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The role of R-loops in transcription-associated DNA double-strand break repair
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ABSTRACT
The roles of RNA in the DNA damage response are emerging. We highlight findings from our recent study
demonstrating the mechanism for transcription-associated homologous recombination repair (TA-HRR) of
DNA double-strand breaks and the critical role of R-loops in TA-HRR.
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At transcribed regions of the genome, RNAs are enriched
to regulate a range of cellular processes, including transla-
tion, replication, and DNA repair. R-loop, a three-stranded
structure of nucleic acids comprising a DNA-RNA hybrid
and displaced single-stranded DNA, has been shown to
negatively regulate genome stability.1 However, recently in
the DNA repair field, a positive role of RNA and R-loop in
homologous recombination repair (HRR) of double-strand
breaks (DSBs) has been revealed in S. pombe and
S. cerevisiae.2,3 Previous studies have suggested that DNA
damage signaling mediated by ATM or the DNA-dependent
protein kinase inhibits the transcription upon DNA
damage.4,5 However, the precise mechanisms of inhibiting
transcription following DSB induction and whether R-loops
are formed after DNA damage remain unclear. One of the
technical barriers to the detection of R-loops following DSB
induction has been that only the small amount of R-loop is
associated with DSBs, i.e., the background levels of R-loop
are too high to enable the detection of R-loop formed upon
DSB induction.

In our recently published work, to address the technical
barriers, we adopted two techniques to trace the formation
and resolution of R-loops associated with DSB induction in
real time.6 First, we employed a near infrared (730 nm) two-
photon microbeam irradiation system, which, of the laser
type systems frequently employed, induces mostly DSBs in
a concentrated manner with minimum ultraviolet (UV)
photoproducts.7 This is critical because UV irradiation can
trigger transcription arrest and initiate transcription-coupled
nucleotide excision repair, which is not what this study
aimed to detect. The concentrated induction of DSBs
enabled us to visualize accumulation of DNA/RNA struc-
tures and proteins, even if the amount of their accumulation
to each DSB is very small. Second, we used a previously
reported DNA-RNA hybrid indicator to examine the kinetics
of DNA-RNA hybrid formation after DNA damage. This

indicator consists of the fluorescent-tagged hybrid-binding
domain of human RNaseH1 and detects DNA-RNA hybrids
as effectively as the S9.6 antibody, a specific antibody that
recognizes DNA-RNA hybrids.8 The combination of these
techniques enabled us to trace DNA-RNA hybrid formation
and resolution in real time.

Interestingly, our data revealed that DNA-RNA hybrids are
rapidly formed upon DSB induction, peaking at 1–2 minutes,
and most of them are resolved within 5 minutes after DSB
induction. In combination with our analysis of the DSB repair
pathway, we demonstrated that both DNA-RNA hybrid for-
mation and resolution are critical for the initiation of tran-
scription-associated HRR (TA-HRR) (Figure 1). Furthermore,
the mechanism of TA-HRR is critical for the maintenance of
genome stability in highly transcribed regions. Therefore, we
have revealed that a very transient structure that has been
difficult to detect in previous experimental systems can indeed
protect our genome by regulating the DSB repair pathway.

Using this system, we also identified the factors involved in
the regulation of DNA-RNA hybrids formed upon DSB
induction. First, RAD52 is recruited in a DNA-RNA hybrid-
dependent manner upon DSB induction, which is critical for
the resolution of DNA-RNA hybrids. Next, the nucleotide
excision repair protein XPG (ERCC5, best known as XPG),
not XPF (ERCC4, best known as XPF), is involved in the
RAD52-dependent resolution of DNA-RNA hybrids.
Considering that XPG is a structure-specific endonuclease,
which recognizes and incises the 3ʹ junction of single- and
double-strand DNA, XPG is assumed to incise the R-loop
structure to facilitate the resolution of DNA-RNA hybrids.

Although we successfully visualized the R-loops formed upon
DSB induction and demonstrated their significance in the pro-
motion of TA-HRR, there are still numerous questions that
remain to be resolved. One of the key issues is the dependence
of R-loop regulation on the cell cycle. In the recent study, we
focused solely on S/G2-phase cells to investigate R-loop
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functions in HRR. We also detected considerable amount of
R-loops that did not seem to be involved in DSB repair. This
observation suggests that among the R-loops formed upon DSB
induction, only a limited fraction can participate in the regula-
tion of the DSB repair pathway. Further analysis of R-loop
regulation following DSB induction would enable us to under-
stand this interesting observation.
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Figure 1. The role of R-loops in transcription-associated DNA double-strand breaks.
The model for the role of R-loops in transcriptionally active genome protection. R-loops formed upon DNA double-strand break (DSB) induction recruit RAD52 and
XPG. These factors process R-loops to initiate transcription-associated homologous recombination repair (TA-HRR). The TA-HRR mechanism is critical for the
maintenance of genome stability in transcriptionally active regions.
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