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Abstract The acquisition of an appropriate set of chemi-
cal modifications is required in order to establish correct
structure of RNA molecules, and essential for their func-
tion. Modification of RNA bases affects RNA maturation,
RNA processing, RNA quality control, and protein transla-
tion. Some RNA modifications are directly involved in the
regulation of these processes. RNA epigenetics is emerg-
ing as a mechanism to achieve dynamic regulation of RNA
function. Other modifications may prevent or be a signal
for degradation. All types of RNA species are subject to
processing or degradation, and numerous cellular mecha-
nisms are involved. Unexpectedly, several studies dur-
ing the last decade have established a connection between
DNA and RNA surveillance mechanisms in eukaryotes.
Several proteins that respond to DNA damage, either to
process or to signal the presence of damaged DNA, have
been shown to participate in RNA quality control, turno-
ver or processing. Some enzymes that repair DNA damage
may also process modified RNA substrates. In this review,
we give an overview of the DNA repair proteins that func-
tion in RNA metabolism. We also discuss the roles of two
base excision repair enzymes, SMUG1 and APE1, in RNA
quality control.
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Introduction

Cellular RNA is susceptible to chemical modification and
so far, 66 different modifications have been identified in
eukaryotes [The RNA Modification Database (RNAMDB,
http://mods.rna.albany.edu/)]. Some of these modified
bases have well known regulatory functions; pseudouridine
is, for example, the most common post-transcriptionally
introduced RNA modification, and is particularly impor-
tant for structure and function of ribosomal RNA (rRNA)
and small nuclear RNA (snRNA) [1]. Pseudouridine is
introduced enzymatically by pseudouridylases that isom-
erise uridine, and the importance of this modification is
illustrated by the premature aging syndrome dyskeratosis
congenita, which may result from mutations in the main
human pseudouridylase, Dyskerin (DKC1) [2]. Moreover,
RNA editing mechanisms rely on enzymatically intro-
duced base modifications to generate codon changes, like
the deamination of cytidine to uridine in the apolipoprotein
B mRNA by Apolipoprotein B Editing Catalytic subunit 1
(APOBEC1) [3], which generates a premature stop codon
[4]. Interestingly, many modified bases found in RNA are
lesions when present in DNA: inosine results from deami-
nation of adenosine and is a mild mutagenic lesion in DNA
[5], but inosine is introduced enzymatically into RNA by
adenosine deaminases as a strategy to create transcriptional
diversity. RNA is also subject to spontaneous chemical
modification, and due to its localization and single-stranded
nature, is even more susceptible to oxidation than DNA [6].
Dedicated DNA repair enzymes correct lesions in DNA
using the undamaged strand as a template for restoration
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of the original sequence. Similar RNA repair mechanisms
seem unlikely, due to the lack of a template for accurate
repair. The exception would be direct repair strategies that
reverse RNA modifications without any need for templated
resynthesis. The groundbreaking discovery that ALKBH3,
a member of the AlkB family of iron and 2-oxoglutarate-
dependent dioxygenases, has demethylation activity on
RNA substrates containing 1-methyladenosine (m'A) and
3-methylcytidine (m’C) raised the exciting hypothesis
that RNA modifications may be enzymatically repaired
or reversed in mammalian cells [7]. Regulated enzymatic
introduction of RNA modifications for which there exists
an enzymatic reversal strategy is analogous to DNA epi-
genetic regulation. Indeed, RNA epigenetics has recently
been described as a mechanism to achieve dynamic regu-
lation of gene expression [8]. Apart from their implica-
tion in many cellular processes, RNA modifications may
also prevent or be a signal for degradation. A convergence
of DNA and RNA metabolism is emerging that may have
implications for our understanding of RNA quality control
mechanisms. Here, we will give an overview of the main
RNA quality control mechanisms and discuss recent devel-
opments implicating Base Excision Repair (BER) proteins
in RNA quality control mechanisms.

RNA quality control mechanisms

Eukaryotes possess numerous mechanisms that process
or eliminate specific RNA molecules including rRNAs,
tRNAs and mRNAs (Fig. 1). Superficially, there are two
major modes of RNA degradation; via specialised RNA
nucleases (endonucleases or 5'-3’ exonucleases) or via the
exosome. The exosome is an RNA degradation factory pre-
sent in both the nucleus and the cytoplasm that has a cen-
tral function in RNA metabolism. It is responsible for deg-
radation, processing and regulated turnover of all classes
of RNA in eukaryotes [9]. The exosome is a multiprotein
complex that structurally resembles the proteasome, with
a barrel-shaped central channel into which the substrate is
funnelled. In contrast to the proteasome, where the cata-
lytic activity is provided within the core complex, the core
exosome is catalytically inactive and instead appears to
serve as a substrate-binding scaffold onto which individual
nucleases assemble [10]. The nuclear exosome is endowed
with three different ribonuclease activities; endonuclease
and 3'-5’ exonuclease activities are provided by the Rrp44
subunit and a second 3’-5’ exonuclease activity is contrib-
uted by the Rrp6 subunit [11].

