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How do cells cope with RNA damage and its consequences?
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Similar to many other biological molecules, RNA is vulnera-
ble to chemical insults from endogenous and exogenous
sources. Noxious agents such as reactive oxygen species or alky-
lating chemicals have the potential to profoundly affect the
chemical properties and hence the function of RNA molecules
in the cell. Given the central role of RNA in many fundamental
biological processes, including translation and splicing, changes
to its chemical composition can have a detrimental impact on
cellular fitness, with some evidence suggesting that RNA dam-
age has roles in diseases such as neurodegenerative disorders.
We are only just beginning to learn about how cells cope with
RNA damage, with recent studies revealing the existence of
quality-control processes that are capable of recognizing and
degrading or repairing damaged RNA. Here, we begin by review-
ing the most abundant types of chemical damage to RNA,
including oxidation and alkylation. Focusing on mRNA damage,
we then discuss how alterations to this species of RNA affect its
function and how cells respond to these challenges to maintain
proteostasis. Finally, we briefly discuss how chemical damage to
noncoding RNAs such as rRNA, tRNA, small nuclear RNA, and
small nucleolar RNA is likely to affect their function.

Biomolecules possess unique chemical properties that are
essential for their function. Yet, the overabundance of reactive
species in both the environment and within living cells con-
stantly threatens these properties (1, 2). Unwanted modifica-
tions to the chemical structure of nucleic acids, proteins, lipids,
or carbohydrates often result in drastic effects on the ability of
these molecules to carry out these functions. Changes to pro-
teins, for example, are known to cause misfolding and aggrega-
tion, and the inability of cells to degrade these aberrant protein
products has been associated with disease states (3, 4). Simi-
larly, lipid peroxidation contributes to the pathogenicity of sev-
eral diseases (5). Because of the reactivity of the oxygen and
nitrogen atoms on the nucleobase, nucleic acids are especially
susceptible to certain types of chemical damage from sources
such as reactive oxygen species (ROS),> UV light (UV), and
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alkylating agents (Fig. 1A4) (1). The oxygen atoms of the ribose
and the phosphodiester backbone are also vulnerable to chem-
ical damage (Fig. 1B). In the case of DNA, and most RNA
species, small changes have the ability to severely affect their
structure and hence their function (6). This is because,
by—and-large, nucleic acids require strict Watson-Crick base
pairs between the nucleobases.

Because DNA damage can lead to permanent alteration of
genomic information, it is not surprising that organisms from
Escherichia coli to humans evolved exquisite and conserved
pathways to repair and respond to it. Given their importance in
maintaining genomic integrity together with their role in can-
cer biology, DNA-repair pathways have been extensively stud-
ied for more than half a century (7-9). Similar to DNA, RNA is
vulnerable to the same chemical insults and, as we shall see
later, is damaged to a much larger extent (1). However, until
recently the processes by which cells might cope with this type
of damage was largely ignored likely because of the assumption
that the transient nature of RNA means that damage to it does
not matter. This, for example, is true for bacteria, whose
mRNAs are known to turnover rapidly with half-lives measured
in minutes (10, 11). In contrast, functional RNAs, like tRNAs
and rRNAs, are long lived (10, 12), and as a result, any alteration
to their chemical structure could have long-lasting effects. Fur-
thermore, many mRNAs in mammals, and especially in certain
cell types like neurons, are very stable with day-long half-lives
(13). Therefore, modifications to the mRNA that affect its base-
pairing properties are likely to lead to defects in protein synthe-
sis. Unless cells have pathways to recognize and degrade/repair
mRNAs, chemical damage to mRNA is highly likely to result in
the accumulation of aberrant protein products and/or stall
ribosomes. Indeed, emerging evidence strongly suggests that
quality control for damaged RNA is vital to cell survival and
should not be ignored (2, 14). To this end, the accumulation of
damaged RNA has been correlated with the development of
several neurodegenerative diseases (1, 2, 15, 16).

This review is divided into two main sections: the first section
is focused on the chemistry of different types of RNA damage,
and how they affect its chemical and functional properties; the
second section is focused on the cellular mechanisms that are
likely to respond to damaged RNA. In particular, we discuss
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Figure 1. Effects of alkylation and oxidation on the chemical structure of RNA. A, structures of the four RNA nucleobases with the location of common
oxidation sites (red arrows) and alkylative damage sites (blue arrows) marked. B, targets of chemical insults (mainly alkylative damage) to the phosphodiester
backbone and 2'-OH of the ribose. C, reaction between a hydroxyl radical and guanosine, forming the 8-oxoG adduct. D, reaction between MNNG and
guanosine, which forms the O-alkyl adduct 06-mG (top). The bottom shows the reaction between methyl methanesulfonate (MMS) and adenosine forming the
N-alkyl adduct m1A. E, common modified bases that result from chemical insults. Alkylative adducts, grouped by the position of modification, are as follows:
O-alkyl adducts: O6-methylguanosine (06-mG) and O4-methyluridine (O4-mU); N-alkyl adducts: N1-methyladenosine (m1A), N3-methyladenosine (m3A),
N3-methylcytidine (m3C), N1-methylguanosine (m1G), and N7-methylguanosine (m7G); oxidative adducts: 8-oxo-7,8-dihydroguanosine (8-oxoG) and 8-oxo-
7,8-dihydroadenosine (8-oxo0A). F, damaged nucleobases disrupt base pairing. The base pairing between adenosine and uridine (top) is disrupted by the

formation of the alkylative adduct m1A (bottom).

ribosome-dependent and -independent mechanisms of quality
control of damaged mRNA as well as RNA-repair pathways.

Chemistries of RNA damage
Reactive oxygen species

The highly-reactive superoxide anion (Oj) is a key compo-
nent of ROS and is produced in eukaryotes under normal phys-
iological conditions by a number of cytosolic enzymes and
membrane-bound ones (17). It is essential for stress responses,
maintenance of the redox state, inflammation, autophagy, and
signal transduction (18). However, the levels of O, need to be
carefully monitored as high levels of superoxide are known to
cause cellular damage and even death (16). High levels of O; are
produced through side reactions between molecular oxygen
(O,) and reduced nicotinamide adenine dinucleotide (NADH)
and FAD (FADH,) in the electron-transport chain in the mito-
chondria (19). Thus, the mitochondria, and hence cellular res-
piration, are considered as the major endogenous source of
ROS production, including both O; and hydrogen peroxide
(H,O,). In addition to the mitochondria, recent studies on
human liver cells reported that other organelles, such as peroxi-
somes, microsomes, and the endoplasmic reticulum, are also
capable of producing high levels of ROS (20, 21).

