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Preface

The Power of Modified Nucleic Acids

With this volume of the series RNA technologies, we aim to cover various aspects
of nucleic acid modifications. This is an interesting issue in the study of macromo-
lecular components of cells.

DNA and RNA are key molecules of the cell. The structure, function, and
reactivity of DNA and RNA are central to molecular biology and are crucial for
the understanding of complex biological processes. For a long time DNA was
considered as the most important molecule of all biology and the key of life.
However DNA is not the be all and end all of the living cell, but it appears as an
important by-product of the RNA evolution. Deoxyribonucleotides as DNA pre-
cursors are synthesized by specific enzymatic modification of ribonucleotides in
which the 2'-hydroxyl group of the ribose moiety is replaced by 2’-hydrogen with
ribonucleotide reductase. One of these DNA bases, thymine, is produced by
methylation of uracil. There are a significant number of adenosines and cytidines
in genomic DNA converted by spontaneous or enzymatic deamination to hypoxan-
thine and uracil, respectively. Cytosine can be methylated to 5-methylcytosine
derivative with not only a coding capacity but also a regulatory potential. These
data suggest that DNA looks similar to a modified RNA molecule although chem-
ically more stable than RNA. In the eukaryotic cell, all postreplicative modifica-
tions of DNA showed a few percent of all bases. Cellular DNAs and RNAs can be
chemically modified in more than 100 different ways. Some of these modifications
to nucleic acids are random or spontaneous and their formation requires significant
energy from the cell. The broad range of chemical modifications to nucleic acids is
not restricted to simple nucleophilic substitution but extends to oxidative reactions
and C—H activation by various agents. The modifications might occur on DNA as
well as different types of RNA such as transfer ribonucleic acids (tRNAs), ribo-
somal RNA (rRNA), messenger RNA (mRNA), and other noncodings (ncRNAs).
Among them, tRNAs represent ca 15 % of the total cellular RNAs and are highly



vi Preface

stable. The primary role of tRNA is to deliver amino acids to the polypeptide chain
during protein translation. tRNA molecules 73-93 nucleotides long are heavily
modified types of ribonucleic acid. tRNA modifications (up to 25 %) are dynamic
and adaptive to different environmental changes. Modified nucleosides of tRNAs
play an important role in the translation of the genetic code.

The modified nucleosides are utilized to fine tune nucleic acids structure and
function. These modifications are dynamic and participate in regulating diverse
biological pathways. They can also be used as specific markers of different states of
cells and diseases or pathologies. The process of RNAs turnover is directly corre-
lated to their presence in the human. Evaluation of modified nucleosides might
become novel markers to facilitate early clinical diagnosis of cancer to improve
human cancer risk assessment.

Nucleoside methylation and other nucleic acid modifications are of a great
interest, prompted by the discovery of methylation and active demethylation of
DNA and RNA. In eukaryotic genomic DNA, 5-methylcytosine is a well-know
epigenetic modification and is also known to exist in both rRNA and tRNA.

In response to oxidative stress caused by reactive oxidative species (ROS) as
well as nutrient depletion and other growth arrest conditions, modified nucleotides
are synthesized in the cell to serve various purposes. Accidental non-enzymatic
methylation or oxidation of a base in a DNA and RNA, in addition to the normal
enzymatic methylation processes, induces serious problems for living cells, espe-
cially for DNA, for which abnormal alkylation can be mutagenic. To remove this
type of modification, the cell has developed oxidative mechanisms in an
indirect way.

The recent development of high-throughput sequencing technologies has
enabled us to identify tRNA-derived RNA fragments. It seems that they are not
by-products from random degradation but rather functional molecules that can
regulate translation and gene expression.

It takes a large effect to map RNA modifications globally as well as to identify
the cellular function as writers, readers, and erasers for each modification. Basic
cellular pathways use ubiquitous metabolites and coenzymes to transfer methyl and
amino acid groups, isoprenoids, sugars, phosphates, and various metabolite nucleic
acid conjugates have been found that affect a functionality of their specific targets.

The turnover of nucleic acids increases when cell proliferation takes place. Any
disease or metabolic alteration affecting RNA turnover consequently results in
altered nucleoside excretion patterns, leading to the hypothesis that RNA metabo-
lites may be used as early indicators of disease. In addition, increased RNA
metabolism with altered nucleoside excretion patterns related to metabolic disor-
ders such as cancer may be suitable markers to facilitate the monitoring of thera-
peutic intervention.

In this book we have collected work describing modified nucleosides, naturally
occurring or chemically synthesized nucleic acids. Their role in cell biology has
huge potential for application in medicine. Further research frontiers and new
developments are also discussed.
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In total there are 18 chapters. Five of them deal with tRNAs and their modifi-
cations in relation to biomedical applications. Three discuss modified nucleosides
including N°-methyladenosine and 8-hydroxyguanosine as well as 2'-O-methylated
ribonucleotides. A very interesting chapter describes the role of diadenosine
tetraphosphate in health and disease. Similar properties are described for circular
RNAs and for modified therapeutic oligonucleotides. Other chapters describe the
properties of modified oligonucleotides.

Poznan Stefan Jurga
Berlin Volker A. Erdmann
Poznan Jan Barciszewski

January 2016






RNA Around the Clock: Volker A. Erdmann
in Memoriam

On September 11, 2015 we lost our colleague and dear friend Professor Volker
A. Erdmann from the Institute of Chemistry—Biochemistry, Freie Universitit Ber-
lin, Germany. He was born on February 8, 1941 in Stettin (Germany, now Poland)
and later became a U.S. citizen. In 1963 he earned his B.A. in Chemistry and in
1966 an M.Sc. in Biochemistry from the University of New Hampshire, Durham, N.
H., USA (advisor: Prof. Dr. E.J. Herbst). From 1966 to 1969 at the Max-Planck-
Institut fiir experimentelle Medizin, Gottingen, Germany, and Technische
Universitit Braunschweig, Germany, he obtained a Dr. rer. nat. degree in Biochem-
istry with minors in Chemistry and Microbiology (advisor: Prof. Dr. F. Cramer).
After an NIH postdoctoral fellowship with Prof. Dr. M. Nomura at University of
Wisconsin, Madison, Wisc., USA, in 1971 he became a research group leader at the
Max-Planck-Institut fiir Molekulare Genetik in Berlin at the Department led by
Prof. Dr. H.G. Wittmann. In 1978 Volker did Habilitation in Biochemistry and
Molecular Biology at the Freie Universitit at Berlin, Germany.

ix
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From 1980 he was full professor of Biochemistry in the Department of Chemistry
at the Institute of Biochemistry, and from 2009 he was a guest Professor at the Free
University of Berlin. In 1987 he received an award for scientific excellence from the
German Research Council (DFG), the highest scientific award given in Germany
(Forderpreis fiir deutsche Wissenschaftler im Gottfried Wilhelm Leibniz Programm
der Deutschen Forschungsgemeinschaft). He was a member of the Berlin-
Brandenburgische Akademie der Wissenschaften (Berlin Brandenburg Academy of
Science, former Prussian Academy of Science) and the Polish Academy of Science.

His research interests have always been in the area of gene expression with
special emphasis in the structure and function of ribosomes and RNA technologies.
His RNA research includes studies on the structure and function of ribozymes,
antisense oligonucleotides, siRNAs, micro RNAs, DNAzymes, high affinity RNA
molecules (aptamers), enantiomeric catalytic nucleic acids (ribozymes and
DNAzymes), and large noncoding RNAs such as the HI9 RNA. With his group
at Free University he developed methods for the chemical synthesis of RNA
molecules, including a large number of modified nucleotides. He has also concen-
trated on the crystallization of RNA molecules and their protein complexes by
X-ray analysis. These crystallization experiments include microgravity experi-
ments (participation in 17 space missions). The results of Volker’s research have
appeared in more than 450 publications. He created data bases on 5S ribosomal
RNA and non-coding RNAs and obtained 14 patents in the area of RNA technol-
ogies. In 1998 he and his colleagues founded the Berlin Network for RNA Tech-
nologies, with the goal to pursue further the structural and functional potentials of
RNA molecules.

Volker’s most important discoveries include the first total reconstitution of
bacterial 50S and 70S ribosomes, first identification of ribosomal 5S RNA binding
proteins and 5S RNA protein complexes, first crystallization of ribosomes, first
crystallization of RNA molecules under microgravity conditions, first crystalliza-
tion and X-ray structural determination of a mirror image RNA structure, first to
discover mirror image aptamers and first to discover mirror image L-catalytic
nucleic acid as alternatives to siRNAs and microRNAs to cure cancer and viral
infections.