The exosome degrades RNA to single-nucleotide
monophosphates and a residual four-nucleotide fragment,
but it can only degrade RNA substrates that enter the core
with their 3’ ends [12]. This means that the substrate cannot
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enter in a fully folded state and therefore, that the exosome,
like the proteasome, requires accessory and regulatory
factors to prepare the substrate for degradation. Degrada-
tion by the exosome requires the generation of an exposed
3/-hydroxyl (3’-OH) single-stranded RNA end that can
enter the exosome core and serve as a substrate for its exo-
nucleolytic activity. The exosome may be the final destina-
tion in the process of degradation for all classes of RNA,
but the preparatory steps vary depending on the type and
location of the substrates. However, there are degradation
strategies that may act entirely independent of the exosome
and sometimes in collaboration with the exosome (Fig. 1).

Cytoplasmic mRNAs subject to degradation are either
deadenylated prior to 3’ to 5’ degradation by the cytoplas-
mic exosome [13], or decapped and then degraded by the
5'-3" exonuclease Xrnl [14, 15]. Deadenylation involves
the collaboration between one of the two deadenylases
Ccr4 and Cafl of the Ccr4-Not complex and the related
deadenylase Pan2/3 [16]. The removal of the poly(A) tail
is followed by degradation by the exosome. Aberrancies
in translation are processed by specialised mRNA decay
pathways; the non-stop decay (NSD) detects and degrades
mRNAs lacking a stop codon [17] and the no-go decay
(NGD) targets mRNAs bound by ribosomes that are stalled
in translation elongation [18], whereas the nonsense-medi-
ated decay (NMD) promotes degradation of mRNAs under-
going premature translation termination [19].

Nuclear mRNAs may also be degraded when processing
or export is altered. In these cases, mRNAs are degraded
by the nuclear exosome [20], or, at least in yeast, cleaved
by the endonuclease Rntlp and then degraded by the nucle-
ases Rrp6p and Ratlp [21]. A recent study revealed that the
Ccr4-Not complex may be required to tether misprocessed
mRNASs to sites of transcription to prevent their export or
to act as a scaffold to recruit the exosome to degrade them
[22]. In mammals, a deadenylation-dependent decay path-
way targeting aberrant nuclear mRNAs has been identified
[23], but none of the nucleases have been characterised thus
far. The recent discovery that unprocessed nuclear mRNAs
remain tethered to the DNA template in association with
RNA polymerase II in an Rrp6-dependent manner suggests
that the exosome is required for degradation of those aber-
rant RNAs in mammals [24].

The functional noncoding rRNAs and tRNAs may also
be degraded both in the cytoplasm and the nucleus. Upon
translation failure, cytoplasmic rRNAs are degraded by
a process referred to as nonfunctional ribosomal decay
(NRD) [25]. Introduction of deleterious mutations, in
either the 255 peptidyl transferase center or 18S decod-
ing site, lead to the downregulation of those rRNAs, via
decreased stability of the mature rRNA found in fully
assembled ribosomes [26]. 25S NRD substrates, which
accumulate around the nuclear envelope, are eliminated
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Fig. 1 Cellular localisation and RNA targets of the different RNA
quality control complexes. The figure depicts some of the known
RNA quality control systems for aberrant mRNA, tRNA, rRNA and

after export to the cytoplasm in a process involving the
exosome [26]. 18S NRD is, on the other hand, dependent
on translation elongation and utilises the same proteins
as those participating in NGD. In both cases, the stalled
translation complexes are processed by the exosome and
then further degraded by Xrnl in cytoplasmic processing
bodies (P-bodies) [26]. The lack of different combinations

other non-coding RNA (ncRNA) species in eukaryotic cells. These
and additional quality control mechanisms are described in the Text

of modifications in mature tRNA molecules leads to their
degradation via the rapid tRNA degradation (RTD) path-
way [27]. The RTD pathway involves the 5'-3’ exonucle-
ases Ratl and Xrnl [28].

In the nucleus, tRNAs and rRNAs having maturation
defects can be polyadenylated by the Trf4-Air2-Mtrd
polyadenylation (TRAMP) complex before degradation
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by the nuclear exosome. The TRAMP complex adds short
poly(A) tails to aberrant transcripts, forming a favourable
substrate for the exosome and thus facilitating RNA diges-
tion by the exosome [29]. In addition, non-coding nuclear
snRNAs and snoRNAs, whose turnover and/or processing
need the nuclear degradation machinery, are also affected
by the Ccr4-Not complex, suggesting that Ccr4-Not con-
nects TRAMP with the nuclear exosome for processing
and/or degradation of their target RNAs [30, 31]. Fur-
ther investigation of the quality control mechanisms that
detect and degrade irregular pre-rRNAs showed that they
are degraded within a sub-nucleolar structure termed the
No-body [32]. Pre-ribosome components, polyadenylated
RNAs, TRAMP and the exosome accumulate in the No-
body, in which pre-ribosome surveillance is likely to take
place. Other nuclear pre-rRNA surveillance pathways
have been described in Saccharomyces cerevisiae; in the
absence of pre-rRNA dimethylation, for example, Dim1p
blocks pre-rRNA processing steps required for maturation
of 18S rRNA [33].