The highly-reactive nature of O3 makes it exceptionally
harmful because as it reacts it generates even more ROS such as
hydroxyl radical ((OH), perhydroxyl radical (HO}), and hydro-
gen peroxide H,O, (22). Because of their ability to severely dis-
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rupt the integrity of biological molecules, organisms evolved
multiple pathways to rid cells of ROS (23). These include super-
oxide dismutase, which catalyzes the dismutation of O; into
molecular oxygen and hydrogen peroxide (24), and catalase,
which catalyzes the decomposition of hydrogen peroxide to
water and molecular oxygen (25). Even with the presence of
these mechanisms, disruption of the normal redox state of cells
by exposure to oxidative agents or aging often leads to the accu-
mulation of free radicals and peroxides resulting from an imbal-
ance between the production and detoxification of ROS (26).
Under these conditions, pathways such as Haber-Weiss, the
Fenton reaction, or diethylnitrosamine (DEN) metabolism gen-
erate the highly-reactive ‘OH radical (27). Reactions with ‘OH
have been suggested to be the main source of oxidative damage
to nucleic acids. Besides ‘OH, H,O, is known to elicit damage
(28); whereas singlet-oxygen species (*O,), which are produced
by wounding or photooxidative stresses, oxidize both RNA and
DNA (29). In addition to these endogenous sources, exogenous
factors, including X-rays and gamma-rays, UV radiation, and
toxic compounds from air pollution, tobacco, and xenobiotics
such as drugs, environmental agents, and natural compounds,
are known to generate ROS (30).

Oxidation adducts

The reaction of "*OH with free nucleobases, nucleosides,
nucleotides, and nucleic acids abstracts H from C—H bonds (16,
31). This results in the production of numerous distinct modi-
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fications on nucleic acids such as 8-oxo-7,8-dihydroguanosine
(8-0x0G) (Fig. 1C), 8-oxo-7,8-dihydroadenosine (8-0x0A),
5-hydroxyuridine, 5-hydroxycytidine, and cytosine glycol (16,
21, 31). Furthermore, products such as 2,6-diamino-4-hy-
droxy-5-formamidoguanine and 4,6-diamino-5-formamidoad-
enine are also formed as intermediates during the process of
generating 8-oxoG and 8-0x0A (2, 32). Oxidation of other cel-
lular components such as lipid peroxidation is also known to
introduce oxidative damage to the nucleobase and generate
etheno-adducts 1,N°-ethenoadenosine and 3,N*-ethenocyt-
idine (33).

Of the oxidized adducts, oxidation of the guanine base to
form 8-0x0G is most notable mainly because of its abundance
and its effect on the structure of DNA and RNA. The accumu-
lation of 8-0x0G in RNA and DNA is driven by the low reduc-
tion potential of G among all five bases (2, 21). Under normal
physiological conditions, the frequency of 8-0xoG in RNA has
been estimated to be 1 per 10° of unmodified G (34). This ratio
increases dramatically, as much as 10-fold, under only mild
oxidative stress such as that experienced during conditions of
inflammation (34, 35). In addition to its abundance, the modi-
fication has a profound effect on the structure of the nucleotide
and its ability to form a Watson-Crick base pair. The steric
clash between the oxygen at carbon 8 and the phosphate group
at carbon 5 forces the nucleotide to form the less favorable syn
conformation (36). In this conformation, base pairs with A is
the basis of its mutagenic potential during DNA replication (36,
37). As we shall see later, 8-0xoG severely disrupts RNA-RNA
interactions and has a drastic effect on decoding during
translation.

Alkylating agents

Similar to oxidizing agents, alkylating chemicals are wide-
spread; they are found endogenously, as a result of cellular
metabolism, and exogenously in the environment (38). Endog-
enous alkylating agents include the universal methyl donor
S-adenosylmethionine (SAM), nitrosated amines, and bile
acids. SAM is notable due to its relatively high cellular concen-
tration, in the millimolar range (39), which overcomes its weak
nonenzymatic reactivity with biomolecules. In vitro, SAM
reacts with nucleic acids to form a number of adducts (40). In
contrast to SAM, nitrosated amines and bile acids result from
enzymatic side reactions (41). In starving bacterial cells, nitro-
sation of glycine and its derivatives forms N-alkyl-N-nitroso
compounds that readily react with G to form O6-methyl-
guanosine (O6-mQ@) (Fig. 1D) (42, 43). In the intestine, nitrosa-
tion of bile acids forms highly-reactive O-alkylating agents and
has been associated with elevated levels of methylated bases
(44).

Among environmental alkylating chemicals, halogenated
hydrocarbons are the most abundant. For example, chloro-
methane is produced naturally by plants and fungi and artifi-
cially through industrial processes (45-47). In contrast to chlo-
romethane, which is found predominantly in the atmosphere,
bromomethane and iodomethane are mainly found in marine
environments (48). These compounds readily react with
nucleic acids (49), but their contribution to RNA damage is
unknown given their overall low concentrations. Unlike halo-
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carbons, N-nitroso compounds are not abundant in the envi-
ronment, but they pose the most significant risk to humans
because of their association with tobacco smoke and certain
food compounds. Tobacco smoke contains many nitrosamines,
which when metabolized by cells are activated to form potent
alkylating agents (50). Food products— especially those that are
overcooked, smoked, and cured— contain nitrosoamines and
nitrosating agents that are carcinogenic through their muta-
genic effect on DNA (51). Finally, some of the most well-known
alkylating agents are those used as chemotherapeutic agents,
and their reactivity with nucleic acids is the precise reason they
are used to treat cancers (52). These include cyclophosph-
amide, streptozotocin, and Temodar, which are all known to
modify RNA in addition to DNA (53). The efficacy of many of
these drugs in treating cancer to a large extent relies on their
ability to modify RNA and alter its function.