These L-form aptamers have a number of advantages when compared with D-
aptamers. They are very stable in human sera and cells. Because nature does not
make L-nucleic acids, there was no need to develop any enzymes hydrolyzing the L-
form of nucleic acids. L-Aptamers can be compared with protein antibodies, and
indeed aptamers can assume very similar functions to antibodies. Aptamers are
considerably smaller than antibodies and they are easily synthesized by nucleic acid
synthesizers. They are not toxic or immunogenic and are therefore most likely
ideally suited for the development of new types of pharmaceutical drugs. The
development of mirror image catalytic RNA opened new possibilities in basic
research and in the area of molecular evolution. Volker A. Erdmann was one of
the first Editors-in-Chief and founders of RNA Biology journal published by
Landes Bioscience, Georgetown, Texas (USA). He was co-editor of several



RNA Around the Clock: Volker A. Erdmann in Memoriam xi

books in the series “RNA Technologies” published by Springer. In 2013, he
established a private-biotech company called Erdmann Technologies based in
Berlin.

Married to Hannelore Erdmann, he had two children (Jorn, and Gabriele).
Volker was a very quiet and kind person and supportive of young scientists. He
directed his students and fellow researchers carefully and with pride. He derived
much pleasure from the successes of his scientific offspring—his former students.
His influence extended well beyond his scientific contributions to shaping policy on
important issues at the interface between science and society. He was a source of
inspiration to all around him and will be greatly missed.

Poznan, Poland Jan Barciszewski
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Abstract Transfer RNAs (tRNAs) are essential components of the protein trans-
lation machinery. In order to become fully active, they need to be heavily modified
post-transcriptionally. Such modifications affect the structure, stability and func-
tionality of tRNAs; however, their exact roles at the molecular level remain largely
elusive. Here we focus on the biological functions of tRNA modifications associ-
ated to human diseases and how such information can be used for biomedical
applications. We put an emphasis on mitochondrial-linked dysfunctions, metabolic
disorders, neurological defects and cancer. We also present methods and
approaches currently used in the clinic to detect and monitor different human
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pathologies involving tRNA modifications or tRNA modification enzymes, and,
additionally, we propose novel tRNA modification-based strategies that could be
used for diagnosis, prognosis or treatment of human diseases.

Keywords tRNA ¢ tRNA modification * Protein translation « Human disease *
Biomedicine

1 Transfer RNAs Are Post-Transcriptionally Modified

Transfer RNAs (tRNAs) play a key role in the protein translation machinery. They
are transcribed as long primary tRNAs that are processed during their biogenesis to
yield 70-100 nucleotides long RNA species, that fold into a cloverleaf-shape (2
structure) (Fig. 1) and L-shape (3™ structure) arrangement (Pifieyro et al. 2014).
Following maturation, they are charged at their 3’-end with their cognate amino
acid, which will be incorporated into the growing polypeptide chain during protein
synthesis. Residues 34, 35 and 36 of the tRNA form the tRNA ‘anticodon’ (Fig. 1)
that pairs specifically with nucleotide triplets on the messenger RNA (mRNA)
called ‘codons’. Each mRNA codon codifies for a specific amino acid; hence,
tRNAs are adaptor molecules that translate specific mRNA codons into specific
amino acids during translation (Pineyro et al. 2014).

During maturation, tRNAs are required to go through a series of post-
transcriptional chemical modifications. In general, for a given tRNA, about
10-15 % of the tRNA residues are found modified (Phizicky and Alfonzo 2010).
There are more than 50 different chemical modifications described for eukaryotic
tRNAs, that include methylations, thiolations, deaminations, acetylations, isomer-
izations and hydroxylations, among others (Machnicka et al. 2013). Such modifi-
cations affect the structure, processing, stability and overall functionality of tRNAs.

Modifications in particular regions of the tRNA affect different aspects of tRNA
functionality. In general, modifications in the main body of the tRNA affect the
rigidity/flexibility of the molecule. For example, pseudouridines increase the bind-
ing affinity of tRNA residues by inducing a C3’-endo sugar conformation, and
dihydrouridines make these interactions more flexible by retaining the sugar pucker
into a C2-endo conformation (El Yacoubi et al. 2012). Modifications at the
anticodon region of the tRNA have a direct role on codon recognition and prevent
frameshifting during protein translation. On the one hand, modifications at position
34 of the tRNA increase (or restrict) the number of codons a tRNA can recognize,
by promoting or inhibiting tRNA ‘wobbling’ (non-Watson-Crick nucleotide
pairing) (Crick 1966). Some examples include A34-to-134 editing (deamination)
that allows the modified tRNAs to decode codons ending not only in uridine (U) but
also in adenine (A) and cytosine (C) (Torres et al. 2014b) or U34 modifications,
such as the one on tRNALyS(UUU), which allows the tRNA to decode its cognate
codons AAA and AAG but restricts the recognition of the near-cognate asparagine
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Acceptor

yW ms2t’A, m'G
ncmsU, ncm®s2U, ncmSUm,

mecm5U, memds2U, ncm3Um,
1, m5C, Q, Tm5U, Tm5s2U

Anticodon

Fig. 1 Representation of the tRNA secondary structure (‘cloverleaf’). Post-transcriptionally
modified tRNA residues associated to human diseases are shown (black boxes). Abbreviations:
mlG, 1-methylguanosine; Gm, 2'-O-methylguanosine; mzzG, N2,N2-dimethyl guanosine; Cm,
2'-O-methylcytidine; nem®U,  5-carbamoylmethyluridine; ncm’s?U, 5-carbamoylmethyl-2-
thiouridine; ncmSUm, 5-carbamoylmethyl-2’-O-methyluridine; mcmSU,
5-methoxycarbonylmethyluridine; mem’s*U, 5-methoxycarbonylmethyl-2-thiouridine; mem®
Um, 5-methoxycarbonylmethyl-2’-O-methyluridine; I, inosine; m°C: 5-methylcytosine; Q,
queuosine; m’U, 5-taurinomethyluridine; m’s’U, 5-taurinomethyl-2-thiouridine; yW,
wybutosine; ms’t°A, 2—methy1thi0—N6—threonyl carbamoyladenosine; m’U, 5-methyluridine; m’
U, 5-methyluridine; m’G, 7-methylguanosine

codons AAU and AAC (Yarian et al. 2002). On the other hand, modifications at
position 37 (adjacent to the anticodon) are usually associated to keeping in-frame
translation. These are in general bulk modifications that stabilize codon/anticodon
pairing by generating base-stacking interactions. Examples include the wybutosine
37 (yW37) modification that prevents —1 frameshifts (Waas et al. 2007) or the
1-methylguanosine 37 (m'G37) modification that impedes +1 frameshifting
(Urbonavicius et al. 2003). Finally, modifications in the acceptor stem of the
tRNA (the stem formed by the 5'- and 3’-ends of the tRNA; Fig. 1) usually serve
as identity elements for aminoacyl tRNA synthetases, the enzymes that charge the
tRNA with its cognate amino acid. A representative example is the post-
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transcriptional addition of a G residue at the 5’-end of tRNAMS (G_; modification)
that is essential for correct charging by histidine-tRNA synthetase (Rudinger
et al. 1994). For detailed information on the biological functions of tRNA modifi-
cations, several comprehensive reviews are available (Phizicky and Alfonzo 2010;
El Yacoubi et al. 2012; Jackman and Alfonzo 2013; Pineyro et al. 2014).

Interestingly, while tRNA modifications seem very important for tRNA func-
tion, the vast majority of them are not essential for cell viability (Pineyro
et al. 2014). In fact, in many cases, the modulation of tRNA modifications does
not affect significantly the tRNA function and usually results in subtle phenotypes.
However, it is not possible to generalize on this matter, and known observations
need not apply to different cellular systems. Indeed, tRNA modification-based
phenotypes can be associated to specific tissues. It is well documented that the
tRNA pool and the expression of proteins carrying a particular codon bias may vary
in a tissue-dependent manner (Kirchner and Ignatova 2015). Additionally, the
‘penetrance’ of a phenotype may be linked to the degree of the tRNA modification
misregulation. This has been shown for mutations on mitochondrial tRNA genes
that prevent the tRNA to be modified. A cell has a variable number of mitochondria,
each of which carries their own mitochondrial genome. Only when a significant
amount of mitochondria carrying the mutated mitochondrial genome variant accu-
mulate, clear phenotypes can be observed (Abbott et al. 2014). Finally, sometimes
tRNA modifications need to be considered not as individual modifications but as a
part of a whole set of modifications leading to a significant phenotype. In yeast,
overall tRNA modification patterns change in the tRNA pool when cells are
subjected to stress conditions (Chan et al. 2012), suggesting a coordinated regula-
tion of tRNA modifications as a mechanism for stress response.

