Small-Scale Repetitive Elements (SSREs)
ranging from 0,1 to 8 kb. Hallmark examples for VNTRs are Satl,
Satll and Satll satellite DNAs, ranging from 5bp (unit length of SatlII
repeats) to 25 bp (unit length of Satl repeats), pericentromeric -
satellite (68—69 bp) and telomere (6 bp) repeats, but also disease
related tri-nucleotide repeat expansions [119,120]. The group of
SSREs DNA comprise centromeric wa-satellite (171bp) repeats, y-
satellite (220 bp) repeats, transposons (ranging from 100 to 10.000
bp in length, composing 2,8% of human genome), LTR retroele-
ments (0.2—3 kb unit length) that compose the 8,3% of the human
genome, and non-LTR retroelements such as LINEs (6—8 kb unit
length) and SINEs (0.1—0.4 kb unit length) elements that together
make up approximately 34% of the human genome [121,122]. The
indicated types of satellite repeats build eukaryotic centromeres
and pericentromeres, but can also be located at subtelomeric sites
and at interstitial regions [123,124]. In addition, the human genome
contains 200—600 copies of ribosomal DNA (rDNA, 43 kb unit
length) and 500 interspersed tRNA genes [119,120]. The develop-
ment of DNA:RNA immunoprecipitation (DRIP) techniques based
on the use of a monoclonal antibody (S9.6) with affinity for
RNA:DNA hybrids allows the localization of R-loops in preparations
of genomic DNA [125—128]. Cross-reactivity of S9.6 antibodies with
dsRNA represents a significant problem in R-loop mapping exper-
iments [129]. The application of additional control conditions such
as pre-treatment of biological samples with recombinant RNaseH1
or the use of alternative mapping methods such as ChIP using a
catalytically inactive RNaseH1 (D210N), helped to overcome this
issue [130]. Single molecule R-loop footprinting (SMRF) based on
bisulfite-based mapping of the extruded single strand DNA in R-
loop represents an attractive, alternative approach for R-loop
mapping [131].

Pioneering RNA:DNA hybrid mapping experiments in yeast us-
ing ChIP-seq or DRIP followed by hybridization to tiling microarrays



provided first evidence for R-loop formation at tandem or
dispersed repetitive elements, including tRNA genes, retro-
transposons and telomere repeats, especially in Top1 mutant yeast
strains that are characterized by increased R-loop expression
[132,133]. Genome-wide DRIP-seq in combination with the detec-
tion of nascent transcripts by Global Run-On sequencing (GRO-seq)
allowed to investigate transcriptional activity and R-loop formation
at repetitive elements in different model systems [34]. In the U-2
OS human osteosarcoma cell line, R-loops were found to be
enriched at telomeric and centromeric regions as well as in simple/
low complexity repeats, slightly enriched in satellite repeats and
rDNA, but were absent in retroelements. In contrast, in A. thaliana,
R-loops were highly enriched at all types of transposable elements.
Centromere and simple/low complexity repeats showed modest R-
loop enrichment. In human cells and A. thaliana, an overlap be-
tween R-loops and nascent transcript production in the range from
70% to 60% was found, indicative for prevalent formation of R-loop
in cis [34]. Data from D. melanogaster revealed that the pattern of R-
loops varies between different status of differentiation. In
Drosophila embryos, transposable elements and satellite repeats
showed R-loop enrichment when compared to Schneider 2 (S2)
cells [34]. In contrast, S2 cells showed R-loop accumulation at
simple/low complexity repeats. In line with this, preventing R-loop
degradation by overexpression of a catalytically inactive version of
RNase H1 resulted in hatching defects in Drosophila embryos [134].
These results imply that R-loop expression at repeat regions de-
pends on genome sequence features but also on species, develop-
mental status and biological context, such as the cancer setting in
U-2 OS cells [34]. In the next sections we focus our attention on R-
loop formation and resolution at major classes of repetitive ele-
ments and their impact on pathology in humans.

6. R-Loops at centromere regions control chromosome
stability

Eukaryote centromere function is controlled by centromeric and
pericentromeric RNAs that can engage in R-loop formation. Human
centromeres consist of 171-bp a-satellite repeats that are organized
in a back-to-back fashion, forming high-order repeats (HORs) [135].
Each HOR is repeated hundreds-to-thousands of times, producing
2-5 Mb-long arrays with chromosome specific characteristics. The
flanking pericentromere region is formed by B, v, I, I, and III sat-
ellites tandem repeats (5-200bp), also containing LINE, SINE and
retroelements in a more relaxed arrangement [136]. A subset of «-
satellite monomers contains CENP-B boxes, that are bound by the
CENP-B protein, promoting the recruitment of the histone H3
variant centromeric protein A (CENP-A) that is essential for the
formation of the kinetochore as attachment point for the mitotic
spindle [136—138]. During eukaryotic mitosis, Aurora kinase A
(AURKA) promotes centrosome maturation and spindle assemble,
while the Aurora kinase B (AURKB) and C (AURKC) regulate chro-
mosome condensation, attachment to kinetochores and the correct
alignment of metaphase chromosomes [139]. A key step during
mitosis is Aurora B kinase mediated phosphorylation of histone H3
Serine 10 (H3S10P), facilitating chromosome condensation
[140—142]. Human centromeres and pericentromeres were
demonstrated to give rise to non-coding RNAs (ncRNAs) in an
RNAPII dependent manner throughout the cell cycle. Centromeric
cenRNAs contain a-satellite repeats, localize to centromeres in cis
and control centromere functions. Depletion of centromere tran-
scripts using specific shRNAs lead to a reduction of CENP-A and
CENP-C localization of 30% and 40%, respectively, arresting the cell
cycle at S and G2 phase. These results suggest that loss of non-
coding a-satellite transcripts impairs kinetochore assembly and
arrests cells prior to mitosis [143,144]. Inhibition of RNAPII using o-

