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Abstract

It is emerging that the pathways which process newly transcribed RNA molecules also regulate the
response to DNA damage at multiple levels. Here, we discuss recent insights into how RNA
processing pathways participate in DNA damage recognition, signalling and repair, selectively
influence the expression of genome-stabilizing proteins, and resolve deleterious DNA/RNA
hybrids (R-loops) formed during transcription and RNA processing. The importance of these
pathways for the DNA damage response (DDR) is underscored by the growing appreciation that
defects in these regulatory connections may be connected to the genome instability involved in
several human diseases, including cancer.

Introduction

After their transcription from genomic DNA, RNA molecules that encode cellular proteins,
or perform non-coding cellular functions, are extensively processed into their mature
functional forms by complex cellular pathways. For instance, protein-coding mRNA
undergoes a series of interconnected processing steps. In human cells, these steps are
predominantly co-transcriptional and include the addition of a 5 methylguanosine cap on
nascent transcripts, splicing to remove intronic sequences, addition of a 3’ poly(A) tail, and
the export of spliced, polyadenylated transcripts from the nucleus into the cytoplasm
(Bentley, 2014; Muller-McNicoll and Neugebauer, 2013; Wickramasinghe and Laskey,
2015). It is emerging that RNA processing pathways such as these play an unexpectedly
intimate role in the cellular response to DNA damage (or DNA damage response, DDR). In
this review, we will discuss how RNA processing pathways participate in DNA damage
recognition, signalling and repair, selectively influence the expression of genome-stabilizing
proteins, and resolve deleterious DNA/RNA hybrids (R-loops) formed during transcription
and RNA processing.

Transcription and RNA processing - an integral part of the DDR

It has long been appreciated that the transcriptional machinery itself periodically surveys the
integrity of transcribed genomic DNA, and triggers the repair of DNA lesions that engage or
impede it, as exemplified in the intimate connections between transcription and nucleotide
excision repair (Friedberg, 1996; Hanawalt and Spivak, 2008). Conversely, genome- and
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proteome-wide screens to identify factors involved in the DDR have shown that proteins
involved in RNA processing are modified by enzymes of the DDR such as ATM, ATR and
PARP as well as the MAPKAP kinase-2, MK2 (e.g Adamson et al., 2012; Beli et al., 2012;
Blasius et al., 2014; Matsuoka et al., 2007; Reinhardt et al., 2010). These studies have led to
an understanding that proteins involved in transcription and RNA processing are part of the
first response to DNA damage, and conversely, DNA damage responses are part of the
feedback that regulates transcription and RNA processing. The sections that follow explain
this concept in more detail.

Selective control by RNA processing factors of DDR gene expression
against background changes in transcription and translation

One effect of DNA damage is to transiently repress transcription (Mayne and Lehmann,
1982), polyadenylation of pre-mRNA (Kleiman and Manley, 2001) and translation (Deng et
al., 2002). This is generally assumed to occur to limit the collisions between the repair and
transcription machineries. Global alterations of this kind may be accompanied by site-
specific changes around the DNA lesions. For example, at nucleotide lesions induced by UV
light, elongating RNA polymerase 1l stalls and is locally poly-ubiquitylated for degradation
by the ubiquitin ligase Nedd4 and the Elongin complex (Harreman et al., 2009), thus
facilitating repair. The tumour suppressor BRCAL and its interacting partner BARD1 have
been implicated in RNA pol Il ubiquitylation after UV exposure (Kleiman et al., 2005), but
this remains controversial (Anindya et al., 2007).

Varying global effects of DNA damage on RNA transcription and processing are also lesion-
dependent (Fry et al., 2005; Rieger and Chu, 2004; Workman et al., 2006), and exhibit dose
dependencies (Albrecht et al., 2012). Thus, the transcriptional response to various nucleotide
lesions caused by UV light and ionizing radiation differ (Rieger and Chu, 2004). The dose-
dependent nature of the response to damage raises the question of whether global changes in
transcription after high-dose damage arise in part simply from the summation of multiple
local changes. Arguing against this, while the majority of transcription is repressed after
high-dose DNA damage, the transcription of genes required for the DDR itself is increased
(Rieger and Chu, 2004), and p53 is likely to be a key player in this event (Riley et al., 2008).
For instance, following IR, alterations in the genomic binding of transcription factors p53
and NF-kB is observed, triggered by ATM kinase (Rashi-Elkeles et al., 2014).

