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ABSTRACT

R-loops are abundant and dynamic structures ubig-
uitously present in human cells both in the nuclear
and mitochondrial genomes. They form in cis in the
wake of transcription complexes and in trans apart
from transcription complexes. In this review, we fo-
cus on the relationship between R-loops and topoi-
somerases, and cancer genomics and therapies. We
summarize the topological parameters associated
with the formation and resolution of R-loops, which
absorb and release high levels of genomic negative
supercoiling (Sc-). We review the deleterious conse-
quences of excessive R-loops and rationalize how
human type IA (TOP3B) and type IB (TOP1) topoiso-
merases regulate and resolve R-loops in coordina-
tion with helicase and RNase H enzymes. We also
review the drugs (topoisomerase inhibitors, splicing
inhibitors, G4 stabilizing ligands) and cancer predis-
posing genes (BRCA1/2, transcription, and splicing
genes) known to induce R-loops, and whether stabi-
lizing R-loops and thereby inducing genomic damage
can be viewed as a strategy for cancer treatment.
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INTRODUCTION: OVERVIEW AND CLASSIFICATION
OF THE 6 HUMAN TOPOISOMERASES

Different nucleic acids metabolic processes including repli-
cation, transcription, recombination, chromosome segre-
gation and chromatin remodeling generate various topo-
logical constraints (torsional stress, DNA/RNA knots,
DNA/RNA catenanes, hemicatenanes, etc.). The family
of cellular enzymes that take care of these topological
tensions are called topoisomerases. Topoisomerases func-
tion by breaking and rejoining nucleic acid backbones by
forming transient enzyme-nucleic acid complexes between
a topoisomerase catalytic tyrosine residue and one end of
the broken nucleic acid. These covalent enzyme-nucleic acid
catalytic intermediates are called “Topoisomerase cleavage
complexes’ (TOPccs). Under normal conditions, TOPccs
are transient and reverse readily to allow the rejoining of
the nucleic acids backbones after the topological problems
are resolved and topoisomerases are released (1-5).

Based on the number of strands they cleave, nature of
their catalytic intermediates and changes in the DNA link-
ing number after each single catalytic cycle, topoisomerases
are broadly divided into two categories: type I and type 11
enzymes (Figure 1) (1,3,4,6). Type I topoisomerases cleave
single-stranded DNA/RNA and change the linking num-
ber in steps of one. Type I topoisomerases are further clas-
sified into type IA and type IB enzymes based on distinct
structural features and mechanisms of action (1-4). Hu-
mans have two different type IA enzymes: topoisomerase
[II-alpha (TOP3A) and topoisomerase IlI-beta (TOP3B)
while yeast has only one isoform (Top3). Type IA topoi-
somerases form phosphotyrosyl linkage with the 5'-end of
the broken nucleic acid (DNA/RNA) backbone; they re-
quire magnesium for catalytic activity and act by a ‘strand
passage’ mechanism (the passage of a single-strand of nu-
cleic acid through another) (1,2,7). TOP3A and TOP3B
can relax hyper-negatively supercoiled /undertwisted DNA.
TOP3A also resolves hemicatenanes structures formed dur-
ing replication and recombination (7). TOP3B is unique
as it can work on both DNA and RNA to resolve RNA
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Figure 1. Classification and distinctive features of human topoisomerases. The catalytic intermediates (cleavage complexes) are schematically drawn at right
(the Y’s refer to the catalytic tyrosyl residues that form the reversible cleavage complexes). Type IA topoisomerases cleave nucleic acids in single-stranded
regions (sSRNA and ssDNA), whereas Type Il topoisomerases cleave double-stranded DNA (dsDNA) only. Type IA topoisomerases are conserved in
all domains of life and considered the most ancestral topoisomerase enzymes. TOP3B is the only RNA topoisomerase. Type IA enzymes can only relax
hypernegative DNA. Type IB topoisomerases are highly efficient ‘swivelases’ (DNA untwisting enzymes’) removing both positive (Sc+) and negative DNA
supercoiling (Sc—). TOP1 acts on the nuclear genome while TOP1MT acts on the mitochondrial genome (mtDNA). TOP2 enzymes relax both Sc+ and
Sc— by forming DNA double-strand breaks (with a 4 bp stagger) in a DNA duplex region allowing the passage of another DNA segment through the
cleavage complex. Upon completion of the DNA passage, TOP2 rejoins the DNA. TOP2-mediated strand passage is also essential for DNA decatenation
during replication. Shaded rectangles represent canonical helical B-DNA with base pairs as short vertical bars.

catenanes and knots (8-11). Eukaryotic type IA enzymes
work as multimeric complexes with their scaffolding pro-
teins: RecQ- mediated genome instability protein 1 (RMI1)
and RMI2 for TOP3A, and Tudor domain containing pro-
tein 3 (TDRD3) for TOP3B. TOP3A-RMI1-RIM2 (TRR)
forms the dissolvasome complex with the Bloom syndrome
protein (BLM) (BTRR complex). TOP3B-TDRD3 func-
tions as a multimeric complex with fragile X mental retar-
dation protein (FMRP) (3,9,11-13).

Vertebrates have 2 type 1B enzymes: a nuclear topoi-
somerase (TOP1) and a mitochondrial topoisomerase
(TOP1IMT). Both enzymes very efficiently and processively
relax positively and negatively supercoiled DNA (Sc+ and
Sc—, respectively). These type IB enzymes work by form-
ing a phosphotyrosyl linkage with the 3’-end of the broken
DNA and by a ‘controlled rotation’ mechanism in which the
broken nucleic acids strand rotates around the intact strand.
Their activity does not require divalent cations (Mg>*) or
ATP and these type IB enzymes can function over a broad
range of temperature and pH (1-4).