In this chapter, we will describe the known connections that have recently been
established between post-transcriptional tRNA modifications and human diseases.
It will become evident that the roles of such modifications on those diseases are
complex and that the molecular mechanisms behind the observed phenotypes
remain poorly understood. Importantly, we will not address human diseases caused
by mutations on tRNA genes or by defects on tRNA processing and maturation,
which have been recently reviewed in depth (Abbott et al. 2014; Kirchner and
Ignatova 2015), unless a clear direct effect on the tRNA modification pattern has
been observed. Finally, we will present different strategies that are being pursued in
the clinic for diagnosis, prognosis and treatment of this type of diseases and will
propose potentially novel tRNA modification-based therapeutic approaches to be
pushed forward in the future.

2 Links Between tRNA Modifications and Human Diseases

While tRNA modifications and the enzymes that catalyse such modifications have
not been studied in depth in metazoans, an association between tRNA modifications
and human diseases is starting to emerge (Torres et al. 2014a) (Fig. 1 and Table 1).
Several human genetic studies have shown links between mutations in genes that
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encode (or are expected to encode) for enzymes that catalyse tRNA modifications
and a wide range of complex human pathologies, including neurological disorders,
cardiac and respiratory defects, cancer, metabolic dysregulations and
mitochondrial-linked dysfunctions (see below). In most of these conditions, an
in-depth understanding of the molecular mechanisms of pathology is lacking. It
will become clear in this section that unravelling the details of such molecular
mechanisms will be very challenging given that some of the observed phenotypes
associated to tRNA modifications are tissue-specific and are dependent on the
degree to which the tRNA is modified or not (Kirchner and Ignatova 2015).

2.1 Neurological Disorders

The brain is perhaps the most sensitive tissue to defects in tRNA modifications. The
FtsJ RNA methyltransferase homolog 1 (FTSJ1) gene is likely the human homolog
of the yeast tRNA methyltransferase 7 (TRM7) gene that encodes for the enzyme
that methylates positions 32 and 34 on tRNA" tRNAT™ and tRNAF™ (Towns and
Begley 2012). Mutations in FTSJ1 or a complete deletion of this gene has been
linked to non-syndromic X-linked mental retardation (Hamel et al. 1999; Freude
et al. 2004; Ramser et al. 2004; Bonnet et al. 2006; Froyen et al. 2007; Dai
et al. 2008; Takano et al. 2008) and reported to affect cognitive functions in
young males of the Han Chinese population (Gong et al. 2008). The tRNA modi-
fication state of these patients was not evaluated, but a mutant FTSJ1 transcript was
shown to be very unstable and likely degraded by nonsense-mediated mRNA decay
(Freude et al. 2004; Takano et al. 2008). Interestingly, the expression of wild-type
FTSJ1 in human tissues was reported to be high in foetal brain (Freude et al. 2004)
but low in adult brain (Ramser et al. 2004), consistent with a key role for this protein
in the developing brain. Notably, patients bearing a chromosomal duplication of
regions involving FTSJ1 and other genes presented mild/moderate mental retarda-
tion (Bonnet et al. 2006; Giorda et al. 2009), suggesting that overexpression of
wild-type FTSJ1 might also be detrimental. However, a patient with mild mental
retardation that presented a smaller chromosomal duplication, also involving
FTSJ1, did not show increased levels of FTSJ1 mRNA as measured by quantitative
PCR in blood; and instead the phenotype was attributed to the overexpression of
three other genes (also located within the duplicated chromosomal region): EBP,
WDR13 and ZNF81 (El-Hattab et al. 2011).

Mental retardation has also been reported in human patients with mutations in
other genes encoding for tRNA modification enzymes. The (RNA
methyltransferase 10A (TRMT10A), also known as human RNA (guanine-9)
methyltransferase domain containing 2 (HRGO9MTD?2), is the human ortholog of
the yeast enzyme that catalyses the methylation of guanosine at position 9 of several
tRNAs (Towns and Begley 2012). Mutations in the human TRMT10A gene have
been associated to microcephaly, short stature and intellectual disability (Igoillo-
Esteve et al. 2013; Gillis et al. 2014). TRMT10A was shown to be expressed in
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human embryonic and foetal brain (Igoillo-Esteve et al. 2013). Furthermore, Gillis
and colleagues showed in vitro that the mutant TRMT10A protein could effectively
bind to a tRNA substrate but showed a dramatic reduction in methylation activity as
compared to the wild-type protein, probably due to impaired ability to bind the
methyl donor S-adenosylmethionine (Gillis et al. 2014). As it will be discussed
later, defects on this enzyme not only affect brain tissues but also the liver and
colon.

Other examples of genes encoding for tRNA modification enzymes and mental
retardation include the gene encoding for tRNA methyltransferase 1 (TRMT1), an
enzyme that dimethylates guanosines at position 26 of several tRNAs (Liu and
Straby 2000), and the gene encoding for ELP2 (a component of the elongator
complex; see below). Both enzymes were reported as novel markers for recessive
cognitive disorders (Najmabadi et al. 2011). Notably, in mice, a potential homolog
of the human TRMT1 named ‘TRM1-like’ was shown to have a role in motor
coordination and exploratory behaviour (Vauti et al. 2007), suggesting a conserved
role for this protein in the brain. Finally, the human WD repeat domain 4 (WDR4)
gene was found as a potential candidate marker for phenotypes observed in Down’s
syndrome (Michaud et al. 2000); and mutations in this gene have recently been
associated to a distinct form of microcephalic primordial dwarfism (Shaheen
et al. 2015). This gene is the human homolog of the yeast TRMS82, one of the
subunits of the heterodimeric enzyme responsible for the 7-methylguanosine mod-
ification at position 46 in several tRNAs (Towns and Begley 2012). Two transcript
variants for this gene were described in humans, where the shorter one (of about
1.5 kb) was highly expressed in foetal tissues and the longer one (of about 2.5 kb)
showed faint expression in most tissues (Michaud et al. 2000), suggesting a key
function for the shorter transcript in developmental processes. Interestingly, the
chromosomal region where WDR4 maps has already been associated to several
genetic disorders such as maniac-depressive psychosis, autosomal-recessive deaf-
ness, Knobloch syndrome and holoprosencephaly (Michaud et al. 2000).

Recently, the human adenosine deaminase acting on tRNA 3 (ADAT3) was
validated as one of the subunits of the heterodimeric enzyme responsible for
adenosine-to-inosine editing at position 34 of 8 different tRNAs (Torres
et al. 2015). A single missense mutation in the human ADAT3 gene was reported
to cause intellectual disability and strabismus (Alazami et al. 2013). Interestingly,
this protein and its catalytic partner ADAT2 were reported essential in yeast,
Trypanosoma brucei, Arabidopsis thaliana and likely also in human cell lines
(Gerber and Keller 1999; Rubio et al. 2007; Zhou et al. 2014; Torres et al. 2015).
This suggests that patients carrying mutations in the ADAT3 gene probably still
have some residual ADAT activity. However, a more detailed analysis of the
functional importance for this enzyme in mammals remains to be addressed (Torres
et al. 2014b).

NOP2/Sun RNA methyltransferase family member 2 (NSUN2) is an enzyme
that methylates cytosine at positions 34, 48, 49 and 50 on different tRNAs
(Brzezicha et al. 2006; Hussain et al. 2013) . Mutations in the NSUN2 gene have
been associated to autosomal-recessive intellectual disability (Abbasi-Moheb
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et al. 2012; Khan et al. 2012; Martinez et al. 2012; Fahiminiya et al. 2014). Khan
and colleagues investigated the subcellular localization of wild-type and mutant
NSUN2 and found that mutant NSUN2 failed to localize to nucleoli (Khan
et al. 2012). Abbasi-Moheb and colleagues further showed that deletion of the fly
NSUN2 ortholog resulted in a short-term memory phenotype (Abbasi-Moheb
et al. 2012), suggesting an evolutionary conserved function for tRNA methylation
in the brain. A recent study has addressed some mechanistic aspects on how
NSUN?2 defects would be contributing to human disease. The authors showed that
lack of 5-methylcytosine (m’C) on tRNAs results in increased tRNA endonucleo-
lytic cleavage mediated by angiogenin, leading to the accumulation of 5'-tRNA
halves that reduce protein translation rates and activate stress pathways in human
and mouse cells. Moreover, NSUN2-deficient brains were more sensitive to oxida-
tive stress, and this phenotype could be rescued by inhibiting angiogenin during
embryogenesis (Blanco et al. 2014).

