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DNA double-strand breaks (DSBs) are highly cytotoxic DNA lesions. To protect genomic
stability and ensure cell homeostasis, cells mount a complex signaling-based response
that not only coordinates the repair of the broken DNA strand but also activates cell cycle
checkpoints and, if necessary, induces cell death. The last decade has seen a flurry of
studies that have identified RNA-binding proteins (RBPs) as novel regulators of the DSB
response. While many of these RBPs have well-characterized roles in gene expression, it is
becoming increasingly clear that they also have non-canonical functions in the DSB
response that go well beyond transcription, splicing and mRNA processing. Here, we
review the current understanding of how RBPs are integrated into the cellular response to
DSBs and describe how these proteins directly participate in signal transduction,
amplification and repair at damaged chromatin. In addition, we discuss the
implications of an RBP-mediated DSB response for genome instability and age-
associated diseases such as cancer and neurodegeneration.

Keywords: DNA double strand break, RNA-binding protein, genome stability, DNA repair, non-coding RNA, phase
separation, DSB response, DNA damage

INTRODUCTION

DNA double-strand breaks (DSBs) are highly deleterious DNA lesions that occur as a consequence of
unresolved replication stress or after exposure to certain chemicals or to ionizing radiation. In
addition, they are formed in a programmed manner during meiosis and during antibody
diversification (Keeney et al., 2014; Methot and Di Noia, 2017). Un- or misrepaired DSBs lead
to the accumulation of gross chromosomal rearrangements and mutations that cause loss of genetic
information. As such, they are potent inducers of genome instability and threaten cellular function
and cell survival. Cells respond to DSBs by activating a multi-layered signaling and repair network
(known as the DSB response) that integrates many cellular processes including the hierarchical
assembly of signaling and repair factors at DSB sites, local chromatin remodeling, cell cycle arrest
and, eventually, DNA repair. The importance of a functional DSB response is underscored by the fact
that defects in DSB repair contribute to the etiology of numerous diseases including premature aging,
neurodegeneration and cancer (Tiwari and Wilson, 2019).

The signaling pathway that is mounted in response to DSBs activates one of two main repair
pathways, the choice of which depends largely on the cell cycle phase and on the presence of
homologous sequence that can be used as a repair template (Figure 1A). DSB repair that uses very little
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homologous sequence is termed non-homologous end-joining
(NHEJ) and typically involves several iterative steps of DNA
end-processing followed by ligation of the DNA ends (Figure 1B)
(Pannunzio et al., 2018). It is active throughout the cell cycle but is
especially relevant during the G0 and G1 phases. During NHEJ,
DSB ends are first recognized and bound by the KU 70/80

heterodimer, which protects the ends from extensive DNA
end-resection and acts as a scaffold to assemble downstream
NHEJ factors at the break site, most notably nucleases (DNA-
PKcs-Artemis, APLF), DNA polymerases (DNA Pol λ, DNA Pol
μ, TdT) and the DNA ligation complex (XLF-XRCC4-DNA ligase
IV) (Figure 1). Chemical modifications or mismatching

FIGURE 1 |Overview of the chromatin-based DSB response. (A) DSB signaling is initiated by the MRN complex, which senses DSBs and recruits the ATM kinase
to the damaged chromatin. Here, ATM phosphorylates the histone H2A variant H2A.X to form γ-H2AX, which in turn is recognized by MDC1. MDC1 is constitutively
phosphorylated by CK2 (not shown) and activates a positive feedback loop by recruiting more MRN and ATM to the break site. In addition, MDC1 is phosphorylated by
ATM, and this phosphorylation event triggers the recruitment of the E3 ubiquitin ligase RNF8. RNF8 in turn ubiquitylates histone H1, which is then bound by a
second E3 ubiquitin ligase called RNF168. RNF168 ubiquitylates histone H2A at residues K13/K15 (H2AubK13/15). The resulting ubiquitin signal is bound by multiple
proteins, including RNF168 itself (to create a second positive feedback loop that locally amplifies the DNA damage signal) and the DSB repair pathway choice proteins
BRCA1 and 53BP1. BRCA1 recognizes ubiquitylated chromatin via its interaction partner RAP80 and promotes HR-mediated DSB repair. In contrast, 53BP1is enriched
at damaged chromatin by simultaneously binding to RN168-ubiquitylated H2A and to constitutively methylated histone H4K20me2, and promotes NHEJ-mediated DSB
repair. CIRBP, WRAP53, and FUS are examples of RBPs that modulate DSB signaling. CIRBP enhances the accumulation of MRN-ATM at the DSB site, while WRAP53
facilitates RNF8 recruitment by stabilizing the MDC1-RNF8 interaction. FUS likely promotes the retention of signaling and repair factors by participating in phase
separation around the break DSB site. (B) NHEJ-mediated DSB repair is initiated when DSB ends are recognized by the KU proteins, followed by recruitment of the
kinase DNA-PKcs. KU-DNA-PKcs mostly act as a scaffold to recruit numerous DNA end-processing factors (including TdT andmany others such as DNA polymerases λ
and μ, Artemis, PNKP, and TDP1; not shown) that create DNA ends compatible for re-ligation. Following DNA end-processing, the DNA ligation complex XLF-XRCC4-
DNA ligase IV is recruited to the DSB to re-join the broken DNA ends. Numerous RBPs promote NHEJ. For example, FUS enhances NHEJ by recruiting the histone
deacetylase HDAC1 and as such enhancing local chromatin remodeling. RBMX binds to DSB ends to prevent DNA end-resection. PRPF19 recruits the histone
methyltransferase SETMAR, which enhances the recruitment of NHEJ factors such as KU, and also binds to the DNA end-processing factor TdT. TDP43, RBM14, and
SFPQ-NONO act as scaffolds that stabilize the assembly of the DNA ligation complex. (C) HR-directed DSB repair is initiated by extensive DNA end-resection by the
nucleases CtIP, MRE11 (which is part of the MRN complex), EXO1 and DNA2-BLM. DNA end-resection generates long single-stranded DNA overhangs that are rapidly
bound by RPA. Next, with the help of numerous mediator complexes, including the BRCA2-PALB2-BRCA1 and the RAD51 paralog complexes, RPA is exchanged for
the DNA recombinase RAD51. The resulting RAD51 nucleoprotein filament then searches for homologous sequences elsewhere in the genome (usually the sister
chromatid), where it then catalyzes strand invasion to form a DNA crossover called a Holliday junction. This generates a primer for DNA synthesis (dashed lines), which is
extended by branch migration away from the crossover site. After DNA repair, the joint DNA molecules are resolved by cleavage of the crossed or non-crossed DNA
strands (black arrowheads). The RBPs hnRNP UL 1 and 2 enhance DNA end-resection by stimulating BLM recruitment. hnRNPC, GEMIN2 and SFPQ support the
formation of the RAD51 nucleoprotein filament. In addition, GEMIN2, SFPQ, and FUS also stimulate strand exchange. Note that DSB signaling and repair reaction require
many additional factors, posttranslational modifications and various species of local non-coding RNAs that are not depicted. Selected RBPs that participate in the
chromatin-based response are highlighted in red in all three panels. Additional RBPs that participate in DSB signal transduction and repair are listed in Table 1.
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overhangs at the broken DNA ends often prevent direct re-
ligation by XLF-XRCC4-DNA ligase IV, which explains the
need to recruit end-processing enzymes in the form of
nucleases and polymerases to generate ends that are
compatible with ligation. The processing of DSB ends can
result in the addition or loss of nucleotides and as such
allows a certain degree of genetic variability, which is
essential for physiological processes such as V(D)J and class
switch recombination (Bétermier et al., 2014; Pannunzio et al.,
2018). In contrast, homologous recombination (HR) is
generally a high-fidelity repair pathway because it utilizes
long stretches of homologous sequence as a template for
repair (Figure 1C) (Lisby and Rothstein, 2015). It only
operates in the late S and G2 phases of the cell cycle when
the sister chromatid is available as a repair template. HR-
directed repair of a DSB is initiated by the extensive
resection of the DNA ends by the nucleases CtIP, MRE11,
EXO1, and DNA2-BLM. DNA end-resection generates long 3’
single-stranded DNA (ssDNA) overhangs, which are rapidly
recognized and bound by RPA. During the next step of HR, the
single-stranded DNA-bound RPA is exchanged for the
recombinase enzyme RAD51 and the resulting RAD51-
ssDNA filaments search for homologous sequences elsewhere
in the genome. RAD51 then catalyzes strand invasion and the
formation of a Holliday junction. This is followed by DNA
synthesis and processing of the joint DNA molecules to
complete DNA repair (Figure 1C) (Lisby and Rothstein, 2015).

DSB-induced signaling and the downstream DSB repair
pathways rely heavily on protein-protein interactions, which
are often mediated by damage-induced post-translational
modifications (PTMs) such as poly (ADP-ribosyl)ation,
phosphorylation, ubiquitylation, SUMOylation and acetylation
(Figure 1) (Matsuoka et al., 2007; Bennetzen et al., 2010; Elia
et al., 2015; Morris and Garvin, 2017). The interplay of these
PTMs at damaged chromatin is highly complex and forms the
backbone of a timely and efficient DSB response (Dantuma and
van Attikum, 2016). Besides PTMs, RNAs and their interactions
with both DNA and proteins have emerged as central regulatory
elements of DSB signaling and repair. While it has long been
known that the processing and transport of protein-coding
mRNAs is crucial for the DSB response (Wickramasinghe and
Venkitaraman, 2016), long and short non-coding RNAs have
only recently been identified as direct regulators of this pathway.
Indeed, the last years have seen the identification of an ever-
growing network of diverse non-coding RNA species that locally
modulate DSB signaling and repair (Mikolaskova et al., 2018;
Bader et al., 2020; Ketley and Gullerova, 2020). Not surprisingly,
the RNA network surrounding the DSB response is tightly
associated with RNA-binding proteins (RBPs), many of which
are themselves subject to DNA damage-induced PTMs
(Matsuoka et al., 2007; Paulsen et al., 2009; Bensimon et al.,
2010; Hurov et al., 2010; Słabicki et al., 2010; Adamson et al.,
2012; Beli et al., 2012; Izhar et al., 2015; Shkreta and Chabot,
2015).

The human genome encodes well over 1,500 RBPs, which can
be classified into over 1,000 distinct families (Gerstberger et al.,
2014). Many of the RBPs that function in the DSB response are

members of the hnRNP (heterogeneous ribonucleoprotein
particle), DEAD-box helicase, FET (FUS/TLS, EWS, and
TAF15), and DBHS (Drosophila behavior human splicing)
families of RNA-binding proteins (Haley et al., 2009; Altmeyer
et al., 2015; Knott et al., 2016; Bader et al., 2020). RBPs are
functionally highly versatile proteins that achieve binding
specificity through the action of modular RNA-binding
domains (Hentze et al., 2018). Recently, it was estimated that
the RNA-binding proteome contains approximately 600
structurally distinct canonical and non-canonical RNA-binding
domains (Gerstberger et al., 2014). Canonical RNA-binding
motifs include the RNA recognition motif (RRM), the
K-homology domain (KH), and the RNA-binding domain
consisting of Arg-Gly-Gly repeats (RGG), all of which can be
found in the major RBP families. Interestingly, numerous RBPs
are devoid of such canonical RNA-binding domains and instead
bind to RNA in a non-conventional fashion, for example via so-
called intrinsically disordered regions (IDRs) (Hentze et al.,
2018).

It is well established that cells adjust their gene expression
profiles to accommodate an efficient DSB response, and a
considerable number of RBPs have been shown to regulate the
expression of signaling and repair proteins following DSB
formation (Wickramasinghe and Venkitaraman, 2016;
Mikolaskova et al., 2018). However, it is becoming increasingly
clear that many DSB response-associated RBPs have additional
functions in signaling and repair that are unrelated to their
canonical functions in gene expression and splicing,
particularly locally at the chromatin surrounding DSBs
(Table 1). Here, we review these emerging new roles of RBPs
in the DSB response (Figure 2). We highlight key examples of
how RBPs participate in different DSB signaling and repair steps,
and we discuss their roles in regulating RNA metabolism and
phase separation locally at the chromatin surrounding DSB sites.

RNA-BINDING PROTEINS PARTICIPATE IN
DOUBLE-STRAND BREAK SIGNALING

DSB formation triggers the rapid recruitment of a large plethora
of proteins to the break site. This local concentration of proteins
amplifies and transduces the DNA damage signal to the rest of the
nucleus and makes the DSB and its surrounding chromatin
competent for repair. The recruitment of signaling and repair
factors is highly dynamic, and the total residence time on
damaged chromatin can last from seconds to hours,
depending on protein function (Bekker-Jensen et al., 2006).
Numerous RBPs have been shown to accumulate at damaged
chromatin, often in a PARP1-dependent manner and within
seconds of DSB formation, suggesting direct functions in DSB
signaling or repair (Adamson et al., 2012; Krietsch et al., 2012;
Hong et al., 2013; Mastrocola et al., 2013; Izhar et al., 2015; Chen
et al., 2018; Jang et al., 2020).

An RBP that localizes to DSB sites particularly early in the
response is CIRBP (Cold-inducible RNA-binding protein, also
known as hnRNP A18). It is part of the hnRNP family of RNA-
binding proteins, which regulate many aspects of RNA
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TABLE 1 | List of human RNA-binding proteins that participate in the chromatin-based DSB response.

