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Abstract

Ten years ago we reviewed how the cellular DNA damage response (DDR) is controlled by
changes in the functional and structural properties of nuclear proteins, resulting in a timely
coordinated control of gene expression that allows DNA repair. Expression of genes that play a
role in DDR is regulated not only at transcriptional level during mRNA biosynthesis but also by
changing steady-state levels due to turnover of the transcripts. The 3" end processing machinery,
which is important in the regulation of mMRNA stability, is involved in these gene-specific
responses to DNA damage. Here, we review the latest mechanistic connections described between
3’ end processing and DDR, with a special emphasis on alternative polyadenylation, microRNA
and RNA binding proteins-mediated deadenylation, and discuss the implications of deregulation of
these steps in DDR and human disease.
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1| INTRODUCTION

DNA damage occurs as the result of exogenous and endogenous sources of stress, either in
the form of energetically driven chemical alterations to the DNA, such as UV-mediated
intra-strand crosslinks, or agents that promote genome instability, such as inhibition of
torsional stress relief by topoisomerases (Hande, 1998; Mahadevan, Bowerman, & Luger,
2019; Mao & Wyrick, 2019; Merchut-Maya, Bartek, & Maya-Mendoza, 2019; Setlow,
Swenson, & Carrier, 1963; T. E. Wilson & Sunder, 2019). Both forms disrupt cellular
homeostasis and increase the risk of mutation passing to daughter cells during division.
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Because of the importance to the organism of minimizing mutational inheritance,
considerable cellular resources have evolved to detect and repair DNA damage in both a
general and lesion-specific manner. As the damage to DNA can occur as quickly as electron-
transfer, the DNA damage response (DDR) arms the cell with mechanisms for dynamic
changes in gene expression beyond the time consuming processes of transcription, nuclear
export and translation of mMRNAs. A paradigm of the DDR is that transcripts involved in the
response are expressed before the DNA repair process begins, suggesting that gene-specific
compensatory mechanisms are needed on these genes to ensure their expression, allowing
the cell to react to genotoxic stresses and maintain genomic integrity. For a better
understanding of DDR and its regulation in mammalian biology, we suggest the reading of
the following reviews (Jachimowicz, Goergens, & Reinhardt, 2019; Jackson & Bartek, 2009;
O’Connor, 2015). Posttranscriptional processing of transcripts represents an essential
mechanism for dynamic and proper control of gene expression at different time-points
during DDR. For example, mRNA 3" end processing modulates the length of the poly(A)
tail of an mRNA providing a widespread strategy used to control mRNA stability and
protein production.

3’ end processing of most eukaryotic mRNAs is a multistep maturation involving co-
transcriptional recognition of pre-mRNA cis-elements, following by cleavage of the nascent
RNA and non-templated addition of ~200 adenosine residues in human cells. These mMRNA
3’ end modifications confer stability and translational efficiency to the transcripts (Bentley,
2014; Jalkanen, Coleman, & Wilusz, 2014; Proudfoot, 2011; Y. Shi & Manley, 2015).
Conversely, removal of the poly(A) tail by deadenylation can signal mRNA decay and/or
translational repression of poly(A) + transcripts (Astrom, Astrom, & Virtanen, 1991; Mayya
& Duchaine, 2019; Nicholson & Pasquinelli, 2019; Webster et al., 2018; Yi et al., 2018; X.
Zhang, Kleiman, & Devany, 2014).These modifications in the 3" end are controlled by cis-
acting elements present in the mRNA and #rans-acting regulatory factors, such as RNA
binding proteins (RBPs) and RNAs with complementary base-pairing, such as, but not
restricted to, microRNAs (miRNAs). For better understanding of basic aspects of 3" end
formation and its regulation, we suggest the reading of comprehensive reviews that have
covered this topic (Hollerer, Grund, Hentze, & Kulozik, 2014; Neve, Patel, Wang, Louey, &
Furger, 2017; Y. Shi & Manley, 2015). An additional level of 3" end formation control is by
alternative polyadenylation (APA), where the conserved poly(A) signal AAUAAA,
AUUAAA, and less efficacious derivatives can occur in multiple incidences in a single
transcriptional unit generating templated mRNAs that differ by the 3" end (Tian & Manley,
2017). Finally, non-adenosine nucleotide transfers to the 3" end of the mMRNA are emerging
as potential global regulators of DDR (Lackey, Welch, & Marzluff, 2016). Here, we present
an update of our previous review (Cevher & Kleiman, 2010) on how undergoing research
has shown new and updated links between mRNA 3 end processing and DDR (Figure 1).

2| CLEAVAGE AND POLYADENYLATION
2.1| CstF-50 and RNA polymerase Il

One of the first functional connections described between the cleavage and polyadenylation
(CpA) machinery and DDR was the interaction of the tumor suppressors BRCA1/BARD1
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(breast and ovarian cancer type 1 susceptibility protein 1)/(BRCA1 associated RING domain
1) with not only DNA repair proteins PCNA and Rad51 (Scully et al., 1997) but also the
cleavage factor CstF-50 and RNA Polymerase 11 (RNAP 1) (Kleiman & Manley, 1999,
2001). After stress, BRCA1/BARD1/CstF-50 inhibits the cleavage step of polyadenylation
(Kleiman & Manley, 1999, 2001) and induces the ubiquitination and proteasomal
degradation of RNAP 11, an activator of pre-mRNA 3’ cleavage (Figure 2) (Hirose &
Manley, 1998; Mirkin et al., 2008). Interestingly, recent studies show that when RNAP 11 is
inhibited by depletion of CpA machinery some protein-coding genes exhibit read through
transcription and backsplicing, leading to circular RNAs (Liang et al., 2017; J. E. Wilusz,
2017). Consequently, Serine 2 phosphorylation of RNAP 11 C-terminal domain (CTD) is
necessary for CpA factors recruitment (Ahn, Kim, & Buratowski, 2004). Consistent with
this, RNAP Il degradation was also inhibited in cleavage factor | (CFI) mutants in yeast
(Gaillard & Aguilera, 2014). The cleavage factor CstF-50 regulates the chromatin
remodeling, including histone and RNAP Il ubiquitination, of differently expressed genes
after DNA damage (Fonseca et al., 2018). In fact, DDR-responsive gene loci show similar
patterns for RNAP Il CTD phosphorylation at Serine 2, a marker associated with
transcription termination, and stress-induced phosphorylation of histone 3 (H3) by AKT (J.
H. Lee et al., 2015). Interestingly, abolishing the AKTmediated phosphorylation of H3
results in the dysregulation of 3" end processing of DNA damage-activated genes, reducing
RNA decay downstream of the cleavage site and the release of RNAP Il from the chromatin.
In addition, the CstF complex subunit CstF-64 and its analogue tCstF-64 (Dass et al., 2001;
Wallace et al., 1999) are serine phosphorylated after ionizing radiation treatment, possibly
signaling a role in DNA repair (Matsuoka et al., 2007).