Two other reports have associated mutations in NSUN?2 to different degrees of
mental retardation. Patients with these mutations showed overlapping phenotypes
to that of the Dubowitz syndrome (Martinez et al. 2012) and to that of the Noonan
syndrome (Fahiminiya et al. 2014). In the first case, the authors showed that patients
suffering from this Dubowitz-like syndrome were lacking the m°C modification at
positions 47 and 48 on tRNAASp(GTC), one of the substrates of NSUN2 (Martinez
et al. 2012). In the second case, the link to a Noonan-like syndrome suggests a role
for NSUN2 beyond the brain, as this is a pathology that affects mainly the cardiac
tissue and only about 25 % of affected patients also suffer mental retardation. As it
will be discussed later, NSUN2 has also been linked to different forms of cancer
(see below) suggesting that this enzyme has key roles not only in the brain and heart
but also in different tissue types.

A set of very well studied tRNA modifications associated to neurological
disorders are those involving the formation of 5-methoxycarbonylmethyluridine
(mem®U) and 5-carbamoylmethyluridine (ncm’U) at position 34 of several tRNAs.
These complex tRNA modifications (and derivatives of them) require a methylation
step catalysed by the elongator complex. This complex is highly conserved from
yeast to humans, where it was shown to be composed of six subunits: IkB kinase
complex-associated protein (IKAP/yeast ELP1), Stat3-interacting protein (StIP1/
yeast ELP2), elongator protein homolog 3 (ELP3), ELP4 and two unidentified
polypeptides (Hawkes et al. 2002).

Mutations in the gene encoding for IKAP (/IKBKAP) have been linked to familial
dysautonomia (FD) (Anderson et al. 2001; Slaugenhaupt et al. 2001; Leyne
et al. 2003; Karlsborn et al. 2014). Although some of these mutations are missense
mutations, the most prevalent mutation (>99.5 %) was found in homozygosity and
involved a point mutation resulting in exon-skipping and aberrant protein trunca-
tion (Anderson et al. 2001; Slaugenhaupt et al. 2001). Moreover, levels of mem’s”
U34 were shown to be reduced in brain tissue and fibroblast cell lines derived from
FD patients (Karlsborn et al. 2014). Strikingly, even though patients were homo-
zygous for the exon-skipping mutation, they presented variable levels of wild-type
IKAP in a tissue-specific manner, where brain cells primarily expressed the mutant
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IKBKAP mRNA (Slaugenhaupt et al. 2001). In this regard, IKBKAP function may
also be important for pulmonary function, as a mutation in this gene has been
associated to bronchial asthma in children (Takeoka et al. 2001). Altogether, it
seems that a tissue-dependent control of exon skipping of the IKBKAP transcript
might be central to the symptoms caused by /KBKAP mutations.

Mutations in other genes encoding for proteins of the elongator complex have
also been linked to neurological dysfunctions (Chen et al. 2009; Simpson
et al. 2009; Strug et al. 2009; Najmabadi et al. 2011). As mentioned above, ELP2
has been linked to intellectual disability (Najmabadi et al. 2011). In a study that
involved 38 US families, variants of ELP4 have been associated to the electroen-
cephalographic abnormality of centrotemporal sharp waves, a typical clinical trait
of Rolandic epilepsy (Strug et al. 2009). Lastly, mutations in ELP3 have been
associated to amyotrophic lateral sclerosis (Simpson et al. 2009). Interestingly, in
flies and zebrafish, impaired function of ELP3 resulted in neurological phenotypes
(Simpson et al. 2009), and in Caenorhabditis elegans, mutations in ELPC1 and
ELPC3 (homologs of IKAP and ELP3, respectively) also resulted in neurological
abnormalities (Chen et al. 2009). This suggests a conserved functional role in
metazoan neuronal tissues for these components of the elongator complex.

2.2 Cancer

Mounting evidence suggests that different types of cancer could be attributed to a
dysregulation on tRNA modification enzymes (Torres et al. 2014a). In some cases,
such dysregulation involves an upregulation of the tRNA modification enzymes,
while in other cases, the tRNA modification enzymes (or the modifications itself)
are found downregulated. Examples of the first case include upregulation of
NSUN2, TRMT12 and human AlkB homolog 8 (HABH8 or HALKBHS), among
others. In breast cancer patients and in several breast cancer cell lines, the genomic
region encompassing the NSUN2 gene is frequently found duplicated (Pierga
et al. 2007; Frye et al. 2010). Indeed, NSUN2 expression was reported to be low
in normal tissues but high in different tumour types such as squamous cell carci-
noma, breast cancer and colorectal cancer (Frye and Watt 2006). NSUN2 was
reported to have a role in keratinocyte proliferation mediated by the proto-oncogene
Myc. Further, knockdown of NSUN2 reduced tumour formation in a mice xeno-
graft model for squamous cell carcinoma (Frye and Watt 2006).

TRMT12 is one of the enzymes involved in the formation of wybutosine at
position 37 of tRNAP™. This gene was also found amplified in breast cancer cell
lines and breast cancer tumours (Rodriguez et al. 2007). Finally, knockdown of
HABHS (the protein likely responsible for the formation of mem’U34 on tRNA™E
and tRNA™) was shown to suppress angiogenesis, invasion and growth of bladder
cancers in vivo (Shimada et al. 2009). Many more examples exist of upregulated
tRNA modification enzymes and hypermodified tRNAs in cancer. This is especially
true for tRNA methyltransferases that, already in the early 1970s, were known to be
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either upregulated or having higher methyltransferase activity in neoplastic tissues
as compared to normal tissues (Kerr and Borek 1973).

Downregulation of tRNA modifications/tRNA modification enzymes has also
been found in different types of cancer. Such is the case of another potential human
homolog of the yeast TRMY, named tRNA methyltransferase 9-like (HTRMOL)
that was reported to be downregulated in bladder, cervix, breast, testicular and
colorectal cancer. Moreover, two colorectal carcinoma cell lines showed a dramatic
reduction in tumour growth in vivo when HTRMOL expression was recovered
(Begley et al. 2013). Similarly, the 2’-O-methylguanosine modification at position
17 of tRNAser(IGC) has been shown to be absent in Morris hepatoma (Randerath
et al. 1981).

Queuosine (Q) is incorporated at position 34 of tRNAgyy (i.e. tRNA Asn, Asp,
His and Tyr), replacing G34, in a reaction catalysed by eukaryotic TGTase
(Vinayak and Pathak 2010). Eukaryotes are unable to synthesize queuine, the
base form of nucleoside Q, and need to obtain it from food intake, the intestinal
flora, or by a queuine salvage pathway from tRNA turnover. It is well documented
that neoplastic tissues and transformed cells contain hypomodified Q-tRNAs. For
example, Morris hepatoma is characterized by a lack of Q on mitochondrial tRNA
AP (Randerath et al. 1984). Moreover, the degree of Q hypomodification can
correlate closely with the degree of malignancy for several types of cancer, making
it a promising marker for the prognosis of the disease (Vinayak and Pathak 2010)
(see Sect. 3). However, despite strong efforts to understand the biology of Q and
Q-tRNAs, a clear picture of the molecular mechanisms linking this tRNA modifi-
cation to human diseases remains elusive.