Indeed, against the background of global changes in gene expression, many RNA processing
factors selectively regulate the expression of DDR genes both positively and negatively
(Figure 1). The selective nature of these regulatory influences should be emphasized: they
affect a relatively small pool of genes, highly enriched for factors involved in DNA
replication, repair or the cell cycle. Regulation may be exerted either directly or indirectly at
each step of the gene expression pathway (Table 1). For instance, DDR gene expression is
regulated during transcription elongation (Blazek et al., 2011), mRNA splicing (Paronetto et
al., 2011; Savage et al., 2014), mRNA export (Wickramasinghe et al., 2013), miRNA
regulation (Moskwa et al., 2011), or translation (Powley et al., 2009). Although the
mechanisms responsible for these regulatory effects and their apparent selectivity remain to
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be fully defined, the available information suggests that certain steps depend on recognition
by RNA binding proteins (RBPs) of conserved RNA sequence motifs shared between
MRNAs encoding genome maintenance factors that may have a common secondary structure
(Blackinton and Keene, 2014; Keene, 2007; Mazan-Mamczarz et al., 2011; Wickramasinghe
et al., 2013). Not all of these mechanisms are induced after DNA damage. Some may also be
constitutive. For example, transcription of DDR genes such as ATR, BRCA1 or FANCD2 is
regulated through the formation of a specific cyclin/CDK complex that promotes transcript
elongation (Blazek et al., 2011). CyclinK/Cdk12 protects cells from genomic instability by
promoting the phosphorylation of Ser2 in the C-terminal domain of RNA polymerase Il on a
subset of long transcripts enriched for those that function in the DDR and its depletion
results in increased DNA damage and sensitivity to DNA damaging agents (Blazek et al.,
2011). Another constitutive mechanism is linked to second messengers involved in growth
signaling such as phosphatidylinositol (3,4,5)-trisphosphate (PIP3), which along with its
catalytic enzyme inositol polyphosphate multi-kinase (IPMK), regulates mRNA export
(Wickramasinghe et al., 2013).

Finally, we note in passing that DNA damage also triggers a global decrease in protein
synthesis, accompanied by preferential translation of a subset of mMRNAs dependent on
DNA-PK activity (Powley et al., 2009). This subset is enriched for genes required during the
DDR, such as ERCC1, ERCC5 and DDB1 (Powley et al., 2009). These forms of selective
enhancement of gene expression at the level of transcription, mMRNA processing or
translation may exist to ensure that a sufficient pool of DNA repair proteins is maintained
against the background of global decreases in gene expression after DNA damage.

Altered RNA splicing

RNA splicing patterns are also altered following DNA damage. For example, co-
transcriptional exon skipping occurs in response to various forms of genotoxic stress
(Dutertre et al., 2010). The formation of a damage-induced mRNA splicing complex is
promoted by BRCAL1 phosphorylation-dependent binding to the mRNA splicing factor,
BCLAF1 (Savage et al., 2014). This complex facilitates splicing of a number of transcripts
encoding genome maintenance factors such as ATRIP, EXO1 and BACH1 (Savage et al.,
2014). Another example involves the Ewing sarcoma protein (EWS), which functions
constitutively in the alternative splicing of a subset of transcripts encoding genome
maintenance factors (Paronetto et al., 2011). Interestingly, DNA damage and EWS depletion
cause similar changes in alternative splicing, due to reduced interaction of EWS with its
splicing targets such as CHK2, following damage (Paronetto et al., 2011). EWS also controls
skipping of several exons of the MDMZ2 gene, which may in turn contribute to p53
regulation and the transcriptional regulation of DDR factors (Dutertre et al., 2010).
Importantly, depletion of either BCLAF1 or EWS results in sensitivity to DNA damage.
BCLAF1 depleted cells are also defective for DNA repair and have genomic instability, thus
demonstrating the powerful effect that modulating RNA splicing activity can have on the
DDR. Depletion of some RNA processing factors such as hnRNPC and RBMX have also
been reported to reduce the expression of key regulators of homologous recombination (HR)
such as BRCA2, presumably due to aberrant mRNA splicing (Adamson et al., 2012;
Anantha et al., 2013). Thus, selective enhancement of the expression of DDR factors
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through altered splicing may facilitate the recovery of cells from damage-induced cellular
stress.