The UV-induced depletion of RNAP 1, in part by BRCA1/BARD1/CstF-50-mediated
ubiquitination (Kleiman et al., 2005), might also be involved in the induction of APA.
Recent studies showed that depletion of RNAP Il promotes the usages of APA sites for
several transcripts (Yu, Rege, Peterson, & Volkert, 2016), such as Retinol Binding Protein 2
(RBP2), peptide transporter PTR2, and Discoidin Domain Receptor Tyrosine Kinase 2
(DDR?2). Indeed, while under nonstress conditions RPB2 mRNA terminates at a proximal
poly(A) site, after UV treatment a distal poly(A) site is preferentially used, resulting in a
longer transcript. As transcription and CpA are globally inhibited upon DNA damage, an
important question arises: how are DDR-responsive genes able to circumvent such
inhibition? Increased transcription for some DDR-responsive genes has been described
(reviewed in Christmann & Kaina, 2013) and it is permitted because transcription inhibition
factors are engage everywhere else in the genome (Rockx et al., 2000). As transcription is
tightly coupled with 3" end RNA processing, it is possible that the increase in the number of
transcripts of DDR-responsive genes compensate the inhibition of their processing resulting
in an increase in their expression despite a number of collateral unprocessed transcripts.
Another possibility is that the overall strength of the poly(A) signals, including upstream
(USEs) and downstream (DSEs) sequence elements, is higher in DDR-responsive genes,
requiring less active CpA complex in the vicinity for effective 3" end processing (Proudfoot,
2011; Takagaki, Seipelt, Peterson, & Manley, 1996; Tian & Manley, 2017). Third, studies
have shown that certain RNA secondary structures enhance gene-specific CpA. For example,
TP53 pre-mRNA possesses G-quadruplex structure downstream of poly(A) site, which was

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2020 June 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Murphy and Kleiman

Page 4

found to be necessary for processing during DDR (Decorsiere, Cayrel, Vagner, & Millevoi,
2011). Subsequent work elucidated that the RNA helicase DHX36 is required for G-
quadruplex mediated maintenance of TP53 pre-mRNA processing (Figure 3) (Newman et
al., 2017).

2.2 | DDR factors functionally associated with the 3" end processing complex

Given the complexity of the CpA machinery, both in size and component abundance, it is
not surprising that studies have described DDR-factors associated with core CpA factors
such as protein kinase complex DNA-PKcs/Ku70-86 and PARP1 (Y. Shi et al., 2009).
Although the nuclear serine/threonine kinase DNA-PKcs/Ku70-86 is involved in
nonhomologous end joining and double-strand break (DSB) repair (Davis, Chen, & Chen,
2014; Ryan & Bauer, 2008), a direct role of DNA-PK in phosphorylating 3" end processing
factors has not yet been described. However, DNA-PK can phosphorylate PARP1 (Ariumi et
al., 1999), which is associated with the 3" complex (Y. Shi et al., 2009) and is involved in
DNA damage detection and repair (reviewed in Ji & Tulin, 2010). PARP1 can also associate
with and PARylate poly(A) polymerase (PAP) under stress conditions, resulting in inhibition
of polyadenylation as modified PAP is unable to bind substrate mMRNA (Di Giammartino,
Shi, & Manley, 2013). Other 3" end processing factors, such as the FIP1L1 component of
the cleavage and polyadenylation specificity factor (CPSF) and poly(A) binding protein
PABPNL1, can be modified by PARP-1 (Jungmichel et al., 2013; Y. Zhen, Zhang, & Yu,
2017), suggesting that PARP1 might regulate 3" processing under different conditions,
including DDR. Consistent with this, recent studies have shown that PARP1-mediated
chromatin modifications affect not only RNAP 11 elongation but also co-transcriptional
modifications (Matveeva, Al-Tinawi, Rouchka, & Fondufe-Mittendorf, 2019) and that
PARP1 is an mRNA-binding protein (Melikishvili, Chariker, Rouchka, & Fondufe-
Mittendorf, 2017). Besides, PARP1 binds to and PAR-ylates embryonic lethal abnormal
vision-like 1 (Elavl1)/human antigen R (HuR), allowing its nucleocytoplasmic shuttling and
binding to its MRNA targets 3’ ends, increasing their stability (Y. Ke et al., 2017). Y. Shi et
al. (2009) also described RBBP6, an E3 ubiquitin ligase originally described to interact with
p53 (Simons et al., 1997), as part of the 3" end processing molecular architecture. Some
RBBP6 isoforms generated by alternative mRNA processing led to increased use of distal
poly(A) sites genome-wide (Di Giammartino et al., 2014). In fact, efficient mRNA 3’
processing requires a zinc knuckle, ubiquitin-like (UBL) and RING finger domains of Mpel,
the yeast RBBP6 homolog (S. D. Lee & Moore, 2014). The zinc knuckle and RING domains
bind RNA with no sequence-specificity (Di Giammartino et al., 2014; S. D. Lee & Moore,
2014). Mpel can ubiquitinate Papl, indicating a functional association between ubiquitin
pathway and CpA machinery.

RNA:DNA hybrid-mediated R-loops are associated with genomic instability (reviewed in
Crossley, Bocek, & Cimprich, 2019). In yeast, a screening for factors involved in
ameliorating R-loop mediated genome instability identified seven essential protein
components of 3" end processing machinery, including the human homologues for two of
the components of cleavage factor IIm (CFIIm), CstF-50, CstF-64, CPSF100, Fipl, and
WDR33 (Stirling et al., 2012). Trf4, a gene encoding a noncanonical PAP involved in RNA
surveillance, also participates in maintenance of genome integrity (Gavalda, Gallardo, Luna,
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& Aguilera, 2013). While future studies will be required to elucidate the contribution of each
factor, it is possible that these MRNA processing factors allow the transcripts to dissociate
from chromatin playing a major role in DNA homeostasis. In that scenario, we could
speculate that the presence of multiple poly(A) signals in a single transcriptional unit might
play a role not only in generating different MRNAs and proteins (Tian, Hu, Zhang, & Lutz,
2005) but also in ensuring genomic stability. As the spliceosomal U1 snRNP binds the
nascent RNA to inhibit the usage of intronic poly(A) sites within first introns (Almada, Wu,
Kriz, Burge, & Sharp, 2013; Berg et al., 2012; Kaida et al., 2010), U1 snRNP might also
participate in genome integrity maintenance, possibly through currently undescribed
complex(es) with genome integrity and DDR factors. In fact, under DNA damaging
conditions, the levels of U1 snRNA decrease inducing intronic APA at the promoter-
proximal side of the genes (Devany et al., 2016), potentially allowing greater access to DNA
repair factors and dissociation of nascent transcripts.

2.3| Integrator complex and 3’ end processing

Eight subunits of the integrator complex are part of the molecular architecture of the pre-
mRNA 3’ processing complex (Y. Shi et al., 2009). The integrator complex binds to RNAP
Il (Baillat et al., 2005) and is involved in homeostatic transcription termination of specific
genes, including non-polyadenylated snRNAs (reviewed in J. Chen & Wagner, 2010; Rienzo
& Casamassimi, 2016) and histone mRNAs (Skaar et al., 2015). These genes undergo a
specialized processing of the 3" ends of their RNAs (J. Chen et al., 2012; Ezzeddine et al.,
2011; Marzluff, Wagner, & Duronio, 2008), and the disruption of mechanisms controlling
SnRNA transcription termination results into extended snRNAs with poly(A) tails in human
cells (O’Reilly et al., 2014; Yamamoto et al., 2014). Whether this disruption occurs
physiologically during DDR is to our knowledge currently unknown. Interestingly, proteins
involved in polyadenylation can participate in the termination of ShRNA transcription
(Egloff, Al-Rawaf, O’Reilly, & Murphy, 2009; O’Reilly et al., 2014). These results indicate
that the integrator complex functionally overlaps with the mMRNA CpA machinery to
promote cleavage and couple snRNA 3" end processing with termination. Transcription
termination also plays a role in 3 processing of replication-dependent histone genes, which
also undergo a specialized processing of the 3" ends of their RNAs (reviewed in Marzluff et
al., 2008). Like with sSnRNA, when the termination machinery is disrupted, replication-
dependent histone genes are polyadenylated and lose the regulation of their stability and
expression during cell-cycle progression (Sullivan, Steiniger, & Marzluff, 2009).
Transcription pausing at promoter proximal sites could function as a decision point for
transcription elongation or termination/3” processing (Brannan et al., 2012), and this
mechanism plays a role in controlling the expression of highly inducible genes, such as
stress response genes (Adelman & Lis, 2012). In fact, in addition to the integrator’s noted
role in termination of SnRNA and histone transcription, integrator binds at promoter-
proximal sites of polyadenylated stress-response genes, highlighting integrator’s role in
DDR (Rienzo & Casamassimi, 2016; Skaar et al., 2015). Additionally, some subunits of the
integrator complex interact with proteins involved in DDR, such as DNA-binding protein 1
(hSSB1), and regulate the accumulation of RAD51 and BRCA1 at DNA damage sites and
the correlated homologous recombination (Vidhyasagar et al., 2018; F. Zhang, Ma, & Yu,
2013; J. Zhang, Sun, etal., 2013).
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2.4| Poly(A) polymerases