RNA-binding protein Functions in the DSB response Selected references

53BP1 NHEJ and phase separation Pryde et al. (2005), Kilic et al. (2019), Pessina et al. (2019)
Argonaute-2 HR and recruitment of diRNAs Wei et al. (2012), Gao et al. (2014)
BRCA1 HR Sharma et al. (2015)
CIRBP (hnRNP A18) DSB signaling Chen et al (2018)
WRAP53 DSB signaling Henriksson et al. (2014), Rassoolzadeh et al. (2016)
DDX1 RNA: DNA hybrid resolution Li et al. (2008), Li et al. (2016)
DDX5 RNA: DNA hybrid resolution Yu et al. (2020), Sessa et al. (2021)
DDX17 Suppressor of HR Adamson et al. (2012)
DNA-PKcs NHEJ Zhang et al. (2016)
DNA polymerase ζ (yeast) RNA-templated DSB repair Meers et al. (2020)
Drosha DDRNA and diRNA production Francia et al. (2012), Lu et al. (2018)
Dicer DDRNA production Francia et al. (2012)
EDC4 HR Hernández et al. (2018)
EWS Phase separation Altmeyer et al. (2015)
EXOSC10 DDRNA removal and HR Marin-Vicente et al. (2015)
FUS (hnRNP P2) DSB signaling, HR, NHEJ, and phase separation Baechtold et al. (1999), Bertrand et al. (1999); Wang et al. (2013), Altmeyer et al. (2015)
GEMIN2 HR Takizawa et al. (2010), Takaku et al. (2011)
hnRNP B1 Negative regulator of NHEJ Iwanaga et al. (2005)
hnRNP C HR Anantha et al. (2013)
hnRNP D RNA: DNA hybrid resolution and HR Alfano et al., (2019)
hnRNP U NHEJ Hegde et al. (2016)
hnRNP UL1 HR Polo et al. (2012), Hong et al. (2013)
hnRNP UL2 HR Polo et al. (2012), Hong et al. (2013)
KU NHEJ Yoo and Dynan (1998)
METTL3 Promotes RNA: DNA hybrid formation and HR Zhang et al. (2020)
NONO NHEJ Li et al. (2009), Krietsch et al. (2012)
PRPF19 NHEJ Mahajan and Mitchell (2003), Beck et al. (2008)
RAD52 HR and RNA-templated DSB repair Keskin et al. (2014)
RBM14 NHEJ and generation of RNA: DNA hybrids Simon et al. (2017), Jang et al. (2020)
RBMX (hnRNP G) NHEJ Shin et al. (2007), Adamson et al., (2012)
RNase H2 RNA: DNA hybrid resolution D’Alessandro et al. (2018)
RNAP III HR Liu et al. (2021)
RPA RNA-templated DSB repair Kim et al. (1992), Mazina et al. (2017)
Senataxin RNA: DNA hybrid resolution Cohen et al. (2018)
SFPQ HR and NHEJ Udayakumar et al. (2003), Bladen et al., (2005), Morozumi et al. (2009), Rajesh et al. (2011)
TAF15 Phase separation Altmeyer et al. (2015)
TDP-43 NHEJ and R-loop prevention Hill et al. (2016), Mitra et al. (2019)
XPG RNA: DNA hybrid resolution Yasuhara et al. (2018)
XRN2 RNA: DNA hybrid resolution Morales et al. (2016), Dang and Morales (2020)

FIGURE 2 | RBP functions in the chromatin-based DSB response. Many RNA-binding proteins (RBPs) associate with DNA double-strand breaks (DSBs) and the
surrounding chromatin where they carry out several distinct functions. First, they promote the recruitment or modulate the activities of DSB signaling and repair factors.
Second, they regulate local chromatin remodeling. Third, they contribute to liquid-liquid phase separation around the break site. Fourth, they prevent, resolve or stabilize
RNA:DNA hybrids and R-loops. Fifth, they participate in the generation or processing of various non-coding RNA species at DSB sites.
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metabolism including mRNAmaturation, stabilization, transport
and translation (Geuens et al., 2016). Indeed, CIRBP, which is
upregulated after genotoxic stress, is best known as a translational
activator of stress-responsive transcripts such as RPA2 and ATR
(Yang and Carrier, 2001; Yang et al., 2010). However, a recent
study has demonstrated that CIRBP is also rapidly recruited to
DSB sites in a PARP1-dependent manner where it promotes DSB
signaling by enhancing the chromatin recruitment of the MRN
complex and of ATM. Accordingly, cells depleted of CIRBP
display reduced DNA repair by both HR and
NHEJ. Interestingly, upon DSB recruitment, CIRBP is poly
(ADPribosyl)ated and then rapidly excluded again from the
damaged chromatin (Chen et al., 2018). Similar association
and dissociation dynamics have been observed for other RBPs
as well (Salton et al., 2010; Ha et al., 2011; Adamson et al., 2012;
Beli et al., 2012; Polo et al., 2012; Britton et al., 2014; Altmeyer
et al., 2015; Yu et al., 2020; Sessa et al., 2021). Another RBP that is
recruited to damaged chromatin upon DSB formation and that
appears to directly regulate DSB signaling is WRAP53 (WD40-
encoding RNA antisense to p53, also known as TCAB1). The
WRAP53 gene was originally shown to encode an antisense
transcript that stabilizes the tumor suppressor p53 in response
to DNA damage (Mahmoudi et al., 2009). In addition, WRAP53
encodes a protein that acts as a scaffolding protein in nuclear
membrane-less organelles known as Cajal bodies, which locally
concentrate mRNA processing factors and also telomerase
(Henriksson and Farnebo, 2015). The importance of WRAP53
for telomerase-mediated telomere maintenance is underscored by
the fact that mutations in theWRAP53 gene cause the two related
telomeropathies, dyskeratosis congenita and
Hoyeraal–Hreidarsson syndrome (Batista et al., 2011; Zhong
et al., 2011; Bergstrand et al., 2020). WRAP53 localizes to
DSBs downstream of MDC1 and facilitates the recruitment of
the E3 ubiquitin ligase RNF8 toMDC1 by simultaneously binding
to both signaling proteins via its WD40 domain (Henriksson
et al., 2014). Depletion of WRAP53 impairs RNF8-mediated
chromatin ubiquitylation and the downstream recruitment of
signaling and repair factors including BRCA1 and 53BP1. Both
HR and NHEJ efficiencies are reduced after WRAP53 loss
(Henriksson et al., 2014; Rassoolzadeh et al., 2016).

Finally, an RBP that is potentially involved in both DSB
signaling and repair is the hnRNP FUS (fused in sarcoma, also
known as TLS and hnRNP P2), which has pleiotropic functions in
transcription, RNA metabolism, and genome maintenance. The
importance of FUS for cell homeostasis is underscored by the fact
that variations in the gene encoding FUS have been causatively
linked to the development of severe neurodegenerative diseases,
particularly amyotrophic lateral sclerosis (ALS) (Deng et al.,
2014). Cells lacking FUS are sensitive to ionizing radiation,
display a high degree of chromosomal instability and display
reduced HR and NHEJ efficiencies (Hicks et al., 2000; Kuroda,
2000; Mastrocola et al., 2013; Wang et al., 2013). In response to
DNA damage, FUS is rapidly recruited to damaged chromatin in
a PARP1-dependent manner upstream of histone H2A.X
phosphorylation (Mastrocola et al., 2013; Wang et al., 2013;
Rulten et al., 2014; Aleksandrov et al., 2018; Singatulina et al.,
2019). FUS binds directly to poly (ADP-ribose) chains via the

same motif that also mediates RNA binding, and it has been
proposed that DNA damage-induced poly (ADP-ribose) chains
may compete with RNA for FUS binding to locally induce phase
separation and as such concentrate DSB signaling and repair
factors (see phase separation section below; Mastrocola et al.,
2013; Altmeyer et al., 2015). Like CIRBP, FUS association with
DSB sites is highly dynamic and the protein is excluded again
from damaged chromatin within minutes following the DNA
insult (Britton et al., 2014; Altmeyer et al., 2015). Interestingly,
FUS is rapidly phosphorylated by both ATM and DNA-PKcs
following DNA damage induction (Gardiner et al., 2008; Deng
et al., 2014). While the significance of the ATM-mediated
phosphorylation event remains unclear, DNA-PKcs-dependent
phosphorylation of FUS at its N-terminus changes its phase
separation properties and induces its translocation from the
nucleus to the cytoplasm in neurons. This translocation
effectively removes FUS from the chromatin-based DSB
response and instead induces the potentially pathologic
accumulation of FUS protein aggregates (Deng et al., 2014;
Naumann et al., 2018; Pessina et al., 2020).

RNA-BINDING PROTEINS PROMOTE
DOUBLE-STRAND BREAK REPAIR VIA
NON-HOMOLOGOUS END-JOINING
While CIRBP and WRAP53 appear to influence the DSB
response at the signaling level, a surprisingly large number of
RBPs directly affect different steps of NHEJ and HR-directed DSB
repair. In the case of NHEJ, RBPs have been suggested to act at the
level of KU recruitment, DNA-PKcs autophosphorylation, DNA
end synapsis, and the assembly and recruitment of the XRCC4-
DNA ligase IV complex. For example, in addition to its function
in phase separation, FUS facilitates NHEJ by recruiting the
histone deacetylase HDAC1 (histone deacetylase 1) to DSBs,
which promotes the local hypoacetylation of H3K53 and is
critical for DNA end-joining (Miller et al., 2010; Dobbin et al.,
2013; Wang et al., 2013).

Another prominent example of an RBP that directly promotes
NHEJ-mediated DSB repair is the hnRNP RBMX (RNA-binding
motif protein, X chromosome; also known as hnRNPG). RBMX is a
well-known regulator of genome stability that controls splicing and
other aspects of mRNA processing of DNA damage response-
relevant genes, promotes ATR activation during the replication
stress response, and also contributes to mitotic progression and
sister chromatid cohesion (Adamson et al., 2012; Matsunaga et al.,
2012; Cho et al., 2018; Zheng et al., 2020). Because of its many
functions in genome maintenance, it is not surprising that loss of
RBMX sensitizes cells to a range of genotoxic agents, including DSB-
inducing ionizing radiation. Importantly, following DSB formation,
RBMX rapidly localizes to DSBs in a PARP1-dependent manner
where it promotes NHEJ-mediated repair by binding to double-
stranded DNA (dsDNA) ends, potentially protecting them from the
action of exonucleases (Shin et al., 2007; Adamson et al., 2012). Like
FUS and other DSB-associated RBPs, it is then quickly released and
excluded from the chromatin surrounding the break (Adamson
et al., 2012).
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A third example of a NHEJ-mediated RBP is PRPF19 (Pre-
mRNA-processing factor 19, also known as PSO4). This
protein is a key component of multiple subcomplexes that
regulate many cellular processes including transcription,
splicing and senescence. In addition, it has also long been
implicated in diverse genome maintenance pathways such as
DNA interstrand crosslink-, DSB- and transcription-coupled
repair and in the replication stress response (Chanarat and
Sträßer, 2013). Indeed, human PRPF19 was first identified in
S. cerevisiae as Pso4, whose loss sensitizes yeast to several
genotoxins, particularly to DNA interstrand crosslink-
inducing agents (Henriques et al., 1989; Rodrigues de
Andrade et al., 1989; da Silva et al., 1995; Gray et al., 1996;
Revers et al., 2002). In addition, mammalian cells deficient of
PRPF19 display a pronounced sensitivity to DSB-inducing
agents such as ionizing radiation and etoposide (Mahajan and
Mitchell, 2003; Beck et al., 2008; Abbas et al., 2014). PRPF19
is an RNA-binding U-box-type E3 ubiquitin ligase that
requires its interaction partner PLRG1 to stimulate its
ligase activity (Hildebrandt et al., 2017; de Moura et al.,
2018). PRPF19 promotes NHEJ-mediated DSB repair by
interacting with and facilitating the recruitment of the
histone methyltransferase SETMAR (also known as
metnase) to DSBs (Beck et al., 2008; Beck et al., 2010; Beck
et al., 2011). At DSBs, SETMAR catalyzes the dimethylation
of H3K36 (to form H3K36me2), which promotes the
association of early NHEJ factors such as KU70 (Fnu et al.,
2011). In addition, PRPF19 interacts with TdT (terminal
deoxynucleotidyl transferase), a DNA end-processing
enzyme that plays an important role in the NHEJ-
mediated repair of DSBs during V(D)J recombination
(Mahajan and Mitchell, 2003). Whether and how the
RNA-binding and E3 ubiquitin ligase activities of PRPF19
contribute to PRPF19 function during NHEJ remains unclear.
Interestingly, PRPF19 also participates in the HR-directed
DNA repair of stalled or collapsed replication forks. In
response to replication stress, PRPF19 binds to ssDNA-
bound phosphorylated RPA via its seven WD repeats and
then, together with the E3 ubiquitin ligase RFWD3,
ubiquitylates RPA (Maréchal et al., 2014; Wan and Huang,
2014; Dubois et al., 2017). Ubiquitylated RPA in turn is
bound by ATRIP, which activates the ATR kinase and
induces the HR-directed rescue of stalled or collapsed
replication forks (Maréchal et al., 2014; Wan and Huang,
2014; Dubois et al., 2017). Whether PRPF19 also contributes
to the HR-directed repair of DSBs outside of the replication
stress response is unknown.

TDP-43 (TAR DNA-binding protein 43), another hnRNP,
which, similar to FUS, is heavily implicated in the
etiopathology of several neurodegenerative diseases
including ALS and Alzheimer’s disease (Gao et al., 2018),
also plays an important role in NHEJ-mediated DSB repair
(Mitra et al., 2019). TDP-43 is canonically involved in
alternative splicing and other aspects of mRNA processing,
and it also promotes Drosha complex-mediated microRNA
biogenesis (Buratti and Baralle, 2008; Kawahara and Mieda-
Sato, 2012). Upon DSB formation, TDP-43 rapidly

accumulates at damaged chromatin. Here, it promotes
NHEJ-mediated repair by acting as a scaffold that helps to
recruit the XRCC4-DNA ligase IV complex to the break site
(Mitra et al., 2019).

The hnRNP RBM14 (RNA-binding protein 14), which like
many other RBPs canonically regulates transcription and
splicing, also directly facilitates NHEJ-mediated DSB repair by
promoting the autophosphorylation of DNA-PKcs and by
helping to recruit the XRCC4-DNA-ligase IV complex to DSB
sites, similar to TDP-43 (Auboeuf et al., 2004; Yuan et al., 2014;
Simon et al., 2017). It is recruited to sites of DNA damage in a
PARP-dependent manner (Jang et al., 2020). Interestingly,
RBM14 recruitment also requires its RNA-binding motif,
which binds to damage-induced long non-coding RNAs
(dilncRNAs) that are transcribed by RNA polymerase II
(RNAP II) (Michelini et al., 2017; Jang et al., 2020). Because
RBM14 directly interacts with both KU and DNA-PKcs, it has
been suggested that it might act as a scaffold to bridge KU-DNA-
PKcs and XRCC4-DNA ligase IV, similar to APLF (Aprataxin-
and PNK-like factor) (Rulten et al., 2011; Yuan et al., 2014; Simon
et al., 2017). In addition, it has been suggested that RBM14 is a co-
activator of RNAP II to enhance the generation of dilncRNAs at
DSB sites (Jang et al., 2020).