The maintenance of genome stability also relies on proper splicing of proteins involved in
mitotic progression and chromosome segregation. Depletion of a number of core
spliceosome components results in mitotic catastrophe (Sundaramoorthy et al., 2014; van
der Lelij et al., 2014), owing to the altered splicing of essential mitotic transcripts, which in
the case of the core splicing factor PRPF8 has recently been linked to 5” splice site strength
(Wickramasinghe et al., 2015).

Altered RNA transport

RNA processing factors may also function constitutively to sustain the synthesis or nuclear
export of transcripts encoding genome maintenance factors. For example, the export of
RADS51, CHK1 and FANCD2 mRNA:s is selectively regulated by inositol polyphosphate
multi-kinase (IPMK), its catalytic product, phosphatidylinositol (3,4,5)-trisphosphate (PIP3),
and ALY, a component of the TREX mRNA export complex (Wickramasinghe et al., 2013).
IPMK depleted cells are sensitive to various genotoxic lesions that result in DSBs and
accumulate structural chromosomal aberrations such as chromatid breaks and radial
structures, typical of defective DNA repair by HR (Wickramasinghe et al., 2013).
Transcripts affected by this mechanism appear to be enriched for a degenerate sequence
motif responsible for regulation. This again underscores the question of whether common
regulatory motifs are shared amongst RNA species that are constitutively maintained, or
coordinately regulated after DNA damage, by RNA processing mechanisms.

DDR proteins - an integral part of transcription and RNA processing

A number of DNA repair factors can also moonlight as transcription factors themselves. For
example, FANCD?2 can activate transcription of the tumour suppressor gene TAp53 (Park et
al., 2013), and XPC can activate transcription of hormone-inducible genes such as RARB2
(Le May et al., 2010). In certain contexts, transcription can be activated by DNA damage
itself. Transcription of estrogen receptor responsive genes is facilitated by DNA
topoisomerase I1B-dependent, DSB formation (Ju et al., 2006). This results in recruitment of
PARP, which may induce a permissive chromatin architecture for transcription initiation (Ju
et al., 2006). Collectively, these considerations suggest that DNA damage, transcription and
repair are functionally and physically intertwined (Fong et al., 2013).

Connecting damage sensing to signaling to RNA processing

How the DNA damage signal is transduced to RNA processing is not yet clear. RNA
processing factors themselves may directly participate in protein complexes that assemble at
sites of DNA damage (Figures 2 and 3) (Adamson et al., 2012; Marechal et al., 2014; Polo et
al., 2012; Wang et al., 2013), as well as in downstream steps that affect the DNA damage
response (Decorsiere et al., 2011; Moumen et al., 2005; Tresini et al., 2015). Interestingly,
some RNA processing factors such as TAF15 and hnRNPU display a bimodal dynamic in
their localization following DNA damage: an initial recruitment to damage sites, which is
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often PARP dependent, followed by exclusion (Adamson et al., 2012; Britton et al., 2014;
Izhar et al., 2015; Polo et al., 2012). Their exclusion seems to predominantly depend on the
activity of phosphatidylinositol 3-kinase-related kinases (PIKKs) ATM, ATR and DNA-PK
and whether they are actively involved in RNA processing at sites of DNA damage (Beli et
al., 2012) (Figure 2). It is interesting to speculate that recruitment may reflect a direct role of
these factors in the DDR, whereas exclusion may be a consequence of the general repression
of transcription and processing after DNA damage.