Canonical PAP are responsible for the co-transcriptional addition of an adenosine tail at the
3’ end of MRNAs in the nucleus. There are two ubiquitously expressed forms; PAPa and
PAPvy (Q. Yang, Nausch, Martin, Keller, & Doublié, 2014), and the testis-specific PAPa (Y.
J. Lee, Lee, & Chung, 2000). However, noncanonical Star-PAP (Speckle Targeted PIPKla
Regulated Poly(A) Polymerase) differs from canonical PAPs through its ability to bind to
pre-mRNA directly (Laishram & Anderson, 2010). During cellular stress elicitation, Star-
PAP is capable of regulating 3" end processing in a gene-specific and condition-dependent
manner (Figure 2) (W. Li et al., 2012). In etoposide treatment, Star-PAP is recruited to pro-
apoptotic gene Bcl-2 interacting killer (BIK) mRNA (W. Li et al., 2012). On the other hand,
nuclear phosphoinositide stress signaling (Barlow, Laishram, & Anderson, 2010) during
oxidative stress leads to Star-PAP-mediated regulation of cytoprotective enzymes HO-1
(heme oxygenase-1, Mellman et al., 2008) and NQO-1 (NAD[P]H:Quinone Oxidoreductase;
Gonzales, Mellman, & Anderson, 2008). Interestingly, Star-PAP induces the use of APA of
tumor suppressor PTEN (phosphatase and tensin homolog deleted on chromosome 10) gene
and this is essential for DNA damage-induced increase of PTEN protein levels (W. Li, Li, et
al., 2017; X. Li, Xiong, et al., 2017), indicating that Star-PAP regulates APA in a signaling-
and target gene-specific manner. Genome/functional analysis of Star-PAP and PIPKla
depleted cells indicated that mRNAs encoding anti-invasive factors, such as CDH1, CDH13,
FEZ1, KISS1R, NME1, WIFL1, are also targets of this polyadenylation activity (Laishram &
Anderson, 2010). Outside of nuclear regulation, mitochondrial mMRNA poly(A) polymerase
(mtPAP) was observed to be associated with increased radiosensitivity, concurrent with
increased reactive oxygen species (ROS) and DSBs (Martin et al., 2014).

As several RNA processing factors are known to localize to sites of DNA damage and to
interact with DNA repair proteins (Gaillard & Aguilera, 2014) suggesting that they may play
a direct role in the DDR, it is not surprising that several proteomic and functional screens
have identified RNA 3" end processing factors as part of DDR (Jungmichel et al., 2013;
Montecucco & Biamonti, 2013; Paulsen et al., 2009). Remarkably, structural analysis of the
recognition of the AAUAAA polyadenylation signal identified that the scaffold complex
CPSF160-WDR33 possesses structural similarity to the DNA repair complex DDB1-DDB2,
suggesting recent evolutionary divergence and/or some functional redundancy (Q. Sun, Hao,
& Prasanth, 2018; Y. Sun, Zhang, et al., 2018).

3| ALTERNATIVE POLYADENYLATION
3.1| APA factors involved in DDR

As genes sometimes consist of tens of thousands of base pairs, the statistical likelihood to
find the conserved poly(A) signal AAUAAA, AUUAAA, and less efficacious derivatives is
very high. Approximately 70% of human genes are characterized by multiple poly(A) sites
that result in different transcript isoforms with variable 3" ends (Derti et al., 2012) and this
significantly contributes to transcriptome diversity (Tian et al., 2005). A large scale analysis
elucidated the impact of different CpA factors on APA and how APA is regulated by the
location of the poly(A) signals relative to the transcription start site, distance between
competing poly(A) signals, cis elements near poly(A) signal and concentrations of core CpA
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factors (W. Li et al., 2015). In keeping with some of the earliest data on APA (Takagaki et
al., 1996), CstF-64 was identified as a key effector (W. Li et al., 2015). It is currently
unknown whether the levels of available CpA effectors or the usage of different poly(A)
signals are affected under various genotoxic agents, however, it has been shown that UV-
treatment does not change the levels CstF-50 but its availability is altered through
differential complex formation (Mirkin et al., 2008). Fip1, a polymerase-regulating
component of the CpA complex, not only regulates APA (Lackford et al., 2014; W. Li et al.,
2015) but also maintains genome integrity by suppressing R-loop formation, suggesting that
Fipl function may be relevant to certain human cancers (Stirling et al., 2012). RBBP6 is part
of the CpA complex (Y. Shi et al., 2009) that plays a role in genome stability and DNA
replication (Miotto et al., 2014; Motadi, Lekganyane, & Moela, 2018). An RBBP6 isoform
generated by intronic APA is able to compete with full-length RBBP6 for association with
the remainder of the polyadenylation machinery, thereby inhibiting polyadenylation and
regulating APA, with an enrichment for affecting 3" end processing of AU-rich RNAs (Di
Giammartino et al., 2014). RBBP6 also appears to be important for regulating the stability of
mRNAs with AU-rich elements in their 3" UTRs.

Factors not considered part of the core CpA machinery have been implicated in alternative
3’ end processing after DNA damage. Cyclin-dependent kinase CDK12 is a regulatory
kinase that pairs with Cyclin K and phosphorylates the RNAP Il CTD to maintain processive
elongation (Bartkowiak et al., 2010; Blazek et al., 2011; Ekumi et al., 2015; Fusby et al.,
2015). CDK12 depletion in cell-based (Blazek et al., 2011) or xenograft models (Johnson et
al., 2016) is associated with genome instability and DNA repair defects. CycK/Cdk12
regulates the expression of predominantly long genes with high numbers of exons, including
DDR genes such as BRCA1, ATR (ataxia telangiectasia and Rad3-related), FANCI, and
FANCD?2. In fact, CDK12 has been implicated in 3" end processing of ¢c-MYC (Davidson,
Muniz, & West, 2014) and ¢-FOS (Eifler et al., 2015), suggesting that CDK12 regulates
CpA through RNAP II phosphorylation at the CTD (Ahn et al., 2004). Comparing normal
cells and breast cancer cells containing a CDK12 amplification, it was shown that CDK12
regulates alternate last exon (ALE) splicing, a subset of splicing events that involves APA
(Elkon, Ugalde, & Agami, 2013; Tien et al., 2017). It remains to be determined whether this
CDK12-mediated effect on ALE splicing in breast cancer is dependent on RNAP 11 CTD or
another undescribed pathway of CDK12. Recent studies showed that CDK12 not only play a
role in ALE regulation but also in protecting the cells from premature CpA and allowing
expression of long genes, a sizable portion of which include DDR genes (Krajewska et al.,
2019). p38 kinase (Danckwardt et al., 2011) and protein kinase C (PKC)& (W. Li et al.,
2012) are involved in the modulation of poly(A) signal usage of prothrombin pre-mRNA in
response to the stress-inducing agent anisomycin and BIK pre-mRNA in response to DNA
damage, respectively.