amanitin decreases RNA levels at centromeres, impairing CENP-C
localization and kinetochore function, provoking the formation of
lagging chromosomes [145]. In HeLa cells, anti-sense RNA mediated
knockdown of pericentromeric (periCEN) RNAs leads to a reduced
AURKB association at centromeres and failure in chromosomes
alignment and segregation. On the molecular level, Satl periCEN
RNAs were shown to interact and stimulate AURKB to enhance the
activity of the chromosome passenger complex (CPC) that controls
chromosome segregation and cytokinesis [146]. In addition to
central regulators of centromere function, including CENP-A, CENP-
B, CENP-C and the CPC, Satl periCEN RNAs were also shown to
interact with RBMX (RNA Binding Motif Protein X-Linked), a
regulator of cohesion function, and the RNA helicase DHX38 (DEAH
box RNA helicase) that controls AURKB localization to mitotic
chromosomes [147,148]. In line with data from vertebrate cells,
Drosophila RNAPII was found to localize at centromeres during G1
and M phase, producing a ncRNA that localizes CENP-A to centro-
meres [ 149]. Moreover, transcripts derived from a X-linked periCEN
Satlll RNA repeated array mediate the positioning of CENP-A and C
to Drosophila centromeres [150]. The high rate of transcription and
repetitive nature identify (peri)centromeres as candidate hot-spots
for R-loops. In line with this, human R-loop mapping revealed that
up to 50% of (peri)centromeric sequences are enriched for R-loops
[34]. Remarkably, forced resolution of R-loops by ectopic over-
expression of RNase H1 leads to defects in centromere cohesion and
chromosome segregation during mitosis, thus pheno-copying the
effects of (peri)CEN RNA or RBMX depletion. Moreover, binding of
RBMX to centromere R-loops leads to the recruitment of the AURKB
kinase ensuring mitotic fidelity [151].

Centromere DNA in S. cerevisiae is specified by a 125-bp CEN
DNA that contains three centromere-determining DNA Elements
(CDEs): the central element (CDEII) and two conserved flanking
motifs, the 8-bp CDEI and the 25-bp CDEIIl. CEN transcripts in
S. cerevisiae are detectable in the absence of RNA degradation by the
exosome, giving rise to 1.2 kb RNA species containing pericen-
tromere sequences that are required for correct kinetochore ac-
tivity [152]. R-loops have not been detected at centromeric (CEN)
chromatin in wild-type budding yeast [ 133]. However, a yeast strain
lacking the RNA binding protein Hrpl, a component of the THO/
TREX complex, accumulates centromeric R-loops, and is defined by
kinetochore instability and decreased chromosome biorientation
[153]. In mitotic cells, R-loops were found to be increased at CEN
regions (CDEI, CDEII, CDEIII and pericentric) when compared with
interphase cells, especially in Hrp1 mutant strains. Deletion of Hrp1
resulted in an accumulation of transcripts derived from CENs
leading to defects in kinetochore function and chromosome mis-
segregation [58]. On the mechanistic level, R-loops were shown
to stimulate the recruitment of AURKB to centromeric and peri-
centromeric sequences, facilitating the phosphorylation of H3S10.
ChIP and DRIP analysis of the pericentromeric regions in chromo-
some VI demonstrated that R-loop formation coincides with his-
tone H3S10 phosphorylation, promoting chromatin condensation
and mitotic fidelity. Accordingly, overexpressing RNase H1 reduces
H3S10 phosphorylation, driving genome instability [58]. In human
cancer cells, additional line of evidence highlights the relevance of
R-loops and ATR for mitotic fidelity. Centromere R-loops recruit the
single stranded DNA binding hetero-trimer RPA and ATR during
mitosis [59]. In this context, activation of ATR was shown to stim-
ulate AURKB via Chk1, preventing the formation of lagging chro-
mosomes. Moreover, an ATR™/= cell model presented reduced
H3S10 phosphorylation, further demonstrating the requirement of
ATR for full activation of AURKB at centromeres (Fig. 1). This reg-
ulatory pathway suggests that R-loops play an integral part in
mitotic control and must by subjected to tight regulation to avoid
genome instability. Importantly, a BRCA1-SETX complex was
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Fig. 1. R-loops control chromosome segregation. Transcription of cenRNAs result in R-loop formation at centromeres. The exposed single stranded DNA loop is bound by RPA and
ATR. ATR localization is dependent on AURKA and CENPF (not shown). Activated ATR mediates AURKB activation via CHK1. AURKB is a key player in mitosis and mediates H3Ser10
phosphorylation and the accurate segregation during mitosis. RNase H1 and BRCA1/SETX have a critical role in controlling R-loops at centromeres to assure correct R-loop

abundance to assure mitotic fidelity. Figures was generated using BioRender software.

shown to localize to a-satellite repeats and ectopic RNase H1
impaired this localization pattern in human cancer cells [106].
Exacerbated centromeric R-loops in BRCA1-SEXT loss-of-function
conditions resulted in reduced AURKB kinase localization and
H3S10 phosphorylation at centromeres, decreased chromosome
cohesion during prometaphase, increased breakage at centromeres,
and Rad52 accumulation, indicating a local DNA damage response
(Fig. 1) [154,155]. Together this indicates that R-loops at (peri)
centromeric regions have conserved role in controlling faithful
chromosome segregation during mitosis.

6.1. Connecting (peri)centromeric R-loops with human disease

In tumors, deregulated transcription of satellite-rich (peri)
centromeric regions can promote RNA:DNA hybrid formation,
contributing to genome instability [156,157]. Interestingly, ectopic
expression of human or mouse satellite RNAs using a lentiviral
expression vector triggered R-loop mediated replication stress and
genomic instability that was able to induce breast cancer formation
in experimental mice [157]. This indicates that interfering with the
correct expression of pericentric repeats can have oncogenic
function. This is in line with the increased expression of pericentric
repeats in human cancer tissues [158]. Altered expression of (peri)
centric repeats has also been linked with genetic disease. In
particular, immunodeficiency, centromeric instability, and Facial
abnormalities (ICF) syndrome type I patients carry mutations in the
de-novo DNA methyltransferase DNMT3b, ZBTB24, CDCA7 or HELLS
genes and show increased R-loop levels at (peri)centric, telomeric
and rDNA repeats [159,160]. In patient derived cells, R-loop for-
mation at (peri)centric repeats leads to cleavage by XFG and XPF,
DNA damage and the activation of the NHE] pathway [160,161].