Type II topoisomerases act as homodimers. They cleave
both strands of duplex DNA, forming 5’ phosphotyro-
syl bonds with the ends of the broken strands with a
four-base pair stagger (Figure 1). They require Mg?* and
ATP for changing the topology of nucleic acids by ‘du-
plex strand passage’ mechanism. By cleaving the DNA du-
plex, they allow a second DNA duplex to pass through
their cleavage complex and change the DNA linking num-
ber in steps of two (1). Humans have two type II topoi-
somerases: topoisomerase II-alpha (TOP2A) and topoiso-
merase II-beta (TOP2B). Both relax Sc+ and Sc— DNA
at sites where DNA duplexes cross each other. They re-
solve catenanes and DNA knots. TOP2A and TOP2B can
also generate single-strand breaks when only one protein of
the dimer breaks the DNA during the catalytic cycle (1-5,
14-16).

STRUCTURE, TOPOLOGY AND GENOMIC IMPACTS
OF R-LOOPS

R-loops form by the hybridization of RNA with a comple-
mentary strand of double-stranded DNA. Hence, R-loops
are triple-stranded structures consisting of DNA-RNA he-
lical hybrids associated with the displaced single-stranded
DNA (17). R-loops were first observed ~47 years ago by
R.L. White, D. Hogness, M. Thomas and R.W. Davis in
Drosophila melanogaster rDNA and in biochemical exper-
iments (18,19). R-loops form universally (in viruses, bac-
teria, plants and animals). Their length varies from 300
to 2500 bp (20-22) and they are generally highly dynamic
with estimated half-lives of 10—15 minutes in vivo (17,23,24).
They are distributed at accessible chromatin regions devoid
of nucleosomes, at transcription start sites (TSS), gene pro-
moters, transcription termination sites (TTS), in rDNAs,
tRNA-coding genes, Ty elements, centromeres and telom-
eres, and in mitochondrial DNA, forming thousands of dy-
namic hotspots in the human genome (20,25-28).

R-loops form in cis (co-transcriptionally) when the newly
transcribed RNA after exiting the RNA polymerase ac-
tive site, threads back and anneals with the template DNA
strand (Figure 2). Hence, highly transcribed genes, such as
ribosomal genes and oncogenes are prone to R-loops. R-
loops can also form in zrans when RNAs (like long non-
coding RNAs) produced in a distal locus, RNAs tran-
scribed from homologous chromosomes or telomeric repeat
RNA (TERRA) invade duplex DNA (20,28-35). In yeast,
R-loops in trans are promoted by RadS51p and Rad52p,
which also play important roles in D-loop formation and
DNA strand exchange during homologous recombination-
mediated DNA double-strand breaks (DSBs) repair (34).
The mechanisms and fraction of R-loops formed in trans
are still not very clear and the involvement of RADS51
in trans R-loop formation is also disputed; hence most
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Figure 2. Deleterious effects of R-loops. Unresolved and excessive cis- and trans-R-loops have been reported to have multiple deleterious effects. Watson-
Crick helical double-stranded nucleic acids are shaded in grey. DNA is shown in gray and RNA in red. A guanosine quartet structure is included as
stabilizer of R-loops. RADS] is implicated in the formation of zrans-R-loops. Replication fork collisions give rise to replication stress (RepStress) and
engagement of the ATR/CHKI pathways. Stable R-loops also stall transcription complexes. DNA breaks are produced by the nucleotide excision repair
nucleases (XPG and XPF), leading to DNA double-strand breaks and activation of ATM. Released nucleic acid fragments can initiate inflammation.

R-loops are likely to form in cis in a cotranscriptional man-
ner (32,36). Moreover, recent findings suggest that DNA
double-strand breaks (DSBs) may have roles in inducing
cellular R-loops (37,38). The local DNA sequence also con-
tributes to R-loop formation. GC skews (C-rich template
strand) favor the formation of 4-stranded guanosine quar-
tet structures (G4s) on the displaced strand during tran-
scription and produce more stable heteroduplex than AT se-
quences (25) (Figure 2). Additionally, the formation of G4s
contribute to the stability of R-loops (39).

Formation of R-loops in a topologically confined chro-
matin region requires and absorbs large quantities of nega-
tive superhelicity (Sc-) (20,39,40). For the cis-R-loops, Sc-is
generated by the translocating RNA polymerase complex,
which generates Sc+ in front of the polymerase and equiv-
alent Sc- behind the polymerase (Figure 3), as described in
the ‘twin supercoiling model’ of Liu and Wang (41). For
the trans-R-loops, Sc— is required for the formation of the
RNA-DNA heteroduplex (Figure 4). The excellent review
by Benham and Chedin (20) and Figure 4 explicit the topo-
logical considerations associated with R-loops, and how a
100 base pairs R-loop absorbs ~11 negative superhelical
turns (11 Sc—); with 10 generated by the helical twist on
the RNA-DNA hybrid and 1 by the wrapping of the DNA
single-strand around the heteroduplex (20).

An elegant model by Hanawalt et al. addresses another
important topological problem faced by RNA during co-
transcriptional R-loop formation (42). R-loop associated
DNA-RNA hybrid generation requires the passage of the
nascent RNA ‘tail’ through the negatively supercoiled DNA
in the wake of RNA pol II and swiveling of the nascent
RNA. This swiveling of RNA is problematic because the 3'-
end of the nascent RNA in the transcription bubble cannot
rotate and therefore for an R-loop to form behind the RNA
pol 11, the 5'-end of the nascent RNA must swivel. Swivel-
ing of the 5'-end of the nascent RNA becomes increasingly
difficult with increasing distance between the transcription
start site and the site of R-loop initiation because the length
of the tail increases. This causes reduced R-loop accumula-
tion with greater distance from the transcription start site
(42-406).

R-loops can be good (programmed or physiological)
or detrimental (aberrant or pathological). Physiological

R-loops contribute to diverse cellular metabolic processes
including class switch recombination (22), mitochondrial
replication (47,48), protection against promoter methyla-
tion (25,33,49), transcription termination (50), chromatin
organization (helping recruitment of chromatin remodel-
ers), chromosome segregation (51,52), DNA repair in tran-
scribed regions, telomere repair and centromeric functions
(33,35). R-loops have also been proposed to contribute to
the repair of DSBs by promoting the recruitment of DNA
repair proteins, by regulating DNA end-resection, and en-
gaging alternating DNA repair pathways (37,38). The res-
olution of R-loops in confined chromatin regions can re-
lease large amount of Sc—, which favors chromatin con-
tacts, the formation of non-B DNA structures (G4, cru-
ciforms, Z-DNA), nucleosomes and protein-DNA interac-
tions (20,39) (Figure 4, bottom right). R-loop-linked G-
quadruplex structures in the non-template strand are also
known to promote transcription by successive R-loop for-
mation (53).

