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Abstract

R-loops are structures consisting of an RNA-DNA duplex and an unpaired DNA strand. They can 

form during transcription upon nascent RNA “threadback” invasion into the DNA duplex to 

displace the non-template strand. Although R-loops occur naturally in all kingdoms of life and 

serve regulatory roles, they are often deleterious and can cause genomic instability. Of particular 

importance are the disastrous consequences when replication forks or transcription complexes 

collide with R-loops. The appropriate processing of R-loops is essential to avoid a number of 

human neurodegenerative and other clinical disorders. We provide a perspective on mechanistic 

aspects of R-loop formation and their resolution learned from studies in model systems. This 

should contribute to improved understanding of R-loop biological functions and enable their 

practical applications. We propose the novel employment of artificially-generated stable R-loops 

to selectively inactivate tumor cells.
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1. Introduction

During transcription, RNA polymerase (RNAP) synthesizes an RNA strand complementary 

to the DNA template strand. The nascent RNA must be released from that template to be 

available for further transactions. After generation of a short (~ 8–10 bp) RNA-DNA duplex 

within the “transcription complex”, the RNA product is peeled from the template strand by a 

special “wedge-like” protein moiety within the RNAP, and the nascent RNA is guided 

through the “exit channel” to prevent its re-hybridization with the template (1–7). The 

nascent RNA is then processed by factors involved in splicing and export from the nucleus 

(or in bacteria, sequestering in ribosomes), in addition to other factors that further 

antagonize re-hybridization (reviewed in (8,9)). However, despite these delivery and 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflict of Interest
The authors declare no conflicts of interest

HHS Public Access
Author manuscript
DNA Repair (Amst). Author manuscript; available in PMC 2019 November 01.

Published in final edited form as:
DNA Repair (Amst). 2018 November ; 71: 69–81. doi:10.1016/j.dnarep.2018.08.009.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



processing events, the nascent RNA sometimes hybridizes with the template DNA strand to 

form an R-loop, which includes the RNA-DNA duplex and the displaced non-template DNA 

strand (reviewed in (9,10)).

According to the most accepted model (e.g., (11)), R-loop formation occurs following 

extrusion of the nascent RNA from the transcription complex; in order to form an R-loop the 

nascent RNA must thread back into the DNA duplex upstream from the complex. An 

alternative model posits that the nascent RNA need not become separated from the DNA 

template, so that a long RNA-DNA duplex within an R-loop might form as a continuous 

extension from the short RNA-DNA duplex within the transcription complex. Yet, this 

model is not supported by crystal structures of transcription complexes (e.g., see (4)). 

Another pathway for R-loop formation has been proposed in which an extended RNA-DNA 

hybrid is generated through RNAP backtracking followed by its dislodging (reviewed in 

(10,12)). R-loop formation (either co-transcriptional, or post-transcriptional) also could be 

assisted by homologous recombination machinery ((13), reviewed in (14,15)). Post-

transcriptional R-loop formation can occur in trans when the RNA invades a DNA region 

other than that from which it was synthesized (13)). Specialized enzymatic machinery can 

promote R-loop formation in trans by catalyzing invasion of short RNAs into the DNA 

duplex (reviewed in (16)). It has recently been suggested that posttranscriptional R-loop 

formation over the switch region is induced when the RNA helicase DDX1 operates upon G-

quadruplex structures in long non-coding RNA, thereby facilitating the targeting of the 

activation-induced cytidine-deaminase (AID) to the IgH locus for class switch 

recombination (17).

From an historical perspective it is notable that before their discovery in biological systems, 

R-loops were generated artificially by hybridization of single-stranded RNA to double-

stranded DNA at elevated temperatures and in the presence of formamide (18,19). 

Importantly, these artificial R-loops were instrumental for biological research (e.g., leading 

to the discovery of RNA splicing (20,21). R-loops were initially considered anomalous and 

generally deleterious, but now we appreciate that they have key roles in many important 

biological processes, e.g., immunogenesis and gene silencing (as reviewed in (9,15,22–32)). 

The R-loop represents an example, among many, of how non-canonical nucleic acid 

structures have been co-opted during evolution to provide important regulatory functions, 

even though they also pose formidable hazards for the essential transactions of transcription 

and replication (reviewed in (33–36)). Although the ubiquity of R-loops in living organisms 

is well established, there are certain challenges for their proper mapping and characterization 

(reviewed in (37)).

There has been a recent plethora of comprehensive reviews and commentaries on R-loops, 

so we will focus primarily upon just a few of the relevant aspects in this burgeoning field. 

We will consider the factors and situations that promote or suppress the formation of R-

loops. These include the topological challenges for generating R-loops that arise due to the 

helical nature of the Watson-Crick duplex.

Although the processes involving R-loop formation and functioning in cells are complex and 

often involve factors beyond those of the transcription machinery (reviewed in (9,15,22–
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30)), comprehension may be facilitated by studies in simplified models, in which the number 

of components can be limited and fundamental mechanistic insights may be obtained. These 

insights may hopefully lead to novel applications of artificially generated R-loops for 

therapies.

2. Mechanistic aspects of R-loop formation

2.1 Factors affecting R-loop formation

In general, R-loop formation is facilitated by factors that provide a thermodynamic 

advantage to the hybrid between the nascent RNA and the DNA template strand over that of 

the duplex with the respective DNA strands. These factors include: Intrinsic R-loop-prone 

DNA sequences that form much more stable duplexes with RNA than with DNA (see refs. 

(38–41) and references therein), breaks in the non-template DNA strand (42,43), negative 

supercoiling (that facilitates DNA unwinding) (42,44), non-canonical DNA structures (e.g. 

G4-quadruplexes and triplexes) that encumber the non-template DNA strand (45–47) or 

sequestration of the non-template DNA strand by a ligand (48). In contrast, all factors that 

sequester the nascent RNA as it emerges from the transcription complex suppress R-loop 

formation (reviewed in (22)).

The superior stability of the RNA-DNA duplex versus the DNA-DNA duplex, though 

sufficient for R-loop maintenance, might not be sufficient for initiation of R-loop formation 

within intact duplex DNA in the absence of negative supercoiling: For that, an R-loop 

initiating sequence that contains clusters of guanines may be required, since this forms an 

especially stable RNA-DNA hybrid (11).

It is important to appreciate that evaluating relative stabilities of RNA-DNA and DNA-DNA 

duplexes for arbitrary DNA sequences is not trivial: The most stable RNA-DNA duplex 

(both in absolute terms and relative to the corresponding DNA-DNA duplex) is rG/dC, 

which is much more stable than both dG/dC and rC/dG duplexes (see (43) and references 

therein). This duplex could appear within an R-loop upon transcription of a DNA sequence 

in which the non-template DNA strand contains only guanines. As a consequence, the 

propensity to form an R-loop is often attributed to the GC skew (the relative abundance of 

guanine versus cytosine in the non-template DNA strand). However, the least stable RNA-

DNA duplex (both in absolute terms, and with respect to the corresponding DNA-DNA 

duplex) is rU/dA, rather than rC/dG: According to our estimates (43), the former is much 

less stable than the corresponding DNA-DNA duplex, while the latter is slightly more stable, 

than the corresponding DNA-DNA duplex. Thus, detailed thermodynamic calculations 

might be required to estimate relative R-loop-forming propensities of various DNA 

sequences.