7. R-loops at telomere repeats

Telomeres are heterochromatic nucleoprotein structures that
ensure genome stability by protecting eukaryotic chromosome
ends from end-to-end fusions and uncontrolled recombination
events [162,163]. Vertebrate telomeres are composed of 5'-
TTAGGG-3' microsatellite tandem repeats that are flanked by up-
stream located subtelomeric regions that contain different ar-
rangements of heterogeneous sequence repetitions [164]. The
telomere 3’overhang is extended by the telomerase reverse tran-
scriptase but can also invade double stranded telomeric repeats
forming the T-loop that protects chromosome ends from eliciting a
DNA damage response [165]. Telomeres are bound by the Shelterin

protein complex that ensures telomere function and telomere
length homeostasis [166,167]. Constitutive heterochromatin pro-
tects telomeres from un-licensed recombination, rearrangements
and controls repeat length [168,169]. In vertebrates, subtelomeric
promoters drive the expression of a long, (UUAGGG), telomere
tandem repeat containing non-coding RNA (TERRA) [170,171].
TERRA was initially described as a chromatin associated RNA that
acts as recruitment factor for multiple proteins involved in chro-
matin regulation, replication, telomere protection and telomere
length homeostasis [172—175]. Importantly, the G-rich content of
TERRA transcripts promotes the formation of R-loops in cis or in
trans at eukaryotic telomeres [45,176—179]. In line with this,
genome wide mapping analysis based on DRIP-seq combined to
GRO-seq revealed that telomeres are characterized by a remarkable
high R-loop enrichment [34]. R-loops at telomeres are kept under
check by redundant pathways to reduce the risk for replication-
transcription conflicts, DNA breaks and uncontrolled homologous
recombination that may drive genomic instability [178,180].
Remarkably, telomere R-loops were demonstrated to fuel recom-
binogenic substrates that engage in homologous homology-
directed repair (HDR) to maintain telomere repeats. Deletion of
RNase H1 or the 5'—3’ riboexonuclease Ratl in S. cerevisae pro-
voked the accumulation of R-loops at short telomeres, triggering
the formation of recombinogenic substrates that enable the main-
tenance of telomeres repeats via HDR, thus counteracting the onset
of senescence. Importantly, a similar observation was recently ob-
tained in human cells [176,178,181]. In analogous manner, telo-
merase negative tumors are characterized by elevated R-loop levels
at telomeres to drive the BIR dependent, Alternative Lengthening of
Telomeres (ALT) pathway, assuring telomere maintenance and
replicative immortality [180,182—185].

In a normal physiological context, multiple mechanisms coun-
teract the deleterious formation of R-loops at telomeres. Eukaryotic
RNase H enzymes were demonstrate to act as potent machines that
resolve telomere R-loops by digesting the trapped TERRA RNA
molecule (Fig. 2a) [176,179]. Topolla. activity was shown to play a
critical role in maintaining telomere integrity by protecting from
replicative damage, however a direct link to R-loops remains to be
identified [186,187]. A series of RNA binding proteins, originally
described as TERRA binding proteins, were shown to act as mod-
ulators of telomere R-loops. The RNA binding proteins SFPQ
(Splicing Factor Proline And Glutamine Rich) and NONO (Non-POU
domain-containing octamer-binding protein) were shown to bind
TERRA and suppress R-loop formation at telomeres in ALT and
telomerase positive cancer cells. Depletion of SFPQ increases the



a RNaseH1 ' Loss of RNaseH1
: RP. ! RP, ATR
; '
: o -w@ln
’ '
/  TERRA 1 TERRA
o '
by b. SFPQ/NONO Loss of SFPQ/NONO

g RP, : RP) ATR
F e
’ ' TERRA

B c. ATRX/DAXX Loss of ATRX/DAXX function

' RPA ATR

'
; 200
. TERRA | TERRA
. AT H4/ '
. ‘ 'm @H:’, 3H4
\ '
\ :
\

) d. FANCM Loss of FANCM function
| é :
" TERRA
. 7
. | Fancm
\
\ BLM BTR

complex R12
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factors that suppress R-loop formation by degrading RNA trapped in R-loop structures
(left). In the absence of RNase H activity, R-loops accumulate promoting replication
stress and telomere instability. b) NONO and SFPQ form a protein complex and bind
TERRA to suppress R-loop formation at telomeres. NONO and SFPQ do not contain
enzymatic activity and are thus anticipated to act as a recruitment factor for a yet to
define factor (left). Loss of SFPQ and NONO lead to increased R-loop levels, replication
stress and activation of the ALT pathway (right). c) ATRX binds TERRA and localizes to
telomeres with its binding partner DAXX. ATRX/DAXX heterodimers generate nucle-
osome arrays containing the histone H3.3 variant in a replication independent manner.
This assures the maintenance of local H3K9 methylation (left). Absence of ATRX in ALT
cells impairs chromatin structure and allows the accumulation of R-loops at telomeres,
promoting ALT. Reconstitution of ATRX expression reverses the ALT phenotype. d)
FANCM helicase, binds to R-loops at telomeres recruiting the BTR complex (BLM, in
green, TOP3A, in light blue and RMI1/2 in yellow) resulting in DNA:RNA hybrid un-
winding (left). In cells depleted for FANCM function, R-loops increase at telomeres,
resulting uncontrolled BLM activity that exacerbates the telomere instability in ALT
cells, eventually resulting cell death (right). Figures was generated using BioRender
software.