Regulation of RNA metabolism
RNA turnover

Degradation of mRNAs plays an important role in regulat-
ing the level of mRNA transcripts. This is the case of the
c-myc mRNA, which is degraded via two distinct path-
ways. One pathway comprises deadenylation followed by
3/-5" exonucleolytic degradation [34]. Another pathway,
which also applies for other mRNAs, involves endonucleo-
lytic cleavage [35].

Endoribonucleolytic RNA degradation may be used as
a strategy for cells to respond quickly to external stimuli.
For example, tRNAs and rRNAs have been shown to be
cleaved by the yeast endonuclease Rnyl upon oxidative
stress [36]. This does not appear to be a mechanism for
quality control, as misprocessed RNAs do not increase in
RNA processing mutants. Instead, tRNA cleavage could
contribute to translational repression by reducing the func-
tional levels of tRNA during cellular stress [36]. Lately,
RNA methylation by Dnmt2 was shown to protect tRNAs
against stress-induced cleavage [37], which supports that
specific modifications may affect tRNA turnover. Moreo-
ver, large amounts of tRNA precursors are degraded by
the exosome even in the absence of processing defects
and stress [38], thereby revealing a major pathway of
pre-tRNA turnover that competes with tRNA maturation.
tRNA cleavage upon stress was also suggested to have
a broader cellular function, since the cleaved or nicked
tRNAs might inhibit mRNA function through several
potential mechanisms [39].
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RNA maturation

As part of the RNA maturation process, specific cleavages
and modifications of RNA molecules are essential for pro-
ducing stable mRNAs and functional non-coding RNAs.
Splicing of tRNAs involves the precise removal of intronic
sequences, which requires two incisions of the pre-tRNA at
the exon—intron borders. The cleavage reactions are cata-
lysed by a tRNA splicing endonuclease that recognises the
structure of the pre-tRNA and yields 2’-3’-cyclic phosphate
and 5’-OH termini in the cleaved tRNA and the excised lin-
ear intron [40]. In eukaryotes, correct splicing of the pre-
tRNA requires a highly conserved adenosine: inosine (A:I)
base pair [41], which illustrates the importance of RNA
modifications for proper processing. In eukaryotes, three of
the four rRNAs (188S, 5.8S and 28S) are synthesised from a
single pre-TRNA molecule by RNA polymerase I. Matura-
tion of rRNA includes specific cleavage steps and involves
nucleolar proteins, snoRNAs, putative RNA helicases, and
a number of nucleases. Rntl shows endonuclease activity
both on 5 and 3’ external transcribed spacers (ETS) [42].
The RNase MRP also shows specific endoribonucleolytic
activity on pre-rRNA in vitro [43]. Moreover, the 5.8S,
18S and 25S rRNA species are efficiently processed by the
Rrp43p subunit of the exosome [44], indicating that the
exosome is required for maturation of those rRNA species.
Pre-RNAs are not only cleaved to generate mature RNA
molecules, but are also modified at specific bases. Pseudou-
ridylation has thus far been considered to provide constitu-
tive modifications. Recently, it was demonstrated that pseu-
douridylation in U2 snRNA can be conditionally induced
in Saccharomyces cerevisiae with impact on pre-mRNA
splicing [45]. This interesting finding raises the exciting
hypothesis that inducible RNA modifications may be a
general mechanism of fine-tuning cellular responses, and
importantly, that they may be reversible. Enzyme-catalysed
modification of the wobble nucleosides in tRNA affects
anticodon positioning in the ribosome. The yeast tRNA
methyltransferase 9 (Trm9) catalyses the formation of
2,5-methoxycarbonylmethyluridine (mcm>U) and 5-meth-
oxycarbonylmethyl-2-thiouridine (mem’®s?U), classified
as key determinants of translational fidelity [46]. In mam-
mals, several tRNAs have S5-methoxycarbonylmethylu-
ridine (mem’U), or derivatives thereof, in the wobble posi-
tion, which are believed to restrict wobbling and improve
translational efficiency. Recently, the ALKBHS member of
the AlkB protein family was reported to methylate 5-car-
boxymethyluridine (cm>U) and 5-carboxymethyl-2-thiour-
idine (cm®s®U) and, thus, participate in the maturation of
the tRNA®, (RNA" and tRNA™® [47, 48]. It is interest-
ing to note that AIkB proteins were initially characterised
for their ability to remove alkylation damage in DNA [49].
An additional hydroxylation activity was recently found
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for ALKBHS8 on tRNASY, further expanding the function
of the ALKBH oxygenases beyond nucleic acid repair [50].