The heterodimeric SFPQ-NONO complex is another example
of how RBPs can promote NHEJ-mediated DSB repair. SFPQ
(splicing factor proline/glutamine rich) and NONO (Non-POU
domain-containing octamer-binding protein) are both members
of the Drosophila behavior/human splicing (DBHS) family of
proteins. They bind to RNA, DNA and to proteins and have
vital roles in mRNA maturation (Knott et al., 2016). SFPQ and
NONO also promote various genome maintenance pathways,
both as single proteins and as a heterodimer. These pathways
include the cellular response to UV lesions, telomere
maintenance and DSB repair (Li et al., 2009; Alfano et al.,
2016; Deshar et al., 2019; Petti et al., 2019). Depletion of
either protein sensitizes cells to ionizing radiation, and DSB
formation induces the PARP1-dependent re-localization of
SFPQ-NONO to damaged chromatin (Li et al., 2009; Salton
et al., 2010; Ha et al., 2011; Krietsch et al., 2012). Interestingly,
the recruitment to DSBs is mediated by the RNA recognition
motif 1 (RRM1) in NONO, which, similar to FUS, can bind to
both RNA and poly (ADP-ribose) chains (Ha et al., 2011; Krietsch
et al., 2012). Similar to CIRBP and RBMX, SFPQ-NONO
accumulation at DSBs is very rapid and the heterodimer is
removed from damaged chromatin within minutes following
the DNA insult (Salton et al., 2010; Ha et al., 2011). The
RNA-dependent recruitment of SFPQ-NONO appears to be
regulated by its interacting protein MATR3 (Matrin 3), whose
depletion increases the retention time of the heterodimer on
damaged chromatin (Salton et al., 2010). Interestingly, both
MATR3 and SFPQ-NONO have been implicated in the
retention of defective RNAs in nuclear paraspeckles, raising
the possibility that similar regulatory mechanisms govern RNA
dynamics at damaged chromatin (Zhang and Carmichael, 2001).
At DSBs, SFPQ-NONO interacts with the KU proteins and
XRCC4-DNA ligase IV and stimulates DNA end-joining,
likely by acting as a scaffold that stabilizes DNA pairing in the
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XRCC4-DNA ligase IV ligation complex (Udayakumar et al.,
2003; Bladen et al., 2005; Ha et al., 2011; Krietsch et al., 2012; Li
et al., 2014; Udayakumar and Dynan, 2015; Jaafar et al., 2017). In
addition, SFPQ-NONO stimulates auto-phosphorylation of
DNA-PKcs, although the molecular mechanism of this
stimulation is unknown (Udayakumar and Dynan, 2015).

RNA-BINDING PROTEINS PROMOTE
DOUBLE-STRAND BREAK REPAIR VIA
HOMOLOGOUS RECOMBINATION
As is the case for NHEJ, RBPs directly facilitate multiple steps
of HR-mediated DSB repair including DNA end-resection,
RAD51 filament and D-loop formation. DNA end-resection,
which channels the DSB response toward HR during repair
pathway choice, is regulated by at least two related but
distinct hnRNPs: hnRNP UL1 and hnRNP UL2. hnRNP
UL1 (hnRNP U-like 1) participates in mRNA processing
and transport and represses basic transcription driven by
certain viral and cellular promoters (Gabler et al., 1998;
Kzhyshkowska et al., 2003). hnRNP UL2 (hnRNP U-like 2)
is related to hnRNP UL1, but much less is known about its
function in gene expression and RNA metabolism. Loss of
both hnRNP UL1 and hnRNP UL2 sensitizes cells to DSB
inducing agents (Polo et al., 2012; Hong et al., 2013). Both
proteins are recruited to DSB sites by interacting with the
NBS1 subunit of the MRN complex (Polo et al., 2012; Hong
et al., 2013). The chromatin association of hnRNP UL1 and
UL2 is PARP1-dependent, and the proteins are released from
the DSB site within minutes following DNA damage
induction. Interestingly, their recruitment is sensitive to
RNase A treatment and, in the case of hnRNP UL1,
depends on the presence of its C-terminal RNA-binding
domain, suggesting that local RNA binding contributes to
the association of these proteins with chromatin (Polo et al.,
2012; Hong et al., 2013). At DSB sites, hnRNP UL1, and UL2
mediate HR-directed repair by promoting DNA end resection
downstream of MRN and CtIP, likely by stimulating BLM
recruitment to chromatin (Polo et al., 2012).

Besides DNA end-resection, RBPs can also promote HR-
directed repair by participating in steps that are further
downstream in the repair pathway. An example of such an
RBP is FUS, which not only binds RNA and poly (ADP-
ribose) chains but also to single- and double-stranded DNA.
Although in vivo data on a role for FUS in HR is still lacking, it
is able to stimulate D-loop formation in vitro, suggesting a
possible direct role in strand exchange during HR, in addition
to its functions in DSB signaling and NHEJ (Crozat et al.,
1993; Zinszner et al., 1997; Baechtold et al., 1999; Bertrand
et al., 1999). However, further studies are required to confirm
that FUS does indeed directly participate in HR-mediated
DSB repair.

A second example is hnRNP C, which is a tetrameric protein
complex that is formed by the two isoforms hnRNP C1 and
hnRNP C2. It is a core component of 40S ribonucleoprotein
particles, which regulate the splicing, stability and nuclear export

of mRNAs (Huang et al., 1994). After DSB induction, hnRNP C
associates with damaged chromatin (Lee et al., 2005; Anantha
et al., 2013). As is the case with the hnRNP UL proteins, this
association is sensitive to RNase A treatment, suggesting that the
recruitment of hnRNP C to DSBs is RNA-dependent (Anantha
et al., 2013). However, which type of RNA mediates hnRNP C or
hnRNP UL recruitment is not known. Loss of hnRNP C reduces
HR-mediated DSB repair and upregulates alternative NHEJ,
indicating a pro-HR role in DSB repair pathway choice
(Anantha et al., 2013). The molecular details by which hnRNP
C participates in HR remain unclear. However, its repair function
at damaged chromatin appears to be driven by the RNA-
dependent association with PALB2-BRCA1/2 complexes,
which mediate DSB pathway choice and also RAD51 loading
(Anantha et al., 2013). Of note, similar to FUS, hnRNP C might
also directly participate in NHEJ, since it binds to KU and is
phosphorylated by DNA-PKcs, although both the significance of
these interactions for NHEJ and the mechanistic details remain
unclear (Zhang et al., 2004).

The spliceosome component GEMIN2 (Gem-associated
protein 2) has also been demonstrated to promote HR at
the level of RAD51 loading and strand exchange (Takizawa
et al., 2010; Takaku et al., 2011; Sarachan et al., 2012).
GEMIN2 is a component of the SMN complex, which is
essential for the assembly of spliceosomal small nuclear
ribonucleoproteins (snRNPs) (Zhang et al., 2008).
GEMIN2 interacts directly with the SMN protein (survival
motor neuron), and this interaction is not only relevant for its
function in mRNA splicing but also for its role in HR repair.
Indeed, SMN-GEMIN2 binds directly to DNA and RAD51
and supports RAD51 filament formation, RAD51-mediated
homologous pairing and DNA strand exchange (Takizawa
et al., 2010; Takaku et al., 2011; Sarachan et al., 2012).

Finally, in addition to its function during NHEJ, SFPQ also
promotes HR-directed DSB repair. The HR function of SFPQ
does not occur in complex with NONO but is instead dependent
on distinct interactions with the RAD51 recombinase and the
RAD51-paralog RAD51D (Morozumi et al., 2009; Rajesh et al.,
2011). Besides RNA, SFPQ has previously been shown to bind to
both single-stranded and double-stranded DNA and to promote
single-strand DNA annealing and the formation of D-loop
structures in vitro, which closely resemble HR intermediates
(Akhmedov and Lopez, 2000). In vivo, SFPQ additionally
binds to the ATPase domain of RAD51 via its N-terminal PSF
domain, which activates RAD51-mediated homology search and
strand exchange, particularly early in the HR process when
RAD51 accumulation at DSB sites is still low (Morozumi
et al., 2009). The mechanistic signficance of the interaction
with RAD51D remains unclear, although it has been
speculated that it might regulate the RAD51-paralog complex
BCDX2 (RAD51B, RAD51C, RAD51D, XRCC2), which
facilitates the assembly and stability of the RAD51
nucleoprotein filament during HR (Masson et al., 2001; Rajesh
et al., 2011; Chun et al., 2013).

Finally, numerous additional RBPs promote DSB repair by
regulating the generation and processing of various RNA species
and of RNA:DNA heteroduplex structures that form locally
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around the break site. These RBPs will be discussed in the next
section.

RNA-BINDING PROTEIN-RNA
INTERACTIONS ARE CENTRAL TO
DOUBLE-STRANDBREAKSIGNALINGAND
REPAIR

While some DSB-associated RBPs have roles that are RNA-
independent and are based on protein-protein interactions,
many RBP functions in this DNA damage pathway are
intimately linked to those of their associated RNAs.
Although canonical transcription is silenced in an ATM-
dependent manner around DSBs, RBPs bind to a wide
variety of non-coding RNAs at break sites, including long
noncoding RNAs (lncRNAs) and small noncoding RNAs
(sncRNAs) such as microRNAs and DNA damage response
small RNAs (DDRNAs) (Kruhlak et al., 2007; Shanbhag et al.,
2010; Francia et al., 2012; Pankotai et al., 2012; Wei et al.,
2012; Morales et al., 2016; Michelini et al., 2017; Thapar,
2018; Ketley and Gullerova, 2020). These noncoding RNAs
promote the DSB response by helping to recruit DSB
signaling and repair factors to chromatin, either directly
through RNA-protein interactions or indirectly by
contributing to phase separation locally around the break
site. In addition, they can assist repair by temporarily
stabilizing the DSB ends, protecting the 3′ ssDNA
overhangs from nucleases during end resection,
modulating DNA-protein interactions and protein
activities, by serving as repair templates and by regulating
local chromatin remodeling (Storici et al., 2007; Shen et al.,
2011; Wei et al., 2012, 2015; Sharma and Misteli, 2013; D’
Adda di Fagagna, 2014; Keskin et al., 2014; Yang and Qi,
2015; Chakraborty et al., 2016; Thapar, 2018; Durut and
Mittelsten Scheid, 2019; Bader et al., 2020; Ketley and
Gullerova, 2020; Liu et al., 2021).

From the point of view of DSB-associated RBPs, non-coding
RNAs often help to integrate these RBPs into the local signaling
and repair network. For example, as is the case for SFPQ-NONO
and hnRNP C, non-coding RNAs can act as molecular scaffolds
that help to recruit RBPs to damaged chromatin (Ha et al., 2011;
Krietsch et al., 2012; Anantha et al., 2013). While the exact
identities of these scaffold RNAs are mostly unknown, one
well-characterized RNA that has been proposed to act as a
scaffold for DNA damage response-relevant RBPs is the
lncRNA NORAD (non-coding RNA activated by DNA
damage). NORAD is upregulated in response to DNA damage
and interacts with at least 41 distinct RBPs, including SFPQ,
RBMX, and PRPF19 (Lee et al., 2016; Munschauer et al., 2018).
Another lncRNA that is induced in a DNA damage-dependent
manner and that assists in protein recruitment through RNA-
protein interactions is DDSR1 (DNA damage sensitive RNA 1)
(Sharma et al., 2015). DDSR1 binds directly to both BRCA1 and
hnRNP UL1, and its loss impairs the chromatin recruitment of
BRCA1-RAP80. It has been proposed that DDSR1 acts in

complex with hnRNP UL1 to enhance BRCA1 recruitment
and as such promotes HR-directed DSB repair (Sharma et al.,
2015).

In addition to RBP recruitment, RNAs also modulate the activity
of DSB-associated RBPs. Indeed, numerous lncRNAs have been
shown to directly bind to SWI/SNF chromatin remodeling
complexes to modulate their activities in response to DNA
damage (Prensner et al., 2013; Cajigas et al., 2015; Adriaens et al.,
2016). In addition, KU and DNA-PKcs are themselves RBPs and
their RNA-binding activity is important for efficientNHEJ-mediated
DSB repair (Yoo and Dynan, 1998; Baltz et al., 2012; Britton et al.,
2013; Thapar et al., 2020). An RNA that is especially relevant in this
context is LINP1 (lncRNA in nonhomologous end joining pathway
1), which directly binds to KU80 and stabilizes the KU-DNA-PKcs
complex at DSB ends (Zhang et al., 2016; Wang X. et al., 2018).

DSB-associated RBPs often bind to RNAs to prevent the
formation of or to clear RNA-associated impediments to DSB
repair. Such impediments may appear in the form of RNA:RNA
and RNA:DNA hybrids, or as so-called R-loops, which are three-
stranded structures consisting of a RNA:DNA hybrid and a
displaced strand of DNA (Figure 3A). R-loops tend to form
behind RNA polymerases during transcription when the nascent
RNA transcript binds to the complementary template DNA
(Hegazy et al., 2020). Various RNA-binding helicases and also
RNases remove and degrade RNAs at DSBs. For example,
depletion of either EXOSC10 (exosome component 10),
SETX (Senataxin), or RNase H2 leads to an increase in RNA:
DNA hybrids and to defective DNA repair (Mischo et al., 2011;
Skourti-Stathaki et al., 2011; Richard et al., 2013; Amon and
Koshland, 2016; Lafuente-Barquero et al., 2017; Domingo-Prim
et al., 2019; Zatreanu et al., 2019). They likely represent
alternative mechanisms to clear RNA:RNA hybrids that are
generated by dilncRNAs at DSB sites. DilncRNAs are
transcribed from and toward DNA ends whenever RNAP II
binds to break-associated MRN (Figure 3B) (Michelini et al.,
2017; Sharma et al., 2021). They have important roles in the
recruitment of DSB signaling factors and also serve as pre-
cursors for the Drosha and Dicer-dependent generation of DNA
damage response small RNAs (DDRNAs) (Francia et al., 2012;
Michelini et al., 2017; Rossiello et al., 2017; Gioia et al., 2019;
Rzeszutek and Betlej, 2020).