Unscheduled, pathological or aberrant R-loops origi-
nate primarily during transcription (32) and can cause
genome instability (Figure 2). They can act as replication
roadblocks, causing replication stress (RepStress), repli-
cation fork collapse and DNA breaks with activation
of the ATR/CHKI kinase pathway (54,55). Replication
forks colliding with R-loops (associated with transcrip-
tion) in a head-on orientation (HO) can result in more
severe DNA damaging effects than co-directional (CD)
collisions (52,56-61). R-loop-associated G4 structures can
also affect replication fork progression in both HO and
CD conditions by inducing fork stalling, CMG helicase-
polymerase (pold) uncoupling, and gaps in the nascent lead-
ing and lagging strand (62). Structure-specific endonucle-
ases (XPG and XPF or FENI and XPF) can recognize
and cleave at R-loop—ssDNA junctions in both replicat-
ing and non-replicating cells and cause DSBs and activa-
tion of ATM (55,63-65). R-loops may promote mutage-
nesis as the displaced single-stranded DNA is exposed to
AID (activation-Induced cytidine deaminase), nucleases or
endogenous genotoxic metabolites. R-loops can also prime
unscheduled error-prone DNA synthesis (61). R-loops are
linked with an increasing number of human diseases in-
cluding neurological disorders [ataxia-ocular apraxia type 2
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Figure 3. Cellular mechanisms controlling R-loops associated with transcription (cis-R-loops). The top scheme represents an elongating RNA POL2
complex with its associated topological features within a chromatin topologically constrained domain whose boundaries are schematized as black rectangles
with anchor signs. Duplex canonical DNA is shown as parallel lines (without showing the Watson-Crick helical turns for simplicity). Factors that limit
R-loop formation and remove R-loops are listed at right, annotated in the figure, and discussed in the text. Symbols for the human topoisomerases are in

the inset.

(AOA?2), amyotrophic lateral sclerosis type 4 (ALS4), fragile
X syndrome, Amyotrophic lateral sclerosis (ALS) and fron-
totemporal dementia (FTD)], autoimmune disecases, and
cancer (54,60,66-68). Their role in oncogenesis remains to
be explored further.

GENERAL MECHANISMS LIMITING R-LOOPS WITH
FOCUS ON DNA TOPOLOGY

The mechanisms protecting cells from excessive R-loops
can be classified as prevention of R-loop formation and res-
olution of existing R-loops. The proposed molecular mech-
anisms by which topoisomerases control R-loops in human
cells are outlined in Figures 3 and 4.

Factors limiting R-loop formation

In the case of cis-R-loops, failure to remove the Sc— gen-
erated by advancing transcription complexes promotes the
formation of R-loops (20,69), and under normal conditions,
human type IB topoisomerases (and type II topoisomerases
at DNA crossovers; Figure 3a) can efficiently remove the
Sc- generated by translocating RNA polymerases. Addi-
tionally type IB and II topoisomerases allow the translo-
cation of polymerases by removing Sc + in duplex DNA.
The activity of TOP1 is likely coupled with the C-terminal
domain (CTD) of RNA POL2 and is stimulated by POL2
CTD phosphorylation by the bromodomain protein BRD4
(Figure 3a-b, top; see next section) (70). This is in con-
trast with TOP3B, which can only relax hypernegatively su-
percoiled DNA behind the RNA polymerases as TOP3B
requires single-stranded DNA for binding, cleavage and

strand-passage activity (Figure 3A) (12,26,65,71-78). The
activity of TOP3B is coupled with its interaction with
TDRD3, which also directly interacts with POL2 (Figure 3)
(12).

The situation is different in bacteria, as they generally
lack type IB enzymes. The bacterial type IA enzyme, Topo
I (encoded by the ropA gene) acts behind transcription
complexes while gyrase acts in front of the transcription
complexes to remove the Sc+ . Of note, bacterial Topo
I was the first topoisomerase reported to suppress cellu-
lar R-loops based on the observation that overexpression
of RNase H suppressed the growth defect of E. coli topA4
mutants lacking Topo 1 (46,78-80). Recent findings sug-
gest that both type IA topoisomerases (Topo I and Topo
I1T) prevent the formation of R-loops and in turn unsched-
uled origin firing from RNase HI-sensitive origin of repli-
cation in the terminus (Ter) region of the bacterial chromo-
some (81,82). Another recent study showed that gyrase can
also introduce excessive negative supercoils at replication-
transcription head-on (HO) conflict regions and therefore
promote the formation of pervasive R-loops in the Gram-
positive bacterium Bacillus subtilis (83).