Conversely, genotoxic stress may also directly influence the activity of the RNA splicing and
processing machineries. UV induced pausing of RNA pol Il at DNA lesions triggers
chromatin displacement of late-stage spliceosomes and initiates a positive feedback loop that
activates ATM (Tresini et al., 2015). Spliceosome remodelling also activates ATM
signalling, and ATM modulates the DDR by influencing pre-mRNA processing, forming a
feedback loop. Interestingly, ATM activation alone (via IR) is not sufficient to influence
spliceosome mobility (Tresini et al., 2015). However, transcriptional inhibition and IR have
a combinatorial effect on spliceosome mobility and intron retention, suggesting that ATM
amplifies a mobilization signal imposed by transcriptional arrest (Tresini et al., 2015).
Importantly, other studies have shown that ATM mediates transcriptional silencing in cisto
DSBs (Shanbhag et al., 2010) and, as mentioned above, exclusion of RNA processing
factors from sites of DNA damage (Beli et al., 2012), suggesting that ATM signalling may
be activated in this context in response to multiple forms of DNA damage, not just those that
physically block the transcription machinery. It is noteworthy that DNA repair factors
identified in mass spectrometric studies of RNA processing complexes were previously
considered to be contaminants (Shi et al., 2009); increasing evidence now suggests direct
functional connections.

PRPF19 is an ubiquitin ligase that forms a complex that remodels the U4/U6.U5 tri-snRNP
complex during spliceosome activation (Figure 3). PRPF19 can interact directly with RPA
and single stranded ssDNA at sites of DNA damage, promoting ubiquitylation of RPA and
recruitment of ATRIP, the regulatory partner of the ATR kinase, as well as promoting ATR
activation (Marechal et al., 2014). As RPA is preferentially localized to transcribed genes in
response to DNA damage (Jiang and Sancar, 2006), there is the possibility that PRPF19 may
act as a sensor of genomic instability during transcription.

Similarly, distinct from their well-characterized role in processing heterogeneous nuclear
(hn)RNA into mature mRNA, a humber of hnRNPs also function in various aspects of the
DDR. hnRNPU-like proteins are recruited to DSBs following binding to the MRN (Mrell-
Rad50-Nbs1) complex and CtIP and contribute to DSB resection by stimulating recruitment
of the BLM helicase implicated in Bloom’s syndrome (Polo et al., 2012) (Figure 3). hnRNP
FUS participates in both HR and NHEJ repair and is rapidly recruited to sites of DNA
damage in an ATM-dependent manner in neurons (Gardiner et al., 2008; Wang et al., 2013).
hnRNP RBMX accumulates at sites of DNA damage in a PARP-dependent manner and may
regulate the expression of BRCA2 (Adamson et al., 2012). Apart from their direct role in the
DDR, hnRNPs can also participate in selective transcription, 3’-end processing and
translation of DNA damage response genes. For example, ATM dependent phosphorylation
of hnRNPK promotes transcriptional activation of p53 in response to DNA damage
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(Moumen et al., 2013; Moumen et al., 2005). Furthermore, hnRNP H/F promotes 3’-end
processing of p53 pre-mRNA in DNA damaged cells through its interaction with a G-
quadruplex RNA structure at the p53 polyA signal (Decorsiere et al., 2011).

RNA processing factors can also relocalise from the nucleus to the cytoplasm in response to
DNA damage, to regulate translation of specific genes required for the DDR. Thus,
translation of p53 mMRNA is promoted by the cytoplasmic relocalisation of RNA binding
protein HUR (Mazan-Mamczarz et al., 2003) and polypyrimidine tract binding protein PTB
(Grover et al., 2008), whereas hnRNPAL limits translation of pro-apoptotic Apaf-1 mRNA
(Cammas et al., 2007). Translation of GADD45a mRNA in response to DNA damage is also
regulated by the cytoplasmic relocalisation of the p38/MK2 complex, where MK2
phosphorylates hnRNPAO, to stabilize Gadd45a mRNA, promoting its translation
(Reinhardt et al., 2010). In contrast, re-localisation of spliceosome associated factor YB-1
from the cytoplasm to the nucleus in response to DNA damage is expected to impact
translation of specific MRNAs (Cohen et al., 2010; Dutertre et al., 2014; Sorokin et al.,
2005).