At DSBs, RNAP II also promotes the generation of DSB-
induced RNAs (diRNAs), which are produced when local RNA
transcripts become double-stranded and are then processed by
Dicer into double-stranded small RNAs (Wei et al., 2012; Yang
and Qi, 2015; Rzeszutek and Betlej, 2020). In Arabidopsis
thaliana, the generation of double-stranded RNAs depends on
RNA-dependent RNA polymerases that use RNA transcripts as
templates (Wei et al., 2012; Miki et al., 2017; Rzeszutek and Betlej,
2020). However, how single-stranded RNA transcripts become
double-stranded RNAs in human cells remains unclear.
Regardless, once formed, DSB-dependent diRNAs are
incorporated into Argonaute-2 (AGO2) and guide this protein
to damaged chromatin (Gao et al., 2014). Here, AGO2 helps to
recruit RAD51 to resected DNA and also acts as a scaffold for
chromatin modifiers such as MMSET and Tip60 (Gao et al., 2014;
Wang and Goldstein, 2016).
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Like RNAP II, RNA Polymerase III (RNAP III) is also recruited
to DSBs in a MRN-dependent manner (Liu et al., 2021). After
MRN and CtIP begin end-resection, RNAP III uses the resulting
ssDNA region to synthesize RNA and displace the 5′ strand, which
generates a RNA:DNA hybrid. These RNA:DNA hybrids likely
promote HR by preventing the 3′ ssDNA overhang that is essential
for RAD51-mediated strand exchange from being degraded during
end-resection. Accordingly, depletion of RNAP III in mammalian
cells hinders DNA end-resection andHR-directed repair (Liu et al.,
2021). It is unclear which proteins resolve RNA:DNA hybrids
produced by RNAPIII, but it is possible that SETX, XRN2,
EXOSC10, RNase H2, and/or DDX1 are involved in their
processing since all of these RBPs promote HR-mediated DSB
repair (Marin-Vicente et al., 2015; Li et al., 2016; Cohen et al., 2018;
D’Alessandro et al., 2018; Dang and Morales, 2020).

The RNA-binding protein SETX localizes to DSBs at
transcribed loci and, together with the 5′-3′ exoribonuclease

XRN2 (exoribonuclease 2), unwinds RNA:DNA hybrids (Kim
et al., 1999; Skourti-Stathaki et al., 2011; Martin-Tumasz and
Brow, 2015; Morales et al., 2016; Groh et al., 2017; Cohen et al.,
2018). SETX likely cooperates with the EXOSC10-containing
RNA exosome complex to unwind and degrade dilncRNAs
that hybridize at DSBs (Richard et al., 2013; Domingo-Prim
et al., 2019). Interestingly, EXOSC10 has been shown to be
important for the recruitment of RAD51 to DSBs, suggesting
that the clearance of dilncRNA-associated RNA:RNA and RNA:
DNA hybrids is required for effective HR (Marin-Vicente et al.,
2015). RNase H2 removes dilncRNAs from DSB sites
independent of SETX and EXOSC10 (Domingo-Prim et al.,
2020). Another RNA helicase active at DSBs is DEAD Box 1
(DDX1), which unwinds both RNA:RNA and RNA:DNA hybrids
(Chen et al., 2002; Li et al., 2008; Li et al., 2016). DDX1
accumulates at DSBs in an ATM- and 53BP1-dependent
manner (Li et al., 2008; Li et al., 2017). At break sites, DDX1

FIGURE 3 | RBPs involved in the regulation of R-loop structures, processing of non-coding RNAs, RNA-templated DNA repair, and phase separation. (A) The
presence of R-loops at DSBs is highly regulated. FUS prevents R-loop formation by promoting RNAP II dissociation. TDP-43 prevents the nascent RNA from binding to
DNA. METTL3 stabilizes these RNA:DNA hybrids. EXOSC10, RNase H2, SETX, XRN2, DDX5, and DDX1 are some of the RBPs involved in resolving RNA:DNA hybrids
and R-loops. (B) Non-coding RNAs can be processed into DDRNAs or diRNAs. DDRNAs are produced when MRN complex induces production of dilncRNAs by
recruiting RNAP II to both ends of the DSB break. The dilncRNAs can be processed by Drosha and Dicer into DDRNAs, which recruit DSB repair proteins to the DSB. In
addition, diRNAs are created when RNA transcripts are synthesized near a DSB site by RNAP II become double-stranded and are processed by Dicer. It is unclear how
the RNA becomes double-stranded in humans. The diRNAs are then incorporated into Argonaute-2 (AGO2) and AGO2 can then recruit RAD51. AGO2 also helps
localize chromatin modifiers to the break site, which also promotes HR. (C) RNA-templated DSB repair begins with RAD52 binding to a ssRNA transcript and facilitating
RNA:DNA hybrid formation. RAD52 can stimulate DNA recombination or end joining. DNA recombination is promoted when RAD52 undergoes inverse strand exchange,
with help from RPA. Reverse transcription and SSA annealing completes the repair process. On the other hand, RAD52 promotes end joining by bridging both ends of
the DSB with the homologous RNA transcript. DNA synapsis and ligation finish the repair. The RNA transcript is most likely removed from the DNA by RNase H enzymes
and possibly DDX1. (D) PARP1 attaches poly (ADP-ribose) (PAR) chains to the DNA surrounding the DSB. Several RBPs are recruited to the DSB site in a PARP-1
dependent manner, where they may contribute promote phase separation around the break site. Non-coding RNAs are likely present and encourage phase separation.
PARG disrupts phase separation and releases the RBPs by hydrolyzing the PAR chains.
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removes DDRNA-induced RNA:DNA hybrids from ssDNA after
DNA end-resection (Li et al., 2016, 2017). In addition, DDX1 has
been proposed to promote HR-directed repair by interacting with
and recruiting the BLM helicase to damaged chromatin (Li et al.,
2008; Li et al., 2017).

DDX1 has also been implicated in RNA-mediated DSB repair,
which uses single-stranded (ss) RNA transcripts to coordinate
repair (Figure 3C) (Storici et al., 2007; Shen et al., 2011; Keskin
et al., 2014; Wei et al., 2015; Li et al., 2017). RNA-mediated DSB
repair critically depends on the RNA-binding protein RAD52,
which facilitates the formation of a DNA:RNA heteroduplex that
favors DSB repair, either by promoting the annealing of an RNA
transcript to resected ssDNA or by catalyzing the inverse strand
exchange between an RNA transcript and homologous dsDNA
(Keskin et al., 2014; Mazina et al., 2017; McDevitt et al., 2018).
RAD52 promotes RNA-mediated DSB repair via two possible
mechanisms, which lead to fundamentally different repair
outcomes by promoting either DNA end-joining or DNA
recombination. First, RAD52 facilitates DSB end bridging by
mediating the annealing of a homologous RNA transcript with
two adjacent blunt or partially resected DNA ends. The formation
of this RNA:DNA heteroduplex then favors DNA synapsis and
DNA ligation (Chakraborty et al., 2016; Mazina et al., 2017;
McDevitt et al., 2018). Second, RAD52 promotes the partial
annealing of a homologous RNA transcript with either a
resected DSB or a blunt DSB end (via inverse strand
exchange) to initiate reverse transcription using the RNA as a
template. The reverse transcription is then followed by repair
completion via single-strand annealing (Mazina et al., 2017;
McDevitt et al., 2018). Interestingly, RNA-templated DSB
repair is stimulated by RPA, which is able to bind to RAD52
but also to ssRNA, albeit with lesser affinity than for ssDNA (Kim
et al., 1992; Mazina et al., 2017). Although the mechanistic details
remain to be fleshed out, it has been proposed that the RNA-
binding activity of RPA induces a conformational change in
RAD52 that favors strand exchange between DSB ends and
homologous RNA templates (Keskin et al., 2014; Mazina et al.,
2017). In budding yeast, translesion DNA polymerase ζ is able to
reverse transcribe RNA and use it as a repair template at DSB sites
(Meers et al., 2020). It will be important to test whether human
Pol ζ or other human DNA polymerases similarly promote
reverse transcription to fill in gaps during RNA-templated
DNA repair. Finally, increasing the stability of the RNA:DNA
hybrid through depletion of RNase H1 and RNAse H2 was shown
to increase the frequency of RNA-templated DNA repair events
(Keskin et al., 2014; Mazina et al., 2017). How DDX1 contributes
to RNA-dependent DSB repair is not clear, but it might be related
to its function in clearing RNA:DNA hybrids that would
otherwise impede strand exchange. Like other RNA:DNA
hybrid structures, R-loops pose considerable roadblocks for
the DSB repair machinery. Numerous DSB-associated RBPs,
including TDP-43, FUS, SFPQ, and NONO, have been
reported to prevent the formation of R-loops and RNA:DNA
hybrids (Hill et al., 2016; Wang I. X. et al., 2018; Petti et al., 2019;
Gianini et al., 2020; Jang et al., 2020; Wood et al., 2020). For
example, TDP-43 binds to nascent RNA and precludes the RNA
from binding to the complementary DNA template strand

(Wood et al., 2020). In contrast, FUS directly interacts with
active RNAP II and facilitates RNAP II dissociation. As such,
it prevents R-loop formation by avoiding excessive RNAP II-
mediated transcription at DSB sites (Schwartz et al., 2012; Kwon
et al., 2013; Hill et al., 2016). DDX5, a DEAD box-containing
RNA helicase like DDX1, also unwinds RNA:DNA hybrids and
R-loops at DSB sites (Xing et al., 2017; Mersaoui et al., 2019; Yu
et al., 2020; Sessa et al., 2021). It binds to RNA that is transcribed
in cis to a DSB to remove RNA-associated impediments and
enable HR-directed repair (Yu et al., 2020; Sessa et al., 2021).
Accordingly, loss of DDX5 results in the accumulation of polarized
end deletions that specifically occur on those sides of DSBs that are
actively transcribed and as such generate RNA species that can
hinder the HRmachinery (Yu et al., 2020). DDX5 interacts directly
with theHRmediator BRCA2, which helps to enrichDDX5 at DSB
sites, and which stimulates its RNA helicase activity in vitro (Sessa
et al., 2021). Interestingly, like numerous other RBPs, DDX5 is then
rapidly excluded again from damaged chromatin (Salton et al.,
2010; Ha et al., 2011; Adamson et al., 2012; Polo et al., 2012; Britton
et al., 2014; Altmeyer et al., 2015; Chen et al., 2018; Yu et al., 2020;
Sessa et al., 2021). This exclusion is ATM- and transcription-
dependent and requires the RNA-binding domain in DDX5 (Yu
et al., 2020). Finally, the ribonucleases RNaseH1 and RNaseH2 are
essential for resolving R-loops during replication (Cerritelli and
Crouch, 2009). It is unclear, whether they are also involved in the
clearance of DSB-associated R-loops (Zhao et al., 2018). However,
given the role of RNase H2 in removing dilncRNAs, a similar
function in R-loop processing at DSBs seems likely (D’Alessandro
et al., 2018).

THE ROLE OF RNA-BINDING
PROTEIN-MEDIATED PHASE SEPARATION
AT DOUBLE-STRAND BREAK SITES
It is becoming increasingly evident that liquid-liquid phase
separation (LLPS) around damaged chromatin is necessary for
efficient DNA damage signaling and repair, and DSB-associated
RBPs appear to be important drivers of phase separation around
DSB sites (Kilic et al., 2019; Pessina et al., 2019, 2020). LLPS is a
reversible process in which a solution containing proteins and/or
nucleic acids is converted into two liquid phases, a dense phase and a
dilute phase. These condensed liquid-like droplets, often referred to
as biomolecular condensates or membrane-less organelles, are
maintained through dynamic interactions and weak
intermolecular bonds between the molecules within the droplet
(Hyman et al., 2014; Pessina et al., 2020). In vivo, membrane-less
organelles are formed by a combination of RNAs that interact with
proteins containing intrinsically disordered regions, which in many
have RNA-binding properties. LLPS dynamics within these
organelles are influenced by the RNA to protein ratio, and by
post-translational modifications such as phosphorylation,
acetylation, and SUMOylation, which can promote or inhibit
LLPS by strengthening or weakening molecular interactions of
the phase-separated proteins (Hyman et al., 2014; Molliex et al.,
2015; Patel et al., 2015; Maharana et al., 2018; Hofweber and
Dormann, 2019). Examples of membrane-less organelles formed
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through LLPS are Cajal bodies, paraspeckles, stress granules and
nucleoli (Pessina et al., 2020). Intriguingly, DNA repair foci, which
are formed around damaged chromatin and contain DSB signaling
and repair factors, are viscous yet highly dynamic structures that are
sensitive to agents that disrupt liquid-like droplets, suggesting that
they, too, can be regarded as LLPS-induced membrane-less
organelles (Pessina et al., 2019; Pessina et al., 2020). It has been
proposed that LLPS enables an efficient DSB response by
concentrating DNA signaling and repair factors around the break
site. Although the molecular details remain to be determined, one
model proposes that, PARP is immediately recruited to DSB sites,
where it adds poly (ADP-ribose) chains to the DNA surrounding the
break site (Figure 3D). The negatively charged, low complexity, and
RNA-like poly (ADP-ribose) chains then act as bait for phase-
separating proteins with positively charged, intrinsically disordered
regions (Altmeyer et al., 2015; Kai, 2016; Pessina et al., 2020). Indeed,
many DSB-associated RBPs contain intrinsically disordered regions
and they are recruited to DSBs in a PARP-dependent manner,
suggesting that they contribute DNA damage-induced local phase
separation. These RBPs include FUS, CIRBP, hnRNP UL1, NONO,
RBM14, RBMX, TAF15, and EWS (Krietsch et al., 2012; Hong et al.,
2013; Mastrocola et al., 2013; Altmeyer et al., 2015; Izhar et al., 2015;
Chen et al., 2018). According to the poly (ADP-ribose) chain-
dependent phase separation model, these RBPs promote phase
separation (and, as discussed above, carry out additional roles in
the local DSB response) until the poly (ADP-ribose) chains are
hydrolyzed by PARG (poly (ADP-ribose) glycohydrolase), which
disrupts LLPS and releases the RBPs from the break site (Illuzzi et al.,
2014; Singatulina et al., 2019). In line with this idea is the observation
that the clearance of poly (ADP-ribose) chains is important for the
recruitment of the downstream DSB signaling factor 53BP1, which
itself then participates in RNA-dependent, but poly (ADP-ribose)-
independent phase separation at the DSB (Kilic et al., 2019; Pessina
et al., 2019). Besides poly (ADP-ribose) chains, non-coding RNAs
likely also promote LLPS at DSBs. Indeed, RNase A, RNAP II
inhibitors, and sequence-specific antisense oligonucleotide
treatments all inhibit DNA repair focus formation, suggesting
that the local generation of non-coding RNAs is required for
phase separation at DSB sites (Pryde et al., 2005; Francia et al.,
2012; Michelini et al., 2017; Rossiello et al., 2017). It is likely that at
least a subset of these RNA species are bound by phase-separating
RBPs to promote LLPS and to locally retain signaling and repair
factors (Pessina et al., 2019).