As mentioned above, human topoisomerases are also
critical for removing the Sc+ in front of transcription com-
plexes (Figure 3B). Dissipating Sc+ allows the efficient
and rapid translocation of the transcription complexes and
avoids RNA polymerase pausing with the potential of R-
loop formation. Relaxation of Sc+ can be accomplished
by both TOP1 and TOP2, with TOPI1 acting in over-
wound duplex DNA and TOP2 at DNA crossovers (Fig-
ure 3B). Removal of Sc+ is also likely necessary for the
formation of trans-R-loops in topological confined chro-
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Figure 4. Topological considerations for the formation (A—C) and removal (D—I) of R-loops. The formation of R-loops (A—C) is associated with (and
requires) topological adjustments of the DNA within topologically constrained chromatin domains whose boundaries are schematized as black rectangles
with anchor signs. (A) R-loops readily form in hypernegatively supercoiled (Sc—) domains (see Figure 2 for co-transcriptional R-loops formed in cis of
transcription complexes). In doing so, R-loops constrain the Sc— (one negative superhelical turn (Sc—) per 10.5 bp of helical RNA-DNA hybrid). (B) to
form R-loops by RNA strand invasion (R-loops formed in zrans) (as in the case of CRISPR-Cas9 and TERRA), the DNA topology needs to be adjusted
by removing the Sc+ (C) formed to compensate for hybridization of the RNA-DNA heteroduplex. (D) R-loops can be removed by degradation of the
hybridized RNA by RNase H1 (and H2). (E) removal of the RNA releases the corresponding Sc—, promoting chromatin folding (one nucleosome absorbs
one Sc—), replication origin and promoter firing, DNA repair and recombinations. (F) Sc- can help capture an RNA to reform R-loops. (G) TOP1 and
TOP2 can relax the Sc— released by the digestion of RNA in double-stranded DNA, and TOP3 can relax the hypernegative Sc- in single-stranded segments
generated by the hypernegative Sc—. (H) Helicases by dissociating the RNA from the heteroduplex also release the Sc— that was constrained in the R-
loop (R220 Sc— for a 200 bp R-loop). (I) By pushing the RNA—DNA hybrids to the end of the R-loops, the helicases can generate knotted DNA—RNA
structures that are resolved (decatenated) by TOP3B in the single-stranded segment of the RNA and/or DNA.

matin domains as R-loops act as sinks for Sc— (see above)
(Figure 4B).

By coating nascent RNAs soon after they exit RNA
pol IT complexes, mRNA biogenesis and processing factors
including RNA export proteins, splicing factors, cleavage
and polyadenylation proteins prevent the invasion of the
DNA double helix by the RNA and in turn prevent R-loop
formation (Figure 3C) (27,61,84-91). This phenomenon
was first observed in yeast THO mutants (the yeast THO
complex is a multimer containing four proteins, Tho2,
Hprl, Mftl and Thp2), which accumulate R-loops and dis-
play a hyper-recombination phenotype (92). In humans,
the THO/TREX complex (formed with ALYREF and
UAP56), THSC/TREX-2 (85,93-95), FIP1L (89) and splic-
ing factors such as SRSF1 (86) are some of the RNA bind-
ing proteins (RBPs) that sequester nascent RNA and pre-
vent RNA hybridization with the transcribed DNA. Muta-
tions in the splicing factors U2AF1, SF3B1 and SRSF2 also
cause increased levels of R-loops, as observed in myelodys-
plastic syndromes, acute myeloid leukemia and chronic
myelomonocytic leukemia (96-99) (Figure 3D). The impor-
tance of efficient RNA splicing in preventing R-loops is sup-
ported by the induction of R-loops by the splicing inhibitor
(100,101), pladienolide B (Plad-B) targeting SF3BI1.

Removal and resolution of preformed R-loops

Ribonucleases H are the best-known factors for resolv-
ing R-loops (Figures 3C and 4d. These enzymes are con-
served from bacteria to human and act by degrading the
RNA moiety of RNA-DNA hybrids. Humans have two
RNases H, RNase H1 (monomeric encoded by the RNH1
gene) and RNase H2 (trimeric consisting of RNH2A,
RNH2B and RNH2C), which both can digest R-loops
(60,606,78,86,91,102—105). Since RNase H enzymes fully re-
move the RNA, such a process releases the Sc- previously
stored in R-loops, i.e. 11 Sc— for each 100-bp of a given
processed R-loop (39). The released Sc— can promote the
folding of chromatin, the formation of nucleosomes (each
nucleosome requires 1 Sc-), the firing of replication origins
and induce transcription, allow DNA repair or recombina-
tion (Figure 4e). Alternatively, the Sc- generated by RNases
H has to be removed by topoisomerases: with TOP1 act-
ing in underwound duplex DNA, TOP2 at DNA crossovers
and TOP3B within DNA segments where the strands are
separated by hypernegative superhelicity (Figure 4g).
RNA/DNA helicases also play an important role in R-
loop removal (Figures 3F and 4I). Although the molecu-
lar mechanism is not established in vivo, based on their in
vitro activities it is plausible that helicases act by unwinding
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the DNA-RNA hybrids of R-loops. The yeast protein Senl
and its human homologue senataxin (SETX) were the first
helicases identified and downregulation of human SETX
causes accumulation of R-loops both at transcription pause
sites, as well as at DSBs (50,106-108). A growing number of
RNA helicases can also suppress R-loops including Aquar-
ius (AQR) (from the same family as Senl/SETX), mem-
bers of DEAD box helicases (DDX1, DDX5, DDXI19A,
DDX21, DDX23) and DExH box (DHX9) helicase fam-
ilies, as well as BLM, FANCM helicase/translocase and
WRN (55,63,88,109-125). How cells use these different he-
licases vs. RNase H remains to be established and is beyond
the scope of this review. Of note, as in the case of RNase
H described above, removal of R-loops by helicases within
topologically confined DNA segments releases the Sc— pre-
viously sequestered in the R-loop, suggesting the coupling
of R-loops with topoisomerases or the release of Sc- with
chromatin opening after the unwinding of R-loops by
helicases.

TOPOISOMERASES IB (TOP1 AND TOP1MT) AND R-
LOOPS

TOP1’s connections with R-loop are summarized below
and detailed with references in the prior and following sec-
tion of this review:

1. TOPI is abundant and extremely efficient at fully remov-
ing Sc— in duplex DNA, which enables TOP1 to dissipate
the torsional tensions in the wake of RNA polymerase
complexes (Figure 3), thereby preventing the persistent
annealing of the nascent RNA with its template (Figure
3A).

2. TOPI’s efficiency at removing any amounts of Sc+ in
front of translocating transcription complexes enables
the rapid translocation of RNA polymerases along their
DNA templates (Figure 3B).

3. Direct protein interactions couple TOP1 with RNA poly-
merase complexes (CTD of POL2; Figure 3, top).

4. TOPI is concentrated in nucleoli where rDNA is tran-
scribed at very high rates and R-loops tend to accumu-
late.

5. TOPI1 has been proposed to stimulate RNA splicing,
thereby avoiding the retention of long non-coding RNAs
next to the DNA template and the stalling of transcrip-
tion complexes [reviewed in (1,2)].