3.2| Global analyses of APA after cellular stress

A number of global studies have been published on APA regulation under DNA damaging
conditions in both single celled and multicellular eukaryotes. In yeast, treatment with a UV-
mimetic led to a global lengthening of transcripts due to the inhibition of CpA and the
decrease in the levels of several mMRNA 3’ end processing factors (Graber et al., 2013). In
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mammalian cells, DSBs created by topoisomerase inhibitor treatment led to induction of
ALE through APA site usage (Dutertre et al., 2014). Those studies identified HuR as a
regulator of ALE maturation in response to doxorubicin, a topoisomerase inhibitor used in
breast cancer chemotherapy, and implicate doxorubicin-regulated ALEs in DDR and cell
cycle regulation. Work by the Kulozik group described that cells treated with anisomycin, an
inhibitor of the peptidyl transferase activity of the ribosome causing ribotoxic stress, show
an overall lengthening of transcripts with a decrease in the utilization of promoter-proximal
poly(A) sites in introns and increase in the utilization of promoter-distal poly(A) sites in
intergenic regions (Hollerer et al., 2016). Interestingly, work from the Kleiman and Tian labs
showed that treatment of cells with UV induced a ~twofold increase in intronic
polyadenylation and promoter-proximal poly(A) site usage, affecting gene groups with
important functions in DDR and cancer (Figure 2) (Devany et al., 2016). UV-induced
intronic APA activation correlates with the previously described decrease in U1 snRNA
levels after UV treatment (Morra, Lawler, Eliceiri, & Eliceiri, 1986) and the global
suppression of promoter-proximal sites by U1 (Berg et al., 2012; Gunderson, Polycarpou-
Schwarz, & Mattaj, 1998). Consistent with this, U1 SnRNA overexpression reverses these
effects on APA and mitigates UV-induced apoptosis. A possible explanation for the
discrepancies observed on the effect of anisomycin and UV treatments on APA may be due
to how these stress-treatments affect U1 levels. The effect of anisomycin on the U1 snRNA
was not determined in those studies. Treatment of cells with arsenite also led to overall
transcript shortening by preferential usage of proximal poly(A) sites and enhanced
degradation of transcripts with long 3" UTR during recovery (D. Zheng et al., 2018). T cell-
restricted intracellular antigen-1 (TI1A1), an RBP involved in the recruitment of RNASs into
stress-granules, preferentially interacts with the long 3" UTR isoforms through U-rich motifs
inducing their decay and allowing mRNAs with short 3" UTRs generated by stress-induced
APA to evade degradation. These APA changes induced by arsenite stress represent a
mechanism to regulate the transcriptome in proliferating and differentiated cells.

3.3| Non-coding RNAs in 3’ end processing

The role of noncoding RNAs in both 3" end processing and DDR has not been extensively
studied. Recently, a small nucleolar RNA (snoRNA), normally associated with rRNA
maturation, was shown to compete with CpA component Fipl for binding to AAUAAA
signal (Huang et al., 2017; J. Shi, Huang, Huang, & Yao, 2018). SNORD50A inhibits
mRNA 3" processing by blocking the Fip1-poly(A) site interaction, and SNORD50A
depletion changed APA profiles genome-wide. Interestingly, many long noncoding RNA
(IncRNAs) undergo APA in poly(A) sites upstream of the most 3" exon (Hoque, Li, & Tian,
2014). LncRNA functions might be regulated by APA, as most of the conserved sequences
are located upstream of the first poly(A) site. In fact, genome-wide analysis showed that
IncRNA expression is controlled by PABPNL1 resulting in the regulation of their stability
(Beaulieu, Kleinman, Landry-Voyer, Majewski, & Bachand, 2012). Different pool of
snoRNAs derived from IncRNA is induced by DNA damage and IncRNA are involved in the
regulation of DDR (Dianatpour & Ghafouri-Fard, 2017; Krell et al., 2014; Michelini et al.,
2017), suggesting a possible unexplored relationship between regulatory RNAs and control
of RNA processing during DDR.
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4| DEADENYLATION: RBPS AND MICRORNAS
4.1| Regulation of deadenylation during DDR

A great number of studies in the last 10 years have identified different aspects of an
intermediate branch of the DDR that works on posttranscriptional regulatory pathways that
include control of MRNA stability. In these pathways, RBPs and miRNAs can serve not only
as targets of DNA damage signaling but also as transducers of signals to other gene
expression pathways. Given that cellular stress cannot be predicted, when genotoxic stress
occurs some level of transcripts of many DDR genes are capable of increasing very quickly
in their stability and translational capacity (Young & Wek, 2016; Zander et al., 2016).
Additionally, the median mRNA half-life under steady-state conditions is over 7 hr (Sharova
et al., 2009), which reduces for housekeeping genes upon stress introduction (Cevher et al.,
2010). Thus, removal of the poly(A) tail offers a convenient mechanism to regulate mMRNA
stability, and hence gene expression, while the cell assesses the extent of damage and
initiates DNA repair. Deadenylation is under certain conditions the first step in mRNA decay
(C. Y. Chen & Shyu, 2003). However, deadenylation is not a DNA damage-specific cellular
response, as it is necessary to precisely regulate intracellular MRNA homeostasis in other
physiological pathways (Y. B. Yan, 2014), such as removal of stem cell mRNAs in
differentiating cells (Solana et al., 2013) and oocyte meiotic maturation (Vieux & Clarke,
2018).

4.2 | Poly(A)-specific ribonuclease

During stress, expanding the central role of CstF-50 in promoting DDR-mediated 3" end
processing inhibition, it was shown that CstF-50 can exist in (a) nuclear complex(es) with
the deadenylase poly(A)-specific ribonuclease (PARN) (Cevher et al., 2010). The CstF-50/
PARN complex activated deadenylation of nuclear mRNA targets, including housekeeping
genes, under DNA damaging conditions (Figure 2) (Cevher et al., 2010). Those studies also
showed that CstF/PARN complex has a role in decreasing the levels of mMRNAs involved in
DDR, control of cell growth and differentiation, keeping their expression levels low under
nonstress conditions. Expression of the tumor suppressors p53 and Gadd45a, key core
components of DDR, are affected by PARN deadenylase (Devany et al., 2013; Reinhardt et
al., 2010). PARN keeps p53 expression levels low in non-stress conditions by controlling
TP53 mRNA stability, and the UV-induced increase in p53 activates PARN deadenylase,
regulating gene expression during DDR in a transactivation-independent manner (Figure 2).
This mechanism represents a feedback loop between p53 and PARN (Devany et al., 2013; X.
Zhang et al., 2015). It is important to highlight that p53 can also form complex(es) with
CstF-50/BRCA1/BARD1, promoting the inhibition of CpA reaction (Nazeer et al., 2011),
suggesting that p53 might play an important role in the decision of either polyadenylate or
deadenylate a target mRNA. While PARN deadenylase phosphorylation is necessary for
Gadd45a mRNA stabilization after DNA damage, PARN deadenylase activity is not needed
(Reinhardt et al., 2010). L. N. Zhang and Yan (2015) showed that the cellular functions of
PARN are dependent on cell-type and stress-specific protein expression profile. It is
important to highlight that CCR4-NOT has been described as the main cellular deadenylase,
and that PARN and PAN2/PAN3 deadenylases do not have substantial effect on the poly(A)
length and abundance of most mMRNAs (Vi et al., 2018), suggesting that these deadenylases
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might have a more specific role in controlling mRNA decay. PARN hereditary mutations
affects telomere biology and causes dyskeratosis congenita and related syndromes, a group
of bone marrow failure disorders (Dhanraj et al., 2015; Mason & Bessler, 2015; Tummala et
al., 2015). In fact, PARN mediates the biogenesis of the telomerase RNA component by
removing a post-transcriptionally acquired poly(A) tail allowing telomere maintenance
(Moon et al., 2015). In concert with nuclear regulation, control of cytoplasmic deadenylation
of ARE-containing mRNA during DDR has also been observed (Blattner et al., 2000; Bollig
et al., 2002; Gowrishankar et al., 2005; W. Wang et al., 2000). Ccr4-Not complex, also the
major cytoplasmic deadenylase, has been shown to contribute to DDR by affecting
expression of checkpoint genes after hydroxyurea (HU) and methylmethane sulfonate
(MMS) treatments (Traven, Hammet, Tenis, Denis, & Heierhorst, 2005). Besides, Ccr4-Not
complex plays a role in controlling the expression of the ribonucleotide reductase enzymatic
complex involved during DNA damage and replication stress (Mulder, Winkler, & Timmers,
2005; Woolstencroft et al., 2006) and in maintaining genomic integrity by controlling the
ubiquitination and degradation of RNAP Il (H. Jiang, Wolgast, Beebe, & Reese, 2019).