number of APBs (ALT-associated Promyelocytic Leukemia nuclear
bodies) as well as related recombination events at telomeres in
ALT™ cells, while depletion of NONO increased R-loop dependent
leading strand telomere fragility [188] (Fig. 2b). However, how
NONO and SFPQ alter R-loops abundance is currently not known.
Translocated in liposarcoma/fused in sarcoma (TLS/FUS), a multi-
tasking DNA/RNA binding protein implicated in cancer and
neurodegenerative diseases was described to regulate human
telomeres by binding telomere G-quadruplex DNA and TERRA and
appears to be involved R-loop management [189,190]. The TAR
DNA-binding protein 43(TDP-43) was shown to interact with
TERRA to prevent R-loop mediated replication stress; however, a
direct link to telomere function is currently missing [191,192]. The
ATP-dependent DNA helicase ATRX (a-thalassemia/mental retar-
dation syndrome X-linked) is reported to bind TERRA and G-
quadruplexes, and pairs with the death-domain-associated protein
(DAXX) histone chaperone to suppress R-loops at telomeres by
deposition of the histone H3.3 variant [112,185,193]. Importantly,
frequent mutations of ATRX in telomerase negative tumors were
shown to drive the activation of the ALT pathway in human cancer
[185]. Moreover, ATRX was shown to be linked to different mech-
anisms of telomere maintenance, including cell cycle regulation of

TERRA and the removal of RPA from telomeres following replication
to avoid recombinogenic structures [194] (Fig. 2c). Pioneering
studies shed important light into the controlled formation of R-
loops and first steps towards homologous recombination at telo-
meres. The recombinase protein RAD51 has been demonstrated to
show increased binding specificity to TERRA when compared to the
corresponding ssDNA sequence. RAD51 appears to use this binding
specificity to mediate the insertion of TERRA into double-stranded
telomere repeat containing DNA, forming R-loops structures,
preferentially at short telomeres [15]. This pathway is of particular
relevance for telomere maintenance in ALT tumor cells and permit
the formation of telomere R-loops in a controlled manner in trans
using the nucleoplasmatic pool of TERRA molecules [15]. Two other
studies demonstrated that the RAD51 associated protein 1
(RAD51AP1) has a central role in promoting the ALT pathway by
mediating the R-D-loop switch to promote recombination and
generating a chromatin environment that limits the risk of
transcription-replication conflicts during recombination events at
telomeres [195,196].

Recently, a growing number of studies highlight the role of
components of the Fanconi Anemia (FA) pathway in controlling R-
loops at telomeres. FA proteins coordinate DNA interstrand cross-
link (ICL) repair and rescue of stressed replication forks [197].
BRCA1 was found to directly interact with TERRA and support R-
loop resolution, presumably in collaboration with SETX and the 5’-
3’ exoribonuclase XRN2, in order to prevent replication stress and
telomere aberrations [198—201]. In addition, BRCA2 deletion was
shown to cause TERRA hyperexpression and development of an ALT
phenotype in telomerase positive colon cancer cells, anticipating a
role for BRCA2 in R-loop homeostasis at telomeres [202]. In line
with the fact that BRCA1 and BRCA2 represent central components
of the Fanconi Anemia (FA) pathway, additional FA proteins were
shown to be liked to R-loop homeostasis at telomeres in vertebrate
cells. FANCM, FANCA, and FANCL allows FANCD2 recruitment at
telomeres, regulating its monoubiquitination status, thus resulting
in R-loops suppression [82,203—207]. Additionally, the FANCD2-
FANCI complex was also found to bind and resolve R-loops [208].
FANCM appears to have particular relevance for R-loop resolution
at ALT telomeres. Loss of FANCM substantially increases R-loop
levels and exacerbates downstream features of the ALT pathway,
leading to telomere dysfunction, DNA damage and eventually cell
death [82,109,209]. Mechanistically, FANCM directly unwinds R-
loops at telomeres, mediating the correct recruitment of the BTR
complex consisting of BLM, TOP3A and RMI. In FANCM loss of
function cells the BTR complex is disassembled and telomeric R-
loop are only bound by BLM, that is not able to properly solve
them(Fig. 2d) [209].

7.1. Connecting telomere R-loops with human diseases

In telomerase negative tumors, best exemplified by osteosar-
coma or pancreatic neuroendocrine tumors (PanNet), DAXX, ATRX
and H3.3 are frequently mutated, resulting in the activation of the
ALT pathway [116,210—214]. Similar features can be observed in
adult lower-grade gliomas, paediatric glioblastoma multiforme,
paediatric adrenocortical carcinoma, and neuroblastoma [210].
DAXX and ATRX function as histone chaperon complex and have a
major role in depositing H3.3 at telomeres and other repeat ele-
ments, ensuring a repressive chromatin environment enriched for
H3K9me3 [215]. Accordingly, loss of function of ATRX, DAXX or
H3.3 lead to reduced H3K9me3, providing a rational for increased
R-loops levels at telomeres [116,216,217]. This results in the pro-
duction of recombinogenic telomeres that engage in BIR to perform
ALT, compensating the absence of telomerase [114,210]. Notably, re-
expression of wild-type ATRX or DAXX, suppresses telomere R-



loops and the ALT phenotype, demonstrating a direct connection to
R-loop homeostasis [218,219]. Considering the high R-loops levels
in ALT tumors, targeting components of central R-loop resolution
machinery such as FA pathway or generating a complete null sit-
uation of ATRX/DAXX function may exacerbate genomic instability,
thus representing a promising therapeutic strategy. In addition to
telomerase negative tumors, a cancer relevant connection to telo-
mere R-loops was reported for lung adenocarcinoma. BRCA1 can
directly interact with TERRA RNA; a mutant BRCA1 version (R506S)
incapable to interact with TERRA, increases telomere R-loops for-
mation, provoking replication stress and alterations at telomeres
[199]. In accordance with centromere instability in ICF syndrome
type I, patient derived cells also display severe subtelomeric
hypomethylation, that allows the expression of elevated levels of
TERRA transcripts from DNA methylation sensitive promoters. This
results in R-loop formation and accelerated telomere shortening
that leads to premature senescence in ICF1 fibroblasts [220—222].