Alkylative adducts

Nucleobases, sugars, and the phosphate backbone of DNA
and RNA harbor oxygen and nitrogen atoms that are all suscep-
tible to modification by alkylating agents. In general, O-alkyl
adducts are highly mutagenic and genotoxic (54) because they
alter the base-pairing preference of the nucleobase. This is best
exemplified by O6-alkylguanosine, such as O6-mG, and O4-al-
kylthymidine or O4-alkyluridine, such as O4-mU. O6-mG
readily base pairs with U, whereas O4-mU readily bp with G
(Fig. 1E) (55, 56). The geometry of both bp is indistinguishable
from that of Watson-Crick ones explaining their highly muta-
genic nature (57). N-Alkylation, in contrast, is generally cyto-
toxic because it disrupts base pairing during template-driven
processes. Cytotoxic modifications include N1- and N3-alkyl
adducts of A (e.g. m1A and m3A), and N3-alkyl adducts of C
(e.g. m3C). These modifications alter either the Watson-Crick
face of the nucleobase and introduce a bulky group, which pre-
vents base pairing from taking place, or the minor groove,
which disrupts the mechanism by which polymerases and likely
the ribosome monitor the bp geometry (Fig. 1F). Interestingly,
one of the most prevalent modifications that results from alky-
lation stress is m7G (Fig. 1E), which neither disrupts hydrogen
bonding required for base pairing nor the minor groove of the
bp (58). However, this modification affects the binding of pro-
teins that recognize the major groove of helices (59) and also
accelerates the depurination of the nucleotide (60). As such,
m7G is likely to be detrimental to RNA function.

It is also worth noting that the chemotherapeutic drugs of
doxorubicin, 5-fluorouracil and cisplatin, do not alkylate RNA
directly but modify RNA through their reactions. This reactiv-
ity with RNA appears to be important for their effectiveness in
treating cancer. Doxorubicin intercalates into RNA helices,
which affects the activity of many functional RNAs (61). 5-Flu-
orouracil is metabolized by the cell into a nucleotide triphos-
phate that is utilized by RNA polymerases and, as a result, is
incorporated into RNA (62). Cisplatin forms cross-links on the
ribosome and inhibits translation (63). Recent structural stud-
ies of cisplatin-induced Pt—-RNA adducts on the ribosome
offered some clues about how the drug inhibits translation (64).
Many of the sites on the ribosome that are modified by cisplatin
encompass functionally important regions that include the
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GTPase center and the mRNA channel of the ribosome. There-
fore, not only is RNA damage likely to pose significant chal-
lenges to organisms, but it can also be utilized to treat tumors.

Susceptibility of RNA to damage

Although RNA undergoes analogous biochemical reactions
to those documented to occur between DNA and ROS or alky-
lating agents (2), it has been long predicted that RNA mole-
cules, especially mRNAs, are more prone to chemical damage
than DNA for various reasons. 1) mRNA is on average 30 —40%
single-stranded; as a result, the nucleobase on RNA is more
vulnerable to chemical modification due to its unprotected
Watson-Crick face. In DNA, this is protected because it partic-
ipates in hydrogen bonding with the complementary strand
(65-67). 2) In eukaryotic cells, unlike DNA, mRNA typically
lacks the protection afforded by proteins such as histones (2,
66). 3) The nuclear compartmentation in eukaryotic cells also
offers protection of DNA from exogenous agents that have to
travel through the cytoplasm to access it (2, 66); in fact, the close
proximity of RNA to mitochondria in the cytosol has been pro-
posed as a potential source of oxidative damage to the RNA
pool (68). 4) The pool size of ribonucleotides is hundreds of
times larger than that of 2’'-deoxyribonucleotides (69), and as a
result modifications are more likely to be incorporated into
RNA during transcription relative to DNA incorporation dur-
ing replication; to this end, oxidized and alkylated NTPs have
been measured to accumulate to much higher levels relative to
modified dNTPs (68, 70, 71).

In support of these predictions, findings from numerous
reports have revealed that the same damage to a nucleobase
accumulates to much higher levels in RNA relative to DNA
under both oxidative and alkylative conditions (66, 67). For
instance, a recent study showed that human lung epithelial cells
accumulate the oxidative adduct 8-0xoG to levels that are
14-25 times higher than 8-oxodG when challenged with
hydrogen peroxide (67). Similarly, UV-A radiation induces
approximately a 7-fold higher degree of RNA oxidation over
DNA in human skin fibroblast cells, whereas the hepatocar-
cinogen 2-nitropropane leads to considerably more RNA oxi-
dation over DNA (70, 72).

Among the different types of RNA species, the degree to
which they associate with proteins and their secondary struc-
ture appears to be important to the extent that a certain RNA is
vulnerable to chemical damage (73). As a case in point, a recent
report indicates that mRNA harbors 5-fold higher 8-0x0G lev-
els when compared with total RNA, which consists mainly of
rRNA and tRNA that adopt complex tertiary structures and are
bound by proteins (14). Interestingly, even among mRNAs and
within an mRNA itself, the extent of damage varies signifi-
cantly. Certain transcripts and regions within them appear to
be more vulnerable to oxidative damage than others, in an
abundance-independent manner (74-76). Many factors have
been speculated to contribute to these differences (77). For
instance, sequence identity and context play important roles,
especially given that the oxidation of guanosine relies heavily on
the neighboring nucleotides (77). Additionally, the level of
association with RNA-binding proteins, translation efficiency,
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and secondary-structural differences affect the reactivity
between the mRNA and damaging agents (2).

Damaged mRNA and the ribosome

A priori, chemical modification to the mRNA could have
three distinct effects on its function during translation (Fig. 2).
1) Modifications that do not alter base pairing between the
codon and anticodon interaction are expected to have no effect
on protein synthesis. 2) Modifications that change the base-
pairing preference of nucleotides are expected to result in mis-
coding and production of proteins with errors. 3) Modifications
that disrupt base pairing altogether are expected to stall the
ribosome and lead to the production of abortive protein prod-
ucts. Obviously the latter two are detrimental to proteostasis
and potentially necessitate the evolution of pathways to cope
with them. This is especially true for the last one, which, in
addition to producing truncated protein products, sequesters
valuable ribosomes and prevents them from carrying out their
function (Fig. 2).