While R-loops are stabilized by negative supercoiling (i.e., DNA under-winding), positive 

supercoiling (i.e., DNA over-winding) tends to resolve them. However, for some DNA 

sequences the greater stability of DNA-RNA over the DNA-DNA duplex renders R-loops 

stable even with substantial positive supercoiling (e.g., see (49), and respective estimates in 

the Appendix of (36)).
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Interestingly, the probability of R-loop formation decreases upon increasing distance 

between the R-loop-initiation sequence and the transcription initiation site (42). Most likely, 

this occurs because transcription from the region localized between the transcription 

initiation site and the R-loop-initiation sequence produces a long RNA “tail”, that creates a 

steric hindrance for RNA invasion into the DNA duplex (42). This effect is elaborated in the 

following Section.

Finally, note that in vivo, R-loop formation within a given sequence depends not only upon 

intrinsic R-loop-forming propensity, but also upon its interaction with various proteins. For 

example, it was reported that R-loop formation is strongly increased near polyA tracts, 

which are not intrinsically R-loop-prone sequences; and, it was suggested that this happens 

because these polyA tracts disfavor nucleosome binding (50).

2.2. Topological challenges for R-loop formation.

During R-loop formation, the nascent RNA must wind around the template DNA strand, 

while the non-template DNA strand unwinds from the template DNA strand. As long as the 

RNAP remains bound to the non-template strand, the only way for the RNA to wind around 

the template DNA strand (while the non-template DNA strand remains unwound) is by 

threading the upstream RNA “tail” between the RNA-DNA duplex and the non-template 

DNA strand (Fig.1, left). Thus, in order to increase the length of the RNA-DNA hybrid 

within an R-loop by the number of base pairs corresponding to one helical turn (i.e., roughly 

10 bp), the entire RNA tail must pass through the space between the RNADNA duplex and 

the non-template DNA strand. The shorter the RNA tail, the easier this passage would be. 

So, R-loop formation is strongly facilitated if the R-loop initiation sequence is localized 

close to the free end of the nascent RNA, which might correspond either to the start of 

transcription or to a site of nascent RNA cleavage (42,51–53).

If the RNA tail is very long, its passage through the small space formed during R-loop 

initiation would be very difficult, especially since the nascent RNA might also form 

branched secondary structures that could encumber passage. In accord with that, it has been 

reported that R-loop formation in mammalian cells predominantly occurs near the nascent 

RNA free end (52,53), and it was suggested that this proximity to the nascent RNA free end 

is essential for R-loop formation (52).

Although it is clear that proximity of a free RNA end facilitates R-loop formation, 

alternative pathways for R-loop formation that are independent of a free RNA end could be 

possible. For example, that might happen if the RNAP could transiently unbind from the 

non-template DNA strand (Fig.1, right), allowing RNAP to rotate relative to the template 

DNA strand without involving the non-template DNA strand: Consequently, the front end of 

the nascent RNA would be able to wind around the template DNA strand, while the non-

template DNA strand could remain unwound. This pathway for R-loop formation eliminates 

the need for the RNA tail to pass through the R-loop. The fact that transcription in some in 
vitro systems can proceed in the absence of the non-template strand (54), as well as the 

increased availability of the non-template strand for hybridization with a complementary 

probe sequence during transcription (55) argues in favor of the possibility that the non-

template DNA strand can be transiently released from RNAP during transcription.
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Both mechanisms for resolving topological problems require overcoming energy barriers, 

due either to a bulky RNA tail “squeezing” through an R-loop, or to disruption of 

interactions between the RNAP and the non-template DNA strand. These energy barriers are 

likely to make transcription in the “R-loop-mode” more prone to spontaneous pausing or 

termination than that in the “normal mode” (56).

As noted above, the topological challenges exist because the nascent RNA must wind around 

the template DNA strand while the non-template DNA strand is rendered unwound. If the 

non-template strand were “allowed” to wind around the growing RNADNA duplex at the 

same rate as the RNA winds around the template DNA strand, there would be no topological 

problem. In that case, R-loop formation would require neither nascent RNA “tail” threading, 

nor RNAP detachment from the non-template DNA strand. Therefore, R-loop initiation 

would not depend upon the distance from promoters. However, such tight winding of the 

non-template DNA strand around a duplex would be energetically costly due to loss of 

single-stranded DNA conformational entropy (56). This energetic cost could be (partially) 

compensated if the non-template DNA strand could interact with the RNA-DNA duplex to 

form a triplex-like structure. Such triple-stranded structures (sometimes referred to as 

“collapsed R-loops”) have been proposed (49,57); for example, it was hypothesized that the 

displaced non-template DNA strand could be localized in the minor groove of the RNA-

DNA hybrid, in which the bases from this strand may form hydrogen bonds with hydroxyl 

groups from ribose (57). A recent report suggests that mechanically stretched single-

stranded DNA can interact with the homologous DNA duplex (58). A similar interaction 

might occur between the displaced DNA strand and the RNA-DNA duplex within an R-loop, 

reducing the energetic “cost” for the displaced DNA strand to wind around the RNA-DNA 

duplex.

Similarly, there would be no topological problems if the RNA-DNA hybrid within an R-loop 

formed a structure in which the net winding is zero. For example, this could occur if the 

RNA-DNA hybrid contained alternating right- and left-left-handed (Z) helices; note that Z-

helix formation within RNA-DNA hybrids has been demonstrated experimentally (59). 

Although Z-prone sequences (comprising alternating purines and pyrimidines) are not 

expected to be R-loop-prone, the alternation of R-loop-prone and Z-prone sequences could 

permit formation of an R-loop, within which the RNA-DNA duplex overall is topologically 

unwound.

In Fig.1, we consider the situation, in which the nascent RNA is hybridized within an open 

DNA region immediately upstream of the transcription complex without a double-stranded 

DNA region between the R-loop initiation site and the transcription complex. In principle, 

R-loop initiation could occur within a double-stranded DNA region sufficiently far upstream 

from the transcription complex, and consequently there would be a double-stranded DNA 

region (which we term a “spacer duplex”) between the transcription complex and the R-loop 

initiation site. This situation is analyzed in the Appendix. Briefly, this analysis predicts that 

the front of the R-loop would tend to propagate with the same speed as the transcription 

complex, and consequently, the length of the spacer duplex would not change.
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An interesting question related to R-loop formation is whether RNAP could exit the “R-loop 

mode” and resume “normal” transcription accompanied by nascent RNA separation from the 

DNA template, while the nascent RNA “tail” remains bound (“anchored”) to the DNA via 

R-loop formation (Fig.2, left top).

Our analysis (56) indicated that this would be very unlikely due to the high energetic cost for 

nascent RNA winding around the DNA duplex (Fig.2 left bottom); and instead, transcription 

should continue in the R-loop mode (Fig.2, right). One of the predictions of this analysis that 

is that an R-loop could propagate into a non-R-loop-prone sequence (see Appendix for 

details). The more general prediction is that any form of stable co-transcriptional nascent 

RNA anchoring to the DNA duplex (e.g., by a bivalent protein like YY1(60) or triplex 

formation (reviewed in (61))) could cause localized negative supercoiling between the 

transcription complex and the anchoring site, followed by nascent RNA invasion into the 

duplex (36,56,62).