2.3 Metabolic Dysregulations

Some human diseases associated to tRNA modifications involve complex meta-
bolic  dysregulations. @~ DNA  (cytosine-5)-methyltransferase-like = protein
2 (DNMT?2), also known as tRNA aspartic acid methyltransferase 1 (TRDMT1),
is responsible for the methylation of cytosine (m’C) at position 38 of tRNA**? (Goll
et al. 2006). A polymorphism in TRDMT1 was linked to increased red blood cell
folate levels that seemed to reduce the risk of developing spina bifida aperta in
individuals of Dutch ethnicity (Franke et al. 2009). Interestingly, loss of m°C at
position 34 of tRNALeu(CAA) by knocking out NSUN2 (see above) resulted in an
approximately 30 % weight loss in mice. Moreover, mice also presented alopecia,
suggesting that NSUN2 would be playing a role in maintaining skin homeostasis
(Blanco et al. 2011). Notably, while single knockout mice for TRDMT1 (DNMT?2)
or NSUN2 were viable, DNMT2/NSUN2 double knockouts were synthetic lethal
and presented an underdeveloped phenotype (Tuorto et al. 2012). These reports
highlight a role for the loss of m°C at different tRNA positions and in different
tRNA species with a range of complex phenotypes that could be attributed to
metabolic dysfunctions.
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Links between tRNA modifications and perturbed glucose metabolism have also
been reported. Patients with mutations in TRMT10A (see above) also suffered from
hyperinsulinaemic hypoglycaemia (Gillis et al. 2014). It was postulated that the
abnormalities in glucose homeostasis triggered by the TRMT10A deficiency may
be due to accelerated B-cell apoptosis (Gillis et al. 2014). In line with these results,
Igoillo-Esteve and colleagues showed that TRMT10A was enriched in pancreatic
islets and that a nonsense mutation on the TRMT10A gene was linked to young-
onset diabetes. Moreover, knockdown of TRMT10A in primary rat p-cells and in
dispersed human islets induced apoptosis and increased sensitivity to free fatty
acids and endoplasmic reticulum stress (Igoillo-Esteve et al. 2013).

Several reports have shown a correlation between mutations in the CDKS35
regulatory subunit-associated protein 1-like 1 (CDKALT1) gene and type 2 diabetes
(T2D) (Kirchhoff et al. 2008; Stancakova et al. 2008; Wei et al. 2011; Wei and
Tomizawa 2011; Xie et al. 2013). CDKALL is a methylthiotransferase responsible
for the 2-methylthio-N6-threonyl carbamoyladenosine (ms“t®A) modification at
position 37 of tRNALyS(UUU) (Wei and Tomizawa 2011). Patients carrying muta-
tions in CDKALI show reduced levels of ms*°A37 and impaired proinsulin-to-
insulin conversion and insulin secretion (Kirchhoff et al. 2008; Stancakova
et al. 2008; Xie et al. 2013). Moreover, misreading of Lys codons in proinsulin
was detected in CDKALT1 knockout f-cells from mice (Wei et al. 2011). Notably,
polymorphisms on CDKALI have also been associated to myocardial infarction
and coronary artery disease, probably as a consequence of its influence on T2D
(Saade et al. 2011). Mutations in CDKALT1 have also been linked to Crohn’s disease
and psoriasis (Barrett et al. 2008; Quaranta et al. 2009). These associations were
shown to be independent of T2D (Quaranta et al. 2009). Therefore, it is likely that
CDKALLI plays a role in disease in a variety of tissues; and probably, the observed
phenotypes are associated to mistranslation of Lys codons on particular tissue-
specific Lys-enriched transcripts.

2.4 Mitochondrial-Linked Dysfunctions

The mitochondria are responsible for supplying energy to the cell. As such, defects
in mitochondrial metabolism can have severe and complex phenotypes especially in
tissues that require high amount of energy, such as the brain and muscle. More than
200 different mutations in mitochondrial tRNA (mt-tRNA) genes have been asso-
ciated to human diseases (Ruiz-Pesini et al. 2007). Here we will focus on two well-
characterized mitochondrial-linked human diseases caused by mutations in
mt-tRNA genes that result in tRNA hypomodification: mitochondrial
encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) and myo-
clonic epilepsy with ragged-red fibres (MERRF) (Suzuki and Nagao 2011). Mostly,
these diseases arise from the lack of taurine modifications at position 34 of
mt-tRNA™" g, and mt-tRNA™, respectively (Suzuki and Nagao 2011).
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MELAS patients were found containing mutations at different residues of the
mt—tRNALe"(UUR) gene that resulted in a complete lack of 5-taurinomethyluridine
(rm5U34) on this tRNA. However, patients having other mutations in this same
gene that resulted in retention of the Tm’>U34 modification were diagnosed with
mitochondrial diseases other than MELAS such as mitochondrial myopathy (MM),
chronic progressive external ophthalmoplegia (CPEO) and maternally inherited
mitochondrial myopathy and cardiomyopathy (MMC) (reviewed in Suzuki and
Nagao 2011). This suggests that the lack of tm°U34 on mt-tRNALe”(UUR) is the
causative of MELAS disease. The tTm°U34 modification allows for mt-tRNA™"
(UUR) to read both UUR codons: UUA and UUG. However, in the absence of this
modification, mt-tRNALe“(UUR) is only capable of reading its cognate UUA codon
(Kirino et al. 2004). Given that in these patients only the decoding of UUG Leu
codons is affected, only those transcripts enriched in this codon show translation
defects. One such case is that of the mitochondrially encoded NADH dehydroge-
nase 6 (ND6) gene. ND6 encodes for a component of the respiratory chain complex
I. Cybrid cell lines derived from MELAS patients lacking tm’U34 showed a
marked reduction in complex I activity and a reduced rate of translational activity
of ND6, while general mitochondrial protein synthesis seemed unaffected (Hayashi
et al. 1993). Therefore, the specific translational defects of UUG-enriched mito-
chondrial transcripts caused by the lack of tm’U34 on mt-tRNALe“(UUR) largely
explains the molecular mechanism behind MELAS disease.

MERREF patients lack 5-taurinomethyl-2-thiouridine (tm’s*U) at position 34 of
mt-tRNA™*, As a result, the unmodified mt-tRNA™"* is unable to efficiently decode
any of its Lys codons (AAA and AAG), leading to overall mitochondrial translation
defects and a more severe pathological phenotype than that observed in MELAS
patients (Yasukawa et al. 2001). In addition to the importance of the taurine
modification, this effect may indicate a key role of the s*U34 modification in
efficient tRNA decoding. Knockdown of the mitochondrial tRNA-specific
2-thiouridylase 1 (MTUI, also known as TRMU) in HeLa cells resulted in a
reduction of s°U34 modification on mt-tRNA™*, reduction on oxygen consumption
and defective mitochondrial membrane potentials, all of which are characteristics
of MERRF (Umeda et al. 2005). Notably, mutations in MTU1 have been associated
to other mitochondrial disorders such as acute liver failure in infancy accompanied
by lactic acidaemia (Zeharia et al. 2009) and deafness associated with mutations in
mitochondrial 128 ribosomal RNA (Guan et al. 2006).

In this section we have described only two mitochondrial-linked diseases associ-
ated to the lack of tRNA modifications. These two pathologies are the ones that have
been studied more in depth thus far (see Suzuki and Nagao 2011). However, more
reports are emerging with further associations between tRNA modification enzymes
and mitochondrial disorders. One such example is the recently published article by
Powell and colleagues showing that individuals carrying mutations on the tRNA
methyltransferase 5 (TRMT5) gene presented lactic acidosis and multiple mitochon-
drial respiratory complex deficiencies, particularly in the skeletal muscle. The authors
also validated that TRMTS is responsible for m'G37 modification on mitochondrial
tRNA" (Powell et al. 2015). We refer the reader to a recent review on mitochondrial
tRNA mutations and disease for more information (Abbott et al. 2014).
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3 Biomedical Strategies Based on tRNA Modifications

The role of tRNA modifications and human diseases is still an emerging field
(Torres et al. 2014a). As such, the full potential of tRNA modification-based
approaches to be used in the clinic has not been exploited thus far. In this section
we will review the cases where studying and modulating the levels of tRNA
modifications or tRNA modification enzymes have proved useful for therapeutic
applications; and we will also hypothesize on other tentative approaches that could
be worth pursuing in the future to tackle tRNA modification-linked diseases.

3.1 Diagnosis and Prognosis

Several studies have focused on finding typical ‘gene signatures’ associated to
different human diseases. These gene signatures can be in the form of gene
expression patterns using ‘omics’ (e.g. microarrays, RNAseq, proteome profiling,
etc.) or as a set of mutations in particular genes obtained by performing population
genetic studies in human patients. Interestingly, in many of such type of studies,
genes encoding (or expected to encode) for tRNA modification enzymes emerge.

As explained above, there is a strong link between tRNA modifications (and the
enzymes that catalyse them) and different forms of cancer. Therefore, tRNA
modifications could serve as means of diagnosis and/or prognosis of cancer. One
example is Mammostrat, a tool used to stratify patients with early-stage breast
cancer into groups having risks of a relapse following treatments with tamoxifen, in
order to inform treatment decisions (e.g. if chemotherapy would be additionally
recommended or not) (Bartlett et al. 2010). This prognostic tool measures the levels
of five genes (i.e. gene signature), one of which is the tRNA methyltransferase
homolog 2A (TRMT2A, also known as HTF9C), predicted to be responsible for the
formation of 5-methyluridine at positions 42 and 54 of several tRNAs (Towns and
Begley 2012).