Although one could learn a lot about how modifications to
the nucleobase affect translation from equivalent studies con-
ducted on DNA polymerases, the fact that the ribosome reads
three nucleotides at a time makes the decoding process some-
what different from replication. Furthermore, the RNA-rich
decoding center and the mechanism by which it recognizes the
codon—anticodon minihelix is quite different from the active
site of polymerases, which is made entirely of amino acids (78).
These distinctions between the ribosome and DNA polymer-
ases are best exemplified by studies characterizing the effect of
8-0x0G on translation. During DNA replication, the oxidative
adduct 8-o0xoG is highly mutagenic, when it adopts a syn con-
formation and bp with A (37). During translation, the modifi-
cation stalls translation and causes little to no miscoding (14).
Indeed, initial studies by Shan et al. (79) found that the yield of
protein synthesis from RNAs containing 8-0xoG is significantly
lower than from those that do not harbor the modification.
RNAs treated with hydrogen peroxide and transfected into cell
culture produce significantly less functional proteins at a tran-
script level-independent manner (75). These observations sug-
gest that oxidation of mRNA disrupts protein synthesis and
likely stalls elongation by the ribosome. Consistent with these
ideas, studies by Tanaka et al. (81) showed that oxidized
mRNAs associate with polysomes but produce much less pro-
tein products. Because RNA oxidation results in a myriad of
modifications, it is difficult to assess which one of these modi-
fications is responsible for stalling the ribosome. Later studies
by our group showed that 8-0xoG reduces the rate of peptide-
bond formation by up to 4 orders of magnitude using a well-
defined in vitro system (14). Interestingly, this effect on decod-
ing is independent of the position of the adduct in the codon. In
particular, the third position, which allows for unusual base
pairing between the codon and the anticodon, is equally sensi-
tive to the presence of the modification. Based on these obser-
vations from multiple groups, it is now generally accepted that
8-0xoG— contrary to its effect during DNA replication— does
not cause miscoding, but instead it is highly disruptive to trans-
lation and leads to the generation of truncated protein
products.
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Figure 2. Chemical damage to RNA could affect multiple steps of translation. At the centeris a schematic highlighting a eukaryotic mRNA being translated.
Damage might alter the structure of the rRNA, the tRNA, and the mRNA. On the rRNA, modifications could affect important functional sites of the ribosome.
Shown are the PTC, the GTPase activation center (GAC), and the decoding center (DC). On the tRNA, modifications to the anticodon and acceptor stem, for
example, could affect decoding and aminoacylation, respectively. On the mRNA, modifications to the coding sequence could affect the speed and accuracy of

translation during elongation.

In contrast to RNA oxidation, which has been investigated
by a number of groups, only a couple of studies have explored
the effect of alkylation damage to mRNA on translation. In
one study from our group, we examined the effect of O6-mG
on decoding using a bacterial reconstituted system (82). This
adduct is notable as it is highly mutagenic during DNA rep-
lication, whereby the O6-mG:T bp is almost indistinguish-
able from a normal Watson-Crick bp such that mismatch
repair is unable to recognize it (57). Instead, organisms ded-
icate specialized “suicide” methyltransferases to recognize
and repair it (83). Similarly, on the ribosome, O6-mG causes
miscoding by mispairing with U but only at the first position
of the codon. At the second position, the adduct was found to
reduce peptide-bond formation by almost 3 orders of mag-
nitude (82). Again, these observations highlight not only the
differences between the ribosome and DNA polymerases but
also the position-dependent effects of these modifications
on decoding.

N-Alkyl adducts, in contrast to O-alkyl ones, tend to be more
cytotoxic and less genotoxic on DNA as they lead to stalled
polymerases (84). Whether these modifications stall the ribo-
some during translation was unknown until recently. In partic-
ular, You et al. (85) examined the effect of three N-alkyl modi-
fications on translation efficiency and fidelity using bacterial
and eukaryotic extracts. As expected, based on its deleterious
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effect on base pairing, m1A was found to severely reduce pro-
tein-synthesis yield regardless of its position within the codon
(85). The severity of the effect, especially at the third position,
highlights the deleterious effect of the substitution on the
codon—anticodon interaction. Surprisingly, the modification
appears to have no effect on the fidelity of translation. Interest-
ingly, m1G inhibits protein synthesis only when placed at the
first and second position of the codon (85). At the third posi-
tion, the modification has no apparent effect on protein-syn-
thesis yield, which is consistent with the promiscuity of tRNA
selection at this position. Why m1A and m1G affect decoding
disparately at the third position, even though the methyl group
is added to same N1 of the purine, can be explained by the
introduction of a positive charge in the case of m1A and not
m1G. These observations suggest that, in addition to the effect
on hydrogen-bonding interactions, other parameters, like
charge differences, need to be taken into account when assess-
ing how modifications might affect tRNA selection. Finally,
N-alkyl modifications that do not interfere with Watson-Crick
base-pairing interactions have a modest effect on protein-syn-
thesis yield and fidelity (85). These include “unintentional”
modifications, which are not known to occur naturally in
mRNAs such as m2G, and “intentional” ones, which occur nat-
urally in mRNAs such as m6A (83, 86).
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the peptidyl-tRNA on the 60S subunitis recognized and ubiquitinated by another E3 ligase Ltn 1. C-terminal alanine and threonine residues (CAT tails) are added
to the nascent peptide by Rqc2 to help expose lysine residues to the active site of Ltn1 and/or mark the nascent peptide for degradation in an Ltn1-
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facilitated by Rqc1.

Ribosome-based quality control of aberrant mRNAs that
stall translation

As highlighted earlier, damage to mRNA, depending on its
type, is highly detrimental to its decoding capacity, and unless
dealt with, it could lead to the production of toxic protein prod-
ucts. Even more detrimental is the ability of damaged mRNA to
drastically affect ribosome homeostasis through stalling. In
particular, because multiple ribosomes typically occupy one
mRNA during translation, a single stalling event, such as the
presence of a single 8-oxoG modification, is likely to lead to
queuing of multiple ribosomes (Fig. 2), sequestering them from
the translating pool. This, in turn, would lead to greatly dimin-
ished translation capacity for cells, especially those under oxi-
dative stress. Therefore, the inability of cells to recognize and
resolve translational-stalling events is detrimental to proteos-
tasis and could even lead to disease development (86, 87). In this
section, we discuss the role of the ribosome in recognizing and
targeting defective mRNAs for degradation.