RNA epigenetics

The concept of RNA epigenetics emerged with the dis-
covery that post-transcriptional RNA modifications can
be dynamic and might have regulatory roles analogous to
those of epigenetic DNA modifications [8]. One example
is Nﬁ-methyladenosine (m®A), which is one of the most
common modifications in RNA. It is introduced enzymati-
cally by an unidentified methyltransferase complex con-
taining the subunit methyltransferase-like 3 (METTL3)
[51], and erased by the fat mass and obesity-associated
(FTO) enzyme [52]. FTO performs direct demethyla-
tion of the adenine base using its oxidative demethylation
activity and partially localises with nuclear speckles [53].
Similarly to FTO, ALKBHS5 was recently shown to dem-
ethylate m®A in mRNA [54]. This demethylation activity
of ALKBHS significantly affects mRNA export and assem-
bly of mRNA processing factors in nuclear speckles [54].
Moreover, Alkbh5-deficient male mice have increased m°A
in mRNA and are characterised by impaired fertility [54],
demonstrating that the reversible m®A modification has
fundamental and broad functions in mammalian cells. RNA
epigenetics may thus represent an example of how DNA
repair enzymes, or DNA repair-like enzymes, may con-
tribute important functions beyond the regulation of RNA
metabolism.

RNA editing

RNA editing changes the coding properties of an RNA
molecule relative to that of the encoding DNA. Substitu-
tions and insertions/deletions are the two types of edit-
ing occurring in all types of cellular RNA. Adenosine-
to-inosine (A-to-I) RNA editing is a central generator of
transcriptome diversity and regulation in eukaryotes. The
reaction is catalysed by a family of adenosine deaminases
acting on RNA (ADARs). A-to-I editing of the tRNA
anti-codon plays a crucial role in the function of tRNAs
during protein synthesis and is performed by enzymes
homologous to the ADAR; adenosine deaminase acting
on tRNA (ADATs) [55]. Recently, human endonuclease
V (ENDOV) was reported to cleave I-containing RNA
oligonucleotides corresponding to a part of the Gabra-3
transcript, a known substrate for ADAR1 and ADAR2
[56], and oligonucleotides corresponding to the anti-codon
loop in tRNAA® [57]. These findings may suggest that
ENDOV could antagonise the effect of adenosine deami-
nase enzymes by destruction of I-containing RNAs, or that
it may act together with ADAR to eliminate A:I-containing
transcripts.

Escherichia coli EndoV is, in contrast, a DNA repair
enzyme that recognises a wide range of modified bases
and cleaves the DNA in addition to I-containing RNA [57,
58]. Interestingly, E. coli has no ADAR enzyme but has an
ADAT enzyme, and therefore likely utilises inosine as a
modified base only in the tRNA wobble position. In higher
eukaryotes that express ADAR enzymes, inosine may have
become a more widely used regulatory modification in
RNA.

Convergence between DNA and RNA surveillance
pathways

Recent data indicate that some proteins responding to DNA
damage may function in RNA metabolism. The DNA repair
enzyme 5'-tyrosyl-DNA phopshodiesterase-2 (TDP2)
cleaves the protein-RNA linkage generated by picornavi-
ruses, and thus has a VPg unlinkase activity, a unique RNA
repair-like function [59]. TDP2 represents one example of
an increasing number of DNA repair enzymes that have
demonstrated or predicted functions in RNA metabolism
(Table 1). Moreover, many proteins involved in the signal-
ling of DNA damage also function in RNA metabolism;
the two components Rtt101 and Mms1 of an E3 ubiquitin
ligase complex involved in repair of DNA damage dur-
ing replication are also required for the 25S NRD [60].
The RUVBLI and RUVBL2 proteins, which participate in
the chromatin remodelling at sites of DNA damage, were
reported to function in NMD [61]. Poly (ADP-ribose) poly-
merase 1 (PARP1), which adds (ADP-ribose) polymers to
single-stranded DNA breaks as part of the DNA damage
response, has recently been shown to have several func-
tions in RNA biology: PARP1 localises within nucleoli and
Cajal bodies and contributes to Cajal body formation, and
it has been suggested that PARP1 controls protein traffick-
ing through the Cajal body [62]. PARP1 enzymatic activity
is required for targeting nucleolar proteins to the proxim-
ity of the precursor rRNA, and thereby controls pre-rRNA
processing and pre-ribosome assembly [63] (Table 1). The
association of PARP1 with hnRNP A2/B1 and several ribo-
somal proteins [64] corroborates its implication in riboso-
mal biogenesis.