8. A role for R-loops at rDNA arrays and ribosome biogenesis

In humans, rDNA arrays on acrocentric chromosomes 13, 14, 15,
21 and 22 localize to nucleoli giving rise to a RNAPI transcribed 47S
precursor that is subsequently processed to the 18S and 28S sub-
units [223]. In contrast, 5S rDNA arrays that are located on chro-
mosome 1 encode the RNAPIII transcribed 5S rRNA that is
transported to the nucleolus for ribosome assembly. In humans, 47S
precursor rRNAs are transcribed from approximately 200-600
rDNA repeats that are organized in a head-to-tail organization,
separated by 31 kb intergenic spacer regions (IGS) [224,225].
Nucleoli are nuclear membrane-less structures that form via liquid-
liquid phase separation at the exit of mitosis and host the process of
rRNA biogenesis [226]. They are composed of the granular
component (GC), the dense fibrillar component (DFC), and the
fibrillar center (FC) [227]. rRNA transcription is driven by RNAPI and
the upstream binding factor (UBF), concentrated at the interface
between the FC and DFC [228]. Precursor transcripts are then
released into the DFC to allow rRNA processing and assembly
[229,230].

The high GC-content and repetitive nature that is paired with
high transcription rate, render rDNA arrays prone to form R-loops
and G-quadruplex structures that can ultimately lead to replication
stress and double-stranded breaks (DSBs). In this context, rDNA
copies can engage in HDR provoking rDNA copy number alterations
[231]. Remarkably, loss of rDNA copies was linked to cellular aging
and senescence in yeast [232]. Genomics analyses revealed that
rDNA is enriched for R-loops, however only 25% rDNA R-loops have
been reported to form by transcription in cis [34]. Unresolved R-
loops at rDNA repeats drive replication stress and DNA damage
leading to a nucleolar-DNA damage response (n-DDR) that inhibits
RNAPI transcription activity and drives the formation of nucleolar
ATR foci [233,234]. This pathway is evidenced under conditions of
hypo-osmotic stress that triggers an accumulation of R-loops at
rDNA arrays, leading to RPA recruitment, ATR/ATM activation, DNA
damage signalling and repression of nucleolar transcription.
Notably, altered rRNA levels were rescued by inhibiting ATR or
ATM, or by RPA depletion, promoting R-loop accumulation, high-
lighting the role of RPA and DNA damage signalling kinases in
sensing rDNA R-loops [235]. In line with this, absence of RPA im-
pairs the recruitment of RNase H1 and SETX to rDNA, causing R-
loop accumulation [236]. Persistent rDNA damage signalling, has
been linked with cancer, viral infection and aging, underling the
relevance of rDNA array stability [237—239]. Multiple factors, such
as ribonucleases, topoisomerases, helicases, chromatin and tran-
scriptional regulators have been shown to balance R-loops levels at
rDNA arrays. In yeast, loss of Top1 leads to an accumulation of R-

loops at rDNA arrays, resulting in the accumulation of unprocessed
rRNA intermediates and a block of transcriptional activity (Fig. 3)
[240]. Accordingly, treatment of vertebrate cells with camptothe-
cin, a topoisomerase I inhibitor, leads to DNA breaks which present
Top1 trapped to DNA. These Topo1-linked DNA breaks were found
concentrated in highly transcribed rDNA regions, indicating
nucleolar localization of Top1 during ongoing rRNA synthesis [241].
Loss of Top1 blocks pre-rRNA synthesis and is linked to concomi-
tant increase in R-loop formation. This effect was exacerbated in
Top1/RNase H1 double mutant, concomitant with increased
ncRNAs from IGSs [240]. The PHD Finger Protein 6 (PHF6) is re-
ported to act as a repressor of ribosomal RNA transcription by
limiting UBF function. Loss of PHF6 increases rRNA transcription, R-
loop formation and appearance of DNA damage markers. These
phenotypes were rescued by ectopic expression of RNase H1 or
knock-down of UBF, underlining that rRNA transcription rate im-
pacts on local R-loop formation and rDNA array stability [242]. RNA
helicases such as SETX and the DEAD-box helicase 21 (DDX21) were
shown to resolve R-loops at rDNA arrays. SETX was found highly
enriched at human IGSs. Upon loss of SETX function, proper
nucleoli formation was disrupted, suggesting that physiological
levels of R-loops have an impact on nucleolus biogenesis [243].
Nucleolar Sirtuin 7 (SIRT7), a NAD-dependent protein-lysine
deacetylase and the DEAD-box helicase DDX21 work together to
resolve R loops at rDNA arrays. Previous studies have shown that
DDX21 and the NAD-dependent protein-lysine deacetylase 7
(SIRT7) are associated with RNAPI to control rDNA transcription
[244,245]. On the molecular level, SIRT7 was shown to deacetylate
DDX21, thus increasing its unwinding activity towards R-loops
[246]. In the absence of this step, R-loops accumulate, transcription
by RNAPI is reduced and DNA damage is accumulating at rDNA
genes. Remarkably, ectopic expression of RNase H1 partially
rescued rDNA defects, indicating an involvement of R-loops in
observed rDNA array defects [246] (Fig. 3).