Recent studies have identified conserved processes in
eukaryotes that evolved to resolve these stalling events and
rescue stuck ribosomes (Fig. 3) (for review see Refs. 88 —90). In
addition, these processes are coupled to the degradation of the
aberrant mRNA and incomplete peptide product. As a result,
the ribosome appears to be at the center of quality control of
aberrant mRNAs and the encoded protein products (88 -90).
We note that although these processes have almost exclusively
been studied in the context of artificial reporters that harbor
genetically-encoded stalling sequences, one could easily infer
that they are also likely to be activated in response to chemical-
ly-modified mRNAs. Indeed, the inactivation of some of these
processes leads to the accumulation of damaged mRNA and
renders cells sensitive to chemical insults (14).
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In eukaryotes, quality-control processes that are triggered by
stalling events accomplish three tasks to alleviate stalling-in-
duced translational stresses: 1) degradation of the aberrant
mRNA; 2) degradation of the nascent peptide; and 3) ribosome
rescue (Fig. 3). mRNA degradation proceeds through a process
called no-go decay (NGD), which initiates with an endonucleo-
lytic cleavage of the mRNA (91, 92). Protein degradation is
mediated by a process termed ribosome-quality control (RQC),
which involves ubiquitination of the incomplete peptide and
subsequent proteolysis by the proteasome (93-95). Ribosome
rescue is carried out by three factors: Dom34 in yeast (Pelo in
mammals) and Hbs1 and Rlil (ABCE1 in mammals) that bind
the A site of the ribosome and catalyze the dissociation of the
two subunits (96 -98).

These three processes are triggered by the same originating
signal of ribosome stalling, but how this signal is propagated to
activate them and coordinate these activities remained poorly
understood until recently. Initial clues came out of studies
showing a ubiquitin E3 ligase (Hel2 in yeast and Znf598 in
mammals) is required for stalling (99, 100). In particular, its
deletion results in ribosomes reading through stall sequences
(99, 101). Hel2 was later found to add Lys-63-linked ubiquitin
chains to a number of ribosomal proteins, and this activity
requires the presence of the ribosome-bound factor Ascl in
yeast (or RACK1 in mammals) (102, 103). Some of the first
studies of Hel2 suggested that it recognizes an unusual confor-
mation that the ribosome adopts during stalling (104). How-
ever, a later study by our group showed that ubiquitination by
the factor requires ribosomes to collide into each other, which
is also critical for NGD to occur (105). Subsequent cryoEM
structures from Hegde and co-workers (106) and Inada and
co-workers (107) provided a molecular rationale for these
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observations. Collided ribosomes provide an interface that can
be recognized by the E3 ligase to ubiquitinate its target proteins.
In agreement with these observations, Znf598 and Hel2 appear
to prefer higher-order structures of polysomes during their
ubiquitination reactions (106, 107).

How ubiquitination mediates the downstream events of
NGD, RQC, and ribosome rescue is not fully understood. How-
ever, we are beginning to learn about how certain ribosomal
proteins ubiquitination contributes to these processes. In par-
ticular, in a recent study, Inada and co-workers showed that
ubiquitination is required for the activation of both NGD and
RQC (107). Deletion of HEL2 saves the aberrant mRNA and
prevents the nascent peptide from degradation. NGD, in con-
trast, is divided into two branches depending on the identity of
the ubiquitinated ribosomal protein (107). The first branch
called the RQC-dependent branch requires the ubiquitination
of ribosomal protein uS10 (107). In this branch of NGD, the
cleavage occurs in the vicinity of the lead ribosome. The second
branch of NGD, whose efficiency depends on whether the first
one takes place or not, is called RQC-independent, and it
requires monoubiquitination of ribosomal protein eS7 by
another E3 ligase, Not4, and subsequent Lys-63 ubiquitination
by Hel2. In this branch of NGD, cleavage takes place well-up-
stream of the lead ribosome (Fig. 3) (107). These findings
strongly suggest cleavage of the mRNA is mediated by at least
two endonucleases. How these ubiquitination reactions recruit
the endonucleases is currently unknown.

As stated before, NGD is initiated by endonucleolytic cleav-
age reactions in the vicinity of stalled ribosomes (Fig. 3). This
leads to the production of at least two mRNA fragments: a
5’-end one that lacks a poly(A) tail and is rapidly degraded by
the cytoplasmic exosome, and a 3'-end one that lacks a cap
structure and is rapidly degraded by the major 5'-3" exonu-
clease Xrnl (91, 92). The identity of the endonucleases
remained unknown for a long time, but in a very recent study,
D’Orazio et al. (108) identified the conserved factor Cue2 as
one of the endonucleases that contributes to NGD. Using a
reverse-genetic screen, overexpression of Cue2 was found to
reduce the level of protein production from a stalling reporter
suggesting that it contributes to NGD. The overexpression
screen was necessary to identify Cue2’s activity because of the
two branches of NGD and the potential existence of a second
endonuclease. In particular, in the absence of Cue2, NGD still
occurs in a process that depended on Xrnl (108). Only in the
absence of Xrnl does the Cue2-dependent branch dominate
(108). Arguably, what makes Cue2 interesting is its domain
architecture. The factor contains CUE (coupling of ubiquitin to
ER degradation) ubiquitin-binding domains and putative-UBA
(ubiquitin-associated domain) domains, which could allow it to
bind ubiquitin and hence be recruited to ubiquitinated-stalled
ribosomes. Furthermore, the C-terminal domain of the enzyme
contains a small MutS-related (SMR) hydrolase domain. Some
SMR-containing plant proteins exhibit an endonucleolytic
activity. Indeed, D’Orazio et al. (108) showed conserved resi-
dues in this domain are important for NGD in vivo. Perhaps
most interesting about Cue2’s SMR domain is its likelihood to
adopt a structure similar to the bacterial initiation factor 3 (IF3)
based on modeling studies. IF3 binds the ribosome near the P
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and A site close to the mRNA-entry channel. In sum, Cue2 has
ubiquitin-binding domains and harbors an SMR domain with a
putative endonuclease activity that could bind the ribosome
close to where the mRNA would reside. Indeed, ribosome pro-
filing by the same group showed the factor to cleave mRNA in
the A site of the collided ribosome (108).