Conversely, RNA processing proteins or complexes
may be involved in the DNA damage response or exhibit
DNA repair activities. For instance, the Ccr4-Not complex
promotes transcription coupled nucleotide excision repair
[65]. The very high rates of mutagenesis and transcription-
dependent recombination of DNA in RNA-processing
mutants show that RNA processing enzymes contribute to
genomic stability [66]. The Trm9 enzyme modifying the
uridine wobble base in specific tRNAs was identified as a
potential promotor of the DNA damage response; a Trm9A
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allele increases cell sensitivity to methyl methanesulfonate
(MMS) and vy-irradiation [67—69]. The Drosophila riboso-
mal proteins S3 and PO exhibit apurinic/apyrimidinic (AP)
endonuclease activities in vitro [70, 71]. The heterogeneous
nuclear ribonucleoprotein Al (hnRNP A1), initially shown
to influence pre-mRNA processing, was reported to inter-
act with and stimulate the activity of the flap endonuclease
1 (FEN1) participating in DNA replication and repair [72]
(Table 1). Loss of the mRNA splicing factor SC35 results in
genomic instability [73] and the serine-arginine-rich (SR)
protein ASF/SF2 that regulates the early steps of splicing
acts to prevent transcription-associated genomic instabil-
ity [74]. These two last examples illustrate the role of RNA
processing enzymes in the maintenance of genomic integ-
rity and how the different DNA and RNA processing path-
ways are integrated and interconnected in the eukaryotic
nucleus.

Base excision repair proteins in RNA metabolism

Several lines of evidence implicate enzymes that primar-
ily function in the BER pathway in various aspects of RNA
metabolism. BER is a well-conserved pathway where dam-
aged or modified bases are excised and replaced through
a series of coordinated steps [75]. BER is initiated by a
DNA glycosylase that senses chemical modifications of
DNA bases [76]. In mammalian cells, there are 11 differ-
ent DNA glycosylases with overlapping substrate specifici-
ties that together have the ability to remove a wide range
of damaged bases resulting from spontaneous or enzymatic
hydrolysis, oxidation, and alkylation reactions. DNA gly-
cosylases initiate repair by hydrolysing the N-glycosidic
bond linking the base and the DNA backbone. DNA gly-
cosylases are generally classified as being either mono-
functional or bi-functional, with the latter having an associ-
ated DNA lyase activity. However, the associated AP lyase
activity may not always be used. Following excision of the
damaged base, BER can proceed through one of several
different routes of the major modes of repair, which are
illustrated in Fig. 2; the AP endonuclease APE1 is a mul-
tifunctional enzyme with a central function in BER. APE1
introduces a nick in the DNA backbone after removal of the
damaged base, but may also clean up and trim DNA ends
in order to generate the 3’-OH groups that are substrates for
DNA polymerases. BER proceeds further via two alterna-
tive sub-pathways: short-patch (SP) repair, which involves
replacement of one nucleotide by specialised DNA poly-
merases, or long-patch (LP) repair, which involves replace-
ment of several nucleotides using the general replication
machinery.

Many BER proteins, like the DNA glycosylases OGG1
and NEIL1, accumulate in the nucleolus [77, 78]. The

localisation of OGGI to nucleoli is dynamic and responsive
to external stimuli; OGG1 accumulates first in nucleoli and
later in cytoplasmic stress granules after heavy metal stress
[79]. OGGI localisation depends on rDNA transcription
by RNA polymerase I [77]. Moreover, immunoprecipita-
tion experiments performed in many different laboratories
revealed associations between BER proteins and proteins
implicated in transcription. For example, YB-1, a multi-
functional protein involved in the regulation of transcrip-
tion, translation, and mRNA splicing, interacts with and
regulates the activity of APE1 [80], as well as the NTH1
[81] and NEIL?2 [82] DNA glycosylases. However, for most
of these proteins, the current evidence suggests that the bio-
logical significance of these interactions and associations
may be to promote DNA repair in the rDNA locus. There
are two exceptions, APE1 and SMUGI1, where nucleolar
localisation is accompanied by a demonstrated function in
RNA metabolism; these will be discussed below.

APELl, a multifunctional enzyme in DNA and RNA
metabolism

APELI (also known as Hapl, Apex or Refl, APN1) is a
multifunctional protein. It was first shown to stimulate the
DNA-binding activity of the proto-oncogenes c-fos and
c-jun by a reduction—oxidation (redox) mechanism [83].
Later, APEI was reported to have a role in transcription
regulation since it potentiates the binding of specific DNA
elements to several transcription factors through alterations
of their redox state [84]. Further investigation showed that
APEL1 possesses transcription repressor activity upon a rise
in extracellular calcium [85]. The repair activity of APEl
was discovered in bovine cells, with the purification of the
major factor for repair of bleomycin-induced DNA strand
breaks [86]. APEI has a broad specificity for AP sites and
incises them to generate a 3’-OH and a 5’-terminal deoxy-
ribose-5-phosphate (5'-dRP) residue [87]. In addition to its
AP endonuclease activity, APE1 possesses phosphodiester-
ase [88] and phosphatase [89] activities, as well as a weak
3’-exonuclease activity for duplex DNA [87].