2.3. The actual likelihood for R-loop formation

In spite of intense study we still know little in quantitative terms about the actual 

probabilities of R-loop formation during transcription. The probability of R-loop formation 

during one round of transcription might be small, even for strongly R-loop-prone sequences, 

because R-loop formation within an intact DNA duplex is likely to be associated with 

overcoming a large energy barrier. Within the framework of the thread-back model, this 

barrier arises because of the requirement for transient unwinding of the DNA duplex to 

initiate the nascent RNA invasion, and within the framework of the continuous RNA-DNA 

duplex model, this barrier arises because of the requirement for disruption of interactions 

between the nascent RNA and the exit channel. As a result, the characteristic period for R-

loop formation might be longer than the time required for the transcribing RNAP to pass 

through the R-loop-prone sequence; so, in most cases this passage would be completed 

without R-loop formation. In accord with this possibility, our recent results support the view 

that even for a very R-loop prone sequence localized in close vicinity of the transcription 

promoter, several transcriptional rounds would pass through this sequence before an R-loop 

would be formed (51). A notion that the probability of R-loop formation per round of 

transcription could be low even for R-loop-prone sequences is consistent with the 

observation in the yeast system that overexpression of RNase H (an enzyme that degrades 

RNA within RNA-DNA hybrids, and consequently, destroys transcripts sequestered within 

R-loops (see Section 3)) does not affect the expression of most R-loop-forming genes (63).

Important information about quantitative parameters of R-loop formation in vivo have been 

reported, in which the steady-state frequencies of R-loop occurrence and the kinetics of R-

loop removal (i.e. half-lives of R-loops) in various genomic loci have been measured over 

the entire genome (64). Since the steady-state frequency of R-loop formation is defined by 

the ratio of the respective rates of R-loop formation and R-loop removal, these data could be 

used to estimate the rates of R-loop formation within a given gene.

However, the rates would depend both upon the probabilities of R-loop formation during one 

round of transcription and the frequencies of transcription in the respective genes.
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If one could simultaneously measure both the rates of R-loop formation and the rates of 

transcription, one might evaluate the probabilities of R-loop formation during one round of 

transcription (which is reciprocal to the average number of transcriptional rounds preceding 

R-loop formation).

The number of transcriptional rounds preceding R-loop formation could be an important 

parameter for R-loop-mediated gene regulation: For example, if R-loop formation inhibits 

further transcription (see Section 2.4), this number can define the size of the transcriptional 

“burst”, which is how many transcripts are produced before the gene (temporarily) shuts 

down.

2.4. Interdependence between R-loop formation and transcription blockage.

R-loops have numerous stimulatory and inhibitory effects upon transcription (reviewed in 

(22)). The mechanisms of these effects often involve factors that are not components of the 

transcription machinery (e.g., RNA processing enzymes). The mechanisms can also be 

indirect, e.g., R-loops could affect chromatin structure and DNA modifications, and these 

modifications, in turn, could affect transcription (reviewed in (24)).

Examples of direct interference include RNAP collision with R-loops formed during 

previous round(s) of transcription. Since within an R-loop-prone sequence the RNADNA 

duplex is more difficult to unwind than the DNA-DNA duplex, it is likely to be more 

difficult for the RNAP to transcribe through it. Structural differences between RNA-DNA 

and DNA-DNA duplexes and switching the non-template strand from DNA to RNA upon 

entering the RNA-DNA duplex within the R-loop also could impede transcription through 

the R-loop-encumbered region. The RNAP might pause or stall when encountering an RNA-

DNA hybrid within an R-loop. In accord with this expectation, partial blockage of 

transcription elongation by pre-formed R-loops has been observed experimentally (65). 

Especially strong transcription blockage by pre-formed R-loops occurs if the R-loop is 

localized in close vicinity to the transcription promoter (51). In this case the R-loop blocks 

subsequent rounds of transcription, either at initiation or during the transition from initiation 

to elongation.

Studies in vitro (41,43,48,66) suggest that transcription can also become blocked by R-loop 

formation in the wake of the RNAP (i.e., R-loop formation emanating from the transcribing 

RNAP is somehow able to interfere with transcription performed by that polymerase, even 

though the R-loop is behind it). In contrast to the collision-mediated mechanism, this 

“intrinsic” mechanism is more difficult to explain: Transcription in the “R-loop mode” 

resembles replication, in the sense that, in both cases, a long duplex comprising the nascent 

and the template strand is continuously produced. Thus, if replication doesn’t experience 

difficulties, why should transcription? As described in Section 2.2, possible reasons include 

the additional energy barriers for transcription in the R-loop mode due to the topological 

challenges, arising from the fact that the RNAP (in contrast to DNA polymerase) is normally 

bound to the non-template DNA strand while copying the template DNA strand. However, 

this cannot completely explain intrinsic R-loop-mediated transcription blockage, because a 

break in the non-template strand relaxes the topological problems for transcription in the R-

loop mode, without abolishing R-loop mediated transcription blockage (43).
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An explanation for this intrinsic R-loop mediated blockage that is consistent with all 

observations, is that the hybridization between the nascent RNA and the DNA template 

strand within an R-loop could destabilize the transcription complex; for example, by partial 

disruption of interactions between the nascent RNA and the RNAP, or by deformations 

within the transcription complex similar to those caused by hairpin formation within the 

nascent RNA (67–69). This destabilization could render the RNAP prone to blockage at 

randomly-occurring weak pausing/termination signals, which would not be significant in the 

normal transcription mode. This could account for the peculiar pattern of transcription 

blockage signals (reported in (41,43,48)) that are localized predominantly downstream from 

the sequence or structure that causes R-loop formation, rather than upstream from it (which 

would be expected for transcription blockages caused by RNAP collisions with preformed 

R-loops). According to this model, the role of R-loop formation in transcription blockage 

resembles the role of RNA hairpin formation during factor-independent transcription 

termination (reviewed in (70)), in which a hairpin formed by the nascent RNA destabilizes 

the transcription complex and causes it to terminate at sequences (e.g. oligoT/oligoA 

stretches), which by themselves only cause weak transcription termination. The hypothesis 

that an R-loop could play a role similar to that of an RNA hairpin during transcription 

termination was first suggested for bacterial RNAP (66) and then for T7 phage RNAP (71). 

The model for transcription blockage mediated by RNA-DNA hybrid formation in the wake 

of the RNAP is consistent with transcription blockage observed in certain experimental 

systems with single-stranded DNA substrates (72,73). Other steric and sequence-specific 

factors might also contribute to blockage and could modulate the blockage patterns for 

various R-loops; however, the similarity between the blockage patterns produced by R-loops 

from different causes (48) suggests the existence of a general mechanism that is common for 

all R-loops.

It is important to emphasize that transcription need not stop immediately after R-loop 

formation, but rather that the R-loop increases the probability of spontaneous transcription 

blockage. However, this probability is not necessarily very high, so transcription in the “R-

loop mode” might continue for a while before blockage occurs. Important questions related 

to this mechanism of blockage remain to be answered, e.g., how long might RNAP 

transcribe in the R-loop mode before blockage, and does the RNAP remain bound or does it 

dissociate from DNA after blockage?

R-loop-mediated transcription blockage could be involved in transcription termination in 

eukaryotes. During transcription of most eukaryotic genes, an information-bearing part of 

the nascent RNA is cleaved and becomes involved in other transactions, while transcription 

can continue for a substantial distance along the DNA before termination (reviewed in 

(70)).The site of cleavage is usually defined by a polyadenylation (poly A) signal sequence 

within the nascent RNA. An R-loop-prone (G-rich) sequence immediately downstream from 

the poly A cleavage site causes transcription termination, which is abolished by 

overexpression of RNaseH (that specifically degrades RNA within RNA-DNA hybrids) 

implicating R-loops in termination (74).