RNA processing mechanisms, R-loops and genome instability

We have thus far discussed the role of RNA processing mechanisms in regulating the
expression of DDR genes both constitutively and after DNA damage. In this section, we
examine a different role — how RNA processing mechanisms regulate the formation of
nucleic acid intermediates, like DNA/RNA hybrid R-loops, which also affect genome
integrity. Work in yeast and mammals revealed that RNA packaging is pivotal to prevent
formation of R-loops during transcription, which may contribute to chromosome
rearrangements/loss, recombination and mutation (Huertas and Aguilera, 2003; Li and
Manley, 2005) (Figure 4). After the RNA is transcribed by RNA pol I, it has the opportunity
to anneal to the transcribed strand, forming a stable DNA-RNA hybrid, thus leaving the non-
transcribed strand as an exposed single strand of DNA that is vulnerable to DNA damage
(reviewed in Aguilera and Garcia-Muse, 2012; Kim and Jinks-Robertson, 2012; Skourti-
Stathaki and Proudfoot, 2014). This three-stranded nucleic acid structure is known as an R-
loop, which may be deleterious to cells, and RNA processing mechanisms have evolved to
address this problem both through local and distant activities. For example, the RNase H
family of enzymes can specifically degrade the RNA component of the RNA/DNA hybrids,
generating a 3’ end that can be extended by the DNA replication machinery (Itoh and
Tomizawa, 1980). It is unclear whether the physiological role of RNase H is to degrade
aberrantly forming or intentionally formed R-loops. RNA/DNA hybrids at G-rich sequences
that pause transcription can be unwound by RNA-DNA helicases such as Senataxin (Senl in
yeast) (Kim et al., 1999; Mischo et al., 2011), releasing RNA for degradation by the Xrn2
exonuclease prior to termination (Skourti-Stathaki et al., 2011). R-loop formation at highly
transcribed regions can also be prevented by Topoisomerase 1 (Topl) (El Hage et al., 2010;
Tuduri et al., 2009), which relaxes co-transcriptionally generated negative supercoiling of
DNA behind elongating RNA polymerases (Pommier, 2006). If unresolved, this may lead to
local unwinding of DNA strands, increasing the probability that RNA hybridizes to the
DNA. Recent findings suggest positive functions for scheduled R-loops in regulating distinct
biological processes. For example, R-loops formed over the 5 GC-rich regions downstream

Mol Cell. Author manuscript; available in PMC 2018 April 18.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Wickramasinghe and Venkitaraman Page 7

from CpG promoters may promote gene activation (Ginno et al., 2013; Ginno et al., 2012),
whilst their formation at the 3’ ends of genes may effect efficient transcriptional termination
of a subset of human genes, provided that they do not accumulate excessively (Skourti-
Stathaki et al., 2011). Thus, programmed R-loops may have a role in regulating gene
expression, but the balance between their formation and resolution is critical to limit the
potentially deleterious effects of unscheduled or excessive accumulation (e.g. Aguilera and
Garcia-Muse, 2012; Hamperl and Cimprich, 2014; Skourti-Stathaki and Proudfoot, 2014).

The role of RBPs in R-loop stability

Depletion or mutation of RBPs that normally coat RNA species to form mRNA complexes
during processing and export can increase the probability of R-loop formation (Bhatia et al.,
2014; Dominguez-Sanchez et al., 2011; Gonzalez-Aguilera et al., 2008; Huertas and
Aguilera, 2003; Mischo et al., 2011; Wahba et al., 2011). Both TREX (TRanscription-
EXport) and TREX-2 mRNA export complexes have been implicated in R-loop prevention
(Bhatia et al., 2014; Dominguez-Sanchez et al., 2011; Gomez-Gonzalez et al., 2009;
Gonzalez-Aguilera et al., 2008). This is most likely through their function in proper
packaging of mMRNA into export-competent mRNPs (Strasser et al., 2002), which occurs co-
transcriptionally, thus minimizing the time for the nascent mRNA to rehybridize with the
transcribed DNA strand (Figure 4A). If this process is inefficient, naked stretches of the
nascent RNA may pair with the transcribed strand in ¢is or away from the transcription start
point in frans, as was recently demonstrated in yeast (Wahba et al., 2013). These
considerations raise the possibility that defects in RNA processing mechanisms, whether
constitutive or damage-induced, may promote unscheduled R-loop formation by interfering
with mRNP assembly.