Apel is essential for early embryonic development in
mice, since deletion of both alleles of Apel leads to early
lethality [90]. However, it is not yet known which activ-
ity of Apel is required for mouse viability. APE1 has been
reported to influence many different biological processes.
APE1 has a major repair role in mitochondria in which
mitochondrial DNA is highly susceptible to oxidative dam-
age [91].

Moreover, APEI interferes with the granzyme A-induced
cell death response [92]. Recent findings have highlighted
a novel role for APE1 in RNA metabolism. First of all,
APE1 exhibits endonuclease activity on single-stranded
AP site containing RNA molecules, as well as various
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Fig. 2 The base excision repair (BER) pathway. Monofunctional
DNA glycosylases (UNG, SMUG1, TDG, MPG, MBD4) excise the
damaged base leaving an abasic site (AP site) in DNA. Subsequently,
the DNA backbone is incised 5’ to the AP site by AP-endonuclease
1 (APE1), which directly generates a strand break with 3’-hydroxyl
(3’-OH) group and a 5’-deoxyribose-5-phosphate (5’-dRP) end. Bi-
functional DNA glycosylases (NEIL1/2/3, OGG1, NTH1, MYH) uti-
lise an amino group of the enzyme rather than a water molecule as a
nucleophile to cleave the N-glycosidic bond. Resolution of the result-
ing Schiff-base intermediate in a f-elimination reaction leads to inci-
sion of the DNA backbone 3’ to the AP site. This is referred to as the
AP lyase activity and results in a single strand break with 3/-phospho-
a,B-unsaturated aldehyde (3’-PUA) and 5’-phosphate (5'-P) ends.
APE1 generates 3’-OH termini using its 3’-phosphodiesterase activ-
ity. NEIL1 and NEIL2 utilise a B,3-elimination reaction with removal
of the deoxyribose residue and generation of 3’-phosphate termini.
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The 3’-phosphate may be removed by polynucleotide kinase (PNK)
in an APE1-independent BER sub-pathway. BER proceeds further via
two alternative sub-pathways: short-patch (SP) repair, which involves
replacement of one nucleotide, or long-patch (LP) repair, which
involves replacement of several nucleotides (at least two, and often
6-13 nucleotides). In SP-BER, DNA polymerase 3 (Pol p) inserts a
new nucleotide and removes the 5’-dRP moity using an intrinsic lyase
activity, before the nick is sealed by XRCC1 and DNA ligase III
(LiglIII). If, however, modification of the 5’-end is modified in some
way that prevents its excision by Pol p, BER will be funnelled into
the LP-BER pathway, which utilises DNA replication factors and syn-
thesises a longer stretch of DNA (2—13 nucleotide-long repair patches
have been reported). The 5’-terminal moiety is then removed as part
of an oligonucleotide by Flap endonuclease (FEN1). The resulting
nick is sealed by DNA ligase I (Ligl)
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lesion-containing DNA/RNA hybrids [93]. Moreover, the
APEI endonuclease activity is involved in the regulation
of mRNA turnover. APE1 downregulates c-myc expres-
sion in vivo by preferentially cleaving between UA and
CA di-nucleotides located in the coding region determinant
of c-myc mRNA [94]. Knockdown of APE1 in HeLa cells
leads to an increase in c-myc mRNA expression, suggest-
ing that APE1 endonuclease activity on c-myc controls its
abundance [94].

In an attempt to identify APE1 interaction partners, the
nucleophosmin 1 (NPM1) protein was found to directly
interact with the N-terminal region of APE1 [95]. Interest-
ingly, the disordered APE1 N-terminal is a recent evolu-
tionary acquisition and may thus represent a “gain of func-
tion” [96]. Both NPM1 and APE1 localise within nucleoli
during S phase [95]. The interaction with NPM1 stimulates
APELI endonuclease activity on abasic DNA, while it inhib-
its the incision activity on abasic RNA. Moreover, APE1
associates in vivo with 47S, 28S and 18S rRNA species,
regulates rRNA oxidation levels, and its interaction with
NPML1 is disrupted upon oxidative stress. These findings
suggest that NPM1 exerts a fine-tuning control of APE1
endonuclease activity within nucleoli to promote repair of
AP sites in rDNA and remove oxidised rRNA molecules.
Moreover, the APE1/NPM1 association is impaired dur-
ing oxidative stress [95], suggesting that the protein may
be released from the nucleolus during stress conditions.
In accordance with these observations, a working model
was proposed in which APE1 activity is mainly focused
on rRNA quality control in the nucleolus, whereas during
the DNA damage response, the re-localisation of APEI and
NPM1 into the nucleoplasm leads to the activation of the
APE1 DNA repair function [97]. Hence, APEl is a BER
enzyme that functions in the rRNA cleansing process,
to maintain a functional RNome and to regulate mRNA
expression through mRNA decay.