Interestingly, this termination requires the nascent RNA cleavage to occur at a site defined 

by a poly A cleavage signal (74). That connection could be explained in a similar manner as 
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that for the enhancement of R-loop formation upon reduction of the distance from the 

transcription start site (42). A shorter RNA tail (in this case produced by cleavage) makes it 

easier for the RNA to thread into DNA duplex, thus facilitating R-loop formation. R-loop 

accumulation is generally observed in the polyadenylation-dependent termination regions of 

human genes, suggesting broad involvement of R-loops in transcription termination (64). 

However, the mechanism(s) of R-loop formation in some of these regions could be more 

complex than outlined above, because the R-loops are formed not only downstream, but also 

upstream from the cleavage site, and in many cases the positions of terminal R-loops do not 

correlate with an enhanced intrinsic propensity of those sequences to form R-loops (64).

Also, R-loop-mediated transcription blockage could be involved in RNAP pausing near 

transcription start sites in vivo ((52,75), reviewed in (76)).

The relationship between transcription blockage and R-loop formation can go both ways: R-

loop formation can cause transcription blockage, but transcription blockage, either upon 

encounters with DNA damage (reviewed in (77,78)) or by head-on collisions with 

replication machinery (79,80) appears to result in R-loop formation.

The question of whether RNAP stalling per se facilitates or opposes R-loop formation is not 

trivial: While stalling RNAP within an R-loop-prone sequence may increase the probability 

of R-loop formation, the actively transcribing RNAP creates negative supercoiling in its 

wake ((81,82), reviewed in (83)) that facilitates R-loop formation; but that negative 

supercoiling will dissipate when the RNAP is stalled.

The connection between transcription blockage and R-loop formation could be indirect, 

because various processes triggered by RNAP stalling, e.g., backtracking (84) or 

displacement of spliceosomes (85), could facilitate R-loop formation. In addition, enzymatic 

degradation of the RNAP may also occur during blockage (reviewed in (78)), and if that 

happens within an R-loop-prone sequence, the short RNA-DNA hybrid within the 

transcription complex might “survive” RNAP removal and initiate invasion of the rest of the 

nascent RNA into the DNA duplex.

Another explanation for a correlation between transcription blockage and R-loop formation 

in vivo could stem from the fact that R-loop detection in vivo is often based upon monitoring 

of RNA-DNA hybrids. RNA-DNA hybrids would be likely to form if transcription proceeds 

into regions, in which the non-template DNA strand is partially missing due to incomplete 

replication or excision repair of DNA damage. Note that within an R-loop-prone sequence, 

any short single-stranded DNA region might facilitate RNA invasion into the adjoining DNA 

duplex to generate an RNA-DNA hybrid much longer than that single-stranded DNA region. 

Thus, it cannot be excluded that the correlation between the transcription blockage and the 

accumulation of RNA/DNA hybrids in vivo might in some cases occur because the same 

factors that cause transcription blockage (e.g., DNA damage and transcription-replication 

collisions) also can result in transient stretches of single-stranded DNA. Experiments 

performed with in vitro systems would be required to determine whether R-loop formation 

can be induced simply by RNAP stalling.
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2.5. Role of transcription-replication collisions in R-loop formation

When transcription and replication occur within the same genomic regions, the respective 

machineries may collide. However, since such collisions are generally deleterious, strategies 

have presumably evolved to minimize their occurrences (reviewed in (86–92)).

There are two types of transcription-replication collisions: co-directional collisions (Fig.3A), 

in which the replication fork and the transcription complex are moving in the same direction, 

and one of them (usually the replication fork) overtakes the other; and head-on collisions 

(Fig.3B), in which the replication fork and the transcription complex are moving towards 

each other (reviewed in (86–92)).

Note that the difference between head-on and co-directional collisions is not limited to 

directionality of the movement per se: In the case of co-directional collisions, the 

continuously replicating leading DNA strand template serves as a template for transcription; 

whereas in the case of head-on collision, the discontinuously replicating lagging strand 

template serves as a template for transcription. In general, both types of collisions could 

interfere with both transcription and replication; however, the deleterious consequences of 

head-on collisions are usually more pronounced (reviewed in (86–92)).

An interesting question is how a collision with the replication machinery affects co-

transcriptional R-loop formation and its processing. Based upon topological considerations, 

one might expect that replication would suppress R-loop formation and facilitate preformed 

R-loop removal, because the extension of the newly-replicated region within the parental 

DNA duplex requires unwinding of the parental DNA strands within the replicating region. 

That induces compensatory overwinding (i.e., positive supercoiling) within the DNA outside 

the replicating region and, as discussed above, positive supercoiling inhibits R-loop 

formation and facilitates R-loop dissociation. In certain cases the replication machinery 

might also be able to unwind RNA-DNA hybrids within R-loops. In accord with this 

expectation, co-directional collisions with replication machinery reduce formation of R-

loops ((79), reviewed in (93)), although especially stable R-loops (which may include the 

stalled RNAP) have been shown to efficiently block replication, even in a co-directional 

orientation ((94), reviewed in (86)).

However, unexpectedly, it was recently discovered that head-on transcription-replication 

collisions (schematically shown in Fig.3B and C) increase, rather than decrease R-loop 

formation in both human cells and bacteria (79,80). It has been suggested that R-loop 

formation is triggered by RNAP stalling upon collision with the replication fork (Fig.4D) 

(79,80); however, the broad question of whether R-loop formation could be induced by 

RNAP stalling per se requires further investigations.

Note that the models suggested in (79,80), as well as in a more recent review (95), imply 

that upon collision, RNAP does not traverse the replication fork, i.e., it remains outside of 

the newly replicated region behind the replication fork.

If the replisome remains intact, that would prevent RNAP from traversing the replication 

fork. However, experimental data with bacteria suggest that upon head-on collision RNAP 
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directly “bumps” into the replisome, rather than stalling some distance away due to the 

buffering effect of positive supercoiling between the respective machineries (96). Also, it 

was shown that in bacteria at least some components of the replisome (including DNA 

helicase, which in bacteria is localized on the lagging DNA strand) could dissociate from the 

fork upon encounter with an obstacle (97). Thus, similar (partial) disassembly of replication 

forks might occur upon head-on transcription-replication collisions. In addition, it was 

shown in yeast, deficient in the RNA-DNA helicase Sen1, that aberrant replication 

intermediates containing RNA-DNA hybrids were formed upon head-on collision with 

transcription, suggesting that the RNA-DNA hybrid containing the nascent RNA can be 

localized behind the replication fork (98). It was also suggested that in eukaryotes, upon 

head-on collisions, RNAP can displace a lagging strand DNA polymerase and continue 

transcription (reviewed in (99)). Thus, RNAP might be able to traverse the replication fork 

and transcribe into the newly-replicated region behind the fork (Fig.3E).

As mentioned above, in the case of a head-on collision, RNAP uses the lagging DNA strand 

template as a template for transcription. This strand is replicating discontinuously so the 

newly synthesized DNA strand (the non-template DNA strand for transcription) is 

comprised of discrete Okazaki fragments, separated by temporary gaps (reviewed in (100–

102)). Moreover, due to the delay in replication of the lagging DNA strand in comparison to 

the leading DNA strand, the former contains a single-stranded region about the size of an 

Okazaki fragment, sometimes referred to as an “Okazaki initiation zone” (reviewed in (100–

103)). Since a single nick in the non-template strand dramatically facilitates R-loop 

formation, the presence of gaps in that strand would be expected to further enhance R-loop 

formation. Thus, if upon head-on collision the RNAP manages to transcribe into a “freshly 

replicated” region behind the replication fork, (in which some gaps between Okazaki 

fragments and the Okazaki initiation zone are unfilled), then the likelihood of R-loop 

formation upon transcription through this region would be high. This might provide an 

additional mechanism for increased R-loop formation upon head-on collisions of 

transcription with replication.