Processing of unscheduled R-loops into breaks

Unscheduled R-loops can be processed into both single and double strand DNA breaks.
ssDNA breaks may form through processing of unstable structures on exposed ssDNA by
various DNA repair enzymes (reviewed in Hamperl and Cimprich, 2014). They include the
formation of a covalent Topl - DNA complex that is trapped during its cleavage-ligation
cycle, whose removal generates 2-3bp deletions (Lippert et al., 2011; Takahashi et al., 2011).
Another mechanism involves the activity of activation-induced cytidine deaminase (AID) to
convert cytidine to uracil residues on ssDNA, which may then be recognised by the
mismatch or base excision repair machineries for eventual processing into sSSDNA breaks
(Chaudhuri et al., 2003; Hamperl and Cimprich, 2014). The resolution of hairpin structures
or G-quadruplexes that form on the displaced ssDNA may also result in DNA breaks
((Hamperl and Cimprich, 2014; Kim and Jinks-Robertson, 2012; Lopes et al., 2011; Sun et
al., 2001).

DSBs can be generated from a collision between a replication fork and an R-loop, stalling
the fork which can then be cleaved to generate a DSB (Gomez-Gonzalez et al., 2009;

Helmrich et al., 2011; Tuduri et al., 2009). In addition, R-loops induced by the absence of
RNA processing factors such as Senataxin, Aquarius and ASF are actively processed into
DSBs by NER (transcription-coupled nucleotide excision repair) endonucleases XPF and
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XPG (Sollier et al., 2014) (Figure 4B). This is consistent with a primary role of the NER
machinery being to rapidly remove transcription-impeding DNA lesions to prevent the
prolonged arrest of RNA polymerases, which may occur as a consequence of R-loop
formation. This raises the intriguing possibility that the NER machinery may remove
unscheduled R-loops in order to restore gene expression from these sites in a timely manner
(Lin and Pasero, 2014).

Finally, recent work in yeast and mammalian cells implicates components of the
homologous recombination machinery in R-loop formation and genome instability, although
it remains unclear whether their role in R-loop accumulation is connected with homologous
recombination. In yeast, the RAD51 recombinase promotes R-loop formation /n vivo.
Interestingly, RAD51 can promote R-loop formation in ¢/s at the site of transcription, or
away from the site of transcription in frans (Wahba et al., 2013). This suggests that R-loops
may not exclusively form co-transcriptionally, raising the possibility that R-loops may be a
larger threat to genome integrity than previously thought. The breast cancer suppressor and
RAD51 interacting protein, BRCAZ2, has also recently been implicated in processing R-
loops, but how this may be achieved remains puzzlingly obscure. BRCAZ2 is reported to
interact with the PCID2 component of the TREX-2 mRNA export complex (Jani et al.,
2012), as detected indirectly by a proximity ligation assay (Bhatia et al., 2014). PCID2
depletion using RNA interference increased DNA breakage marked by yH2AX formation,
but without measurably enhancing R-loop formation. In contrast, however, BRCA2
depletion increases R-loop formation at several actively transcribed genes. The nature of the
interaction between BRCAZ2 and PCID2 remains undefined, leaving open the possibility that
it may be indirect, and mediated via proteins like BRCAZ1, with which BRCA2 interacts on
chromatin (Chen et al., 1998; Sy et al., 2009; Zhang et al., 2009). These issues leave unclear
if or how BRCA2 may work directly with PCID2 or other TREX-2 components to assist in
R-loop processing.

The related breast cancer suppressor protein, BRCAL, has been implicated in damage-
induced RNA processing at multiple levels. Apart from its roles in RNA pol Il ubiquitylation
and in a DNA-damage induced mRNA splicing complex that facilitates splicing of genome
maintenance factors described above, BRCA1 forms a complex with Senataxin, which is
recruited to R-loop rich termination regions in a subset of actively transcribed genes.
Disruption of the Senataxin-BRCA1 complex causes sSDNA breakage at these loci (Hatchi
etal., 2015; Hill et al., 2014), suggesting a potentially important role for BRCAL in the
resolution of R-loop structures during transcription. Molecular analyses suggest that BRCA1
is recruited to R-loops at transcription termination sites in certain loci via its interaction with
components of paused RNA pol Il complexes (Hatchi et al., 2015; Skourti-Stathaki et al.,
2011). How recruitment is selectively directed to a subset of actively transcribed genes
remains unclear — but this is important because mutations affecting some of these genes are
found in BRCA1-mutant breast cancer samples (Hatchi et al., 2015). These recent results
thoroughly define a novel function for BRCAL that affects the pattern of genomic mutations
associated with carcinogenesis in mutation carriers.
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Implications

This field is now reaching a new understanding of the complex connections between RNA
processing and DNA damage and repair. An added layer of complexity not discussed here is
brought by different species of non-coding RNA molecules that also regulate the DDR.
These include miRNAs, long non-coding RNAs (IncRNAs), and novel non-coding
transcripts (reviewed in (Chowdhury et al., 2013; d'Adda di Fagagna, 2014; Sharma and
Misteli, 2013; Wouters et al., 2011).