6. By removing Sc+ in topologically confined genomic seg-
ments, TOPI can readily dissipate the Sc+ generated by
R-loop formation in trans (Figure 4C).

7. TOP1 can remove the torsional stress released by the
resolution of R-loops by RNase H and helicases (Fig-
ure 4G).

Historically, the connections of TOP1 with R-loops orig-
inated from the observations that human TOPI could bind
and phosphorylate splicing factors of the SR family (126—
131) and that inhibiting TOP1 had direct impact in mRNA
processing (132-134). As formation of mRNPs prevents R-
loop formation, Tuduri et al. (76) postulated that TOP1
might prevent R-loop formation via phosphorylation of

ASF/SF2 (as phosphorylation of SR proteins controls their
recruitment to actively transcribing chromatin sites and
subsequent mRNP formation). They found that TOPI-
deficient human cells accumulate R-loop-induced DNA
breaks and transcription-dependent replication stress (fork
slowdown, stalling, and asymmetry) at actively transcribed
genes. They also found that over-expression of RNase H1
suppressed the DNA damage and replication defect pheno-
types and that yeast (S. cerevisiae) Topl (lacking the kinase
domain) could partially suppress these defects. Although
the authors did not actually demonstrate the presence of
higher levels of R-loops in TOP1-deficient cells and inferred
the presence of R-loops from the fact that phenotypes were
rescued by RNase H1, these results indicated that TOP1
could possibly suppress R-loop formation and subsequent
DNA damage in actively transcribed genes in two separate
ways: by relaxing the Sc— accumulated behind RNA poly-
merases and by promoting ASF/SF2 dependent mR NP for-
mation and RNA sequestration (76).

Later it was found that yeast (S. cerevisiae) Topl is also
important for suppressing R-loops generated in actively
transcribing ribosomal DNA region, and that Pol I tran-
scription in the absence of Topl was facilitated by RNase
H activity (72). This study by El-Hage et al. (72) demon-
strated that yeast strains lacking functional Topl accumu-
late R-loops (as detected by chromatin immunoprecipita-
tion analysis using the S9.6 antibody) over the 18S 5'-region
causing defects in precursor ribosomal RNA (pre-rRNA)
synthesis by RNA Pol 1 and accumulation of truncated
pre-rRNA fragments. These defects in pre-rRNA synthe-
sis were heightened in strains lacking both Topl and Top2
activity [i.e. topl A top2-ts (temperature sensitive) strains at
nonpermissive temperatures]. Higher levels of R-loops were
also detected in strains lacking both Topl and RNase H
(72).

Recent publications suggest that, based on genome-
wide R-loop analyses in TOP1-downregulated human cells,
TOP1 plays much more complex roles in R-loop physiol-
ogy (26,77). The study by Manzo et al. demonstrates that
shRNA-mediated loss of TOP1 causes both loss and gain
of R-loops for different group of genes in human embryonic
kidney HEK?293 cells. Long and highly transcribed genes,
genes present in gene poor areas that cannot dissipate DNA
supercoiling due to physical anchoring (for example: due to
proximity to heterochromatin/ H3K9me3-mark and lamin
B1 association) gained R-loops after TOP1 depletion. Con-
versely, TOP1 depletion caused loss of R-loops in genes that
are of average length, reside in gene-rich neighborhoods,
and are moderately expressed. These group of genes having
decreased R-loop signals also co-localized with replication
initiation regions, H3K27me3 Polycomb marks and com-
ponents of the PRC complexes. A third group of genes dis-
played both loss and gain of R-loops after TOP1 depletion
(26).

More recently, Promonet et al. highlighted TOP1’s role in
removing persistent R-loops and torsional stress for a group
of genes with replication and transcription machineries col-
liding in a head-on (HO) manner at their transcription ter-
mination sites (TTS). After shRNA-mediated depletion of
TOP1 in HeLa cells, TTS of highly transcribed HO genes



suffered replication stress (fork collapse due to persistent
R-loops and accumulation of torsional stress) and DSBs as
indicated by the accumulation of phosphorylated RPA32,
vH2AX peaks and DSBs (detected by i-BLESS) (77).

One of the cofactors contributing to TOP1’s R-loop sup-
pressing activity is the BET-BRD protein BRD2, which di-
rectly interacts with and stimulates TOP1 activity to pre-
vent co-transcriptional R-loops (135). Another bromod-
omain protein BRD4 has also been shown to control TOP1
activity by regulating POL2 phosphorylation, which also
contributes to TOP1-mediated R-loop suppression (70,135)
(Figure 3, top). In addition, Li et al. reported that the heli-
case domain of RECQ5 interacts directly with TOP1 and
induces TOP1 SUMOylation by the protein inhibitor of
activated STAT protein 1 (PIAS1)-SRSF1 E3 ligase com-
plex. The resulting K391/K436 SUMOylation of TOP1 was
shown to promote TOP1—POL2 interactions and increase
the efficient recruitment of RNA splicing factors that sup-
press R-loop formation (136). Confirming the role of TOP1
in suppressing R-loops and its connection with cancer, a re-
cent study showed that the oncogene mutated HRAS (RAS)
can increase TOP1 levels to minimize oncogene-induced R-
loops and in turn increases replication-induced DNA dam-
age (137).