The RNA-DNA structures formed through the pathway shown in Fig.3E would probably not 

be simple R-loops: In addition to RNA-DNA hybrids they also might also contain DNA 

segments hybridized to both the template and the non-template DNA strands that remain 

from the replication bubble (Fig.3F). However, monitoring R-loop formation by detection of 

RNA-DNA hybrids would not distinguish these structures from simple R-loops.

In the bottom structure in Fig.3F, the nascent RNA tail invades the DNA duplex (which 

would be facilitated by R-loop-prone sequences at the 5’-end of the nascent transcript). Such 

a structure is likely to have an increased stability against unwinding by RNA-DNA helicases 

(e.g., Sen1 or Senataxin) in comparison with the structure with a single-stranded 5’ RNA 

end, which would facilitate the helicase loading onto the nascent RNA. Traversing of the 

replication fork by RNAP need not be the most probable outcome of the head-on collision to 

increase R-loop formation: If the likelihood of R-loop formation within an intact DNA is 

sufficiently low, then even the relatively rare occasions in which RNAP traverses the 

replication fork might substantially increase the yield of R-loops. The recent revelation 

(79,80) of correlations between transcription-replication collisions and R-loop formation 
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establish a new level of complexity in R-loop biology, in particular the association with 

DNA damage response pathways mediated by ATR and ATM (79).

3. Cellular processing of R-loops

3.1. Processing by helicases and RNase H nucleases

Multiple resolution mechanisms participate in modulating the presence of R-loops in cells. 

Degradation of the RNA in the RNA-DNA hybrid is ensured by two enzymes conserved 

from bacteria to humans, RNase H1 and H2 (104). RNase H2 is also required to remove 

single ribonucleotides erroneously incorporated during DNA replication and in the Okazaki 

primers initiated during lagging strand synthesis (105). Unwinding of the RNA from the 

hybrid is carried out by specialized RNA-DNA helicases (15,22,105,106). The relevance of 

these R-loop processing mechanisms in preserving normal cellular transactions is 

documented by the observation that depletion of RNase H or RNA helicases results in 

increased levels of DNA damage and consequent genomic instability (107,108). 

Furthermore, mutations in these enzymes are documented in human disease (25,26). For 

example, it was recently shown that mutations in RNase H1 cause adult-onset 

neuromuscular disease, which is characterized at the molecular level by R-loop depletion 

and abnormal DNA segregation of mitochondria(109). Likewise, mutations in the RNA-

DNA helicase senataxin (SETX) are linked to neurodegenerative disorders characterized by 

altered expression of neuronal genes, by accumulation of R-loops and genomic instability 

(110,111). Several recent reviews detail the activities of these enzymes and their links to 

human disease (15,22,25,26,106).

The inolvement of R-loops in several cellular processes, ranging from regulation of gene 

expression and chromatin remodeling to immunoglobulin gene diversification, DNA 

replication and DNA repair requires that their dissolution be spatially and temporally 

regulated. Their removal must be avoided while they are needed during normal cellular 

transactions. The existence of several types of R-loop dissolution mechanisms also ensures 

that cells have multiple defenses against R-loops that may form erroneously as byproducts 

of transcription and transcription-replication collisions (discussed in Section 2.5). It will be 

important to learn more about the cellular functions of these enzymes and their regulation to 

clarify their respective roles in R-loop biology. In this regard, it was recently shown that the 

DEAD-box helicase DDX21, which is required in the nucleolus for RNAP I mediated-rRNA 

gene transcription and processing and in the nucleus for RNAP II transcription elongation 

(112,113), also efficiently unwinds R-loops, thus preventing accumulation of DNA damage. 

This activity is regulated through SIRT7 mediated deacetylation (114). A model was 

proposed in which both SIRT7 and DDX21 are associated with RNAP I and RNAP II, for 

which SIRT7 maintains DDX21 hypoacetylated. This regulation of DDX21 activity by 

deacetylation allows it to exert its unwinding activity on co-transcriptionally formed R-

loops.

The RNA helicase, Aquarius, is part of the spliceosome, a protein complex dedicated to 

removing introns upon transcription of mammalian genes, and this protein is required for 

efficient pre-mRNA splicing (115). Knock down of Aquarius causes R-loop accumulation 

and genomic instability in human cells, implicating a role in R-loop prevention and/or 
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resolution (116,117). Recently, a number of other helicases, in particular DXH9 have been 

implicated in R-loop resolution (118). Interestingly, RNA helicases, as well as resolving R-

loops, can also facilitate their formation: For example, the DEAD-box RNA helicase DDX1 

prepares RNA for R-loop formation by resolving G-quadruplex structures (17).

An interesting question is how a particular helicase may be assigned for these specialized 

purposes and how the other RNA-DNA helicases and, of course, RNase H can be excluded.

It will be important to assess the spatial and temporal rules that determine how these R-loop 

processing enzymes exercise their R-loop resolution functions. In relation to this aspect, it 

was recently shown that the ssDNA-binding protein Replication Protein A (RPA), which 

binds ssDNA at stalled replication forks and at sites of DNA damage, also interacts with 

RNase H1 and colocalizes with both RNase H1 and R-loops in human cells (119). 

Furthermore, RNase H1 mutants defective in RPA binding do not efficiently digest RNA-

DNA hybrids in vivo and accumulate R-loops, resulting in genomic instability. It was 

proposed that the RPA-RNase H1 interaction is necessary to prevent generation of R-loop 

associated DNA damage and furthermore, that RPA recognizes R-loops before they are 

converted into double strand breaks. This effect was observed in replicating as well as in 

non-replicating cells, supporting the view that RPA may play a broad role as a sensor of 

genomic stress and suppressor of genomic instability (119).

3.2. Processing by DNA repair enzymes and other proteins

Several types of DNA alterations have been shown to cause transcription arrest, and a 

general mechanism implicating structural changes of the RNAP from transcription 

competent to incompetent has been proposed (120). These impediments are generally 

located on the template strand and include bulky lesions, nicks and abasic sites. The strand 

dependence of the blockage has been explained with respect to the different functions of the 

template and non-template strands during progression of the RNAP; the template strand 

actively participates in the nucleotide addition step of transcription whereas the non-

template strand provides stability to the transcription complex (121–123). A bulky lesion in 

or near the nucleotide addition site of the RNAP represents an insurmountable block to 

polymerase translocation until the impediment is removed.

Lesion removal is mediated by one of several DNA repair mechanisms that exist in all living 

organisms. Of those, the nucleotide excision repair (NER) pathway is the most ubiquitous, 

detecting and removing a large variety of DNA adducts and structures. NER comprises two 

subpathways, global genomic repair (GGR) and transcription-coupled repair (TCR) ((124), 

reviewed in (125,126)). In TCR, lesion recognition is carried out by the RNAP that acts as a 

beacon to facilitate detection of lesions, including those that would otherwise be difficult to 

identify by GGR (e.g. those that stabilize the DNA structure). Thus, the TCR sub-pathway is 

independent of the XPC and DDB2 proteins involved in lesion recognition for global NER.