There is also growing evidence that the connections between mRNA processing and DNA
damage responses may be disrupted in human diseases, potentially contributing to genome
instability and carcinogenesis. For example, as noted above, the tumor suppressor proteins
BRCAL and BRCA2 have recently been implicated in pathways that that prevent the
accumulation of R-loops (Bhatia et al., 2014; Hatchi et al., 2015; Hill et al., 2014; Savage et
al., 2014). The case is particularly strong for BRCAL, as described in the preceding section
(Hatchi et al., 2015).

Armed with knowledge of the mechanisms described in this review, the field can now turn to
address how disrupting these processes could promote carcinogenesis. For example, do RNA
processing mechanisms contribute to the DNA damage responses proposed to be triggered
by oncogenic signals early during carcinogenesis? Germline mutations affecting certain
hereditary tumour suppressors like BRCAL act via RNA processing to prevent DNA damage
and genome instability: do somatic mutations affecting similar pathways occur commonly
during carcinogenesis? Since any disruption of these pathways may not target all loci
equally, might they dictate the genome-wide patterns of mutation found in advanced cancer?
If the findings that implicate R-loop formation in transin yeast are extended to humans,
might such a process underlie cancer-associated instability in distal regions of the human
genome? The field has a long way to go in connecting the underlying mechanisms to disease
states; however, the studies discussed in this review present a solid foundation on which to
begin the journey.
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Figure 1. Expression of genome integrity transcripts
This figure represents the gene expression pathway for transcripts that encode various

genome maintenance factors, and the proteins that contribute to their proper transcription,
splicing and export. Specific examples are indicated here or in the text, and referenced in
Table 1. ATM-mediated phosphorylation of hnRNPK promotes transcriptional activation of
p53. CyclinK/Cdk2 promotes transcriptional elongation of genome integrity transcripts.
Constitutive and alternative splicing of genome integrity transcripts is regulated by the
BRCAL/BCLAF1 splicing complex and the Ewing sarcoma protein EWS. Nuclear export of
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genome integrity transcripts is promoted by inositol polyphosphate multi-kinase (IPMK), its
catalytic product PIP3, and TREX mRNA export complex component ALY. Different
upstream open reading frames (ORFs), may be used by the translation machinery to ensure
efficient translation of genome integrity proteins following DNA damage.
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Figure 2. Recruitment and exclusion of RNA processing factors at sites of DNA damage
The left panel represents exclusion of chromatin-bound RNA processing factors actively

participating in RNA processing at or near sites of DNA damage, which is dependent on
ATM and ATR activity. The right panel represents recruitment of free RNA processing
factors to sites of DNA damage, which is dependent on PARP activity.
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Figure 3. Direct rolesfor RNA processing factorsin theresponseto DNA damage
hnRNPUL1 and 2 proteins are recruited to DNA double strand breaks (DSBs) following

binding to the MRN (Mre11-Rad50-Nbs1) complex and CtIP and contribute to DSB
resection by stimulating recruitment of the BLM helicase implicated in Bloom’s syndrome.
Following resection, RPA is recruited to (ss)DNA, where PRP19 can interact directly with
RPA and single stranded (ss)DNA, promoting ubiquitylation of RPA and recruitment of
ATRIP, the regulatory partner of the ATR kinase, as well as promoting ATR activation.
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Figure 4. R-loop prevention and resolution
A, Prevention of R-loop formation by RNA splicing and export factors. The TREX and