Another study compared high-resolution genome copy number variation in
microsatellite-stable colorectal tumours to identify susceptibility loci (Berg
et al. 2010). Ten genomic loci were identified, comprising about 500 protein-
coding genes, as markers for susceptibility to early-onset colorectal cancer. More-
over, combined genomics and transcriptomics allowed for the identification of a
gene signature of 7 genes that correlates with an increased risk for colorectal
cancer. One of these signature genes was TRMT10A (also known as HRGOMTD?2;
see above) (Berg et al. 2010).

The monitoring of gene signatures involving tRNA modification enzymes for
diagnosis or prognosis of disease is not restricted to cancer. Najmabadi and col-
leagues have performed homozygosity mapping, exon enrichment and next-
generation sequencing in 136 consanguineous families and have identified
50 novel genes with potentially pathogenic variants for intellectual disability. Two
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of these genes encode for tRNA modification enzymes: TRMTI1 and ELP2
(discussed above) (Najmabadi et al. 2011). Similarly, a study identified genes related
to folate metabolism that are involved in the aetiology of spina bifida. One of the
4 novel genes described in that work was TRDMT1 (DNMT?2) (Franke et al. 2009).

Just like genes encoding for tRNA modification enzymes can be monitored to
predict or evaluate the development of human diseases, measuring the levels of
tRNA modifications themselves can prove useful. The measurement of the levels of
Q34 in human lung cancer and normal lung tissue from different patients correlated
well with the grade of tumour malignancy and was suggested to be a viable
approach to predict patient survival (Huang et al. 1992). Given that other types of
cancer also show Q34 hypomodification (see above) (Vinayak and Pathak 2010), it
would not be surprising if a similar approach for quantification of Q34 could be
applied for prognosis of other cancer types. Likewise, measurement of ms> mod-
ification on tRNALyS(UUU) by a quantitative PCR technique proved useful to
monitor the activity levels of CDKALI1 and assess the risk of developing type
2 diabetes (Xie et al. 2013). Moreover, analysis of total RNA extracted from human
peripheral blood samples showed lower levels of ms® modification in individuals
carrying the CDKALT1 genotype associated to T2D that correlated with lower levels
of insulin secretion (Xie et al. 2013).

Even though to date there are few cases reported of successful analyses of tRNA
modifications and tRNA modification genes to diagnose and monitor different
human diseases, the mounting evidence is strong enough to establish a proof of
principle. It is therefore not difficult to imagine that other strategies will emerge
soon. These can involve using already available data (e.g. if TRMT1 and ELP2
regulation is associated to intellectual disability, maybe measuring the levels of m*
»G and mem>U/nem>U could serve as well as molecular markers for this disease) or
by performing further ‘omics’-based screenings for novel candidate genes in
different pathological scenarios. Moreover, as technology progresses, these find-
ings will result in further high-throughput, cost-effective and minimally invasive
methods for monitoring disease, as already described for breast cancer
(i.e. Mammostrat) or T2D (i.e. quantitative PCR method from peripheral blood
samples).

3.2 Potential Therapeutic Treatments

Developing drugs for therapeutic applications is often harder than developing tools
for diagnosis and prognosis of a disease. However, there is some evidence in the
literature of potential approaches that could be helpful for the treatment of complex
human diseases based on the biology of tRNA modifications.

For some pathologies, the desired drug effect would be to reduce the levels of
tRNA modifications. As discussed above, different types of cancer show high levels
of tRNA methylation (Kerr and Borek 1973). Azacytidine, a cytosine analogue, has
been developed as a drug for epigenetic cancer therapy through the inhibition of
DNA methylation. However, azacytidine, which is commonly used for treatment of
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myeloid leukaemia, was also shown to specifically inhibit m°C38 formation on
tRNA™P by DNMT2 (Schaefer et al. 2009). Demethylation of m°C38 on tRNA®*P
in myeloid leukaemia cell lines correlated well with azacytidine, and it has there-
fore been proposed as a suitable novel molecular marker for azacytidine response
(Schaefer et al. 2009). Inhibition of tRNA methyltransferase activity can also be
achieved by using different types of adenine analogues, some of which are cytoki-
nins (Wainfan and Borek 1967; Wainfan and Landsberg 1971). In fact, adenine
analogues have been proposed as effective compounds for treatment of acute
myeloid leukaemia (Honma 2003), while cytokinin ribosides were reported to
impair cell viability (Casati et al. 2011).

Another strategy to reduce the levels of tRNA modifications is to directly
knockdown tRNA modification enzymes. An example of this approach is the
downregulation of NSUN2, shown to inhibit Myc-induced keratinocyte prolifera-
tion and to reduce the growth of human squamous cell carcinoma in mice in a dose-
dependent manner (Frye and Watt 2006). Likewise, downregulation of HABHS
(ALKBHS) was suggested as a new therapeutic strategy to target urothelial carci-
nomas (discussed in Sect. 2.2) (Shimada et al. 2009). The same knockdown
approaches could be used also for other tRNA modification enzymes such as
TRMT12, which is amplified in breast cancer tumours (Rodriguez et al. 2007).

In other cases the desired effect of drugs would be to restore the levels of tRNA
modifications. The method to achieve this will be dependent on the type of tRNA
modification and the type of tRNA modification enzyme. Enhancing tRNA
methyltransferase activity could be useful in patients of neurological disorders
caused by mutations in FTSJ1, TRMT10A, TRMT1, WDR4, etc. This could be
accomplished by using hormone treatments. As an example, the levels of N2 and
N2-dimethylguanine in uteri could be recovered upon addition of estradiol in
ovariectomized rats (Sharma et al. 1971).

A completely different mechanism would be the one involving the Q modifica-
tion. As discussed above, queuine is not readily synthesized by eukaryotes and need
to be obtained via different mechanisms in order to produce Q (see above). Queuine
has been proposed as an anticarcinogenic agent (Vinayak and Pathak 2010).
Externally administered Q reduces cell proliferation in vitro and in vivo probably
due to restoration of Q-tRNAs (Pathak et al. 2007). In this scenario, the absence of
Q-tRNAs could be due to deficiencies in conversion of queuine into Q; however,
the lack of Q-tRNAs could also be due to poor activity of the TGTase, reduced
uptake of queuine or dysfunctions in the queuine salvage system (reviewed in
Vinayak and Pathak 2010). Therefore, different therapeutic strategies can be
devised depending on the affected molecular mechanism for the generation of
Q-tRNAs.

An interesting approach to restore tRNA modification is the one currently being
pursued for the treatment of FD. It is possible to correct aberrant splicing of
IKBKAP transcripts by using different types of compounds. Kinetin, a plant cyto-
kinin, is one of the most promising candidates for treating this disease. Patients
homozygous for the FD splice mutation were treated with 23.5 mg/kg/day kinetin
for 28 days and presented an increase in wild-type IKBKAP mRNA expression in
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leukocytes (Axelrod et al. 2011). Other small molecules are also being investigated
as splice-correction agents for treating FD including epigallocatechin gallate (found
in green tea), genistein and daidzein (present in soy) and tocotrienols (members of
the vitamin E family) (Anderson et al. 2003a, b, 2012; Anderson and Rubin 2005).
Importantly, combined treatment using these compounds was shown to have
synergistic effects on IKBKAP mRNA splicing correction (Anderson et al. 2003a,
2012). The exact molecular mechanism for the efficacy of these small molecules to
correct splicing is unclear. A kinetin responsive sequence element has been mapped
at the 5'-splice site of IKBKAP exon 20; and the actual FD mutation on I[KBKAP
was not required for kinetin activity (Hims et al. 2007). In the case of
epigallocatechin gallate, the compound was shown to downregulate the protein
HNRNP A2/B1 that promotes the preferential use of the intron distal 5’-splice site
that is selected when generating the IKBKAP mRNA mutant splice variant (Ander-
son et al. 2003a). It is conceivable that in the future other small molecules with the
ability to correct the FD splicing defect will be described, as well as other splice-
correction strategies such as the use of oligonucleotide analogues conjugated to
cell-penetrating peptides to mask splicing sites (Betts et al. 2012).