4.3 | Sequence specific RBPs

Among the enormous population of proteins present in the cell, a portion have evolved the
capacity to bind directly to RNA species. This particularly true of polyadenylated mRNAs,
which are highly regulated co- and post-transcriptionally. Indeed, the “mRNA-bound
proteome” has been investigated in the last decade, elucidating further the many pathways
and factors revolving RNA biology (Baltz et al., 2012; Castello et al., 2012; Conrad et al.,
2016). Through both nonspecific and sequence specific binding, RBPs contribute to gene
expression control in the early detection of DNA damage by relaying the signals generated
by DNA damage sensors to the effectors of RNA metabolism, for example deadenylases.
RBPs can themselves act as sensors by sending signals to downstream factors involved in
DNA repair and chromatin modifications at DNA-damage sites. In that way, RBPs play a
role in maintaining genomic integrity. RBPs can also determine cell fate by regulating cell
cycle and transcription. For a comprehensive outline of general RBP function during DDR
see Kai (2016) and Dutertre and Vagner (2017).

Phosphorylation of nucleolin, an abundant stress-responsive RBP, can regulate PARN
deadenylase activity during cellular stress response (X. Zhang et al., 2018). Under nonstress
conditions, nucleolin forms (a) complex(es) with factors that regulate deadenylation, such as
p53 and the AU-rich (ARE)-binding protein HuUR; and these interactions are favored by
hypophosphorylated nucleolin after UV treatment. Nucleolin activates PARN activity and
binds PARN substrates, such as 7P53and BCL2 mRNAs, playing a role in their
downregulation under nonstress conditions. The RBP Wig-1, a p53 target protein, binds to
TP53 mRNA and stabilizes it by protecting it from deadenylation (Vilborg et al., 2009),
representing a mechanism to enhance p53 expression in a positive feedback loop (Figure 3).
On the other hand, Wigl promotes p53-target FAS mRNA degradation via binding to
deadenylase CNOT®6 in cytoplasmic stress granules (Bersani, Xu, Vilborg, Lui, & Wiman,
2014), decreasing cell death and reducing cell cycle arrest upon DNA damage, providing
further opportunity for down-regulation of mMRNAs that have escaped nuclear degradation or
already are cytoplasmically localized upon stress.
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Human antigen R

Another well-characterized ARE-binding protein is HUR (Grammatikakis, Abdelmohsen, &
Gorospe, 2017; Lépez de Silanes, Zhan, Lal, Yang, & Gorospe, 2004). HuR is known to
affect multiple posttranscriptional processes, including mRNA stability and translation
(reviewed in Garcia-Maurifio et al., 2017; Grammatikakis et al., 2017). HUR has been shown
to increase the stability of transcripts involved in carcinogenesis, cell proliferation and
survival, and oxidative and genotoxic cellular response (Fan et al., 2011; Y. Li, Estep, &
Karginov, 2018). Some of those transcripts include proto-oncogenes c-Fos (C. Y. Chen, Xu,
& Shyu, 2002) and c-Myc (Gunzburg et al., 2015); cyclooxygenase-2 (COX-2; Doller et al.,
2007); iINOS (Z. Guo & Geller, 2014); tumor suppressors TP53 (Abdelmohsen et al., 2014)
and von Hippel-Lindau (Galbén et al., 2003). Interestingly, HUR can also regulate APA of
target genes dependent on U-rich sequences proximal to poly(A) signal (Barnhart, Moon,
Emch, Wilusz, & Wilusz, 2013; Berkovits & Mayr, 2015; Zhu, Zhou, Hasman, & Lou,
2007), of genes involved in stress responses (Kraynik et al., 2015), and of its own gene
through reduction of CstF-64 recruitment (Dai, Zhang, & Makeyev, 2012).

As HuR functions are regulated by myriad DDR kinases (Kim et al., 2008, 2010),
elucidating the full extent of the role of HUR posttranslational modifications in 3" end
processing during stress is of great interest. For example, CHK2 that gets activated after
DNA damage and phosphorylates HuR after genotoxic stress, influencing HuR binding to
MRNA and survival to genotoxic stress (Abdelmohsen et al., 2007; Lebedeva et al., 2011,
Mukherjee et al., 2011; C. J. Wilusz & Wilusz, 2007). Additionally, following exposure to
H,0,, HUR phosphorylation results in its dissociation from the stress-response SIRT1
transcript reducing its half-life. Transcriptome wide analysis of samples from cells exposed
to IR radiation revealed a decrease in HuUR binding to its target mMRNAs due to activated
CHK2-mediated phosphorylation (Masuda et al., 2011). Upon genotoxic stress, HUR can be
PARylated by poly(ADP-ribose) polymerase 1 (PARP1) facilitating its cytoplasmic
translocation and regulation of its binding to target mMRNAs (Chand et al., 2017; Gagné et
al., 2008; Y. Ke et al., 2017). dePARylation of HuR facilitates its release from target mRNAs
and its shuttling back into the nucleus.

Competition between RBPs in controlling gene expression during DDR

The stability of ARE-containing mRNAs, and thus the level of expression of their protein
products, is regulated by the antagonistic behavior of different RBPs. Binding by HUR
generally leads to mRNA stabilization by inhibiting deadenylase recruitment (X. Zhang et
al., 2015). In contrast, binding by AUF1, tristetraprolin (TTP; Clement, Scheckel, Stoecklin,
& Lykke-Andersen, 2011) and KH-type splicing regulatory protein (KSRP; Winzen et al.,
2007) generally lead to rapid degradation of the mRNA by recruitment of deadenylases
(Cevher & Kleiman, 2010) or recruitment of 3'—5" exosome as in the case for AUF1 (C. Y.
Chen et al., 2002). Analysis of the binding site(s) for HUR and AUF1 present in androgen
receptor MTA1 mRNA show that the same sequence is contacted by both proteins (Barker et
al., 2012), consistent with the idea that both RBPs compete for binding to their cognate
recognition sequences. While CDKN1A transcripts are destabilized by AUF1 and RBPs
from the poly(C)-binding family under nonstress conditions (Barreau, Paillard, & Osborne,
2005; Scoumanne, Cho, Zhang, & Chen, 2011; Waggoner, Johannes, & Liebhaber, 2009),
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HuR and heterogeneous nuclear ribonucleoprotein C1 (hnRNP C1) interaction with
CDKN1A mRNA stabilizes the transcript via binding to its ARE following UV, gamma
radiation, and other stress causing treatments (Cho, Zhang, & Chen, 2010; W. Wang et al.,
2000).