Apart from genetic evidence that TOPI1 suppresses
R-loops, multiple studies have established that inhibi-
tion of TOPl by anticancer drugs derived from camp-
tothecin (CPT) (topotecan, irinotecan, belotecan) and
the non-camptothecin indenoisoquinoline derivatives (138)
can cause R-loops (63-65,101,111,139-141) (Table I).
CPT-induced R-loops have been mapped at active diver-
gent CpG-island (CGI) promoters after RNA polymerase
stalling at actively transcribing genes including rDNA
(140). CPT also causes R-loops in post-mitotic neuronal
cells (65), as first demonstrated by Sordet et al. who showed
that CPT-induced DNA damage response is attenuated
by inhibiting transcription with DRB or by RNase H1
overexpression. CPT-induced R-loop formation can be ex-
plained by two molecular mechanisms. The trapping of
TOPI1 cleavage complexes (TOPlccs) (see Figure 1) by
CPT(138,142) can sequester TOP1, thereby decreasing the
active TOP1 pool and in turn increasing Sc- density in
cellular regions prone to R-loops (1,2,143). The trapping
of TOPlcc can also induce covalent TOP1-DNA protein
crosslinks (TOP-DPCs) (144,145), which stall RNA poly-
merases, induce their backtracking and generate R-loops.
Additionally, CPT has been shown to inhibit transcrip-
tion elongation while stimulating transcription initiation
from promoter proximal sequences, which can also re-
sult in promoter associated R-loops (146). R-loop-derived
cytoplasmic RNA-DNA hybrids are known to induce
an innate immune response in cells and similarly the R-
loops formed after TOP1 poisoning can lead to micronu-
clei formation and activation of the cGAS-STING path-
way to mediate immune gene expression in HeLa cells
(147,148). Topotecan-mediated inhibition of TOPI1 action
can also stabilize R-loops in neuron-specific noncoding
RNA Snord116 leading to stalled transcription of antisense
transcript to Angelman syndrome causing ubiquitin ligase
encoding Ube3a (Ube3a-ATS) and activation of paternal
UBE3A (149).
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TOP3B AND R-LOOPS

TOP3B’s connections with R-loop suppression stems from
two known molecular mechanisms summarized below and
in Figure 5. They are detailed with references in the prior
and following section of this review:

1. TOP3B is the only dual RNA-DNA topoisomerase (Fig-
ure 1) with potent decatenation activity, which enables
TOP3B to bind and disassemble R-loops by decatenation
(Figures 41 and 5SB—D; and details below) (101).

2. TOP3B can reduce hypernegative supercoiling when the

base pairs of the DNA double-helix are separated, allow-
ing TOP3B to pass single-stranded DNA segments across
each other (Figures 4H and 5A).

The role of TOP3B in suppressing R-loops is well es-
tablished in cellular and biochemical systems (12,13,73—
75,101,150). Recently a patient with bilateral renal can-
cer reportedly carried homozygous deletion for the TOP3B
gene and had higher R-loop burden in lymphoblast cells
(75). Another recent study in Drosophila (150) highlights
the importance of fop3b during aging as photoreceptor-
specific depletion of top3b resulted in R-loops in photore-
ceptor neurons, which increased with age, indicating a criti-
cal role Top3b in suppressing these R-loops, promoting the
expression of long genes with neuronal function and en-
hancing visual response during aging (150). Additionally,
we recently reported that trapping of TOP3B cleavage com-
plexes (TOP3Bccs) by genetic alteration of TOP3B (replac-
ing the arginine 338 residue by tryptophan) causes R-loop
accumulation in human HCT116 and HEK293 cells (10).

TOP3B’s scaffolding factor TDRD3, which reads asym-
metric di-methylated arginine marks in core histones
(H3R17me2a and H4R3me2a) and POL2 (R1810me2a) via
its “Tudor domain’ has been proposed to target TOP3B
to transcriptionally active CpG island (CGI) promoters
to prevent R-loop accumulation (Figure 3, upper panel).
TOP3B can relax hypernegative supercoil and this property
of TOP3B is possibly important for prevention of R-loop
formation (12). Consistent with this possibility, Huang et
al. (73) highlighted the importance of arginine methylation
of TOP3B in its C-terminal RGG motif (residues R833 and
R835) for relaxing hypernegative supercoiling both in vitro
and in vivo. Methylation-deficient TOP3B (R833/835K)
was found defective in Sc- relaxation activity and shown to
accumulate co-transcriptionally formed R-loops in in vitro
assays and in TOP3B-TDRD3 targeting gene promoters in
cells (73). TDRD3 knockout mice also show increased R-
loops and DSBs at ¢-Myc and the Ig heavy chain (/gh) loci,
which can promote oncogenic ¢-Myc/Igh translocations as
frequently observed in Burkitt’s lymphoma and multiple
myeloma (12,68).

The first evidence that eukaryotic TOP3B resolves R-
loops was reported in biochemical studies performed with
Drosophila Top3b by Tao Hsieh and colleagues (74). They
showed that Top3b resolves plasmid-based R-loops by
cleaving the unpaired/ displaced strand of R-loop struc-
tures along their length (74). Recently, we have also estab-
lished that, similar to Drosophila Top3b, human TOP3B
can disassemble R-loop structures in vitro and cleave the
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A
Relaxation of

hypernegative DNA
supercoils by
TOP3B

RNA

A Decatenation

C cutsDNA
passes RNA
i

D cutsrNA
passes DNA
e

Unwinding by
DDX5

Figure 5. Proposed molecular mechanisms by which TOP3B can suppress R-loops (101). (A) By cleaving single-stranded DNA and passing the comple-
mentary strand through the gap, TOP3B can reduce hypernegative Sc and prevent the formation or destabilize R-loops. (B) Following the unwinding of the
DNA-RNA heteroduplex of the R-loop by DDXS5, TOP3B can decatenate the nucleic acids at the junction of the R-loop by cutting a DNA single-strand
and passing the RNA through the gap (C), or by cutting the RNA and passing a DNA single-strand through the gap (D).

single-stranded region of R-loops (101). In human colon
cancer HCT116 and human embryonic kidney HEK?293
cells, we showed (101) that TOP3B resolves both phys-
iologically formed genotoxic/ aberrant R-loops and R-
loops formed in response to two independent R-loop induc-
ing agents; CPT, which traps TOPI (see previous section),
and pladienolide B (Plad-B), which inhibits the spliceo-
some (96,97,110,111,139,140,147) by stabilizing a transition
state of the SF3B complex (151,152). We also showed that
TOP3B can resolve cellular R-loops induced by downregu-
lation of senataxin (SETX) (101).