Ribosome rescue is most likely to proceed after the initial
cleavage as the ribosome runs to the end of the mRNA and ends
up displaying an empty A site and has a peptidyl-tRNA in the P
site. As we shall see, later dissociation of the two subunits needs
to be completed for RQC to occur. Two pieces of evidence
suggest that rescue occurs after the initial cleavage. First, struc-
tural and biochemical studies have shown a requirement for
little to no mRNA downstream of the P site in order for the
dissociation reaction to take place efficiently (96, 97). The
N-terminal domain of the GTPase Hbs1, which is required for
the rescue reaction, binds in the mRNA-entry channel and
would sterically clash with the mRNA if it were present (109).
Additionally, a steric clash between Dom34 and the mRNA
would exist, preventing both factors from binding unless the
mRNA is cleaved (110). Second, deletion of Dom34 results in
multiple secondary cleavage reactions that take place further
upstream of the initial stall sequence (105, 111). Hence, inhibi-
tion of subunit dissociation leads to a ribosome pile up, which
results in spreading of ubiquitination by Hel2 and more cleav-
age reactions by Cue2 and the second unknown endonuclease
(Fig. 3).

Following ribosome rescue, the incomplete peptide attached
to the peptidyl-tRNA remains associated with the large ribo-
some subunit (60S) (Fig. 3). The peptidyl-tRNA-bound 60S
constitutes an unusual complex that is easily recognized by
components of RQC (94, 95). The E3 ligase Ltnl (Listerin in
humans) recognizes this atypical form of the 60S subunit and,
in addition to preventing the reassociation of the 40S subunit,
adds Lys-48 —linked ubiquitin to the peptidyl-tRNA (93, 94).
Additional specificity is afforded by Rqc2, which along with
making contacts with the tRNA binds an interface on the 60S
subunit that would otherwise be used to bind the 40S subunit
(Fig. 3). Rqc2 exhibits an unusual activity, for which it adds
untemplated alanine and threonine residues (112, 113). The
role of this so-called CAT (C-terminal alanine threonine) tag-
ging is controversial. One group suggested that it is used to
promote protein aggregation, which in turn is used to signal
stress (114). Another group suggested that it is used to move the
peptide outside the exit tunnel to place lysine residues of the
nascent peptide substrate near the active site of LTN1 (115). In
amore recent study, Sitron and Brandman (116) suggested that
in addition to aiding Ltnl in recognizing structured proteins,
CAT tails serve as a degradation signal for incomplete peptides
and as a failsafe for peptides that escape Ltnl (116). Regardless
of the role of CAT tailing, the peptidyl-tRNA, once ubiquiti-
nated, needs to be released from the ribosome and presented to
the proteasome. This is accomplished by Vms1 in yeast (AZKF1
in mammals) (Fig. 3). Initial data suggested that the factor acts
like a peptidyl hydrolase, hydrolyzing the ester bond between
the peptide and the tRNA (117). More recent biochemical data,
however, showed that the factor instead cleaves a phosphodi-
ester bond in the acceptor stem of the tRNA, functioning as an
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endonuclease (118). Following this cleavage reaction, the ubiq-
uitinated peptide is presented to the proteasome for degrada-
tion by Cdc48 in a process that requires Rqcl (Fig. 3) (95, 119).
How the tRNA remnant is removed from the peptide is cur-
rently unknown.

Ribosome-independent recognition of damaged mRNA

As detailed above, the ribosome plays a critical role in recog-
nizing aberrant mRNAs and targeting them for degradation,
which makes sense because it is the only machine that sees
every single mRNA. Nevertheless, it appears that organisms
may have evolved secondary mechanisms to recognize and
degrade modified mRNA (1, 2). The notion that certain RNA-
binding proteins are able to recognize a single modification on
an RNA is best exemplified by the YTHDF class of proteins,
which recognize m6A (120). For example, YTHDF2 binds
m6A-decorated mRNAs and delivers them to P bodies, where
they are hypothesized to be degraded (121, 122). It should be
noted that this modification is not a damage mark, but instead it
serves a regulatory role for gene expression (for review see Refs.
123-125).

Some of the first studies aimed at identifying ribosome-inde-
pendent factors that recognize damaged adducts focused on
8-0x0G. These studies revealed that bacteria and eukaryotes
possess factors that bind 8-oxoG- containing mRNAs and tar-
get them for degradation. For instance, in bacteria, the 3'-5'-
exonuclease polynucleotide phosphorylase was reported to
have a preference for oxidized RNAs to target them for rapid
degradation (126, 127). In humans, the RNA-binding protein
YB-1 displays a specificity for 8-oxoG- containing mRNAs and
is likely to promote their degradation (128). In agreement with
a role for this factor in damaged mRNA quality control, its
overexpression renders bacteria more resistant to oxidative
stress (128). However, the protein is known to sequester RNAs
into stress granules, which could offer a protective environ-
ment from chemical insults (127). As a result, whether the
protective phenotype induced by YB-1 overexpression is due to
an mRNA-insulating or mRNA quality-control activity is
unknown. Regardless of how YB-1 functions in the quality con-
trol of damaged RNA, these observations suggest that compart-
mentalization of RNA during stress is likely to serve as an
important mechanism for protecting it from chemical insults.