A more dramatic approach to restore tRNA modification levels would be to
re-express/overexpress the wild-type versions of tRNA modification enzymes fol-
lowing gene replacement therapies in those cases where patients contain mutations
on genes encoding for such tRNA modification enzymes. As mentioned before,
re-expression of HTRMO9L showed promising potential for controlling tumour
growth in a colorectal carcinoma model (see Sect. 2.2) (Begley et al. 2013).
Given that gene expression usually needs to be carefully controlled, this kind of
approach will probably be more effective when replacing enzymes that are believed
to be constitutively active physiologically. This could be applied to the
overexpression of wild-type ADAT3 to correct the intellectual disability and
strabismus phenotypes (Alazami et al. 2013). It is believed that hetADAT activity
is saturated in cells given that apparently tRNAann) seems to be fully modified to
134 (Torres et al. 2014b).

Restoring tRNA modifications associated to mitochondrial-linked diseases
opens a whole new set of different therapeutic approaches. MELAS patients are
unable to modify mt-tRNALeu(UUR) with Tm°U34 (see Sect. 2.4). Recovery of
MELAS phenotypes could be observed in a lung carcinoma cybrid cell line bearing
a mutation in the anticodon sequence of the mt'tRNALeu(CUN) gene (the other
isoacceptor of mt-tRNALe“(UUR)). This mutant resulted in a mt-tRNALe“(CUN)
having the anticodon UAA (the same anticodon as mt-tRNALe“(UUR)) instead of
its wild-type anticodon UAG. Notably, this mutant tRNA was found modified with
tm>U34 and was therefore capable of decoding UUG codons (Kirino et al. 2006).
This shows that a potential therapeutic strategy against MELAS is to overexpress a
related mt-tRNA™" isoacceptor bearing the anticodon of mt-tRNALe“(UUR), which
can be modified to Tm’U34.

Additionally, the MELAS mutation on tRNALe”(UUR) was also shown to reduce
the levels of aminoacylation for this tRNA, and overexpression of the human
mitochondrial leucyl-tRNA synthetase (LeuRS) in cells carrying such MELAS
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mutation recovered respiratory function in a dose-dependent manner (Park
et al. 2008; Li and Guan 2010). Park and colleagues showed that, under these
conditions, cells showed increased steady-state levels of tRNALe”(UUR), but the
fraction of aminoacylated tRNALe”(UUR) remained unchanged. Likewise, rates of
mitochondrial translation where not increased either in MELAS cells
overexpressing LeuRS. The phenotypic recovery observed in these cells was
instead attributed to an increase in protein stability (Park et al. 2008). On the
contrary, Li and Guang found that overexpression of LeuRS improved
aminoacylation efficiency, mt-tRNA stability and mitochondrial translation
(Li and Guan 2010). These observations propose yet another therapeutic strategy
to treat MELAS, although the molecular mechanism behind the phenotypic recov-
ery is controversial.

Finally, we should also mention mitochondrial gene replacement therapy as
means to overcome human diseases associated to mutations in the mitochondrial
genome. While this is a sensitive approach due to potential ethical reasons (‘three-
parent in vitro fertilization’), the technique has already been successfully applied,
using the spindle transfer method, in nonhuman primates resulting in healthy
offspring (Tachibana et al. 2009). Furthermore, initial studies, using the same
mitochondrial gene transfer method, have been reported in human oocytes with
promising results (Tachibana et al. 2013). However, even if this approach is taken
further into the clinic, it will serve to prevent the transfer of mitochondrial-linked
diseases to a child but will not serve to cure existing patients with mitochondrial
pathologies.

Clearly, new therapeutic strategies will emerge as our understanding of the
molecular and cellular mechanisms triggered by tRNA modification misregulation
improves. As exemplified above (see Sect. 2.1), inhibiting angiogenin during
embryogenesis could recover some of the phenotypes observed in brain from
NSUN2-deficient mice by preventing the accumulation of 5'-tRNA halves derived
from tRNAs lacking m°C (Blanco et al. 2014). It is likely that unexpected or
non-canonical mechanisms (e.g. mechanisms beyond aberrant protein translation)
play important roles in these different pathologies, and while it will take some time
to fully unravel them, they will be key to developing further therapeutic approaches
to treat tRNA modification-linked diseases.

4 Conclusions and Perspectives

The knowledge on the roles that tRNA modifications play in human diseases is
increasing at a very fast pace. This is opening a whole new and exciting field for
research and for development of novel therapeutics. However, in order to exploit its
full potential, several key aspects still need to be addressed.

We need to improve our insights into the biological functions of tRNA modifi-
cations. For example, a direct role for different types of tRNA modifications on
protein translation is often assumed. Not only those potential roles need to be
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experimentally verified, but also it is important to understand the extent to which
protein fidelity and/or efficiency is affected when tRNAs are hypo- or
hypermodified. Further, a key question is whether in pathological scenarios general
protein synthesis, or only a subset of genes, is affected (Novoa and Ribas de
Pouplana 2012). Moreover, tRNA modifications may be important for
non-canonical functions of tRNA, such as those performed by tRNA fragments
(Durdevic and Schaefer 2013; Anderson and Ivanov 2014). Therefore, we also need
to keep an open mind and take into account that some of the observed cellular
phenotypes could be due to non-canonical functions of tRNAs driven by the
modulation of tRNA modifications.

In addition, there is a need for novel model systems to study tRNA modifica-
tions. The vast majority of the published research on tRNA modifications has been
carried out in vitro, in bacteria, in lower eukaryotes and, to a less extent, in
mammalian cell lines. In many cases, the data obtained using these models cannot
be extrapolated to in vivo systems; and in fact our knowledge of tRNA modifica-
tions in metazoans is scarce. Therefore, it is critical to develop in vivo models to
study tRNA modifications, especially mammalian models. This will not only
expand our understanding of the biological functions of tRNA modifications but
also will serve as models for the design of tRNA modification-based therapeutics.
In this regard, mouse models have been developed to study the function of IKAP
(familial dysautonomia) (Dietrich et al. 2012) and NSUN2 (neurological disorders)
(Blanco et al. 2014). Other animal models (Caenorhabditis elegans, Drosophila
melanogaster and Danio rerio) have also been used to study, for example, other
members of the elongator complex (Chen et al. 2009; Simpson et al. 2009).

Lastly, it will also be essential to design new technologies that would allow for
proper detection and quantification of tRNA modifications. Fortunately, for some
modifications, this is being achieved successfully. Detection of m’C at
transcriptomics scale can be performed using methylation individual-nucleotide
resolution cross-linking and immunoprecipitation (miCLIP) or 5-azacytidine-medi-
ated RNA immunoprecipitations (Aza-IP) (Hussain et al. 2013; Khoddami and
Cairns 2013). Direct sequencing of tRNAs (tRNAseq) is still very challenging,
but novel strategies are being developed that allow for more efficient quantification
of tRNA species (Pang et al. 2014) and detection of tRNA modifications (lida
et al. 2009; Torres et al. 2015). For example, the levels of 134 on human tRNAs
were successfully monitored, using tRNAseq, in human cell lines upon
downregulation of ADAT2 (Torres et al. 2015). Finally, techniques based on
HPLC coupled to mass spectrometry are also being developed and have been
already proven useful to study the dynamics of a diverse set of tRNA modifications
in yeast tRNAs upon cellular stress (Chan et al. 2010). Altogether, it is likely that
new technologies will soon allow for strong detection and quantification of tRNA
modifications in a cost-efficient and high-throughput manner.

From a strictly therapeutic point of view, the challenges are even higher. On the
one hand, the value of tRNA modification-based tools for diagnosis and prognosis
will largely depend on the technologies available to detect and quantify tRNA
modifications (see above). Moreover, the models that could be used to develop
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these tools will have to closely mimic pathological scenarios. In this regard, using
patient-specific induced pluripotent stem cells (iPSCs) could prove valuable, an
approach that has already been tried to model familial dysautonomia (Lee
et al. 2009). Likewise, cancer models could be recapitulated using iPSCs and
differentiated cells derived from them. On the other hand, the therapeutic strategies
based on modulating tRNA modifications will have to be carefully controlled.
Many tRNA modification enzymes seem to play different roles in different tissues
(Table 1). For example, NSUN2 deficiency in the brain leads to neurological
disorders (Abbasi-Moheb et al. 2012; Khan et al. 2012; Martinez et al. 2012;
Fahiminiya et al. 2014), while its overexpression in the skin or breast has oncogenic
potential (Frye and Watt 2006; Pierga et al. 2007; Frye et al. 2010). Therefore,
developing tissue-specific targeting drugs will be key for success.