The DEAD-Box Helicase 47 (DDX47) was shown to directly bind
and resolve R-loops in rDNA arrays, impacting on rRNA transcrip-
tion and alterations in nucleoli area size [247]. DDX47 over-
expression was able to partially suppress R-loop accumulation
induced by loss of other general suppressors of R-loops, such as
DDX23, SETX and FANCD2 [247]. Interestingly, a recent study re-
ports that DDX47 is recruited by FANCD2 to resolve R-loops during
mild replication stress [248]. Additional evidence for an involve-
ment of the FA pathway at R-loops in rDNA arrays comes from a
study focusing on BRCA1. In particular, BRCA1 was shown to pro-
mote antisense-rRNA (as-rRNA) production and to promote the
annealing of as-rRNA to rRNA in order to minimize R-loop forma-
tion. Accordingly, loss of BRCA1 impaired dsRNA formation and
triggered R-loop accumulation, DNA breaks and impaired rRNA
processing [249]. In line with the role of ATRX and DAXX in sup-
pressing R-loops at telomeres and other repeats, loss of any of these
factors resulted in reduced histone H3.3 deposition at rDNA arrays
and R-loop accumulation. Importantly, under these conditions,
DNA damage and loss of rDNA repeats were observed, underlining
the relevance of chromatin structures for R-loop suppression [250].
R-loops at rDNA arrays were recently shown to have a relevant role
in the response to physiological stress. In particular, RNAPI
dependent transcription of IGS regions was shown to produce
sense intergenic ncRNAs (sincRNAs) that can compromise nucleolar
condensates and reduce rRNA expression, producing defects in
ribosome biogenesis [243]. Recently IGS have been demonstrated
to be also transcribed by RNAPII, producing antisense intergenic
ncRNAs (asincRNAs) that engage in R-loop formation [243]. Under
normal condition, R-loop formation involving asincRNAs results in
reduced IGS sense transcription by RNAPI protecting from sincRNA
expression. RNase H1 driven removal of asincRNA containing R-
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loops triggers sincRNA expression and impaired ribosome biogen-
esis. Thus, RNAPII driven R-loop formation at IGS elements ensures
ribosome biogenesis by blocking sincRNA production.

8.1. R-loops in the context of ribosomopathies

Alterations of ribosomal proteins, rDNA processing or ribosome
assembly have been linked to diseases that can be classified into
congenital or somatic ribosomopathies [251]. Remarkably, altered
R-loop regulation in rDNA arrays can be linked to altered ribosome
function in a set of human diseases. Bloom's syndrome (BS) is an
autosomal recessive disorder that is characterized by mutations in
the BLM helicase, leading to persistent pre- and postnatal growth
retardation associated with facial erythema, photosensitivity, im-
munodeficiency and dramatically increased risk of the develop-
ment of a wide spectrum of cancers at early age [85,252]. BLM
suppresses R-loop formation in yeast and vertebrate cells and was
shown to interact with multiple factors involved in DNA damage
repair [85,253—255]. Remarkably, BS patients were reported to
display an 100-fold increase in rDNA repeats coupled with defec-
tive DNA repair [256]. In addition, mutations in ataxia-
telangiectasia (ATM) have been linked with rDNA array instability
in affected patients [256,257]. rDNA instability leads to reduced
rDNA transcription, poor ribosome biogenesis and, potentially,
defective protein synthesis [256—258]. Interestingly, rDNA repeat
number alterations have been linked with other neurological dis-
orders, such as dementia with Lewy bodies, Alzheimer's disease
and schizophrenia [259,260]. Members of the FA pathway with
known R-loop management function are also connected with
altered ribosome biogenesis [261]. Increased instability of rDNA
arrays is also a common feature in human cancer. Mutations in the
R-loop suppressor ATRX in human sarcoma cells is linked a
reduction in rDNA copy number [250]. Alterations in rDNA copy
number loss were found to be a general event in human cancer that
is connected with hyperactivity of the mTOR pathway that has a
tumor promoting effect [262—264]. Together this suggest that R-
loops can lead to the alteration of rDNA array organization or
ribosome biogenesis and have a relevant contribution to the pa-
thology of disease.

9. R-Loops at transposable elements

Transposable elements (TEs) cover about half of the mammalian
genome and have the ability to change their position within a
genome [265]. Class I TEs, also known as retrotransposons, move
via an RNA intermediate, while class II TEs, also known as DNA
transposons, move directly as DNA sequences [266]. TE class I
(retrotransposon) contain two major type of interspersed element:
LINE (Long Interspersed Nuclear Elements) and SINE (Short Inter-
spersed Nuclear Elements) that account for 20% and 13% of the
human genome, respectively [267]. To ensure genomic stability, the
mobility of transposable elements is suppressed by RNA interfer-
ence (RNAi), the Piwi-interacting RNA (piRNA) pathway, and
epigenetic silencing [268—270]. LINEs and SINEs activity support
genetic diversity and evolution by generating new mutations and
rearrangements of the genome. However, in the context of defec-
tive TE suppression, transposition events can provoke DNA damage,
mutations, and genomic instability and cause disease, as reported
for hemophilia A, neurological disorders and cancer [271—274]. On
top of this, LINEs and SINEs can give rise to non-coding RNAs
(IncRNAs) that interfere with a wide range of cellular processes,
including gene regulation and chromatin organization [275].

Recently, transcriptional activation of TEs was found to coincide
with R-loop enrichment [34]. In particular, A. thaliana and
D. melanogaster TEs show significant levels of R-loops, and variable
pattern related to different developmental status. In humans, TEs
are characterized by lower R-loop enrichment [34]. In the genetic
context of impaired RNA:DNA hybrid resolution mediated by
lacking of RNase H1, RNase H2 or Top1, increased R-loop levels were
detected at S. cerevisiae TY1 retrotransposons that finally promoted
transposition frequency [132]. In S. pombe, R-loops in retroelements
were linked with chromatin regulation. In particular, RNAs from
retroelements located in proximity to centromeres engage in R-
loop formation recruiting the RNA-induced transcriptional
silencing (RITS) complex, leading to H3K9me3 and formation of
constitutive heterochromatin. Ectopic expression of the RNase H1
enzyme leads to loss of heterochromatin formation and de-
repression of retroelement transcripts, underlining a link to R-
loop homeostasis [276,277].