Of note, many RBPs that participate in DSB signaling and repair
have also been identified as phase separation-related proteins in the
context of other membrane-less organelles in the nucleus, particularly
paraspeckles (Hennig et al., 2015; You et al., 2020). Paraspeckles are
subnuclear bodies that contain the lncRNANEAT1 and a large variety
of proteins, including the DSB-associated RBPs SFPQ, NONO,
RBM14, FUS, CIRBP, hnRNP UL1, RBMX, and TDP-43 (Fox
et al., 2002; Fox et al., 2018; Naganuma et al., 2012; Nishimoto
et al., 2013). They play important roles in gene regulation, the
sequestration of proteins and RNAs, and in microRNA processing
(Fox et al., 2018; Taiana et al., 2020). Interestingly, paraspeckles have
also been linked to the DSB response since many of their core
components are involved in DNA repair pathways, and NEAT1
transcription is enhanced upon DNA damage induction (Blume

et al., 2015; Adriaens et al., 2016). Within paraspeckles, NEAT1
binds directly to the phase-separating proteins SFPQ, NONO,
RBM14, and FUS, and its scaffolding function might also be
relevant for phase separation in the context of the DSB response
(Chen and Carmichael, 2009; Clemson et al., 2009; Sasaki et al., 2009;
Sunwoo et al., 2009; Taiana et al., 2020).

FINAL REMARKS

The cellular response to DSBs is a highly complex DNA damage
response pathway, and its coordination, both in space and time,
requires multiple layers of regulation. RBPs have long been
known to participate in the global DSB response, particularly
by helping to adjust gene expression in the face of DNA damage.
However, a flurry of recent discoveries has placed RBPs also at the
heart of the DSB response that occurs locally on and around the
chromatin flanking DSBs (Table 1).

Because RBPs are highly versatile proteins that are able tomediate
not only RNA-protein interactions but are also frequently involved
in protein-DNA and protein-protein interactions, they are perfectly
placed to regulate the intricate interplay of DNA, RNA and signaling
and repair proteins that occurs at the DSB site. Indeed, given their
molecular versatility, it is not surprising that DSB-associated RBPs
touch upon almost every aspect of the chromatin-based DSB
response, including chromatin remodeling around the break site,
recruitment and regulation of otherDSB signaling and repair factors,
local RNAmetabolism and phase separation (Figure 2). In addition
to the many DSB-associated RBPs with classical RNA-binding
domains, several well-known DSB response proteins previously
not considered to be RNA-binding proteins do indeed bind to
RNA (i.e., 53BP1, BRCA1, KU proteins, RPA, and RAD52),
although in many cases the significance of these interactions is
only poorly understood (Kim et al., 1992; Yoo and Dynan, 1998;
Pryde et al., 2005; Keskin et al., 2014; Sharma et al., 2015). It will be
important to determine whether and how the RNA-binding
activities of these unconventional RBPs contribute to their
functions in DSB signaling and repair.

To date, details of the molecular mechanisms of action of most
other DSB-associated RBPs are similarly lacking. For example, while
RNA-RBP interactions are clearly important for timely and efficient
DSB repair, the DNA damage-dependent RNA interactome ofmany
DSB-associated RBPs remains uncharacterized. The identification of
these RNAs has the potential to shed much needed light onto the
mechanisms underlying the recruitment and function of RBPs at
DSBs. Of note, most studies have so far focused on the effects of
RBPs on the generation and function of various RNA species at
DNA damage sites. However, whether and how RNAs in turn
modulate protein functions in the context of the chromatin-based
DSB response has not been addressed. A related question pertains to
the specificity of RBP recruitment and function at DSB-flanking
chromatin. Despite the fact that cells contain well over 1,500 RBPs,
many of which play key roles in mRNA processing, splicing and
transport and are, by nature, promiscuous in terms of RNA-binding
activity, the RNA-binding proteome at damaged chromatin is
nevertheless specific and appears to be tightly regulated
(Gerstberger et al., 2014). A RBP family that is enriched at DSBs
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are hnRNPs, which are best known for their diverse functions in
transcription, splicing, mRNA stabilization and translational
regulation (Geuens et al., 2016). This family contains around 30
members, a third of which have been implicated in theDSB response
(Table 1). hnRNPs are classical RBPs that achieve RNA-binding
specificity and plasticity mainly through the combinatorial use of
several types of RNA-binding domains (Geuens et al., 2016).
However, these properties also guide many of their known
functions in mRNA metabolism and cannot alone explain the
mechanisms underlying their targeted accumulation at damaged
chromatin. It seems likely that the specificity of hnRNPs and of other
RNA-binding proteins for DSB sites is achieved by the recognition of
local RNA targets combined with DSB-specific protein-protein
interactions and DNA damage-induced post-translational protein
and possibly even RNA modifications.

In the same vein, the chromatin association of most RBPs is highly
dynamic and, in a number of cases, results in the rapid dissociation
and even complete exclusion from DSB sites (Salton et al., 2010; Ha
et al., 2011; Adamson et al., 2012; Beli et al., 2012; Britton et al., 2014;
Altmeyer et al., 2015; Izhar et al., 2015; Chen et al., 2018; Yu et al.,
2020; Sessa et al., 2021). While the exact molecular purposes and the
underlying regulatory mechanisms of this behavior remain largely
mysterious, it is attractive to speculate that they might be, at least in
part, linked to the LLPS process, which by nature, needs to be
dynamic, fluid and adaptive. Removing RBPs and their associated
RNAs at certain times post DNA damage induction may adjust the
properties of the local LLPS organelle to facilitate downstream
signaling or repair reactions. An additional, not mutually exclusive,
possibility is that the exclusion of certain RBPs results from the
positive and negative transcription dynamics that occur around DSB
sites, and which are tightly linked to the generation and processing of
various RNA species, RNA:DNA hybrids and R-loops (Shanbhag
et al., 2010; Polo et al., 2012; Britton et al., 2014). A case in point
supporting this idea is DDX5, whose exclusion from damaged
chromatin is dependent on RNAP II-mediated transcription at the
break site (Yu et al., 2020). Why DDX5 needs to be removed from
damaged chromatin as soon as it clears RNA-associated DNA repair
impediments is not clear, but it might be related to the observation
that not all RNA:DNA hybrids are detrimental to the repair process.
Instead, the context of their formation seems to determine whether
they need to be removed or stabilized (Marnef and Legube, 2021). A
consequence of this RNA:DNA hybrid plasticity is that the activity of
the RBPs that control the processing of these structures needs to be
tightly regulated, and the exclusion of these proteins at certain repair
steps might be a reflection of this regulation. DDX5 is only one of
numerous RBPs that are involved in the processing of RNA:DNA
duplexes and R-loops at DSBs (Table 1). Intriguingly, many of these

RBPs have opposing activities, particularly with regards to the
stabilization or resolution of these structures. For example, while
RBM14 and METTL3 stabilize RNA:DNA hybrids to promote DSB
repair, DDX5, DDX1, SETX, and many other RBPs instead mediate
their resolution (Li et al., 2008, 2016; Cohen et al., 2018; Jang et al.,
2020; Yu et al., 2020; Zhang et al., 2020; Sessa et al., 2021). This
dichotomy of RBP functions with regards to RNA:DNA hybrids
further supports the idea that the context and timing of these
structures is critical for efficient DSB repair (Marnef and Legube,
2021). Determining how RNA:DNA hybrids promote certain DSB
repair steps while inhibiting others, and how this is regulated by RBPs,
are important open questions.

Finally, genome instability contributes to the aging process and is
also a key driver of many diseases (Tubbs and Nussenzweig, 2017;
Alt and Schwer, 2018; da Silva and Schumacher, 2021). Intriguingly,
many of theDSB-associated RBPs discussed here have been linked to
the development of cancer and also to the onset of
neurodegeneration (Castello et al., 2013; Geuens et al., 2016; Low
et al., 2020). Prime examples of RBPs involved in neurodegeneration
are FUS and TDP-43, both of which play important roles in the
etiology of ALS and other brain disorders (Deng et al., 2014; Gao
et al., 2018). These diseases are characterized by the aberrant
aggregation of RBPs (and other proteins) and also by genome
instability. Despite extensive research efforts, the molecular details
underlying their pathology are not completely understood.However,
it is becoming clear that the protein aggregation and genome
instability phenotypes are interconnected, at least in certain
settings, and that defects in LLPS might be their common
denominator (Alberti and Dormann, 2019; Pessina et al., 2020;
Sun et al., 2020). Major questions that need to be addressed now are
how exactly aberrant phase separation affects RBP-mediated
genome maintenance in neurons and how this contributes to the
genome instability and to the protein aggregates observed in the
brains of neurodegeneration patients. Similar questions arise also
beyond neurodegeneration as RBPs and genome instability have
firm connections to other diseases as well, particularly to cancer.
Determining how DSB-associated RBPs contribute to genome
maintenance, how their dysfunction in the global and chromatin-
based DSB response drives disease, and whether they can provide
rationales for new treatment approaches are key challenges that need
to be addressed in the future.

AUTHOR CONTRIBUTIONS

JK and SP wrote and edited the manuscript. JK and SW prepared
the figures and the table.

REFERENCES

Abbas, M., Shanmugam, I., Bsaili, M., Hromas, R., and Shaheen, M. (2014). The
Role of the Human Psoralen 4 (hPso4) Protein Complex in Replication Stress
and Homologous Recombination. J. Biol. Chem. 289, 14009–14019. doi:10.
1074/jbc.M113.520056

Adamson, B., Smogorzewska, A., Sigoillot, F. D., King, R. W., and Elledge, S. J.
(2012). A Genome-wide Homologous Recombination Screen Identifies the

RNA-Binding Protein RBMX as a Component of the DNA-Damage Response.
Nat. Cel Biol. 14, 318–328. doi:10.1038/ncb2426

Adriaens, C., Standaert, L., Barra, J., Latil, M., Verfaillie, A., Kalev, P., et al. (2016).
P53 Induces Formation of NEAT1 lncRNA-Containing Paraspeckles that
Modulate Replication Stress Response and Chemosensitivity. Nat. Med. 22,
861–868. doi:10.1038/nm.4135

Akhmedov, A. T., and Lopez, B. S. (2000). Human 100-kDa Homologous DNA-
Pairing Protein Is the Splicing Factor PSF and Promotes DNA Strand Invasion.
Nucleic Acids Res. 28, 3022–3030. doi:10.1093/nar/28.16.3022

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 66882112

Klaric et al. RBPs and the DSB Response

https://doi.org/10.1074/jbc.M113.520056
https://doi.org/10.1074/jbc.M113.520056
https://doi.org/10.1038/ncb2426
https://doi.org/10.1038/nm.4135
https://doi.org/10.1093/nar/28.16.3022
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Alberti, S., and Dormann, D. (2019). Liquid-Liquid Phase Separation in Disease.
Annu. Rev. Genet. 53, 171–194. doi:10.1146/annurev-genet-112618-043527

Aleksandrov, R., Dotchev, A., Poser, I., Krastev, D., Georgiev, G., Panova, G., et al.
(2018). Protein Dynamics in Complex DNA Lesions. Mol. Cel 69, 1046–1061.
doi:10.1016/j.molcel.2018.02.016

Alfano, L., Caporaso, A., Altieri, A., Dell’Aquila, M., Landi, C., Bini, L., et al. (2019).
Depletion of the RNA Binding Protein HNRNPD Impairs Homologous
Recombination by Inhibiting DNA-End Resection and Inducing R-Loop
Accumulation. Nucleic Acids Res. 47, 4068–4085. doi:10.1093/nar/gkz076

Alfano, L., Costa, C., Caporaso, A., Altieri, A., Indovina, P., Macaluso, M., et al.
(2016). NONO Regulates the Intra-S-phase Checkpoint in Response to UV
Radiation. Oncogene 35, 567–576. doi:10.1038/onc.2015.107

Alt, F. W., and Schwer, B. (2018). DNA Double-Strand Breaks as Drivers of Neural
Genomic Change, Function, and Disease. DNA Repair 71, 158–163. doi:10.
1016/j.dnarep.2018.08.019

Altmeyer, M., Neelsen, K. J., Teloni, F., Pozdnyakova, I., Pellegrino, S., Grøfte, M.,
et al. (2015). Liquid Demixing of Intrinsically Disordered Proteins Is Seeded by
poly(ADP-Ribose). Nat. Commun. 6, 8088. doi:10.1038/ncomms9088

Amon, J. D., and Koshland, D. (2016). RNase H Enables Efficient Repair of R-Loop
Induced DNA Damage. Elife 5. doi:10.7554/eLife.20533

Anantha, R. W., Alcivar, A. L., Ma, J., Cai, H., Simhadri, S., Ule, J., et al. (2013).
Requirement of Heterogeneous Nuclear Ribonucleoprotein C for BRCA Gene
Expression and Homologous Recombination. PLoS One 8, e61368. doi:10.1371/
journal.pone.0061368

Auboeuf, D., Dowhan, D. H., Li, X., Larkin, K., Ko, L., Berget, S. M., et al. (2004).
CoAA, a Nuclear Receptor Coactivator Protein at the Interface of
Transcriptional Coactivation and RNA Splicing. Mcb 24, 442–453. doi:10.
1128/mcb.24.1.442-453.2004

Bader, A. S., Hawley, B. R., Wilczynska, A., and Bushell, M. (2020). The Roles of
RNA in DNA Double-Strand Break Repair. Br. J. Cancer 122, 613–623. doi:10.
1038/s41416-019-0624-1

Baechtold, H., Kuroda, M., Sok, J., Ron, D., Lopez, B. S., and Akhmedov, A. T.
(1999). Human 75-kDa DNA-Pairing Protein Is Identical to the Pro-
oncoprotein TLS/FUS and Is Able to Promote D-Loop Formation. J. Biol.
Chem. 274, 34337–34342. doi:10.1074/jbc.274.48.34337

Baltz, A. G., Munschauer, M., Schwanhäusser, B., Vasile, A., Murakawa, Y.,
Schueler, M., et al. (2012). The mRNA-Bound Proteome and its Global
Occupancy Profile on Protein-Coding Transcripts. Mol. Cel 46, 674–690.
doi:10.1016/j.molcel.2012.05.021

Batista, L. F. Z., Pech, M. F., Zhong, F. L., Nguyen, H. N., Xie, K. T., Zaug, A. J., et al.
(2011). Telomere Shortening and Loss of Self-Renewal in Dyskeratosis
Congenita Induced Pluripotent Stem Cells. Nature 474, 399–402. doi:10.
1038/nature10084

Beck, B. D., Lee, S.-S., Williamson, E., Hromas, R. A., and Lee, S.-H. (2011).
Biochemical Characterization of Metnase’s Endonuclease Activity and its Role
in NHEJ Repair. Biochemistry 50, 4360–4370. doi:10.1021/bi200333k

Beck, B. D., Lee, S. S., Hromas, R., and Lee, S.-H. (2010). Regulation of Metnase’s
TIR Binding Activity by its Binding Partner, Pso4. Arch. Biochem. Biophys. 498,
89–94. doi:10.1016/j.abb.2010.04.011