TREX-2 mRNA export complexes coat newly transcribed and processed mRNA to form
export-competent mMRNPs, thus minimizing the time for the nascent mMRNA to rehybridize
with the transcribed DNA strand. The ASF/SF2 SR protein pre-mRNA splicing factor
performs a similar function during RNA splicing, in a Top1-dependent manner. B, R-loop
resolution is promoted by RNase H1 and H2, which specifically degrade the RNA
component of the RNA/DNA hybrids, generating a 3’ end that can be extended by the DNA
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replication machinery. A BRCAL1-Senataxin complex can resolve R-loops at termination
elements, releasing RNA for degradation by Xrn2 prior to termination. In contrast, R-loops
are actively processed into DSBs by the nucleotide excision repair (NER) endonucleases
XPF and XPG.
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Table 1

RNA processing factor sinvolved in maintaining genome integrity
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Protein Name/s

Rolein Gene Expression
Pathway

Function in RNA
processing

Function in DNA damage
response

References

Selective control by RNA processing factors of DDR gene expression at different |

evels

promotes binding of RNA
export factor ALY to target
transcripts

Cyclin K Transcription elongation Cyclin subunit of CDK12 Promotes transcription of (Blazek et al., 2011)
that associates with RNA pol DNA repair genes (BRCA1L,
1 ATR, FANCI and FANCD?2)
EWS Transcription and mMRNA RNA and DNA binding Functions in alternative (Paronetto et al., 2011)
splicing protein which interacts with splicing of DNA repair
RNA pol 11 and splicing genes (CHEK?2); its
factors association with target
transcripts is reduced after
DNA damage
BCLAF1 mRNA splicing Factor that interacts with Interacts with (Savage et al., 2014)
core spliceosome phosphorylated BRCAL to
components promote splicing of DNA
repair transcripts after DNA
damage (ATRIP, EXO1,
BACH1)
IPMK mRNA export Inositol and PI3-kinase that Functions constitutively in (Wickramasinghe et

the nuclear export of DNA
repair transcripts (RAD51,
CHK1, FANCD2)

al., 2013)

Activerolesfor RN

A processing factorsin the DD

R

TAF15 Transcription and mRNA hnRNP that is part of TFIID Binds to damaged chromatin | (lzhar et al., 2015)
splicing transcription factor complex in a PARP-dependent
and can also regulate manner
alternative splicing
THRAP3 Transcription and mRNA Factor that interacts with Phosphorylated in response (Beli et al., 2012)
splicing core spliceosome to DNA damage and
components excluded from DNA damage
sites
hnRNPU mRNA splicing hnRNP implicated in Free form accumulates at (Britton et al., 2014)
transcription elongation, sites of DNA damage,
alternative splicing and RNA chromatin-bound form is
stability excluded from sites of DNA
damage
RBMX mRNA splicing hnRNP that regulates splice Accumulates at sites of (Adamson et al., 2012)
site selection DNA damage and may
regulate expression/splicing
of BRCA2
PRP19 mRNA splicing Forms PRP19 complex that Promotes ubiquitylation of (Marechal et al., 2014)
associates with and remodels | RPA following DNA
spliceosome Complex B damage and facilitates
accumulation of ATRIP at
sites of DNA damage
hnRNPU L1 and 2 | mRNA splicing hnRNP like proteins Recruited to DNA double (Polo et al., 2012)

strand breaks and stimulates
DNA-end resection through
CtIP binding and BLM
recruitment

RNA processing factorsinvolved in R-loop preven

tion and resolution

Senataxin

Transcription termination

Functions in pause-
dependent RNA pol 11
transcription termination and
recruits exonuclease Xrn2

Resolves R-loops at
termination elements,
releasing RNA for
degradation by Xrn2 prior to
termination

(Skourti-Stathaki et
al., 2011)
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Protein Name/s

Rolein Gene Expression
Pathway

Function in RNA
processing

Function in DNA damage
response

References

export complex

ASF/SF2 mRNA splicing SR splicing factor Suppresses R-loop (Li and Manley, 2005)
formation in a Top1-
dependent manner
PCID2 MRNA export Component of TREX-2 May interact with BRCA2 (Bhatia et al., 2014)
mRNA export complex to suppress R-loop
formation
THOC1 MRNA export Component of TREX mRNA | Along with other TREX (Dominguez-Sanchez

components, suppresses R-
loop formation

etal., 2011)
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