The requirement of transcription arrest for initiation of TCR brings up the question of 

whether TCR may also be initiated at sites of transcription arrest other than those caused by 

lesions, as in the case of R-loops. Evidence implicating TCR in resolution of R-loops was 

initially proposed from studies to dissect mechanisms of immunoglobulin heavy chain class 
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switch recombination (127,128). Transcription through these highly repetitive regions 

generates R-loops of sizes extending to 1 kilobase in length (40). These naturally-formed R-

loops were shown to be cleaved by the excision repair structure specific nucleases XPG and 

XPF, when these sequences were transcribed in a cell free system (128). Both nucleases 

efficiently cut the displaced non-template G-rich strand in the Rloop. In addition, XPF also 

cleaved the RNA-DNA hybrid-containing strand, suggesting that it has a less stringent single 

strand DNA requirement than XPG. Although it was later shown that processing of R-loops 

formed in these regions is mediated by activation induced cytidine deaminase rather than 

TCR (129), this work highlights the possibility that these enzymes from the NER pathway 

might cleave bubble structures formed by RNA-DNA hybrids in cells. This is consistent with 

previous reports showing that in cell free-systems XPF and XPG structure-specific nucleases 

can cleave pre-formed bubble junctions without the need for other protein factors (130,131). 

However, cleavage by XPG and XPF during canonical NER is a tightly regulated process 

requiring the coordinated action of several proteins and protein complexes (132). For 

example, recruitment of XPF to damaged sites is dependent upon XPA (133,134). XPG 

interaction with TFIIH is necessary for its localization to the damaged site as well as for 

correct positioning of this protein for 3’ cleavage and completion of NER (135,136). In 

addition, DNA cleavage by XPF and XPG is always preceded by formation of the NER 

complex (137), implying that if R-loops are processed by NER, other proteins may be 

needed in vivo. It will be important to test the activities of these enzymes in cell extracts to 

determine whether other NER factors normally required for DNA cleavage by XPG and 

XPF may be participating in the process and/or whether additional proteins may be involved 

in the resolution of these structures. The large size of the RNA:DNA hybrids formed in the 

immunoglobulin region suggests that if other NER proteins are involved, the steps for this 

processing may likely be altered, potentially leading to mutations. This processing would 

likely be independent of XPC, as shown for the repair of DNA lesions located in pre-formed 

DNA bubbles (138,139). However, the R-loop bubble is unique in that there is no lesion 

within it, and the bubble is more complicated by having an RNA/DNA hybrid on one side.

Further insights into the potential involvement of NER (and TCR in particular) into R-loop 

processing has come from recent studies designed to explain the accumulation of strand 

breaks in human cells depleted of RNA-DNA helicases Aquarius (AQR) or Senataxin 

(SETX), or by splicing factor ASF/SF2, or after treatment with the topoisomerase I inhibitor, 

camptothecin. The processing of R-loops into strand breaks was shown to require both of the 

structure specific nucleases XPF and XPG (116). Furthermore, it was shown that the NER 

factor XPA and the TFIIH helicases XPB and XPD were required for this processing. These 

findings suggest that R-loops generated when cells are deficient in mRNA processing factors 

or Topoisomerase I are converted into strand breaks by an NER-like mechanism. Based upon 

the requirement of the TCR specific factor CSB but not the global genome-NER factor XPC 

it was also proposed that this processing was mediated by a TCR-like mechanism. It will be 

important to determine whether the observed requirement for CSB depends upon the unique 

CSB role in TCR or on other functions. The use of cells from UV sensitive syndrome 

patients, which are exclusively deficient in TCR (e.g deficient in the UVSSA gene), might 

help in dissecting the TCR involvement in this processing (140). (Note that TCR is likely to 

be important for R-loop resolution only if enzymes that normally resolve R-loops (e.g. 

Belotserkovskii et al. Page 14

DNA Repair (Amst). Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



helicases) are insufficiently active. If the canonical TCR pathway is involved, this would be 

the first example in which there is no immediate blocking lesion on the template strand or 

structure encountered by the polymerase (unless it was another polymerase from the one that 

had been stalled by an R-loop). Other studies summarized in recent excellent reviews further 

add to this complexity by showing that crosstalk between proteins from other pathways 

occurs in processing unscheduled R-loops (31,141). Although further studies will be needed 

to reveal the details of this processing, these data suggest that unscheduled R-loops may be 

handled by protein factors other than the RNase H or helicases that are normally involved in 

resolving R-loops.

Another connection between TCR, splicing factors and R-loops was recently reported in 

quiescent human dermal fibroblasts, in which it was found that UV-induced transcription 

blocking lesions promote displacement of core components of the spliceosome, with 

consequent formation of R-loops. In addition it was shown that R-loop formation signaled a 

non-canonical ATM-induced DNA damage response (DDR), [or, more broadly, a genomic 

stress response (GSR) (142)] through a mechanism independent of double strand break 

formation or replication (143). DDR activation further increased spliceosome displacement 

at sites of RNAP II arrest and alternative pre-mRNA splicing genome wide. It was proposed 

that removal of spliceosome factors from transcribed regions is necessary for retrograde 

translocation of RNAP, an intermediate step in the process of TCR that renders the lesion 

accessible for repair (143,144). This step is mediated by TFIIS, a transcription elongation 

factor that promotes RNAP II reverse translocation and selective degradation of the nascent 

RNA product for two purposes; to reposition the transcript 3’ end to the RNAP II catalytic 

site to restart transcription after completion of repair, and to render the damage-containing 

strand accessible for cleavage by the structure specific nucleases XPG and XPF. It is not 

clear whether or when an R-loop might form during TCR or how resolution of this structure 

occurs. However, these data imply that as with the immunoglobulin genes, TCR induced R-

loops may be an intermediate step in the process. These are examples of how, in addition to 

helicases and Rnase H, the action of NER on R-loops can have a positive outcome. Finally, 

it is provocative to learn that RNA-DNA hybrids, in addition to being substrates for repair, 

also could mediate repair of DNA lesions, as is the case for double-strand breaks (145–148).

4. Artificially targeted R-loops: harnessing “bad” R-loops for practical 

purposes.

Naturally occurring R-loops have been broadly labeled “good” or “bad”, depending upon 

their respective useful or deleterious effects (reviewed in (9,15,22–30)). One thing in 

common for all R-loops (and for RNA-DNA duplexes in general) is that their RNA 

component must eventually be removed. Even “good” R-loops, if not processed within a 

reasonable time frame, will interfere with DNA transactions (e.g., transcription and 

replication) to result in “bad” outcomes. Furthermore, if R-loops are not dissolved in the 

appropriate manner by specialized nucleases or helicases they can be processed into highly 

lethal double-strand breaks (116) (see Section 3.2).
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A persistent and difficult-to-remove R-loop should cause deleterious (toxic) effects, 

particularly if it provokes collisions with translocating polymerases and/or attracts enzymes 

that cut the DNA strands in non-productive attempts at repair. In principle, such cellular 

toxicity might be artificially targeted to selected cells if stable R-loops can be localized to 

genes, which are expressed in those cells but not in the population of cells to be spared. This 

obviously brings up the challenge for cancer therapies, in which the cells in a tumor and its 

metastatic cells display unique transcriptomes in comparison to those of the normal cells 

from which they arose. We have proposed an approach for cancer therapy based upon this 

model, in which artificially targeted R-loops in particular expressed genes might selectively 

inactivate tumor cells, based upon their unique transcription profiles (48).

The general scheme for our proposed approach is illustrated in Fig.4.