Beck, B. D., Park, S.-J., Lee, Y.-J., Roman, Y., Hromas, R. A., and Lee, S.-H. (2008).
Human Pso4 Is a Metnase (SETMAR)-binding Partner that Regulates Metnase
Function in DNA Repair. J. Biol. Chem. 283, 9023–9030. doi:10.1074/jbc.
M800150200

Bekker-Jensen, S., Lukas, C., Kitagawa, R., Melander, F., Kastan, M. B., Bartek, J.,
et al. (2006). Spatial Organization of the Mammalian Genome Surveillance
Machinery in Response to DNA Strand Breaks. J. Cel Biol. 173, 195–206. doi:10.
1083/jcb.200510130

Beli, P., Lukashchuk, N., Wagner, S. A., Weinert, B. T., Olsen, J. V., Baskcomb, L.,
et al. (2012). Proteomic Investigations Reveal a Role for RNA Processing Factor
THRAP3 in the DNA Damage Response. Mol. Cel 46, 212–225. doi:10.1016/j.
molcel.2012.01.026

Bennetzen, M. V., Larsen, D. H., Bunkenborg, J., Bartek, J., Lukas, J., and Andersen,
J. S. (2010). Site-specific Phosphorylation Dynamics of the Nuclear Proteome
during the DNA Damage Response.Mol. Cell Proteomics 9, 1314–1323. doi:10.
1074/mcp.M900616-MCP200

Bensimon, A., Schmidt, A., Ziv, Y., Elkon, R., Wang, S.-Y., Chen, D. J., et al. (2010).
ATM-dependent and -independent Dynamics of the Nuclear

Phosphoproteome after DNA Damage. Sci. Signaling 3, rs3. doi:10.1126/
scisignal.2001034

Bergstrand, S., Böhm, S., Malmgren, H., Norberg, A., Sundin, M., Nordgren, A.,
et al. (2020). Biallelic Mutations in WRAP53 Result in Dysfunctional
Telomeres, Cajal Bodies and DNA Repair, Thereby Causing Hoyeraal-
Hreidarsson Syndrome. Cell Death Dis 11, 238. doi:10.1038/s41419-020-
2421-4

Bertrand, P., Akhmedov, A. T., Delacote, F., Durrbach, A., and Lopez, B. S. (1999).
Human POMp75 Is Identified as the Pro-oncoprotein TLS/FUS: Both POMp75
and POMp100 DNA Homologous Pairing Activities Are Associated to Cell
Proliferation. Oncogene 18, 4515–4521. doi:10.1038/sj.onc.1203048

Bétermier, M., Bertrand, P., and Lopez, B. S. (2014). Is Non-homologous End-
Joining Really an Inherently Error-Prone Process? Plos Genet. 10, e1004086.
doi:10.1371/journal.pgen.1004086

Bladen, C. L., Udayakumar, D., Takeda, Y., and Dynan, W. S. (2005). Identification
of the Polypyrimidine Tract Binding Protein-Associated Splicing
Factor·p54(nrb) Complex as a Candidate DNA Double-Strand Break
Rejoining Factor. J. Biol. Chem. 280, 5205–5210. doi:10.1074/jbc.M412758200

Blume, C. J., Hotz-Wagenblatt, A., Hüllein, J., Sellner, L., Jethwa, A., Stolz, T., et al.
(2015). P53-dependent Non-coding RNA Networks in Chronic Lymphocytic
Leukemia. Leukemia 29, 2015–2023. doi:10.1038/leu.2015.119

Britton, S., Coates, J., and Jackson, S. P. (2013). A NewMethod for High-Resolution
Imaging of Ku Foci to Decipher Mechanisms of DNA Double-Strand Break
Repair. J. Cel Biol. 202, 579–595. doi:10.1083/jcb.201303073

Britton, S., Dernoncourt, E., Delteil, C., Froment, C., Schiltz, O., Salles, B., et al.
(2014). DNA Damage Triggers SAF-A and RNA Biogenesis Factors Exclusion
from Chromatin Coupled to R-Loops Removal. Nucleic Acids Res. 42,
9047–9062. doi:10.1093/nar/gku601

Buratti, E., and Baralle, F. E. (2008). Multiple Roles of TDP-43 in Gene Expression,
Splicing Regulation, and Human Disease. Front. Biosci. 13, 867. doi:10.2741/
2727

Cajigas, I., Leib, D. E., Cochrane, J., Luo, H., Swyter, K. R., Chen, S., et al. (2015).
Evf2lncRNA/BRG1/DLX1 Interactions Reveal RNA-dependent Inhibition of
Chromatin Remodeling. Development 142, 2641–2652. doi:10.1242/dev.126318

Castello, A., Fischer, B., Hentze, M. W., and Preiss, T. (2013). RNA-binding
Proteins in Mendelian Disease. Trends Genet. 29, 318–327. doi:10.1016/j.tig.
2013.01.004

Cerritelli, S. M., and Crouch, R. J. (2009). Ribonuclease H: the Enzymes in
Eukaryotes. FEBS J. 276, 1494–1505. doi:10.1111/j.1742-4658.2009.06908.x

Chakraborty, A., Tapryal, N., Venkova, T., Horikoshi, N., Pandita, R. K., Sarker, A.
H., et al. (2016). Classical Non-homologous End-Joining Pathway Utilizes
Nascent RNA for Error-free Double-Strand Break Repair of Transcribed Genes.
Nat. Commun. 7. doi:10.1038/ncomms13049

Chanarat, S., and Sträßer, K. (2013). Splicing and beyond: The Many Faces of the
Prp19 Complex. Biochim. Biophys. Acta (Bba) - Mol. Cel Res. 1833, 2126–2134.
doi:10.1016/j.bbamcr.2013.05.023

Chen, H.-C., Lin, W.-C., Tsay, Y.-G., Lee, S.-C., and Chang, C.-J. (2002). An RNA
Helicase, DDX1, Interacting with Poly(A) RNA and Heterogeneous Nuclear
Ribonucleoprotein K. J. Biol. Chem. 277, 40403–40409. doi:10.1074/jbc.
M206981200

Chen, J.-K., Lin, W.-L., Chen, Z., and Liu, H.-w. (2018). PARP-1-dependent
Recruitment of Cold-Inducible RNA-Binding Protein Promotes Double-
Strand Break Repair and Genome Stability. Proc. Natl. Acad. Sci. USA 115,
E1759–E1768. doi:10.1073/pnas.1713912115

Chen, L.-L., and Carmichael, G. G. (2009). Altered Nuclear Retention of mRNAs
Containing Inverted Repeats in Human Embryonic Stem Cells: Functional Role
of a Nuclear Noncoding RNA.Mol. Cel 35, 467–478. doi:10.1016/j.molcel.2009.
06.027

Cho, Y., Ideue, T., Nagayama, M., Araki, N., and Tani, T. (2018). RBMX Is a
Component of the Centromere Noncoding RNP Complex Involved in
Cohesion Regulation. Genes Cells 23, 172–184. doi:10.1111/gtc.12562

Chun, J., Buechelmaier, E. S., and Powell, S. N. (2013). Rad51 Paralog Complexes
BCDX2 and CX3 Act at Different Stages in the BRCA1-BRCA2-dependent
Homologous Recombination Pathway.Mol. Cell Biol. 33, 387–395. doi:10.1128/
mcb.00465-12

Clemson, C. M., Hutchinson, J. N., Sara, S. A., Ensminger, A. W., Fox, A. H., Chess,
A., et al. (2009). An Architectural Role for a Nuclear Noncoding RNA: NEAT1

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 66882113

Klaric et al. RBPs and the DSB Response

https://doi.org/10.1146/annurev-genet-112618-043527
https://doi.org/10.1016/j.molcel.2018.02.016
https://doi.org/10.1093/nar/gkz076
https://doi.org/10.1038/onc.2015.107
https://doi.org/10.1016/j.dnarep.2018.08.019
https://doi.org/10.1016/j.dnarep.2018.08.019
https://doi.org/10.1038/ncomms9088
https://doi.org/10.7554/eLife.20533
https://doi.org/10.1371/journal.pone.0061368
https://doi.org/10.1371/journal.pone.0061368
https://doi.org/10.1128/mcb.24.1.442-453.2004
https://doi.org/10.1128/mcb.24.1.442-453.2004
https://doi.org/10.1038/s41416-019-0624-1
https://doi.org/10.1038/s41416-019-0624-1
https://doi.org/10.1074/jbc.274.48.34337
https://doi.org/10.1016/j.molcel.2012.05.021
https://doi.org/10.1038/nature10084
https://doi.org/10.1038/nature10084
https://doi.org/10.1021/bi200333k
https://doi.org/10.1016/j.abb.2010.04.011
https://doi.org/10.1074/jbc.M800150200
https://doi.org/10.1074/jbc.M800150200
https://doi.org/10.1083/jcb.200510130
https://doi.org/10.1083/jcb.200510130
https://doi.org/10.1016/j.molcel.2012.01.026
https://doi.org/10.1016/j.molcel.2012.01.026
https://doi.org/10.1074/mcp.M900616-MCP200
https://doi.org/10.1074/mcp.M900616-MCP200
https://doi.org/10.1126/scisignal.2001034
https://doi.org/10.1126/scisignal.2001034
https://doi.org/10.1038/s41419-020-2421-4
https://doi.org/10.1038/s41419-020-2421-4
https://doi.org/10.1038/sj.onc.1203048
https://doi.org/10.1371/journal.pgen.1004086
https://doi.org/10.1074/jbc.M412758200
https://doi.org/10.1038/leu.2015.119
https://doi.org/10.1083/jcb.201303073
https://doi.org/10.1093/nar/gku601
https://doi.org/10.2741/2727
https://doi.org/10.2741/2727
https://doi.org/10.1242/dev.126318
https://doi.org/10.1016/j.tig.2013.01.004
https://doi.org/10.1016/j.tig.2013.01.004
https://doi.org/10.1111/j.1742-4658.2009.06908.x
https://doi.org/10.1038/ncomms13049
https://doi.org/10.1016/j.bbamcr.2013.05.023
https://doi.org/10.1074/jbc.M206981200
https://doi.org/10.1074/jbc.M206981200
https://doi.org/10.1073/pnas.1713912115
https://doi.org/10.1016/j.molcel.2009.06.027
https://doi.org/10.1016/j.molcel.2009.06.027
https://doi.org/10.1111/gtc.12562
https://doi.org/10.1128/mcb.00465-12
https://doi.org/10.1128/mcb.00465-12
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


RNA Is Essential for the Structure of Paraspeckles.Mol. Cel 33, 717–726. doi:10.
1016/j.molcel.2009.01.026

Cohen, S., Puget, N., Lin, Y.-L., Clouaire, T., Aguirrebengoa, M., Rocher, V., et al.
(2018). Senataxin Resolves RNA:DNA Hybrids Forming at DNA Double-
Strand Breaks to Prevent Translocations. Nat. Commun. 9, 533. doi:10.1038/
s41467-018-02894-w

Crozat, A., Åman, P., Mandahl, N., and Ron, D. (1993). Fusion of CHOP to a Novel
RNA-Binding Protein in Human Myxoid Liposarcoma. Nature 363, 640–644.
doi:10.1038/363640a0

da Silva, K. V. C. L., de Morais, M. A., and Henriques, J. A. P. (1995). The PSO4
Gene of S. cerevisiae Is Important for Sporulation and the Meiotic DNA Repair
of Photoactivated Psoralen Lesions. Curr. Genet. 27, 207–212. doi:10.1007/
BF00326150

da Silva, P. F. L., and Schumacher, B. (2021). Principles of the Molecular and
Cellular Mechanisms of Aging. J. Invest. Dermatol. 141, 951–960. doi:10.1016/j.
jid.2020.11.018

D’Adda di Fagagna, F. (2014). A Direct Role for Small Non-coding RNAs in DNA
Damage Response. Trends Cel Biol. 24 (3), 171-8. doi:10.1016/j.tcb.2013.09.008

D’Alessandro, G., Whelan, D. R., Howard, S. M., Vitelli, V., Renaudin, X.,
Adamowicz, M., et al. (2018). BRCA2 Controls DNA:RNA Hybrid Level at
DSBs by Mediating RNase H2 Recruitment. Nat. Commun. 9 (1), 5376. doi:10.
1038/s41467-018-07799-2

Dang, T. T., and Morales, J. C. (2020). XRN2 Links RNA:DNA Hybrid Resolution
to Double Strand Break Repair Pathway Choice. Cancers 12, 1821. doi:10.3390/
cancers12071821

Dantuma, N. P., and Attikum, H. (2016). Spatiotemporal Regulation of
Posttranslational Modifications in the DNA Damage Response. EMBO J. 35,
6–23. doi:10.15252/embj.201592595

de Moura, T. R., Mozaffari-Jovin, S., Szabó, C. Z. K., Schmitzová, J., Dybkov, O.,
Cretu, C., et al. (2018). Prp19/Pso4 Is an Autoinhibited Ubiquitin Ligase
Activated by Stepwise Assembly of Three Splicing Factors. Mol. Cel 69,
979–992. doi:10.1016/j.molcel.2018.02.022

Deng, H., Gao, K., and Jankovic, J. (2014). The Role of FUS Gene Variants in
Neurodegenerative Diseases. Nat. Rev. Neurol. 10, 337–348. doi:10.1038/
nrneurol.2014.78

Deshar, R., Yoo, W., Cho, E.-B., Kim, S., and Yoon, J.-B. (2019). RNF8 Mediates
NONO Degradation Following UV-Induced DNA Damage to Properly
Terminate ATR-CHK1 Checkpoint Signaling. Nucleic Acids Res. 47,
762–778. doi:10.1093/nar/gky1166

Dobbin, M. M., Madabhushi, R., Pan, L., Chen, Y., Kim, D., Gao, J., et al. (2013).
SIRT1 Collaborates with ATM and HDAC1 to Maintain Genomic Stability in
Neurons. Nat. Neurosci. 16, 1008–1015. doi:10.1038/nn.3460

Domingo-Prim, J., Bonath, F., and Visa, N. (2020). RNA at DNA Double-Strand
Breaks: The Challenge of Dealing with DNA:RNA Hybrids. BioEssays 42,
1900225. doi:10.1002/bies.201900225

Domingo-Prim, J., Endara-Coll, M., Bonath, F., Jimeno, S., Prados-Carvajal, R.,
Friedländer, M. R., et al. (2019). EXOSC10 Is Required for RPA Assembly and
Controlled DNA End Resection at DNA Double-Strand Breaks. Nat. Commun.
10, 2135. doi:10.1038/s41467-019-10153-9