Direct evidence for the physical association of TOP3B
with R-loops has recently been provided in human cells
treated with CPT or Plad-B, or deficient for Senataxin (by
SISETX transfection) (101). TOP3B was detected in the
R-loops by DNA-RNA hybrid immunoprecipitation and
Western blotting. Notably, the kinetics of TOP3B cleav-
age complexes (TOP3Bccs) was the same as the kinetics
of R-loop formation (within minutes and transient in the
case of CPT, and progressive over several hours in the case
of Plad-B), and the TOP3Bccs were found associated both
RNA and DNA, consistent with TOP3B acting as R-loop
decatenase (101). We proposed a model (Figure 5) where
TOP3B interacts with the helicase DDXS5 (independently
of TDRD3) in an epistatic manner to resolve cellular R-
loops. DDX35, an ATP-dependent RNA helicase is widely
known to interact with and resolve R-loops both in vitro
and in vivo in promoters, near the transcription start sites,
transcription termination sites and at DSBs (31,32,115,119-
123). We also identified other TOP3B interacting helicases
(interacting with TOP3B independently of TDRD3 and nu-
cleic acid) with known roles in R-loop metabolism including
SNRNP200, HELZ2, DHX9, DDX3X, DDX17, DDX21,

DDX6, DHX15, DHX19A, RECQL and Aquarius (AQR).
R-loop unwinding by DDXS5 helicase and possibly other
R-loop unwinding TOP3B-coupled helicases possibly gen-
erate intertwined DNA-RNA molecules that are resolved
by TOP3B-mediated decatenation (cleavage and strand pas-
sage activity on single-stranded DNA and RNA regions of
R-loops) (101) (Figure 5).

CPT treatment induces R-loops mostly in promoters
(CpG-islands) at active TSS (139,140,147). The distribu-
tion of Plad-B-induced R-loops is not well-established. A
recent study (100) demonstrated that these R-loops map
to intergenic regions, extending downstream of POL2 tran-
scribing genes. These newly formed R-loops after Plad-B
treatment cover ~50 kb of total genome and caused by
read-through transcription after the poly-A signals of a
few hundred genes (100). On the contrary, after senataxin
(SETX) depletion, R-loops tend to accumulate at transcrip-
tion pause sites, as well as at DSB sites (50,106-108). As
TOP3B can resolve R-loops formed by different mecha-
nisms (CPT, Plad-B treatments and siSETX transfection)
it can be speculated that TOP3B can work on and resolve
R-loops formed at diverse genomic location i.e. in tran-
scription start site of active CGI promoters (R-loops as-
sociated with CPT treatment), transcription pause sites,
DSBs (formed after senataxin depletion) and in intergenic
regions, extending downstream of RNAPII transcribing
genes (linked with Plad-B treatment) (50,64,96,97,100,106—
108,110,111,139,140,147,153,154).

Another recent study demonstrated that in MCF7 breast
cancer cell DHX9-TOP3B interaction is TDRD3 de-
pendent and TDRD3-DHX9 forms separate complexes
and works independently of TOP3B to resolve promoter-
associated R-loops (13). Further detailed studies are
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Table 1. Cancer relevant genes linked with R-loops

Genes

Details/remarks

References

SRSF2, U2AFI,
SF3B1, U2AF2,
and ZRSR2

BRCA1

BRCA2

FANCA, FANCD?2,
FANACI, FANC]J, and
FANCM

EWS-FLII

TOP3B
ATRX (alpha

thalassemia/mental
retardation X-linked)

RecQ helicases

Mutations in these splicing factors cause pausing of POL2, increased
R-loops, replication stress and genomic instability

Linked with myelodysplastic syndromes (MDSs), acute myeloid
leukemia (AML), uveal melanoma, bladder, pancreatic and lung cancer
BRCAL regulates transcription elongation and its inactivation induces
R-loops at the 5’ end of genes with promoter-proximal POL2 pausing
(by counteracting its binding partner COBRA1),

transcription and R-loops at 3’ transcription termination pause sites
(with senataxin), R-loops at centromeric a-satellite repeats, telomeric
TERRA R-loops

Luminal progenitor cells of BRCA1-associated breast tumors
accumulate R-loops

Ewing sarcoma phenocopies BRCA 1-deficient tumors. BRCA1
sequestration by transcription machinery and R-loop structures causes
HR defect

In MYCN-amplified human neuroblastoma cells, BRCA1 limits MYCN
driven R-loop formation in promoter-proximal regions

Interacts with POL2 and regulates R-loops formed at
promoter-proximal pause sites at the 5" end of genes

Associates with TREX-2 to prevent R-loop accumulation

Regulates DNA-RNA hybrid level at DSBs by recruiting RNase H2
Associates with and promotes DDXS5 activity to control R-loops at
DSBs

Reduce R-loops at transcription-replication conflict regions

In FANCD2-/- patient-derived lymphoblast R-loops cause replication
fork arrest at common fragile site (CFS)

Fusion of N-terminal of EWSR1 and C-terminal of FLI1 protein.
Regulates R-loops by controlling POL2 elongation step and via
interaction with splicing machinery

TOP3B deletion is linked increased accumulation of R-loops in renal
cancer cells from patient

Mutated in ALT-positive human tumors (brain cancers, pancreatic
neuroendocrine tumors, chondroblastomas, and osteosarcomas) and
implicated in alternative lengthening of telomeres activation
Chromatin remodeling factor; Controls R-loops in telomeres and rDNA
repeats.

Interacts with RNAs and prevent DNA-RNA hybrid formation in
R-loops

BLM possibly unwinds DNA-RNA hybrid of R-loops and protects cells
from genome instability

WRN plays role in activation of ATR/CHKI1, and ATM signaling
pathways and protect cells from R-loop induced genome instability

(96-98,100,162-170)

(54,171-177)

(93,121,178-180)

(181-184)

(175)

(75)

(185-188)

(124,125,189-191)

SS18-SSX1 Fusion of the SS18 (192)
oncoprotein subunit of BAF chromatin remodeling complex with SSX

Promotes R-loops and replication stress in synovial sarcoma
HRAS Increases global transcription and R-loop formation (193)

warranted to explore the mechanism by which DHX9 and
other TOP3B interacting helicases are coupled with TOP3B
to suppress excessive R-loops formed in cancer cells and
tumors.