In maize, the retrotransposon derived CRM1 RNA was shown to
regulate centromeres via R-loop formation. In particular, back-
splicing results in the formation of a circular CRM1 RNA that
binds centromere repeats via R-loops to promote CENP-H3
recruitment and chromatin loop formation, as validated by a 3C
mapping assay [278—280].

To this end, direct functional evidence for R-loops related to
transposable elements in vertebrates is limited. However, factors
involved in R-loop resolution, such as ATRX, DAXX, BRCA1 and
FANCD2 were recently demonstrated to control the activity of
transposable elements [217,281,282]. Interestingly, in Aicardi-
Goutieres syndrome (AGS) a link between R-loops and transposable
elements was established (see below).

9.1. Connecting R-loops and transposable elements in human
disease

A connection between R-loops, transposable elements and dis-
ease has been unravelled in the patients with Aicardi-Goutieres
syndrome (AGS). AGS affects the immune system, brain and skin
development and is caused by mutations in TREX1, SAMHD]1,
ADAR]1, or RNase H2 genes. Pathology is commonly linked with the
accumulation of R-loops, replication stress and the production of
cytoplasmatic DNA, leading to the activation of the cGAS-STING
pathway and inflammatory response [32,283]. Involved genes
have a common function in suppressing retroelements and R-loops
were mapped to LINE-1 and LTR containing sequences in patient
derived cell models [284—288]. As expected, cytosolic LINE-1 DNA
was found in RNase H2 and TRX loss of function models [289,290].
Of notice, RNase H2 digests the RNA component after reverse
transcription of LINE-1 RNA, ensuring retroelement transposition.
Thus, an accumulation of LINE-1 RNA:DNA hybrids may act as an
activator of the cGAS/STING pathway in patient derived, RNase H2
mutant cells [291,292]. New R-loop mapping studies also reported
the accumulation of co-transcriptional R-loops, occurring mainly at
short and intronless genes that drive an inflammatory response,
suggesting that multiple types of sequences can increase cyto-
plasmic DNA content via R-loop formation in Aicardi-Goutieres
syndrome [293].

The activation of retroelements has been reported in a wide
spectrum of diseases including neurodegenerative and neoplastic
disease [294,295]. R-loop regulators such as BRCA1, FA pathway
components, ATRX and DAXX have a clear connection to oncogenic
pathways and, at the same time, control retroelement stability
[115,296,297]. Investigating R-loop mediated alterations in trans-
posable element activity may provide new insights into genome
instability and immunological aspects of these diseases.

10. A role for R-loops in triplet repeat expansions

Separation of DNA strands containing trinucleotide tandem re-
peats during replication, transcription, recombination, or super-
coiling followed by imperfect re-annealing provokes the formation
of slipped DNA or hairpin loops in one or both DNA strands [298].
Downstream DNA repair can lead to an increase in triplet repeat
numbers that are responsible for the formation of 40 inherited
neurological disorders. More recently, also tetra-, penta-, hexa- and
even dodeca-nucleotide repeat expansions were linked to genetic
diseases [299]. Repeat expansion is dynamic and can increase in
successive generation resulting in clinical anticipation of the dis-
ease phenotype [299,300]. Triplet repeat expansion were detected
in transcribed regions located at I) the 5’ untranslated regions
(fragile X syndrome), II) the 3’-UTRs (Huntington's disease); III)
introns (Friedreich's ataxia); IV) promoter regions and V) coding
region, (Amyotrophic lateral sclerosis/frontotemporal dementia

(C90rf72), Huntington disease and Friedreich ataxia Fragile X Syn-
drome) of involved genes [300]. Importantly, R-loop formation has
been observed in CTG, CGG, CCCCGG repeats, but also at GAA re-
peats in prokaryotic disease model systems [301—304]. This sug-
gests that RNA:DNA hybrid formation at trinucleotide expansions
can be linked to the pathomechanism of repeat expansion diseases.
In fact, R-loops have been demonstrated to promote the slip out of
single stranded DNA that fold in DNA hairpin, G-quadruplex or
triple-stranded structures that represent targets for DNA mismatch
repair proteins. Inefficient excision of the slip-out DNA and inac-
curate pairing with the un-nicked strand followed by repair can
lead to an expansion or retraction of local repeat sequences
[301,305]. In addition, R-loops were proposed to recruit epigenetic
silencing complexes that drive local gene silencing [306].

10.1. Connecting R-loops to triple repeat expansion in
neurodegenerative syndromes

Friedreich's ataxia (FRDA) is an autosomal-recessive neurode-
generative and cardiac disorder that is linked with an expansion of
(GAA), trinucleotides, reaching 44—1700 repeats, localized in the
first intron of the frataxin (FXN), leading to gene silencing in cis.
Reduced frataxin protein levels lead to an accumulation of iron in
mitochondria and production of free radicals that drive cell damage
and death [307]. Stable R-loops at GAA repeats were reported to
promote repeat expansion via break-induced replication but also
appear to be involved in the recruitment of epigenetic writers that
mediate DNA methylation and H3K9me3 at the FXN locus [308].
Ectopic expression of RNase H1 in human FRDA disease model cells
is associated with loss of H3K9me3 and reactivation of FXN
expression [302,309,310]. Accordingly, depletion of RNase H1 in
HEK293 cells significantly increases R-loop formation in trinucle-
otide tandem repeats. Together, this suggests that endogenous
RNase H1 may antagonize R-loop abundance across the FXN gene to
suppress DNA slip-out [302]. In human cell cultures, (GAA), ex-
pansions directly correlate with passage number and depend on
DNA mismatch repair (MMR) and transcription [85,252—254].
Together, these features may also explain the production of a fragile
site at the EXN allele that is prone to breakage and rearrangements
especially in the context of ATM inhibitors [311]. However, to this
end, a direct link between R-loops, and the repeat amplifications
remains to be identified.