In this example, R-loop formation is induced by sequestration of the non-template DNA 

strand with peptide nucleic acid (PNA), an artificial DNA mimic that can invade double-

stranded DNA to bind its complementary sequence and render the complementary DNA 

strand unpaired ((149), reviewed in (150)). The stable R-loop is then generated upon 

transcription through the PNA-bound sequence. This approach for R-loop formation would 

be very efficient, because PNA creates a stable unwound DNA region (bubble), thus 

removing the energetic barrier for nascent RNA invasion into DNA duplex. PNA-induced R-

loops would be difficult to eliminate, in part because their loss would be transient and would 

with high probability re-appear again by the next round of transcription. Therefore, this type 

of stable R-loop is expected to be toxic for the targeted cell.

Because co-transcriptional R-loops are formed only in transcribed regions, this approach 

would selectively affect the cells in which the targeted gene is transcribed. An additional 

factor that should enhance the selectivity of this approach is that PNA invades actively 

transcribed DNA regions much more efficiently, especially if the PNA-binding site is 

localized on the non-template DNA strand (55). Although a PNA designed to bind the 

template DNA strand will also block transcription, it is more likely to be removed through 

transcription-coupled repair than one bound to the non-transcribed strand. If excision-repair 

were attempted to remove the bound PNA in an R-loop, the other strand encumbered in an 

RNA-DNA hybrid would be unavailable as a template for repair replication. Excision-repair 

normally recognizes and excises lesions within the double-stranded DNA regions, rather 

than in long single-stranded regions (which would be the case for PNA bound to the non-

template strand within an R-loop). Thus, the consequences of PNA bound within an R-loop 

(Fig.4, left) would be much more difficult to resolve than for PNA bound within an intact 

DNA duplex (Fig.4, right).

In general, an R-loop structure, in which both DNA strands are sequestered, is likely to be 

highly deleterious (141).

We predict that PNA-induced R-loop formation would be much more efficient than R-loop 

formation within an intact R-loop-prone DNA sequence, especially in the cases, in which R-

loop formation occurs far from the transcription start site. This expectation is based upon a 

notion, that to initiate R-loop formation within an intact DNA duplex, the nascent RNA 

Belotserkovskii et al. Page 16

DNA Repair (Amst). Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



“tail” must “thread” into a transiently unpaired DNA region formed due to DNA 

“breathing”. Since disruption of DNA base pairing is energetically unfavorable under 

physiological conditions, this region is likely to be very short (probably, only a few base 

pairs), and it would rapidly collapse into the double helix. So it would be challenging for a 

RNA tail to thread into it, especially if this tail is long. In contrast to the situation for DNA 

“breathing”, the PNA binding to the non-template DNA strand creates a stable and relatively 

long unpaired region within the DNA template strand, providing an opportunity for stable 

“nucleation” of the RNA-DNA hybrid and much longer region to “thread through” for the 

RNA tail; consequently, R-loops could be efficiently initiated even far downstream from the 

transcription start site. In accord with this, our recent data document efficient PNA-induced 

R-loop formation for a PNA binding site localized over 200 bp downstream from the 

transcription start site (151).

An important question in relation to our proposed approach for R-loop-mediated selective 

cell toxicity, is to learn how many stable R-loops are required to substantially impact 

viability. Although we do not have a quantitative answer to this question, it has been shown 

that convergent transcription within a single non-essential gene containing certain 

microsatellite repeats can result in substantial cell death by triggering apoptosis 

(141,152,153); the accompanying controls implied that this deleterious situation was caused 

by formation of a double-R-loop (a structure in which both complementary DNA strands are 

bound to RNA) (141,152). The evidence that only one R-loop-like structure within a single 

non-essential gene could cause substantial cell death gives credibility that our proposed 

approach, with stable R-loop formation within only one or a few genomic locations may be 

sufficient to inflict substantial lethality.

It is important to emphasize that a unique feature of our proposed approach in comparison 

with other methods for selective gene inhibition (e.g., antisense or antigene approaches) is 

that by inducing R-loop formation, the very act of transcription should become toxic for the 

selected cells, whether the products of the targeted genes are essential or not important for 

cell viability. That fact dramatically increases the number of possible targets. This novel 

approach might be used to selectively inactivate tumor cells, in which multiple genes are 

intensively transcribed in comparison with those same genes in normal cells.

5. Challenges for future research on R-loops

Although the R-loop field is exploding with new information and examples, many important 

mechanistic aspects of R-loop formation and processing require further analysis. Among 

these are elucidation of the detailed mechanism of RNA invasion into DNA, quantitative 

estimates of the probabilities of R-loop formation under given circumstances, and the 

relationships between R-loop formation and transcription blockage. There could also be 

pathways for R-loop formation yet to be revealed (e.g., R-loop formation mediated by 

nascent RNA anchoring). It is provocative that enzymes involved in the canonical processes 

of nucleotide excision repair (and particularly transcription-coupled repair) have been 

implicated in the processing of R-loops. It will be important to determine whether an R-loop 

or the conditions under which R-loops are initiated are sufficient to induce excision-repair. 

The involvement of CSB is of particular interest in that it not only is required for canonical 
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TCR, but that it has other functions in addition to that role. The possible requirement for 

UVSSA is also of interest, as it is not known to have any other function except that in TCR.

We have hypothesized that artificially induced stable R-loops might be employed to render 

the very act of transcription toxic for selected cells (such as those in a tumor) based upon 

their unique transcription profiles. There may also be other applications of artificially 

generated R-loops to be explored in future studies.
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Appendix:: Consequences of nascent RNA anchoring for R-loop formation.

Consider the situation in which a stable R-loop has formed co-transcriptionally within an R-

loop-prone DNA region, but that the downstream DNA sequence is not R-loop-prone. Could 

RNAP, after passing through the R-loop-prone region, exit the “R-loop mode” and resume 

“normal” transcription accompanied by the nascent RNA separation from the DNA template, 

except for the R-loop-prone region, in which it remains bound (“anchored”) to the DNA 

(Fig.2, left)?

Thermodynamic considerations (56) predict that the transcription mode shown in Fig.2 (left) 

is very unlikely: Upon normal transcription, RNAP follows a helical path along DNA. Thus, 

if the nascent RNA becomes anchored to the DNA at some point, this would cause it to wrap 

around the DNA duplex region localized between the anchoring point and the transcription 

complex (Fig.2, bottom left). Our calculations show that to accommodate this wrapping, the 

nascent RNA (which normally adopts a loose random coil configuration) would have to be 

stretched almost up to its contour length. Such stretching dramatically reduces the number of 

possible spatial conformations that would be available for the nascent RNA, (i.e. it decreases 

the nascent RNA entropy.) Since a decrease in entropy is thermodynamically unfavorable, 

the nascent RNA wrapping around DNA would create counter-acting forces, which, 

according to our estimations (56), are strong enough to unwind the DNA duplex, thus 

promoting hybridization between the nascent RNA and the DNA template strand. (These 

forces could be interpreted as very high negative superhelical strain, which appears as soon 

as RNAP attempts to exit an R-loop mode.) Consequently, as long as an “anchoring” RNA-

DNA hybrid is not disrupted, transcription is “forced” to continue in the “R-loop mode” 

(Fig.2, right). Thus, during transcription an R-loop could propagate into DNA regions that 

are not intrinsically R-loop-prone.

What is the fate of an R-loop that has extended into a non-R-loop-prone sequence, after 

transcription termination and RNAP dissociation?
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If the RNAP dissociates from DNA while transcription proceeds in the “R-loop mode” 

through the non-R-loop-prone sequence, the nascent RNA could be displaced from that 

sequence at downstream flank of the R-loop by the non-template DNA strand.