More recent studies, using 8-oxoG— containing RNAs as bait,
identified a new class of proteins that bind oxidized mRNA
(129). The most interesting quality-control candidate to come
out of this study was AUF1 (also called HNRNPD) (130). Not
only does AUF1 bind 8-0xoG- containing mRNA specifically,
in its absence oxidized mRNAs are stabilized, suggesting that
the factor might be responsible for their degradation (130).The
same group that identified a role for AUF1 in targeting oxidized
mRNA for degradation also identified another 8-oxoG—RNA-
specific binding protein PCBP1 (131). In contrast to AUFI,
which recognizes RNAs with one 8-oxoG, PCBP1 recognizes
heavily oxidized RNAs. The factor does not promote the deg-
radation of its target, but instead induces cell death. Mutations
in one of the two RNA-binding KH domains, which abolish
8-0x0G binding, suppress the induction of apoptosis-related
reactions, suggesting that its RNA-binding activity is required
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for the induction of programmed cell death (131). These obser-
vations highlight the ability of cells to use damaged mRNA as a
signal for stress. Interestingly, this PCBP1-mediated response is
only activated in the presence of heavily modified RNAs (131),
which in turn only happens if the oxidative stress is excessive.
Under these conditions, it would make sense to induce apopto-
sis. Whether cells have evolved factors that recognize other
types of modifications, such as alkylated ones to sense chemical
insults and alert surveillance systems, is currently unknown.

RNA repair

Until now our discussion has focused on quality-control
pathways that degrade aberrant mRNAs. The transient nature
of the molecule makes the utilization of such processes appro-
priate. However, as the synthesis of mRNAs requires energy,
these degradative pathways are costly. Therefore, pathways
that could repair mRNAs would save cells energy and be evolu-
tionarily beneficial. It is worth noting that a precedent for this
exists for repair of damaged proteins. Like RNA, proteins are
transient, and when damaged they are typically degraded
through proteasome action or autophagy (132—135). Of the 20
canonical amino acids, cysteine and methionine are most sus-
ceptible to ROS. Oxidation of methionine results in methionine
sulfoxide (136), whose accumulation may contribute to the pro-
gression of neurodegenerative disease (137). The enzymes
methionine sulfoxide reductases are able to repair oxidized
methionine (138). Therefore, it would not be surprising if cells
evolved pathways to repair RNA.

Although similar to DNA, RNA lacks a complementary
strand and a homologous partner. As a result, RNA-repair
pathways may not use most of the mechanisms used for DNA
repair, which take advantage of unaltered information con-
tained within the complementary strand or the homologous
chromosome. This leaves at least two direct reversal pathways
to potentially repair RNA: 1) methylguanine methyltrans-
ferases (MGMT), which repair O6-mG (139), and 2) the oxida-
tive demethylases, which repair m1A and m3C (65, 140). Cur-
rently, there are no reports that implicate the MGMT class of
proteins in RNA repair, and given the suicide nature of these
enzymes it is difficult to imagine why cells would utilize this
strategy to repair O6-mG- containing RNA. In contrast, the
AlkB family of oxidative demethylases is involved in tRNA
modification (141). These natural tRNA modifications, such as
mlA and m3C, can also be products of damage, suggesting that
these enzymes are capable of repairing damage-induced
adducts. This is beside the fact that many of the AlkB enzymes
prefer ssSRNA (and ssDNA) as substrates in vitro (142). This is
especially true for the founding member of the family, the bac-
terial AlkB, which is capable of reactivating alkylated MS2 RNA
phage in vivo (65, 143). The human homologue of AIkB,
hAIkB3, displays a similar substrate specificity toward ssSRNA
(65, 144), suggesting that RNA repair is likely to be conserved.
Perhaps the most convincing argument about the existence of
RNA-repair pathways and their utility for cellular fitness is the
observation that many RNA viruses encode Alkb-like proteins
within their RNA genomes (2, 145). Given how compact the
RNA genomes of these viruses are, this suggests that the pro-
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cess of RNA repair is very important to maintain the integrity of
the polymer.

mRNA damage and disease

In the previous sections, we discussed the susceptibility of
RNA to damage and how it impacts the chemical properties and
function of the molecule. Naturally, the next question is
whether these alterations have any profound effect on organis-
mal fitness. In this section, we discuss the connections between
RNA damage and several disease states. Because an mRNA is
translated multiple times, and in some cases more than a thou-
sand times, a damaged mRNA has the potential of producing
significant amounts of aberrant protein products. As defective
protein products are more likely to misfold and aggregate, dam-
aged mRNAs would pose significant challenges to tissues that
are more sensitive to protein misfolding. As a result, neurons,
with their long lifespan, appear to be the most vulnerable to
RNA damage (146). Indeed, more than 2 decades ago, a link
between neurodegeneration and RNA oxidation was uncov-
ered (68). Since then, many studies have shown that oxidized
RNAs accumulate to very-high levels in neurons during neuro-
degeneration as well as through aging (147). In one of the initial
studies, Nunomura et al. (68) demonstrated that RNA oxida-
tion is a distinct feature of neuronal vulnerability to oxidative
stress, as samples from brain tissue of Alzheimer’s disease (AD)
patients accumulated high levels of 8-0x0G in both cytoplasmic
and nuclear RNA (68). A more recent study revealed that neu-
ronal mRNA oxidation in patients with AD can reach as much
as 50-70% for some transcripts, whereas the percentage is less
than 2% of the total mRNA pool of healthy individuals (147).
Aside from AD, the accumulation of 8-0x0G in cellular RNAs
has been reported in several neurodegenerative disorders (74,
147-151). For instance, in patients with Parkinson’s disease,
the presence of 8-0xoG can be observed in cerebrospinal fluid
and serum, and an increase in the levels of 8-0xoG was found in
substantia nigra compared with other brain regions (149, 152).
Highlighting the significance of RNA oxidation for neurode-
generation, the levels of oxidized RNAs have the potential to be
used as a diagnostic marker for certain diseases. In particular,
oxidized CuZn-superoxide dismutase mRNA can be used as an
early pre-clinical feature of amyotrophic lateral sclerosis (74).
Given that a hallmark of many neurodegenerative diseases is
increased oxidative stress, it should be noted that the accumu-
lation of oxidized RNA under these conditions could be a side
effect of the disease pathogenicity. A direct causal relationship
between oxidized mRNA and pathogenicity of neurodegenera-
tive disease remains ambiguous (2) and should be the focus of
future research. These are important avenues to explore, espe-
cially in light of a convincingly-demonstrated causal connec-
tion between the inability of cells to resolve stalled ribosomes
and neurodegeneration (87).