Fragile X syndrome is a neurodevelopmental disorder charac-
terized by intellectual disability and behavioural symptoms such as
hyperactivity and anxiety that - in most cases — is linked with more
than 200 CGG triplet repeat expansions in the 5’-UTR of the fragile
X mental retardation 1 gene (FMR1) leading to gene silencing in cis
[312—-316]. Reversal of repressive DNA methylation is not sufficient
to restore FMR1 expression, anticipating the action of redundant
pathways of heterochromatinization [316]. DRIP experiments
identified R-loops at (CGG), repeat expansions in patient derived
cells. Importantly, overexpression of RNase H1 was shown to
mediate an up-regulation of FMR1 expression in vivo [302,303].
Thus, a current model proposes that R-loops act as primary trigger
for repression of expanded FMR1 but also contribute to repeat
expansion and the manifestation of the characteristic fragility of
the X chromosome in patient cells [291,292,317,318].

Huntington disease (HD) is an autosomal dominant, progressive
neurodegenerative disorder characterized by choreiform move-
ments, psychiatric problems and dementia, caused by polyglut-
amine (CAG), repeat expansion in exon 1 of the Huntingtin (HTT)
gene [319]. DRIP-seq experiments demonstrated the presence of R-
loops at Htt alleles in neural stem and progenitor cells, suggesting a
potential contribution of R-loops to Huntington's disease pathology
[320]. R-loops associated with (CAG), repeat expansion were



shown to drive repeat instability in vitro and in vivo; and loss of
RNase H1 or RNase H2 in human cells enhanced transcription
mediated genomic instability [301]. R-loops have been further
suggested to promote the instability of pathogenic repeat se-
quences in Huntington's disease [301,321—-323].

Amyotrophic lateral sclerosis (ALS) and/or frontotemporal de-
mentia (FTD) is linked to (GGGGCC), hexanucleotide repeat ex-
pansions (HRE) in the chromosome 9 open reading frame 72
(C90rf72) and represent the most common type of ALS and FTD
[324]. The clinical symptoms comprise the moto-
neurodegeneration of frontal lobe, amyotrophy and degeneration
of motoneurons producing muscle denervation. Pathogenesis is
mediated by a combination of loss of function of the C9orf72 gene
products and toxicity of the HRE containing transcripts that can
aggregate in RNA foci. RNA G-quadruplex were shown to form RNA
foci that sequester the nucleolar protein nucleolin, causing the
depletion of the protein from the nucleolus resulting nucleolar
stress [325]. Importantly, C9orf72 HRE regions hold intrinsic po-
tential to form R-loops in vitro which in turn promotes the forma-
tion of stable secondary structures, including hairpins and G-
quadruplexes at the unpaired DNA strand [326]. In vitro experi-
ments showed that R-loops promote repeat associated instability
leading to HRE contraction or expansion [327]. Remarkably,
C90rf72 RNA clusters were found to be enriched for the splicing
factor SRSF1 that was previously reported to participate in R-loop
resolution. This suggests that SRSF1 sequestration might lead to an
increase of R-loop abundance at (GGGGCC), repeat expansions,
thus further promoting repeat instability [328]. Classically, trinu-
cleotide repeats have been linked to neurodegenerative diseases.
Recent genome analyses revealed that microsatellite sequence
expansion, including trinucleotide motifs also occur frequently in
human cancer [329]. However, to this end a possible link to R-loops
remains to be identified.

11. Conclusions

R-loop structures were first described in 1987 and linked to the
transcriptional activation of the ColE1 origin [330]. Research per-
formed in the past 10 years revealed a wide spectrum of biological
functions linked to R-loops in the context of cell physiology. Mul-
tiple factors that control the delicate balance between beneficial
and detrimental effects of DNA:DNA hybrids were identified. This is
of particular relevance for repetitive regions that can engage into
uncontrolled homologous recombination after replication stress
induced DNA damage. Telomere and (peri)centromere repeats
represent hallmark models that revealed the action of multiple
layers of R-loop promoting or resolving machineries. Correct levels
of R-loops support centromere function and chromosome segre-
gation; aberrant (peri)centric R-loops levels impair mitotic fidelity.
On the other hand, telomerase negative cancer cells select for
mutations in genes encoding R-loop resolving machineries thus
allowing the generation of replication stress and the formation of
recombinogenic substrates that fuel the ALT pathway. Exacerbation
of this process leads to uncontrolled recombination events that
eventually lead to cell death. In addition to these functionally well
dissected models for R-loops function, an increasing number of
studies link RNA:DNA hybrids to ribosome biogenesis, suppression
of transposable element and triplet repeat expansion. Genome
wide mapping studies revealed that R-loops represent frequent
structures in eukaryotes that cover up to 5% of the human genome
[8,20,33]. This suggests that the rate of R-loop production, R-loop
detection and resolution needs to be controlled in a precise and
eventually sequence specific manner. However, to this end, infor-
mation on these aspects is very limited. In the past, an increasing
number of proteins with and without enzymatic function have
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been found to regulate R-loops in an apparently redundant manner.
For many of these players their precise function during R-loop
recognition, R-loop resolution or R-loop formation it is not clear. In
addition, pathways that connect these machineries to cell physi-
ology are poorly understood. It is actually interesting to speculate
that the activity and eventual site-specific recruitment of R-loop
processing machineries may be controlled by defined signaling
pathways. This may help highly-proliferative and transcriptional
active cancer cells to avoid excessive R-loop mediated replication
stress and DNA damage or facilitate the efficient resolution of R-
loops in cancer cells that are resistant to drugs that induce R-loop
formation. A critical step in future R-loop research will be the
development of efficient technologies that allow R-loop mapping in
large cohorts of patients with diseases connected to altered R-loop
metabolism such as neoplastic disease, ICF, Aicardi-Goutieres syn-
drome and neurodegenerative diseases. This will be instrumental
to finally obtain solid, scientific evidence for the relevance of
RNA:DNA hybrids in the pathogenesis of disease. Together is will
pave the way towards therapeutic approaches targeting R-loops in
human disease.
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