A similar functional competition between HUR and AUF1 was described for transcripts of c-
fos, granulocyte macrophage colony-stimulating factor (GM-CSF), interleukin-3 (IL-3), and
cyclin D under different stress condition (Barreau et al., 2005). The DNA damage-inducible
Gadd45a transcript, which is up-regulated in response to stress stimuli, is downregulated by
AUF1 and T-cell-restricted intracellular antigen (T1A) 1-related protein (TIAR), which
prevents the mMRNA association with translating polysomes (Lal et al., 2006). After UV or
MMS treatment, MAPKAP kinase-2 (p38/MK2) increases Gadd45a mRNA stability
through phosphorylation of the RBPs hnRNPAOQ, TIAR, and PARN deadenylase (Reinhardt
et al., 2010). In contrast, the PCBP (poly(C)-binding protein) family of RBPs, composed of
five major members hnRNP K, PCBP1, PCBP2, PCBP3, and PCBP4, binds CU-rich
elements in the 3" UTR to negatively regulate p21 expression (Scoumanne et al., 2011;
Waggoner et al., 2009).

4.6 | Competition between RBPs and miRNAs in controlling gene expression during DDR

RBPs interacting with the 3" UTRs of target genes can affect the potential of miRNAs to
regulate gene expression (Boucas et al., 2012; Meisner & Filipowicz, 2011; Vos, Leedman,
Filipovska, & Rackham, 2019). In fact, deadenylation is a major component of miRNA-
mediated repression (Eulalio et al., 2009) and miRNAs play a large role in DDR (reviewed
in Wan, Mathur, Hu, Zhang, & Lu, 2011; Y. Wang & Taniguchi, 2013). For example, HUR
relieves miRNA-mediated translational repression of cationic acid transporter-1 (CAT-1)
only under stress conditions (Bhattacharyya, Habermacher, Martine, Closs, & Filipowicz,
2006). HuR has also been shown to compete with miRNA-induced silencing complex
(miRISC) loaded with miR125b for binding TP53 mRNA, resulting in the inhibition of
PARN-mediated deadenylation and stabilization of TP53 under stress conditions (X. Zhang
et al., 2015). A computational study described a specific group of miRNA recognition sites
enriched within 50 nucleotides from the RBP recognition sites for Pumilio and UAUUUAU,
suggesting a potential competitive or cooperative regulation to maintain mMRNA homeostasis
(P. Jiang, Singh, & Coller, 2013). For example, it has been reported that over 75% of
mRNAs with Ago binding sites in the 3" UTR also have HuR binding sites (Figure 3), and
most of these Ago and HuR binding sites overlap or are adjacent, with a distance of less than
10 nt of one another (Mukherjee et al., 2011). While some studies have shown that ARE-
mediated decay can occur independent of miRNA functions (Helfer, Schott, Stoecklin, &
Forstemann, 2012), other publications have shown that miRNAs machinery can functionally
interact with ARE-BPs regulating ARE-mediated decay. For example, binding of HuR to
AREs present in c-Myc 3" UTR facilitates the targeting of let-7-loaded miRISC resulting in
downregulation of c-Myc mRNA levels (Kim et al., 2009). Furthermore, miR-130a and
mir-301a cooperate with nucleolin in the deadenylation of CSF-1 mRNA (Woo, Baker,
Laszlo, & Chambers, 2013), and binding of HUR to adjacent mi125b seed sequence in TP53
3’ UTR inhibits miRNA-dependent translation repression (Ahuja, Goyal, & Ray, 2016).
Additionally, cooperation of the ARE-BP tristetraprolin and miRISC that results in the
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recruitment of the deadenylase for tumor necrosis factor-a mRNA degradation has been
described (Jing et al., 2005). Thus, a dynamic and complex flux exists between RBP and
miRNA regulation of mMRNAs during disruption of homeostasis. As the role of miRNAs-
mediated regulation of mMRNA stability during DDR has been extensively reported (reviewed
in Han, Wan, Langley, Zhang, & Lu, 2012; He, Zhou, Li, & Guo, 2016; H. Hu & Gatti,
2011; Wan et al., 2011), here we will only discuss few examples of this regulatory
mechanism. In the earlier steps of detection of DNA damage, miRNAs are involved in the
regulation of key regulators of DDR, such as Ataxia-telangiectasia-mutated (ATM)
(Maréchal & Zou, 2013). miR-18a (Cao et al., 2018; Song et al., 2011), miR-421 (Mansour
etal., 2013), miR-101 (D. Yan et al., 2010), and miR-181 (Y. Wang, Huang, et al., 2011; Y.
Wang, Yu, et al., 2011) have been shown to suppress ATM expression and in some cases the
formation of nuclear foci by its downstream substrates H2AX and 53BP1. ATM
phosphorylates H2AX, a required step for the assembly of DNA repair proteins at the sites
of damaged chromatin and activation of checkpoints proteins (Turinetto & Giachino, 2015).
Overexpression of miR-24 (Lal et al., 2009) and miRNA-138 (Y. Wang, Huang, et al., 2011;
Y. Wang, Yu, et al., 2011; H. Yang, Luo, Liu, Zhou, & Luo, 2015) results in cells
hypersensitive to DNA-damaging agents and decrease in foci formation of phosphorylated
H2AX. On the effectors side, BRCAL, a critical tumor suppressor recruited to DNA damage
lesions to facilitate DNA repair, is regulated by miR-182 (Moskwa et al., 2011), miR-146a,
and 146b-5p (Garcia et al., 2011). The expression of the tumor suppressor p53 is
downregulated by miR-125b (Le et al., 2011) and miR-504 (W. Hu et al., 2010) in several
types of human cells. Interestingly, p53 can increase the cellular levels of miRNAs that
target Mdm2 expression, such as miR-605 (Xiao, Lin, Luo, Luo, & Wang, 2011) and
miR-143/miR-145 (F. Zhang, Ma, et al., 2013; J. Zhang, Sun, et al., 2013), allowing rapid
accumulation of p53 by a positive feedback loop that ensures rapid activation of DDR. As
mentioned above, p53 can promote the inhibition of CpA reaction (Nazeer et al., 2011) and
PARN-mediated activation of deadenylation of non-DDR genes (Devany et al., 2013).

4.7] RNA structure as 3’ end processing regulatory element

The binding of proteins and/or noncoding RNAs to specific recognition sequences is not the
only mechanism to regulate 3’ end processing, as secondary structures within mRNAs can
also dictate mRNA stability by recruiting specific RBPs and enzyme complexes (Wu &
Brewer, 2012). For example, ribonucleoprotein hnRNP H/F plays a key role in binding to G-
quadruplex structure in TP53 mRNA maintaining 3" end processing during global CpA
inhibition (Decorsiere et al., 2011). Additionally, the stem-loop structure formed by histone
pre-mRNAs is recognized by stem-loop binding protein (SLBP) and is necessary for the 3
end processing of histone mRNAs (Battle & Doudna, 2001; Dominski & Marzluff, 1999;
Lampert, Brodersen, & Peter, 2017; Marzluff & Koreski, 2017). More recent research has
uncovered that the ubiquitin ligase CRL4, a protein complex notable for its role in genome
stability (Abbas & Dutta, 2011) and UV-mediated proteolysis of cell cycle regulator p21
(Abbas et al., 2008), also monoubiquitinates SLBP, permitting proper histone mRNA 3" end
maturation (Brodersen et al., 2016; Lampert et al., 2017). During G2 stress, cyclin-F, the
substrate recognition subunit of the Skp1-Cull-F-box E3 ligase complex, targets SLBP to
proteasomal degradation and limits H2A.X signaling and apoptosis following DNA damage
(Dankert et al., 2016).
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5| NON-POLYADENYLATE 3’ END MODIFICATIONS AND
EPITRANSCRIPTOMICS
5.1| Polyuridylation