SMUGT1 contributes to RNA quality control

SMUGT1 was identified in a genome-wide screen for DNA
glycosylases on the basis of its ability to bind synthetic
inhibitors [98]. SMUGI belongs to the uracil-DNA glyco-
sylase (UDG) superfamily, which also includes the UNG,
MBD4, and TDG enzymes. SMUG1 removes uracil in sin-
gle-stranded and double-stranded DNA efficiently and has
high affinity for binding the product, the AP site [99].

The crystal structure of SMUGI1 from Xenopus laevis
bound to double-stranded DNA substrates confirmed the
conservation of the core structural fold common to the
UDG superfamily, and that the enzyme utilises the charac-
teristic mechanism of extrahelical pyrimidine recognition
[100]. Further functional analysis of a series of mutants of
human SMUG]I, in conjunction with homology modelling

of the human SMUGT]1 structure, revealed that the Asn85
and His239 residues are crucial for the hydrolysis of the
N-glycosidic bond, Phe98 and Asn163 for the discrimina-
tion of pyrimidine rings, and Gly87 and Met91 for the rec-
ognition of the C5 substituent [101].

In addition to the activity on uracil substrates, SMUG1
has a special function to repair oxidised pyrimidines; it
excises uracil derivatives bearing an oxidised group at the
C5 position, such as 5-hydroxyuracil (hoU), 5-hydroxy-
methyluracil (hmU), and 5-formyluracil (fU), but not the
analogous cytosine derivatives 5-hydroxycytosine (hoC)
and 5-formylcytosine (fC) [102]. Recently, an excision
activity of human SMUGTI of the deaminated base xanthine
from single-stranded and double-stranded DNA was also
described [103]. Smugl inactivation resulted in loss of all
detectable hmU-excision activity, indicating that Smugl
is the major, if not the only, enzyme responsible for hmU
excision in the mouse [104].

SMUGTI is a recent evolutionary acquisition; it is con-
served among coelomata but absent in nematodes, plants,
yeast, and bacteria. SMUGI1 was originally suggested to
have evolved in higher eukaryotes as an anti-mutator dis-
tinct from the UNG enzyme [105, 106]. Consistently, a
ten-fold increase in spontaneous C:G to T:A transitions
was observed in cells deficient in Smugl [106]. However,
although loss of Smugl increased the cancer predisposition
of mice lacking the mismatch repair enzyme Msh2 [104],
neither mice harbouring a targeted inactivation of Smugl
nor Ung/Smugl double-deficient mice show any obvious
phenotype [104].

Recently, we showed that SMUGI directly interacts
with the pseudouridine synthase DKCI1 [107]. DKCI1
catalyses the pseudouridylation of specific uridine-residues
in rRNA, which is essential for the functionality of those
RNA molecules. Mutagenesis of SMUGI1 identified three
amino acids essential for DKC1 binding, including the glu-
tamic acid residues at position 29 and 33. These two resi-
dues are part of the unstructured and flexible nonconserved
amino-terminal domain of the protein [105]. It remains to
be demonstrated whether this particular region of SMUG1
may account for its putative recently acquired non-canoni-
cal activity in RNA metabolism similar to the unstructured
amino-terminal domain of APE1 required for NPM1 inter-
action. Both SMUGI1 and DKCI localise within nucleoli
and Cajal bodies, in which rRNA biogenesis and non-cod-
ing RNA maturation, respectively, take place. Most impor-
tantly, SMUG] associates in vivo with the 47S precursor
rRNA. DKC1 was suggested to participate in rRNA quality
control by mediating the degradation of damaged rRNA by
the nuclear exosome [108]. Thus, we tested whether deple-
tion of SMUGI affected rRNA biogenesis. We found that
SMUGT1 depletion was accompanied by a reduction of the
expression levels of the three mature 28S, 18S and 5.8S
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rRNA species. The reduced expression of mature rRNA
species was accompanied by an increase in rRNA polyade-
nylation, indicating that SMUG! depletion led to accumu-
lation of aberrant rRNA species that is targeted for degra-
dation. Hence, these results suggest that the BER enzyme
SMUGT1 participates in rRNA quality control [107]. It is
currently unclear exactly how SMUGTI affects rRNA bio-
genesis, but we found that SMUGT has incision activity on
hmU-containing RNA substrates in vitro, and that there is
an increased hmU-content in 28S and 18S rRNAs isolated
from SMUG1-depleted cells [107]. The hmU-modification
was not previously demonstrated to be a natural modifica-
tion of RNA (http://mods.rna.albany.edu/), yet our data
show that it is present in human rRNA in the absence of
exogenous stress. It might originate from incorporation
of hmU recycled from damaged DNA, as previously sug-
gested [109]. However, hmU may also result from hydro-
lytic deamination of 5-hydroxymethylcytosine, which is a
natural modification found in 18S and 28S rRNAs in eukar-
yotes [110].