Dubois, J.-C., Yates, M., Gaudreau-Lapierre, A., Clément, G., Cappadocia, L.,
Gaudreau, L., et al. (2017). A Phosphorylation-And-Ubiquitylation Circuitry
Driving ATR Activation and Homologous Recombination. Nucleic Acids Res.
45, 8859–8872. doi:10.1093/nar/gkx571

Durut, N., and Mittelsten Scheid, O. (2019). The Role of Noncoding RNAs in
Double-Strand Break Repair. Front Plant Sci. 10, 1155. doi:10.3389/fpls.2019.
01155

Elia, A. E. H., Boardman, A. P., Wang, D. C., Huttlin, E. L., Everley, R. A.,
Dephoure, N., et al. (2015). Quantitative Proteomic Atlas of Ubiquitination and
Acetylation in the DNADamage Response.Mol. Cel 59, 867–881. doi:10.1016/j.
molcel.2015.05.006

Fnu, S., Williamson, E. A., De Haro, L. P., Brenneman, M., Wray, J., Shaheen, M.,
et al. (2011). Methylation of Histone H3 Lysine 36 Enhances DNA Repair by
Nonhomologous End-Joining. Proc. Natl. Acad. Sci. 108, 540–545. doi:10.1073/
pnas.1013571108

Fox, A. H., Lam, Y. W., Leung, A. K. L., Lyon, C. E., Andersen, J., Mann, M., et al.
(2002). Paraspeckles: A Novel Nuclear Domain. Curr. Biol. 12 (1), 13-25. doi:10.
1016/S0960-9822(01)00632-7

Fox, A. H., Nakagawa, S., Hirose, T., and Bond, C. S. (2018). Paraspeckles: Where
Long Noncoding RNA Meets Phase Separation. Trends Biochem. Sci. 43,
124–135. doi:10.1016/j.tibs.2017.12.001

Francia, S., Michelini, F., Saxena, A., Tang, D., de Hoon, M., Anelli, V., et al. (2012).
Site-specific DICER and DROSHA RNA Products Control the DNA-Damage
Response. Nature 488, 231–235. doi:10.1038/nature11179

Gabler, S., Schutt, H., Groitl, P., Wolf, H., Shenk, T., and Dobner, T. (1998). E1B
55-Kilodalton-Associated Protein: a Cellular Protein with RNA-Binding
Activity Implicated in Nucleocytoplasmic Transport of Adenovirus and
Cellular mRNAs. J. Virol. 72, 7960–7971. doi:10.1128/jvi.72.10.7960-7971.1998

Gao, J., Wang, L., Huntley, M. L., Perry, G., and Wang, X. (2018).
Pathomechanisms of TDP-43 in Neurodegeneration. J. Neurochem. 146,
7–20. doi:10.1111/jnc.14327

Gao, M., Wei, W., Li, M.-M., Wu, Y.-S., Ba, Z., Jin, K.-X., et al. (2014). Ago2
Facilitates Rad51 Recruitment and DNA Double-Strand Break Repair by
Homologous Recombination. Cell Res 24, 532–541. doi:10.1038/cr.2014.36

Gardiner, M., Toth, R., Vandermoere, F., Morrice, N. A., and Rouse, J. (2008).
Identification and Characterization of FUS/TLS as a New Target of ATM.
Biochem. J. 415, 297–307. doi:10.1042/BJ20081135

Gerstberger, S., Hafner, M., and Tuschl, T. (2014). A Census of Human RNA-
Binding Proteins. Nat. Rev. Genet. 15, 829–845. doi:10.1038/nrg3813

Geuens, T., Bouhy, D., and Timmerman, V. (2016). The hnRNP Family: Insights
into Their Role in Health and Disease. Hum. Genet. 135, 851–867. doi:10.1007/
s00439-016-1683-5

Gianini, M., Bayona-Feliu, A., Sproviero, D., Barroso, S. I., Cereda, C., and
Aguilera, A. (2020). TDP-43 Mutations Link Amyotrophic Lateral Sclerosis
with R-Loop Homeostasis and R Loop-Mediated DNA Damage. PLOS Genet.
16, e1009260. doi:10.1371/journal.pgen.1009260

Gioia, U., Francia, S., Cabrini, M., Brambillasca, S., Michelini, F., Jones-Weinert, C.
W., et al. (2019). Pharmacological Boost of DNA Damage Response and Repair
by Enhanced Biogenesis of DNA Damage Response RNAs. Sci. Rep. 9, 6460.
doi:10.1038/s41598-019-42892-6

Grey, M., Dusterhoft, A., Henriques, J. A., and Brendel, M. (1996). Allelism of
PSO4 and PRP19 Links Pre-mRNA Processing with Recombination and Error-
Prone DNA Repair in Saccharomyces cerevisiae. Nucleic Acids Res. 24,
4009–4014. doi:10.1093/nar/24.20.4009

Groh, M., Albulescu, L. O., Cristini, A., and Gromak, N. (2017). Senataxin: Genome
Guardian at the Interface of Transcription and Neurodegeneration. J. Mol. Biol.
429, 3181–3195. doi:10.1016/j.jmb.2016.10.021

Ha, K., Takeda, Y., and Dynan, W. S. (2011). Sequences in PSF/SFPQ Mediate
Radioresistance and Recruitment of PSF/SFPQ-containing Complexes to DNA
Damage Sites in Human Cells. DNA Repair 10, 252–259. doi:10.1016/j.dnarep.
2010.11.009
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Pêgas Henriques, J. A. (1989). ThePSO4 Gene Is Responsible for an Error-
Prone Recombinational DNA Repair Pathway inSaccharomyces Cerevisiae.
Mol. Gen. Genet. 217, 419–426. doi:10.1007/BF02464912

Rossiello, F., Aguado, J., Sepe, S., Iannelli, F., Nguyen, Q., Pitchiaya, S., et al. (2017).
DNA Damage Response Inhibition at Dysfunctional Telomeres by Modulation
of Telomeric DNA Damage Response RNAs. Nat. Commun. 8. doi:10.1038/
ncomms13980

Rulten, S. L., Fisher, A. E. O., Robert, I., Zuma, M. C., Rouleau, M., Ju, L., et al.
(2011). PARP-3 and APLF Function Together to Accelerate Nonhomologous
End-Joining. Mol. Cel 41, 33–45. doi:10.1016/j.molcel.2010.12.006

Rulten, S. L., Rotheray, A., Green, R. L., Grundy, G. J., Moore, D. A. Q., Gómez-
Herreros, F., et al. (2014). PARP-1 Dependent Recruitment of the Amyotrophic
Lateral Sclerosis-Associated Protein FUS/TLS to Sites of Oxidative DNA
Damage. Nucleic Acids Res. 42, 307–314. doi:10.1093/nar/gkt835

Rzeszutek, I., and Betlej, G. (2020). The Role of Small Noncoding RNA in DNA
Double-Strand Break Repair. Ijms 21, 8039. doi:10.3390/ijms21218039

Salton, M., Lerenthal, Y., Wang, S.-Y., Chen, D. J., and Shiloh, Y. (2010).
Involvement of Matrin 3 and SFPQ/NONO in the DNA Damage Response.
Cell Cycle 9, 1568–1576. doi:10.4161/cc.9.8.11298

Sarachan, K. L., Valentine, K. G., Gupta, K., Moorman, V. R., Gledhill, J. M.,
Bernens, M., et al. (2012). Solution Structure of the Core SMN-Gemin2
Complex. Biochem. J. 445, 361–370. doi:10.1042/BJ20120241

Sasaki, Y. T. F., Ideue, T., Sano, M., Mituyama, T., and Hirose, T. (2009). Menε/β
Noncoding RNAs Are Essential for Structural Integrity of Nuclear Paraspeckles.
Pnas 106, 2525–2530. doi:10.1073/pnas.0807899106

Schwartz, J. C., Ebmeier, C. C., Podell, E. R., Heimiller, J., Taatjes, D. J., and Cech, T.
R. (2012). FUS Binds the CTD of RNA Polymerase II and Regulates its
Phosphorylation at Ser2. Genes Develop. 26, 2690–2695. doi:10.1101/gad.
204602.112

Sessa, G., Gómez-González, B., Silva, S., Pérez-Calero, C., Beaurepere, R., Barroso,
S., et al. (2021). BRCA2 Promotes DNA-RNA Hybrid Resolution by DDX5
Helicase at DNA Breaks to Facilitate Their Repair‡. Embo J. 40, e106018. doi:10.
15252/embj.2020106018

Shanbhag, N. M., Rafalska-Metcalf, I. U., Balane-Bolivar, C., Janicki, S. M., and
Greenberg, R. A. (2010). ATM-dependent Chromatin Changes Silence
Transcription in Cis to DNA Double-Strand Breaks. Cell 141, 970–981.
doi:10.1016/j.cell.2010.04.038

Sharma, S., Anand, R., Zhang, X., Francia, S., Michelini, F., Galbiati, A., et al.
(2021). MRE11-RAD50-NBS1 Complex Is Sufficient to Promote Transcription
by RNA Polymerase II at Double-Strand Breaks byMelting DNA Ends. Cel Rep.
34, 108565. doi:10.1016/j.celrep.2020.108565

Sharma, V., Khurana, S., Kubben, N., Abdelmohsen, K., Oberdoerffer, P., Gorospe,
M., et al. (2015). A BRCA 1-interacting Lnc RNA Regulates Homologous
Recombination. EMBO Rep. 16, 1520–1534. doi:10.15252/embr.201540437

Sharma, V., andMisteli, T. (2013). Non-coding RNAs in DNADamage and Repair.
Febs Lett. 587, 1832–1839. doi:10.1016/j.febslet.2013.05.006

Shen, Y., Nandi, P., Taylor, M. B., Stuckey, S., Bhadsavle, H. P., Weiss, B., et al.
(2011). RNA-driven Genetic Changes in Bacteria and in Human Cells. Mutat.
Research/Fundamental Mol. Mech. Mutagenesis 717, 91–98. doi:10.1016/j.
mrfmmm.2011.03.016

Shin, K.-H., Kim, R. H., Kang, M. K., Kim, R. H., Kim, S. G., Lim, P. K., et al. (2007).
p53 Promotes the Fidelity of DNA End-Joining Activity by, in Part, Enhancing
the Expression of Heterogeneous Nuclear Ribonucleoprotein G. DNA Repair 6,
830–840. doi:10.1016/j.dnarep.2007.01.013

Shkreta, L., and Chabot, B. (2015). The RNA Splicing Response to DNA Damage.
Biomolecules. 5, 2935–77. doi:10.3390/biom5042935

Simon, N. E., Yuan, M., and Kai, M. (2017). RNA-binding Protein RBM14
Regulates Dissociation and Association of Non-homologous End Joining
Proteins. Cell Cycle 16, 1175–1180. doi:10.1080/15384101.2017.1317419

Singatulina, A. S., Hamon, L., Sukhanova, M. V., Desforges, B., Joshi, V., Bouhss,
A., et al. (2019). PARP-1 Activation Directs FUS to DNADamage Sites to Form
PARG-Reversible Compartments Enriched in Damaged DNA. Cel Rep. 27,
1809–1821. doi:10.1016/j.celrep.2019.04.031

Skourti-Stathaki, K., Proudfoot, N. J., and Gromak, N. (2011). Human Senataxin
Resolves RNA/DNAHybrids Formed at Transcriptional Pause Sites to Promote
Xrn2-dependent Termination.Mol. Cel 42, 794–805. doi:10.1016/j.molcel.2011.
04.026

Storici, F., Bebenek, K., Kunkel, T. A., Gordenin, D. A., and Resnick, M. A. (2007).
RNA-templated DNA Repair. Nature 447, 338–341. doi:10.1038/nature05720

Sun, Y., Curle, A. J., Haider, A. M., and Balmus, G. (2020). The Role of DNA
Damage Response in Amyotrophic Lateral Sclerosis. Essays Biochem. 64,
847–861. doi:10.1042/EBC20200002

Sunwoo, H., Dinger, M. E., Wilusz, J. E., Amaral, P. P., Mattick, J. S., and Spector,
D. L. (2009). MEN/Nuclear-Retained Non-coding RNAs Are Up-Regulated
upon Muscle Differentiation and Are Essential Components of Paraspeckles.
Genome Res. 19, 347–359. doi:10.1101/gr.087775.108

Słabicki, M., Theis, M., Krastev, D. B., Samsonov, S., Mundwiller, E., Junqueira, M.,
et al. (2010). A Genome-Scale DNA Repair RNAi Screen Identifies SPG48 as a
Novel Gene Associated with Hereditary Spastic Paraplegia. Plos Biol. 8,
e1000408. doi:10.1371/journal.pbio.1000408

Taiana, E., Ronchetti, D., Todoerti, K., Nobili, L., Tassone, P., Amodio, N., et al.
(2020). LncRNA NEAT1 in Paraspeckles: A Structural Scaffold for Cellular
DNA Damage Response Systems? ncRNA 6, 26. doi:10.3390/ncrna6030026

Takaku, M., Tsujita, T., Horikoshi, N., Takizawa, Y., Qing, Y., Hirota, K., et al.
(2011). Purification of the Human SMN-GEMIN2 Complex and Assessment of
its Stimulation of RAD51-Mediated DNA Recombination Reactions.
Biochemistry 50, 6797–6805. doi:10.1021/bi200828g

Takizawa, Y., Qing, Y., Takaku, M., Ishida, T., Morozumi, Y., Tsujita, T., et al.
(2010). GEMIN2 Promotes Accumulation of RAD51 at Double-Strand Breaks
in Homologous Recombination. Nucleic Acids Res. 38, 5059–5074. doi:10.1093/
nar/gkq271

Thapar, R. (2018). Regulation of DNADouble-Strand Break Repair by Non-coding
RNAs. Molecules 23, 2789. doi:10.3390/molecules23112789

Thapar, R., Wang, J. L., Hammel, M., Ye, R., Liang, K., Sun, C., et al. (2020).
Mechanism of Efficient Double-Strand Break Repair by a Long Non-coding
RNA. Nucleic Acids Res. 48, 10953–10972. doi:10.1093/nar/gkaa784

Tiwari, V., and Wilson, D. M. (2019). DNA Damage and Associated DNA Repair
Defects in Disease and Premature Aging. Am. J. Hum. Genet. 105, 237–257.
doi:10.1016/j.ajhg.2019.06.005

Tubbs, A., and Nussenzweig, A. (2017). Endogenous DNA Damage as a Source of
Genomic Instability in Cancer. Cell 168, 644–656. doi:10.1016/j.cell.2017.01.002