In addition to PAP-mediated ribonucleotidyl transferase activity and deadenylases, a number
of poly(U) polymerases that add poly(U) rather than poly(A) to their RNA substrates have
been described (Kwak & Wickens, 2007; Rissland & Norbury, 2008). While uridylation has
been shown to play a role in promoting decay of mature non-coding RNAs, it plays a role in
regulating mRNA deadenylation, translation, and possibly storage (De Almeida, Scheer,
Zuber, & Gagliardi, 2018). A global analysis identified that most mMRNAs in mammalian
cells undergo 3" end uridylation with a negative correlation with mRNA stability (Chang,
Lim, Ha, & Kim, 2014), suggesting an overall role in gene expression dynamics during
conditions requiring low mRNA half-life. Histone mRNAs are the only known mRNAs
canonically known not to be polyadenylated upon RNA cleavage, instead these mMRNAs are
stabilized by a stem loop structure tens of nucleotides downstream from the stop codon
(Pandey & Marzluff, 1987). Due to the lack of a poly(A) tail, it was proposed that histone
mRNA stability was only regulated at the translational level (Kaygun & Marzluff, 2005).
However, inhibition of DNA synthesis by HU treatment was shown to lead to uridylation of
3’ end of histone MRNAs, which involved recruitment of both 3°—5" exonucleases and
decapping enzymes (Mullen & Marzluff, 2008). The oligo(U) tail serves as a cis-element for
the exoRnase Eril to process the stem loop structure (Hoefig et al., 2013). Interestingly,
arsenic treatment led to polyadenylation of histone mRNAs by downregulation of SLBP
expression, and these poly(A) + mRNAs were not susceptible to normal degradation
resulting in increased canonical histones levels (Brocato et al., 2014), which is associated
with cellular sensitivity to DNA damaging agents (Arita & Costa, 2009; Brocato & Costa,
2013; Kurat et al., 2014).

In addition to histone mRNA regulation, global poly(A) + mRNAs are regulated by 3" end
uridylation during DDR. When cellular stress has reached a critical threshold, the global
apoptotic program is activated, leading to cell death. Preexisting mRNAs, but not some
ncRNAs, are rapidly and markedly degraded early after apoptosis induction by diverse
classical apoptotic stimuli before other apoptotic events occur such as membrane lipid
scrambling, DNA fragmentation, and inactivation of translation (Thomas et al., 2015).
Genotoxic agents that induce mitochondrial outer membrane permeabilization (MOMP) and
caspase activation, but not caspase-independent cell death or oxidative stress, led to
widespread poly(A) + mRNA decay (Thomas et al., 2015). Interestingly, the RNA decay
intermediates first undergo a non-templated 3" end uridylation by uridylyl transferases
TUT4 and TUT?7 and then are recognized by the 3°—5" exoribonuclease DIS3L2, which
preferentially recognizes oligouridylated 3" ends (Figure 2). The recognition and decay of
which promote apoptotic pathway (Thomas et al., 2015). Interestingly, many ncRNAs are
protected from this degradation by structures such as stem loops (X. Liu et al., 2018). These
studies suggest that mMRNA decay is important for making sure the death program passes the
“point of no return.” In non- apoptotic cells, this pathway of TUTases and DIS3L2 act in
quality control pathways of mMRNAs and ncRNAs (Pirouz, Du, Munafo, & Gregory, 2016;
Ustianenko et al., 2016). In contrast to the destabilizing effect of terminal uridyl, a more
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recent report has identified promiscuous nucleotidyl transferase activity leading to
guanylation of the poly(A) tail that protects mRNAs from degradation (Chang et al., 2014;
Y. Lim et al., 2018). TENT4A (PAPD7) and TENT4B (PAPDS5) are noncanonical poly(A)
polymerases with terminal nucleotidyltransferase activity that catalyze preferentially the
transfer of ATP and GTP on mRNA 3’ poly(A) tail (Y. Lim et al., 2018). Importantly, a
single guanosine residue is sufficient to impede the mRNA decay-mediated by deadenylase
CCR4-NOT complex. While the role of guanylation in DDR is not known, these guanidy!
transferases are also a catalytic subunit of the Trf4/Air2/Mtrdp polyadenylation (TRAMP)-
like complex which has a poly(A) RNA polymerase activity and is involved in a post-
transcriptional quality control mechanism (Ogami, Chen, & Manley, 2018). Given their
similar mRNA abundances (D. Zheng & Tian, 2014), in future studies, it will be necessary
to determine whether this modification is involved in DDR as uridylation.

5.2| 3’ end processing and epitranscriptomics

While epigenomic studies on consequences that chromatin marks have in cellular functions
have elucidated much detail (reviewed in Stricker, Koferle, & Beck, 2017), it is still
challenging to determine the causative roles that these marks actually have on gene
expression. On the other hand, much less is known about epitranscriptomics, basically how
dynamic RNA modification affects RNA fate and affects gene expression. The major mRNA
modifications in the transcriptome of eukaryotic cells are AB-methyladenosine (m6A), AL,
2-O-dimethyladenosine, 5-methylcytidine, 5-hydroxylmethylcytidine, inosine,
pseudouridine, and AM2-methyladenosine (Roundtree, Evans, Pan, & He, 2017). Most of our
understanding in this relatively new field is based on developing technologies, so the cellular
functions of each modification are in question (Boulias et al., 2019; Sendinc et al., 2019),
and how many of these modifications found on mMRNAs and ncRNAs are legitimate
(Khoddami et al., 2019; W. Li, Li, et al., 2017; X. Li, Xiong, et al., 2017; Safra et al., 2017).
However, m6A has been repeatedly demonstrated to be involved in post-transcriptional
regulation of gene expression (Yue et al., 2018; Yue, Liu, & He, 2015). Interestingly, the
majority of m6A modifications have been detected in the last exon and 3" UTRs (Figure 2),
and the presence of this modification correlated with increased usage of distal poly(A) sites
in human (S. Ke et al., 2015) and regulation of APA during mouse oocyte development
(Kasowitz et al., 2018). Although UV-mediated regulation of DNA repair using m6A as
molecular beacon has been described (Nishida, Kuwano, Nishikawa, Masuda, & Rokutan,
2017; Xiang et al., 2017), usage of epitranscriptomic marks during DDR is grossly
understudied. It will be of interest to determine whether additional RNA modifications, such
as m1A, play a role in the regulation of polyadenylation/deadenylation. RNA modifications
could also play a role in other non-polyadenylate mechanism directly or through ncRNA
modifications.