How can BER enzymes contribute to the RNA quality
control process?

A genetic interaction between the exosome subunit RRP6
and the BER pathway was reported in Saccharomyces cer-
evisiae [111]. Rrp6 and apnl (AP endonuclease) single
mutants showed similar growth rates, as compared with the
double mutant strain, upon 5-fluorouracil (5FU) treatment,
which induces both DNA and RNA damage [111]. This
epistatic effect indicated that Rrp6p and APN1 act in the
same pathway. The biological significance of this interac-
tion was difficult to interpret, since mutation in the UNGI
gene did not rescue the growth of both single mutants
[111], as would be expected according to the BER activity
of these enzymes (Fig. 2). However, the mismatch repair
pathway was recently shown to act upstream of APN-1 in
the SFU response in Caenorhabditis elegans [112]. There-
fore, the genetic interaction between APNI and RRP6 may
be interesting, and in fact be the first indication of a connec-
tion between DNA repair and RNA surveillance pathways.
In contrast to the deep understanding of the RNA degra-
dation processes of RNA quality control, the mechanisms
that control the specificity of RNA degradation are still
poorly defined. Many different types of aberrations may
trigger RNA degradation, and it is unlikely that a single
quality control system is capable of precisely recognis-
ing such diverse aberrations. A biochemical rationale for
the involvement of BER proteins in RNA quality control
could be that the ability of these enzymes to recognise
subtle chemical modifications could contribute to iden-
tify substrates destined for degradation. Our recent find-
ings demonstrating that the BER enzyme SMUGI excises
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RNA-containing hmU and controls hmU levels in 28S and
18S rRNA species, as well as their expression levels [107],
are consistent with the latter model. Indeed, hmU may be
excised by SMUGTI to initiate specific degradation. If, then,
APEL1 processes the AP site generated by SMUGH, this will
create a 3’-OH terminus. 3’ ends generated by the concerted
action of SMUG1 and APEI may then be targeted by Ccr4-
Not, TRAMP or the exosome, for further destruction. Thus,
we speculate that SMUG1 and APE1 would act upstream
of the degradation machinery to target specific RNA mol-
ecules and make them recognisable by the degradation
machinery. In this working model, the BER DNA glyco-
sylases, AP endonucleases, and end-processing enzymes
(Fig. 2), but not the BER pathway as such, might func-
tion to recognise specific modifications in RNA to prepare
them for degradation. One may speculate that other BER
enzymes having activity on RNA molecules may similarly
regulate the fate of their RNA targets.

Conclusions and perspectives

Because little is known about how aberrant RNA species
are recognised and specifically targeted for destruction, one
important future challenge is to understand how the quality
control machinery distinguishes its RNA substrates from
other RNA molecules. As discussed above, BER enzymes
may represent one pathway for targeting of specific RNA
molecules for degradation. However, other enzymes prob-
ably have similar roles, and their identification is cru-
cial to unravel the complexity of RNA quality control
mechanisms.

There is increasing evidence that RNA modifications
may be reversible. One example is m°A, which is reversed
by FTO by direct demethylation [8, 53] (Fig. 3). Another
member of the AIkB family, ALKBH3, was shown to repair
alkylation damage in RNA (Fig. 3). Furthermore, ENDOV
is thought to regulate A-to-I RNA editing by antagonising
the effect of the ADAR enzymes by specific cleavage and
destruction of edited transcripts (Fig. 3). A similar function
may also be envisioned for SMUG1 on hmU-containing
RNA substrates (Fig. 3). 5-hydroxymethylcytosine is a
natural modification in 18S and 28S rRNAs in eukaryotes
[110], and hmU may therefore result from either hydrolytic
deamination of 5-hydroxymethylcytosine or active deami-
nation by APOBECI [113]. hmU may then be processed
by SMUGI to generate an AP site and further cleaved by
APE1, as part of a specific RNA processing pathway.

In summary, the currently available data point to an
emerging role of specific BER repair enzymes in RNA
metabolism and RNA surveillance pathways. The unique
ability of BER DNA glycosylases to recognise even sub-
tle chemical modifications of nucleic acid bases may serve
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Fig. 3 Proposed noncanonical functions of enzymes acting on spe-
cific reversible RNA modifications. The colored boxes depict demon-
strated examples, whereas the colorless box describes a hypothetical

to distinguish normal and aberrant RNA molecules. The
concerted action between DNA glycosylases and APE1
would, in turn, cleave modified RNA molecules. Further
research is, however, required to determine whether this
may be a general strategy to identify and prepare aberrant
RNA molecules for degradation as part of a bona fide RNA
quality control pathway. The recently described RNA pro-
cessing activities of DNA repair enzymes warrant studies
into whether their RNA processing functions contribute to
pathologies associated with RNA processing defects.
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