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 66882117

Klaric et al. RBPs and the DSB Response

https://doi.org/10.1016/j.tig.2020.09.006
https://doi.org/10.1038/s41467-019-08863-1
https://doi.org/10.1016/j.molcel.2011.12.035
https://doi.org/10.1038/ng.2771
https://doi.org/10.1038/ng.2771
https://doi.org/10.1242/jcs.02336
https://doi.org/10.1093/nar/gkq738
https://doi.org/10.1038/cddis.2016.172
https://doi.org/10.1093/nar/gkf632
https://doi.org/10.1101/gad.224923.113
https://doi.org/10.1007/BF02464912
https://doi.org/10.1038/ncomms13980
https://doi.org/10.1038/ncomms13980
https://doi.org/10.1016/j.molcel.2010.12.006
https://doi.org/10.1093/nar/gkt835
https://doi.org/10.3390/ijms21218039
https://doi.org/10.4161/cc.9.8.11298
https://doi.org/10.1042/BJ20120241
https://doi.org/10.1073/pnas.0807899106
https://doi.org/10.1101/gad.204602.112
https://doi.org/10.1101/gad.204602.112
https://doi.org/10.15252/embj.2020106018
https://doi.org/10.15252/embj.2020106018
https://doi.org/10.1016/j.cell.2010.04.038
https://doi.org/10.1016/j.celrep.2020.108565
https://doi.org/10.15252/embr.201540437
https://doi.org/10.1016/j.febslet.2013.05.006
https://doi.org/10.1016/j.mrfmmm.2011.03.016
https://doi.org/10.1016/j.mrfmmm.2011.03.016
https://doi.org/10.1016/j.dnarep.2007.01.013
https://doi.org/10.3390/biom5042935
https://doi.org/10.1080/15384101.2017.1317419
https://doi.org/10.1016/j.celrep.2019.04.031
https://doi.org/10.1016/j.molcel.2011.04.026
https://doi.org/10.1016/j.molcel.2011.04.026
https://doi.org/10.1038/nature05720
https://doi.org/10.1042/EBC20200002
https://doi.org/10.1101/gr.087775.108
https://doi.org/10.1371/journal.pbio.1000408
https://doi.org/10.3390/ncrna6030026
https://doi.org/10.1021/bi200828g
https://doi.org/10.1093/nar/gkq271
https://doi.org/10.1093/nar/gkq271
https://doi.org/10.3390/molecules23112789
https://doi.org/10.1093/nar/gkaa784
https://doi.org/10.1016/j.ajhg.2019.06.005
https://doi.org/10.1016/j.cell.2017.01.002
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Udayakumar, D., Bladen, C. L., Hudson, F. Z., and Dynan, W. S. (2003). Distinct
Pathways of Nonhomologous End Joining that Are Differentially Regulated by
DNA-dependent Protein Kinase-Mediated Phosphorylation. J. Biol. Chem. 278,
41631–41635. doi:10.1074/jbc.M306470200

Udayakumar, D., and Dynan, W. S. (2015). Characterization of DNA Binding and
Pairing Activities Associated with the Native SFPQ·NONO DNA Repair
Protein Complex. Biochem. Biophysical Res. Commun. 463, 473–478. doi:10.
1016/j.bbrc.2015.05.024

Wan, L., and Huang, J. (2014). The PSO4 Protein Complex Associates with
Replication Protein A (RPA) and Modulates the Activation of Ataxia
Telangiectasia-Mutated and Rad3-Related (ATR). J. Biol. Chem. 289,
6619–6626. doi:10.1074/jbc.M113.543439

Wang, I. X., Grunseich, C., Fox, J., Burdick, J., Zhu, Z., Ravazian, N., et al. (2018).
Human Proteins that Interact with RNA/DNA Hybrids. Genome Res. 28,
1405–1414. doi:10.1101/gr.237362.118

Wang, Q., and Goldstein, M. (2016). Small RNAs Recruit Chromatin-Modifying
Enzymes MMSET and Tip60 to Reconfigure Damaged DNA upon Double-
Strand Break and Facilitate Repair. Cancer Res. 76, 1904–1915. doi:10.1158/
0008-5472.CAN-15-2334

Wang, W.-Y., Pan, L., Su, S. C., Quinn, E. J., Sasaki, M., Jimenez, J. C., et al. (2013).
Interaction of FUS and HDAC1 Regulates DNA Damage Response and Repair
in Neurons. Nat. Neurosci. 16, 1383–1391. doi:10.1038/nn.3514

Wang, X., Liu, H., Shi, L., Yu, X., Gu, Y., and Sun, X. (2018). LINP1 Facilitates DNA
Damage Repair through Non-homologous End Joining (NHEJ) Pathway and
Subsequently Decreases the Sensitivity of Cervical Cancer Cells to Ionizing
Radiation. Cell Cycle 17, 439–447. doi:10.1080/15384101.2018.1442625

Wei, L., Nakajima, S., Böhm, S., Bernstein, K. A., Shen, Z., Tsang, M., et al. (2015).
DNA Damage during the G0/G1 Phase Triggers RNA-Templated, Cockayne
Syndrome B-dependent Homologous Recombination. Proc. Natl. Acad. Sci.
USA 112, E3495–E3504. doi:10.1073/pnas.1507105112

Wei, W., Ba, Z., Gao, M., Wu, Y., Ma, Y., Amiard, S., et al. (2012). A Role for Small
RNAs in DNA Double-Strand Break Repair. Cell 149, 101–112. doi:10.1016/j.
cell.2012.03.002

Wickramasinghe, V. O., and Venkitaraman, A. R. (2016). RNA Processing and
Genome Stability: Cause and Consequence.Mol. Cel 61, 496–505. doi:10.1016/j.
molcel.2016.02.001

Wood, M., Quinet, A., Lin, Y.-L., Davis, A. A., Pasero, P., Ayala, Y. M., et al. (2020).
TDP-43 Dysfunction Results in R-Loop Accumulation and DNA Replication
Defects. J. Cel Sci. 133, jcs244129. doi:10.1242/jcs.244129

Xing, Z., Wang, S., and Tran, E. J. (2017). Characterization of the Mammalian
DEAD-Box Protein DDX5 Reveals Functional Conservation withS.
Cerevisiaeortholog Dbp2 in Transcriptional Control and Glucose
Metabolism. RNA 23, 1125–1138. doi:10.1261/rna.060335.116

Yang, C., and Carrier, F. (2001). The UV-Inducible RNA-Binding Protein A18
(A18 hnRNP) Plays a Protective Role in the Genotoxic Stress Response. J. Biol.
Chem. 276, 47277–47284. doi:10.1074/jbc.M105396200

Yang, R., Zhan, M., Nalabothula, N. R., Yang, Q., Indig, F. E., and Carrier, F. (2010).
Functional Significance for a Heterogenous Ribonucleoprotein A18 Signature
RNAMotif in the 3′-Untranslated Region of Ataxia Telangiectasia Mutated and
Rad3-Related (ATR) Transcript. J. Biol. Chem. 285, 8887–8893. doi:10.1074/jbc.
M109.013128

Yang, Y.-G., and Qi, Y. (2015). RNA-directed Repair of DNA Double-Strand
Breaks. DNA Repair. 32, 82–85. doi:10.1016/j.dnarep.2015.04.017

Yasuhara, T., Kato, R., Hagiwara, Y., Shiotani, B., Yamauchi, M., Nakada, S., et al.
(2018). Human Rad52 Promotes XPG-Mediated R-Loop Processing to Initiate
Transcription-Associated Homologous Recombination Repair. Cell 175,
558–570. doi:10.1016/j.cell.2018.08.056

Yoo, S., and Dynan, W. S. (1998). Characterization of the RNA Binding Properties
of Ku Protein†. Biochemistry 37, 1336–1343. doi:10.1021/bi972100w

You, K., Huang, Q., Yu, C., Shen, B., Sevilla, C., Shi, M., et al. (2020). PhaSepDB: A
Database of Liquid-Liquid Phase Separation Related Proteins.Nucleic Acids Res.
48, D354–D359. doi:10.1093/nar/gkz847

Yu, Z., Mersaoui, S. Y., Guitton-Sert, L., Coulombe, Y., Song, J., Masson, J.-Y., et al.
(2020). DDX5 Resolves R-Loops at DNA Double-Strand Breaks to Promote
DNA Repair and Avoid Chromosomal Deletions. NAR Cancer 2. doi:10.1093/
narcan/zcaa028

Yuan, M., Eberhart, C. G., and Kai, M. (2014). RNA Binding Protein RBM14
Promotes Radio-Resistance in Glioblastoma by Regulating DNA Repair and
Cell Differentiation. Oncotarget 5, 2820–2826. doi:10.18632/oncotarget.1924

Zatreanu, D., Han, Z., Mitter, R., Tumini, E., Williams, H., Gregersen, L., et al. (2019).
Elongation Factor TFIIS Prevents Transcription Stress and R-LoopAccumulation to
Maintain Genome Stability. Mol. Cel 76, 57–69. doi:10.1016/j.molcel.2019.07.037

Zhang, C., Chen, L., Peng, D., Jiang, A., He, Y., Zeng, Y., et al. (2020). METTL3 and
N6-Methyladenosine Promote Homologous Recombination-Mediated Repair
of DSBs by Modulating DNA-RNA Hybrid Accumulation. Mol. Cel 79,
425–442. doi:10.1016/j.molcel.2020.06.017

Zhang, S., Schlott, B., Görlach, M., and Grosse, F. (2004). DNA-dependent Protein
Kinase (DNA-PK) Phosphorylates Nuclear DNA Helicase II/RNA Helicase A
and hnRNP Proteins in an RNA-dependent Manner. Nucleic Acids Res. 32,
1–10. doi:10.1093/nar/gkg933

Zhang, Y., He, Q., Hu, Z., Feng, Y., Fan, L., Tang, Z., et al. (2016). Long Noncoding
RNA LINP1 Regulates Repair of DNA Double-Strand Breaks in Triple-
Negative Breast Cancer. Nat. Struct. Mol. Biol. 23, 522–530. doi:10.1038/
nsmb.3211

Zhang, Z., and Carmichael, G. G. (2001). The Fate of dsRNA in the Nucleus: A
P54nrb-Containing Complex Mediates the Nuclear Retention of
Promiscuously A-To-I Edited RNAs. Cell. 106, (4), 465-75. doi:10.1016/
S0092-8674(01)00466-4

Zhang, Z., Lotti, F., Dittmar, K., Younis, I., Wan, L., Kasim, M., et al. (2008). SMN
Deficiency Causes Tissue-specific Perturbations in the Repertoire of snRNAs and
Widespread Defects in Splicing. Cell 133, 585–600. doi:10.1016/j.cell.2008.03.031

Zhao, H., Zhu, M., Limbo, O., and Russell, P. (2018). RNase H Eliminates R-loops
that Disrupt DNA Replication but Is Nonessential for Efficient DSB Repair.
EMBO Rep. 19. doi:10.15252/embr.201745335

Zheng, T., Zhou, H., Li, X., Peng, D., Yang, Y., Zeng, Y., et al. (2020). RBMX Is
Required for Activation of ATR on Repetitive DNAs to Maintain Genome
Stability. Cell Death Differ 27, 3162–3176. doi:10.1038/s41418-020-0570-8

Zhong, F., Savage, S. A., Shkreli, M., Giri, N., Jessop, L., Myers, T., et al. (2011).
Disruption of Telomerase Trafficking by TCAB1Mutation Causes Dyskeratosis
Congenita. Genes Develop. 25, 11–16. doi:10.1101/gad.2006411

Zinszner, H., Sok, J., Immanuel, D., Yin, Y., and Ron, D. (1997). TLS (FUS) Binds
RNA In Vivo and Engages in Nucleo-Cytoplasmic Shuttling. J. Cell Sci. 110 (Pt
15), 1741–1750.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Klaric, Wüst and Panier. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 66882118

Klaric et al. RBPs and the DSB Response

https://doi.org/10.1074/jbc.M306470200
https://doi.org/10.1016/j.bbrc.2015.05.024
https://doi.org/10.1016/j.bbrc.2015.05.024
https://doi.org/10.1074/jbc.M113.543439
https://doi.org/10.1101/gr.237362.118
https://doi.org/10.1158/0008-5472.CAN-15-2334
https://doi.org/10.1158/0008-5472.CAN-15-2334
https://doi.org/10.1038/nn.3514
https://doi.org/10.1080/15384101.2018.1442625
https://doi.org/10.1073/pnas.1507105112
https://doi.org/10.1016/j.cell.2012.03.002
https://doi.org/10.1016/j.cell.2012.03.002
https://doi.org/10.1016/j.molcel.2016.02.001
https://doi.org/10.1016/j.molcel.2016.02.001
https://doi.org/10.1242/jcs.244129
https://doi.org/10.1261/rna.060335.116
https://doi.org/10.1074/jbc.M105396200
https://doi.org/10.1074/jbc.M109.013128
https://doi.org/10.1074/jbc.M109.013128
https://doi.org/10.1016/j.dnarep.2015.04.017
https://doi.org/10.1016/j.cell.2018.08.056
https://doi.org/10.1021/bi972100w
https://doi.org/10.1093/nar/gkz847
https://doi.org/10.1093/narcan/zcaa028
https://doi.org/10.1093/narcan/zcaa028
https://doi.org/10.18632/oncotarget.1924
https://doi.org/10.1016/j.molcel.2019.07.037
https://doi.org/10.1016/j.molcel.2020.06.017
https://doi.org/10.1093/nar/gkg933
https://doi.org/10.1038/nsmb.3211
https://doi.org/10.1038/nsmb.3211
https://doi.org/10.1016/S0092-8674(01)00466-4
https://doi.org/10.1016/S0092-8674(01)00466-4
https://doi.org/10.1016/j.cell.2008.03.031
https://doi.org/10.15252/embr.201745335
https://doi.org/10.1038/s41418-020-0570-8
https://doi.org/10.1101/gad.2006411
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

	New Faces of old Friends: Emerging new Roles of RNA-Binding Proteins in the DNA Double-Strand Break Response
	Introduction
	RNA-Binding Proteins Participate in Double-Strand Break Signaling
	RNA-Binding Proteins Promote Double-Strand Break Repair via Non-homologous End-Joining
	RNA-Binding Proteins Promote Double-Strand Break Repair via Homologous Recombination
	RNA-Binding Protein-RNA Interactions are Central to Double-Strand Break Signaling and Repair
	The Role of RNA-Binding Protein-Mediated Phase Separation at Double-Strand Break Sites
	Final Remarks
	Author Contributions
	References