In contrast, if transcription in the “R-loop mode” has passed through the non-R-loop-prone 

sequence into an R-loop-prone sequence before RNAP dissociation, the RNA/DNA hybrid 

within that sequence is likely to remain intact after RNAP dissociation, because the 

displacement would be blocked by R-loop-prone flanking sequences. These predictions are 

in accord with the results that on one hand, R-loops can extend through a non-R-loop-prone 

sequence inserted into a longer R-loop-prone region (154); but on the other hand, the 

locations of downstream boundaries of R-loops correlate with reduced R-loop-forming 

potential (155).

Importantly, the prediction that stable R-loop initiation will force transcription to continue in 

the “R-loop mode” regardless of sequence (Fig.2, right) is applicable for all pathways of R-

loop initiation in which the DNA strands remain intact. For example, it is applicable for R-

loop initiation by some agent that locally unwinds the DNA duplex and sequesters the non-

template DNA strand. However, it is not applicable to R-loop initiation by a single-strand 

break (nick) in the non-template strand, because the nick creates a “swivel” that would allow 

nascent RNA unwrapping from DNA that, in principle, would allow transcription to proceed 

in the mode shown in Fig.2, left.

In Figs. 1, 2 we consider the situation in which R-loop formation occurs closely behind the 

transcription complex. What would happen if R-loop initiation occurs within a double-

stranded DNA region sufficiently far upstream from the transcription complex, and 

consequently there would be a double-stranded DNA region (which we term a “spacer 

duplex”) between the transcription complex and the R-loop initiation site?

Because of the helical structure of DNA, both RNAP and an R-loop rotate relative to the 

spacer duplex upon their propagation along DNA. Consequently, if RNAP propagates either 

faster or slower than the front edge of an R-loop, then the nascent RNA would wind around 

the spacer duplex either in the right-handed fashion, or the left-handed fashion, respectively.

As we discussed above, the nascent RNA winding around the DNA duplex is energetically 

costly; thus, RNAP and the front of an R-loop would tend to propagate with the same speed 

to avoid this winding. Consequently, the length of the spacer duplex would tend to remain 

constant.

Note that the effect of the nascent RNA winding around the spacer duplex could be 

interpreted in terms of DNA supercoiling: when the RNA wound around the spacer duplex 

in either right-handed, or left-handed way would “try” to unwind itself, it would create either 

negative, or positive supercoiling within the spacer duplex, respectively. Consequently, the 

presence of Topoisomerase IB (Topo IB) activity, that can relax DNA supercoiling of either 

sign, could (partially) “uncouple” the rate of R-loop propagation from the rate of 

transcription complex movement, thus allowing the change in the length of the spacer DNA 

duplex.
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It has been suggested that negative supercoiling generated by the nascent RNA anchoring 

renders RNAP-containing R-loops much more stable than “free R-loops” toward RNA-

displacing factors, e.g. positive supercoiling (95). However, the negative supercoiling due to 

anchoring is localized between the downstream end of the R-loop and the transcription 

complex, and would not prevent RNA displacement from the upstream end of the R-loop. 

Thus, very high intrinsic stability of the anchoring RNA-DNA duplex over the DNA-DNA 

duplex at the upstream flank of an R-loop is required for R-loop “survival” under positive 

superhelical stress or other RNA-displacing factors even with the RNAP at the other end of 

an R-loop.

Abbreviations:

RNAP RNA polymerase

ATR ataxia telangiectasia and Rad3-related

ATM ataxia telangiectasia mutated

NER nucleotide-excision repair

GGR global genomic repair

TCR transcription-coupled repair

XP(G, F, etc.) xeroderma pigmentosum (protein G, F, etc.)

GSR genomic stress response

DDR DNA damage response

CSB Cokayne syndrome protein B

UV ultraviolet (light)

UVSSA UV stimulated scaffold protein A

PNA peptide nucleic acid
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Fig.1. Pathways for R-loop propagation.
DNA is shown in gray, RNA is shown in black, RNAP is shown as a gray oval with color 

intensity gradient to indicate its orientation. For simplicity, the only inter-strand winding that 

is shown is the one between the nascent RNA and the template DNA strand. RNA passage 

and RNAP rotation are indicated by the red block arrows. The pathway at the left shows the 

intertwining between the nascent RNA and the template DNA strand mediated by the RNA 

“tail “ passage through the space between the RNA-DNA hybrid and the displaced non-

template DNA strand. The pathway at the right shows the intertwining between the nascent 

RNA and the template DNA strand mediated by RNAP unbinding from the non-template 

DNA strand followed by rotation around the template DNA strand.

Belotserkovskii et al. Page 29

DNA Repair (Amst). Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig.2. Possible modes of behavior for transcription after stable R-loop formation.
DNA is shown in gray lines, RNA is shown in black lines, except the region involved in 

stable R-loop formation, which is shown in turquoise. RNAP is shown as light gray oval 

with dashed-line borders. After stable R-loop formation (top), transcriptions could either exit 

“R-loop mode”(left), or continue in “R-loop mode” (right). Topological scheme below the 

pathway in the left shows that in this case transcription is associated with the nascent RNA 

wrapping around DNA.
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Fig. 3. R-loop formation upon transcription-replication collisions.
DNA is shown in gray, RNA is shown in black, growing 3’ ends of the nascent DNA or 

RNA strands are shown by arrows pointed in the direction of growing; RNAP is shown as 

light-gray oval with black dashed-line borders; replication enzymatic machinery (replisome) 

is symbolized as an oval area with green dashed-line borders. A: Transcription and 

replication in co-directional orientation. B: Transcription and replication on the head-on 

collision course. Replication is usually starts at some small region within the parental DNA 

duplex called origin, and then the replicated area is expanded forming an unwound region 

within the parental DNA duplex often referred to as a “replication bubble”. The tip of the 

replication bubble, which is moving upon the bubble growing, that contains complex multi-

protein replication machinery (replisome), is called a “replication fork”. Within the 

replication fork, one (leading) DNA strand is replicated continuously in the direction of the 

fork movement, while the other (lagging) DNA strand is replicated discontinuously, forming 

Okazaki fragments (symbolized by a dashed line). C: More detailed depiction of the region 

in B underlined by a dashed line with a downward arrow, which shows the replication fork 

proximal to the transcription complex. The fork is shown in the moment when the synthesis 

of a new Okazaki fragment (in the loop together with Okazaki initiation zone) is just 

finished. D: RNAP is stalled upon collision with the replisome that remains intact; and R-
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loop formation is somehow initiated by RNAP stalling. E: Upon collision with RNAP, the 

replisome (or its components operating on the lagging DNA strand) dissociate, which allow 

RNAP to transcribe into single-stranded Okazaki initiation zone, where the likelihood of 

hybridization between the nascent RNA and the DNA template strand would be very high. 

Okazaki initiation zone is usually (partially) covered by proteins; however RNAP is 

probably capable to displace them. F: R-loop-like structures that are formed as a result of 

pathway in E. Since transcription in R-loop mode is prone to spontaneous blockage, it would 

probably stop somewhere within the replication bubble. In the bottom structure, the nascent 

RNA tail invaded into upstream DNA duplex thus extending RNA-DNA hybrid.
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Fig. 4. Potential strategy to induce R-loop formation for selective cell suppression.
DNA is shown in blue lines, RNA is shown in brown lines, PNA is shown in magenta.
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