Damage to noncoding RNAs and its effect on their
functions

So far, the focus of our discussion has been on mRNA dam-
age, but the bulk of the RNA in cells, ~95%, is noncoding (153,
154). These RNAs carry out important functions in the cell,
which include translation, splicing, transcription, RNA-di-
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rected modification, and regulation of gene expression (155,
156). For instance, rRNA and tRNA are essential for translation,
and given their long-lived nature, modifications that interfere
with their function could have drastic consequences on cellular
homeostasis. Unlike mRNA, studies addressing the effect of
chemical damage to tRNA and rRNA on their function are
sparse. However, we note that unlike mRNAs, for which the
majority of the nucleotides are seen by the ribosome, changes to
the majority of the nucleotides of rRNA would be expected to
be tolerated (Fig. 2). Most of the functional sites of the rIRNA are
buried within the ribosome, making them less accessible to
reactive chemicals. Nucleotides on the surface, which are acces-
sible to modification, tend to be less conserved and are often
functionally unimportant. Nevertheless, recent studies by
Polacek and co-workers (157) showed that the peptidyl-trans-
ferase center (PTC) of the ribosome is susceptible to oxidation.
Using atomic mutagenesis, the authors were able to show that
placing a single 8-oxoA within the PTC inhibits peptide-bond
formation, suggesting that oxidation of the ribosome could
severely disrupt its function (157). Equivalent studies on the
effect of modification to tRNA are lacking. Nevertheless,
changes to a tRNA’s anticodon that do not affect the aminoacy-
lation reaction but change the base-pairing preference would
be expected to cause significant miscoding (Fig. 2). Interest-
ingly, tRNAs harbor modifications that contain sulfur substitu-
tions that are very sensitive to the redox state of cells (158).
Many of these reside in the anticodon, and their oxidation is
known to affect their base-pairing properties (158).

How cells cope with chemical damage to rRNA and tRNA is
largely unknown. It is, however, evident that cells have the abil-
ity to recognize defective rRNA and tRNA molecules. In the
case of rRNA, nonfunctional rRNA decay (NRD) targets defec-
tive ribosomes for rapid turnover (159, 160). NRD has been
studied in the context of ribosomes harboring mutations in the
PTC of the 255 rRNA and the decoding center of the 185 rRNA.
Interestingly, the process by which cells rid themselves of defec-
tive small subunits is distinct from that used to degrade defec-
tive large subunits. For example, 185 NRD depends on transla-
tion, whereas 25S NRD does not. Furthermore, 18S NRD is
intimately coupled to mRNA surveillance as it utilizes factors
that are used during NGD. In contrast, 25S NRD employs dis-
tinct factors and takes place prior to the assembly of the 80S
subunit in perinuclear foci (159, 160). Because 18S and 25S
NRD recognize defective ribosomes that are unable to carry out
protein synthesis, it is tempting to speculate that these pro-
cesses are induced in response to chemically-damaged ribo-
somes. Future research should be focused on exploring this
potential connection and the utility of these processes in rid-
ding cells of oxidized, alkylated, and cross-linked ribosomes.

Similar to rRNA, defective tRNA molecules are also subject
to quality control that ensures that they are rapidly degraded
before they can participate in translation. In particular,
eukaryotes evolved the process of rapid-tRNA decay (RTD),
which targets aberrant tRNAs (161, 162). RTD has been mainly
studied in the context of misprocessed tRNAs especially those
lacking important post-transcriptional modifications. These
tRNAs are subject to rapid decay by Ratl in the nucleus and
Xrnl in the cytoplasm (161, 162). It is generally accepted that
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these factors are able to recognize changes to the post-tran-
scriptional modification status of the tRNA through changes to
its overall secondary structure. As alkylation and oxidation of
the tRNA nucleobases are likely to induce a profound effect on
the overall structure of the molecule, it is highly likely that RTD
is also responsible for recognizing chemical damage to tRNA
molecules.

What about other classes of noncoding RNAs? Almost all of
these require base pairing to carry out their function. Many of
them are also long lived so that any changes that alter their
function would be expected to linger unless cells have pathways
to deal with them. For example, snRNAs are used by the spli-
ceosome to identify splice—junction sites through base pairing
(163); changes to this class of RNAs is likely to have profound
effects on splicing and hence gene expression. Similarly,
snoRNAs are used to guide 2'-O-methylation and pseudouri-
dylation on many RNAs (164), and changes to their base-pair-
ing properties could affect the specificity of these reactions and
likely be detrimental to the function of the target molecule. Asa
case in point of the downstream effects of RNA modifications
to functional RNAs, Wang et al. (80) showed that oxidation of a
microRNA alters its targets and induces apoptosis. How cells
cope with chemical damage to these classes of RNAs— be it
snRNAs, snoRNAs, and microRNAs—is unclear, and whether
they evolved pathways to degrade/repair them should be the
subject of future research.

Concluding remarks

As outlined here, we have been aware of the vulnerability of
nucleic acids to chemical insults for more than half a century.
We have also known how this type of damage would alter their
chemical properties and interactions with other molecules. In
particular, most modifications affect the base-pairing potential
of nucleic acids, which in turn is arguably their most important
feature. Interestingly, however, although DNA damage has
been systematically studied for decades, RNA damage in con-
trast has received little attention. Of course, the importance of
maintaining genomic integrity supersedes that of RNA, but that
cannot fully justify this disparity. RNA plays a central role in
many fundamental biological processes, and most of these
depend on its ability to base pair correctly. These include inter-
molecular ones like those between tRNA and mRNA during
translation, snRNA and pre-mRNA during splicing, and
snoRNA and rRNA during RNA-guided modification; but also
the intramolecular ones that are responsible for maintaining
the structural integrity of complex molecules like the ribosome.
It is not surprising then that RNA damage is detrimental to
cellular fitness and has been associated with many disease
states.

Recent efforts from our group and others have focused on
mRNA damage. These studies have begun to highlight how
damage to this molecule affects the efficiency and accuracy of
protein synthesis. We are also beginning to appreciate the role
of the ribosome in detecting many damage-formed adducts and
triggering quality-control processes to degrade the damaged
transcript. It is also clear that ribosome-independent mecha-
nisms are at play to degrade or repair damaged mRNA that may
escape recognition by the ribosome. This increased interest in
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how modifications affect mRNA function should hopefully
motivate others to look at other species in RNA biology.
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