R-LOOPS AND CANCER

Because of their association with high transcription and
their potential to induce DNA breaks and a mutator phe-
notype, R-loops have been associated with oncogenes and
tumor suppressor genes. Yet, the identification and quan-
tification of R-loops remains challenging. The 9.6 antibody
is not routinely usable in the clinic and appropriate con-
trols are necessary even in tissue culture settings due to the
binding of the antibody to non-R-loops structures such as
double-stranded RNA (20,155).

Table 1 lists some of the known tumor suppressor genes
associated with R-loops including BRCAI, BRCA2, ATRX,

BLM, WRN, Fanconi anemia genes (FANCA, FANCD2,
FANACI, FANCIJ, and FANCM), TOP3B or splicing
factors (SF3B1, U2AFI, SRSF2). It also lists known
oncogenes associated with increased R-loops including
HRAS, EWS-FLII, SS18-SSXI1. Mutations/inactivation
of TOP3B and R-loops have also been proposed to be onco-
genic based on the observation that a patient with renal car-
cinoma presented with TOP3B deletion in his cancer cells
(75).

Based on the prevalence of R-loops in cancers and on the
genomic instability resulting from excessive R-loops, a plau-
sible hypothesis is that cancer cells with alterations in genes
that increase R-loops should be vulnerable to drugs that fur-
ther enhance R-loops (Table 2) or to drugs that preferen-
tially target cancer cells with high R-loop burden (Table 3).
As discussed in the prior sections of this review, both TOP1
and splicing inhibitors can be included in these categories.
These drugs can be viewed as mostly enhancing the DNA
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Table 2. Pharmacological agents that induce or stabilize R-loops

Drugs/inhibitors/agents

Target/mechanism of action/remarks

References

Camptothecin (CPT) and Traps TOPI cleavage complexes (TOP1ccs) (101,139,140,147)

analogues

JQ1 Bromodomain and extraterminal domain (BET) protein (135,194,195)
family inhibitor

Pladienolide B (Plad-B) Inhibits the (96-98,100,110,162,163)

splicing factor SF3Bland in turn inhibits splicing

Crosslinking agents like Reactive
natural aldehydes and mitomycin ¢

Degrade BRCA2 causing accumulation of R-loops
Can increase R-loop levels, especially in cells without a

(181,182,196,197)

functioning FA pathway by physical stalling of the
transcription machinery which promote R-loop formation

Pyridostatin/ PDS, Braco-19, and

Bind and stabilize G4 quadruplex structures in the displaced (198)

FG strand of R loops which in turn stabilizes DNA: RNA hybrids
and helps extension of cotranscriptional R loops
Can target BRCA1/2 deficient cancers

CX-5461 Inhibits RNA polymerase I transcription and G4 quadruplex (199,200)
ligand
Selectively kills tumors with BRCA1/2 deficiency

Romidepsin HDAC Inhibitor (201)

VX970 and other ATR inhibitors
SMG inhibitor
mediated decay

ATR inhibition and increase replication stress
Inhibits serine/threonine-protein kinase SMG1 and non-sense 99)

(30,192,202)

Anticancer sulphonamides Target U2AF-related splicing factor coactivator of activating (98,203)
protein-1 for proteasomal degradation

Table 3. Drugs that kill cells with elevated R-loop levels

Drug Details/remarks References

Trabectedin and Form DNA adducts and enhance R-loop associated DNA damage and (204-206)

lurbinectedin

replication stress in actively transcribing region

Target cancers with mutations BRCA1/2 and Fanconi anemia protein

ATR inhibitors (VE-821)

ATR inhibition in cells with high R-loop burden (after depletion of splicing

(54,96,175,207)

factor SRSF1, helicase senataxin) leads to increase in
MUS81-EME]1-generated DNA damage

Kill myelodysplastic syndrome (MDS) and acute myeloid leukemia cancer
cells with mutations in splicing factors U2AF1 and high R-loop burden
Kills Ewing sarcoma cells with high R-loop burden

Olaparib (PARPI inhibitor)

Ewing sarcoma phenocopies BRCA 1-deficient tumors. BRCA1 sequestration

(54,175)

by transcription machinery and R-loop structures cause HR defect and

sensitize to PARP inhibitors

damaging effects of R-loops (see Figure 2) and inducing
replication blocks that need ATR/CHKI1 activity. Yet, the
oncolytic effects of TOP1 and of splicing inhibitors are not
solely due to an increase in R-loop burden. Thus, search-
ing for specific R-loop inducers, such as TOP3B, RNase H
and helicase inhibitors can be viewed as potential avenues
for anticancer drug development.

CONCLUSIONS AND FUTURE CHALLENGES

In this review we summarized the roles of type IA and type
IB topoisomerases in R-loop metabolism and the impor-
tance of DNA topology for the suppression and induction
of R-loops. Yet, several areas remain unexplored. Although,
the rDNA repeats are known to contain many R-loops due
to their high transcription, the biological impact, and the
resolution of excessive R-loops in rDNA remains under-
studied.

Another part of the human genome where R-loops de-
serve further understanding is the mitochondrial DNA
(mtDNA). Replication of mtDNA has been proposed to be
associated with R-loops but this possibility remains con-
troversial (156). Like TOP1, TOPIMT efficiently relaxes
both Sc— and Sc+ (157,158). Furthermore, mitochondria
do not contain detectable TOP3B and limited TOP2 en-

zymes (159,160) and no RNase H2 (161). Genetic deletion
of TOPIMT increases the Sc- of mtDNA with D-loop al-
terations (159). Yet, mitochondrial R-loops have not been
mapped under these conditions.

The TOP3A-interacting helicase BLM has been reported
to resolve in R-loops (125). Yet, it is unknown whether
TOP3A, which like TOP3B only works on single-stranded
regions in hypernegatively supercoiled DNA plays any role
in R-loop homeostasis.

Finally, one of the challenges to study and take advan-
tage of the increasing biological knowledge on R-loops is
the development of simple and quantitative assays to mea-
sure R-loops in tissues and cancer samples.
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