6| CONCLUSIONS

In the last 10 years extensive studies have been undertaken to understand the role of mMRNA
3’ end processing in DDR. While the direct connection between DDR and mRNA 3’ end
processing machinery, particularly for tumor suppressors, provides an obvious link to
clinical situations in diseases such as cancer, other clinical connections have been described
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(Curinha, Braz, Pereira-Castro, Cruz, & Moreira, 2014). For instance, several diseases,
including fragile X syndrome, myotonic dystrophy, Huntington’s disease, arise, and are
exacerbated by increased microsatellite repeat expansion, such as (CAG)j, in coding and
non-coding regions of mMRNAs (L6pez Castel, Cleary, & Pearson, 2010; McMurray, 2010).
Repeat instability is facilitated by DNA repair enzymes, such as Cockayne Syndrome B (Lin
& Wilson, 2007), and factors involved in the mRNA 3" processing machinery, such as the
endoribonuclease CpA specificity factor 73 (CPSF73) (McGinty et al., 2017). CPSF73
suppresses (GAA),, expansion in actively transcribed regions as a result of enhanced
transcription elongation rate, highlighting the interplay of DNA repair and CpA processes.
Affecting mRNA length and composition by APA or disrupted CpA is also involved in
variety of disease models such as a.- and p-thalassemia (Harteveld et al., 1994; Higgs et al.,
1983; Orkin, Cheng, Antonarakis, & Kazazian, 1985; Rund et al., 1992), cancer (Elkon et
al., 2012; Mayr & Bartel, 2009; Sandberg, Neilson, Sarma, Sharp, & Burge, 2008; Singh et
al., 2009; Xia et al., 2014), diabetes (Garin et al., 2010), thrombosis (Gehring et al., 2001;
Lane & Grant, 2000), and oculopharyngeal muscular dystrophy (Brais et al., 1998). To
illustrate, some of the notable diseases with known causative or associative roles that
function at the intersection between DDR and mRNA 3’ end processing are highlighted in
Table 1.

Sometimes, 3" end processing acts as the signal rather than the effector for DDR. For
instance, recent work uncovered the fascinating link between transcription and replication,
whereby deregulation of MRNA cleavage impaired replication fork speed and excessive
origin activity, activating ATR-dependent DDR (Teloni et al., 2019). These studies indicate
that the CpA machinery protects cells from replication-stress-associated DNA damage,
suggesting that pre-mRNA cleavage allows an efficient release of nascent transcripts and
prevents genomic instability. Aside from transcriptional effects, genotoxic-stress mediated
DNA translesion synthesis by PolH is itself regulated by APA. Specifically, APA generates a
PolH transcript with shortened 3" UTR that results in enhanced PolH expression, increasing
cancer cell resistance to genotoxic stress (J. Zhang et al., 2019).

Ultimately, the pathways identified above represent only a fraction of the actual occurrences
in how mRNA 3’ end processing and DDR are intimately coupled. It will be of great interest
to see how the further elucidation of roles of ncRNAs in this functional connection, as well
as the continuation of sequencing from patient samples uncovering epistatic interactions
between DDR and mRNA processing components hitherto unexplored. We look forward to
the next 10 years of research at the exciting intersection of these fields.
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FIGURE 1.
Categories of events and pathways involved at the intersection of MRNA 3" end processing

and DNA damage response, as discussed in this review
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FIGURE 2.

Factor flux before and after the introduction of genotoxic stress. Top: In nonstress
conditions, promoter-proximal poly(A) signals are suppressed by the “telescripting” effect of
U1 snRNA ina5’—3" direction, including both intronic and proximal 3" UTR poly(A)
signals (Berg et al., 2012). The CpA machinery operates unhindered as a multitude of core
and auxiliary factors function to process the precursor mRNA, including PAP and CstF-50
(. Shi et al., 2009). Bottom: Upon occurrence and recognition of genotoxic stress, the
ribonucleoprotein components of CpA function are altered, as U1 snRNA levels are
decreased, allowing for recognition of specific promoter-proximal poly(A) signals (Devany
et al., 2016). Recruitment of BRCA1/BARD1/p53 complex(es) takes place, inhibiting CpA
via CstF-50 (Kleiman & Manley, 2001), and activating deadenylation through factors such
as PARN (Devany, Zhang, Park, Tian, & Kleiman, 2013). A number of CpA factors undergo
DNA-PK- and/or PARP1-mediated posttranslational modifications, affecting their activity
(Jungmichel et al., 2013). Star-PAP is also recruited to certain stress-response genes (W. Li
et al., 2012) as well as poly(U) polymerases in the cytoplasm during apoptosis (Thomas et
al., 2015). There are also potential MRNA methylation events and guanines added to the
mRNA 3’ ends (Lim et al., 2018), though these are yet to be described in DDR context. The
role of noncoding RNAs in this regulation is also a nascent field (Huang et al., 2017). CpA,
cleavage and polyadenylation; DDR, DNA damage response; PAP, poly(A) polymerase;
PARN, poly(A)-specific ribonuclease
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FIGURE 3.

TP53 mRNA post-transcriptional regulation before and after DNA damage. Under non-
stress conditions, multiple different miRNAs as part of Ago2-containing miRISC complex
possess binding sites for TP53 3" UTR, recruiting deadenylases, such as PARN (Cevher et
al., 2010), leading to decay or miRNA-mediated translational repression (Devany et al.,
2013). HuR and other RBPs are phosphorylated by cellular kinases (Kim, Abdelmohsen, &
Gorospe, 2010), preventing binding to mRNA. Under stress conditions, HuR and Wig1 are
dephosphorylated by DDR kinases allowing their binding to ARE-sequences present in
mMRNA targets (Mukherjee et al., 2011; Vilborg et al., 2009). Steric overlap of miRNA seed
sequence with ARE-sequence prevents Ago2/PARN association, leading to increase mMRNA
stability and translational capacity (Mukherjee et al., 2011; X. Zhang et al., 2015).
Concomitantly, global inhibition of CpA by CstF-50/BRCAL1/BARD1 (Kleiman & Manley,
1999, 2001) is overcome in part through functional complementation of RNA helicase
DHX36 and factor hnRNP H/F binding to G-quadruplex structure downstream of TP53
cleavage site (Newman et al., 2017). ARE, AU-rich element; CpA, cleavage and
polyadenylation; DDR, DNA damage response; PARN, PARN, poly(A)-specific
ribonuclease; RBPs, RNA binding proteins
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Factors or complexes with roles in DDR and mRNA 3 end processing found to have a causative or associative
link with various non-tumorigenic human diseases

CpA/DDR factor s attributed to non-cancer related pathologies

Factor/complex  Disease(s)

PARN
Integrator
DIS3L2
SLBP
Ago2
PABPN1
FIP1L1
Rad51
DNA-PKcs
PARP1
hnRNP K
POLH
mtPAP
CstF-64
Clpl (CFlIim)

Dyskeratosis congenita
Neurodevelopmental delay

Perlman syndrome

Osteoarthritis (SNP association)
Addiction (SNP association)
Oculopharyngeal muscular dystrophy (OMPD)
Hypereosinophilic syndrome

Fanconi anemia-like

Severe combined immunodeficiency
Parkinson’s disease

Au-Kline syndrome

Xeroderma Pigmentosum variant V
Spastic ataxia with optic atrophy
Intellectual disability (SNP association)

Pontocerebellar hypoplasia

Reference

Tummala et al., 2015

Oegema et al., 2017

Astuti et al., 2012

Castafio-Betancourt et al., 2016

Barragan et al., 2016

Schreuder, de Die-Smulders, Herbergs, & Koehler, 2006
Cools, Stover, & Gilliland, 2006

A.T. Wang etal., 2015

van der Burg et al., 2009

Kam et al., 2018

Auetal., 2018

J. Guo, Zhou, Zhang, Song, & Bian, 2013
W. C. Wilson et al., 2014

Grozevaetal., 2015

Karaca et al., 2014

Note: Unless specified, the gene-disease relationship was experimentally determined to play a direct role. Single nucleotide polymorphismss (SNP)
identified near DDR/3” processing genes by genome-wide association studies (GWAS) are indicated as “SNP association.” SNP associations were
cataloged and searchable by gene or disease on DisGeNET (Pifiero et al., 2017).

Abbreviations: CpA, cleavage and polyadenylation; DDR, DNA damage response; PARN, poly(A)-specific ribonuclease.
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