We have previously predicted that in the future ‘epi-tRNAomes’ (quantification
of the tRNA pool and the evaluation of the modification levels) will be used in
personalized medicine (Torres et al. 2014a). We believe that this will become a
reality with the advent of cost-effective technologies that combines mass spectrom-
etry, transcriptomics and proteomics and the parallel development of strong bioin-
formatics that will allow for the rapid and efficient analysis of large datasets.
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Abstract Transfer RNAs (tRNAs) play a key role in translating genomic informa-
tion and regulating gene expression. tRNA cleavage is an evolutionarily conserved
phenomenon serving versatile functions in different organisms. The size distribu-
tion and abundance of tRNA-derived fragments suggests that tRNA modifications
play important roles in mechanisms that regulate tRNA cleavage and degradation.
Here, we discuss the importance of posttranscriptional modifications in controlling
processing of tRNAs and describe the functions of tRNA-derived fragments in cell

physiology and pathophysiology.
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1 Introduction

Chemical modifications play an important role in the regulation of biological
processes and in the modulation of gene expression. Cellular RNAs can be chem-
ically modified in over a hundred ways (Klungland and Dahl 2014; Wang and
He 2014). These modifications play active roles in biological processes and
can be either stable (static) or reversible (dynamic). RNA modifications are
energy consuming and complex; they require a significant cellular investment
(RNA-modifying enzymes account up to 10 % of cellular proteins (Anantharaman
et al. 2002)). Transfer RNAs (tRNAs), ancient RNA molecules (Parisien
et al. 2013), have the most chemical modifications. Over 90 different structural
modifications can be found in an average tRNA with length of 75-90 nucleotides
(Machnicka et al. 2014). Importantly, tRNA posttranscriptional modifications are
critical for many, if not all, tRNA functions (El Yacoubi et al. 2012).

tRNA modifications are linked to the roles that tRNAs play in protein synthesis
(El Yacoubi et al. 2012; Kirchner and Ignatova 2015; Phizicky and Alfonzo 2010;
Phizicky and Hopper 2010; Raina and Ibba 2014). As an adaptor molecule that
helps the ribosome synthesize proteins by decoding nucleotide triplets thereby
linking nucleotide information on the mRNA to amino acid sequence, tRNAs are
important for correct and efficient mRNA translation. tRNA modifications stabilize
structure, which is critical to determine tRNA quality and, consequently, turnover
and its ability to participate in protein synthesis. If unmodified, tRNA can be
charged with a near-cognate or non-cognate amino acid leading to mistranslation
of the corresponding mRNA codon. Such mistranslation causes introduction of
non-coded amino acid into a protein that may, in turn, affect protein stability or
create a harmful/toxic protein variant. Similarly, tRNA modifications are also
important in the codon—anticodon interactions and regulation of wobble base
pairing. These interactions are necessary to prevent mistranslation and frameshift-
ing errors on mRNA (Giege 2008; Phizicky and Hopper 2010).

Beyond the canonical function in protein synthesis, tRNAs are also implicated in
a number of other biological processes including cell survival, apoptosis, cell
signaling, metabolism of amino acids and porphyrins, and stress response programs
(Raina and Ibba 2014; Phizicky and Hopper 2010). The list of such functions
continues to grow; the role of tRNA modifications in such processes is also well
documented. Interestingly, with the development of high-throughput sequencing
technologies, it has become apparent that tRNAs are a rich source of small
non-coding RNAs (ncRNAs), and these tRNA-derived ncRNAs are produced by
specific and regulated cleavage (Anderson and Ivanov 2014; Gebetsberger and
Polacek 2013). Depending on the organism and the ribonuclease, specific RNA
modifications can promote or inhibit tRNA cleavage. Here, we review the role of
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tRNA modifications, discuss tRNA cleavage as a biological phenomenon and the
roles of chemical modifications in tRNA cleavage, describe functions of tRNA-
derived fragments in different organisms, and summarize the current thinking about
the biological and clinical significance of such fragments.

2 Posttranscriptional Processing of tRNAs

2.1 General Remarks on tRNA Processing, Maturation,
and Fragmentation

tRNA biogenesis is a complex process (Fig. 1). In all organisms, tRNAs are initially
produced as longer transcripts that must undergo 5’- and 3’-end trimming and
chemical modifications to form mature molecules. In bacteria, several tRNA
cistrons (often as a part of an operon) are first transcribed to generate long
polycistronic RNA that are subsequently processed into smaller tRNA-containing
RNAs. In contrast, the majority of eukaryotic tRNA genes are transcribed as
independent units by RNA polymerase III.

The formation of mature 5’-ends of tRNA in all domains of life (bacteria, archaea,
and eukarya) is dependent on the ribonuclease P (RNase P), a unique RNA-based
enzyme. The formation/trimming of the 3’-end is more complex and requires either a
single endoribonuclease (such as RNase Z in mammalian cells) or a group of endo-
and exoribonucleases (such as cooperative actions of RNase E and RNases T and/or
D in E. coli). Depending on the organism, the universal 3'-CCA end can either be
encoded in the tRNA gene (as in E. coli) or added posttranscriptionally by a
CCA-adding enzyme (such as TRNT1 enzyme in mammalian cells). Finally, some
eukaryotic tRNA genes also contain introns, which are spliced out from the precursor
tRNA (pre-tRNA). Ligation of the 5'- and 3’-exons can go through two different
mechanisms, but the relative contribution of either mechanism is still a matter of
debate (Chakravarty et al. 2012; Desai et al. 2014; Mair et al. 2013; Paushkin
et al. 2004; Popow et al. 2011; Tanaka et al. 2011) (Fig. 1A). In the first mechanism,
RtcB (HSPC17 or C220rf28) works as an RNA 2’,3’-cyclic phosphate and 5'-OH
ligase to directly mediate exon ligation (Popow et al. 2014). In the second mecha-
nism, CLP1 (the only identified RNA kinase) associates with the tRNA-splicing
endonuclease (TSEN) complex to phosphorylate 3'-tRNA exons and facilitate fur-
ther ligation. Molecular details of CLP1-facilitated ligation of tRNA exons are
unknown (Weitzer and Martinez 2007). Mature tRNAs have a 5’-monophosphate
and 3'-CCA charged with the cognate amino acid. All nuclear-encoded eukaryotic
tRNAs have four base-paired stems (in 5'-3’-direction: D arm, anticodon arm, T-arm,
and acceptor stem) bridging the conserved D-loop, tRNA-specific anticodon loop,
variable loop (V-loop), and T-loop (also known as Twy-loop) (Fig. 1). This linear
sequence folds into a cloverleaf-shaped secondary structure and L-shaped tertiary
structure (Figs. 1 and 2).
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Fig. 2 Distribution of posttranscriptional modifications in tRNA. Comparative analysis of the
distribution and frequencies of tRNA modifications (based on the MODOMICS database). (a)
Consensus tRNA secondary structure, distribution and frequencies of tRNA modifications in an
average tRNA (based on the sequences/information of 602 tRNAs). (b) Distribution and frequen-
cies of tRNA modifications in bacterial tRNAs. (¢) Distribution and frequencies of tRNA modi-
fications in eukaryotic tRNAs. The secondary tRNA structure is presented in the cloverleaf form
with universal numbering system. Color-coded system is shown to demonstrate the modification
frequencies (in %) at a given position on tRNA molecule

In all studied organisms, tRNA molecules are heavily modified (Machnicka
et al. 2013) (Fig. 2). Initially, tRNA molecules are transcribed with canonical U,
A, G, and C bases. Later, the nucleobases and ribose sugars at selected positions are
chemically modified by a system of enzymes to form a different chemical structure.
In fact, a large fraction of the genome (up to 10 % of the protein-coding genes in a
given genome) (Anantharaman et al. 2002) is dedicated to metabolic and enzymatic
pathways that ensure proper posttranscriptional modification of tRNAs, highlight-
ing the importance of tRNA modifications. First, nucleoside modifications have
structural roles to support formation of the correct L shape. Second, many tRNA
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modifications are involved in promoting interactions with multiple members of
translation machinery (aminoacyl tRNA synthetases, ribosomes, translation initia-
tion, and elongation factors). These interactions are critical to support translation
accuracy and efficiency, and modifications necessary for such interactions are
essential for life. Third, specific modifications protect tRNA from degradation
and increase stability/half-life of the molecule. Lack of such modifications can
cause tRNA decay by one of the tRNA surveillance pathways (Alexandrov
et al. 2006). Finally, the importance of many nonessential tRNA modifications
(deletion of such modifications does not result in any obvious phenotype under
normal conditions) is only revealed under specific conditions such as acute stress or
suboptimal growth conditions (Gu et al. 2014; Sarin and Leidel 2014). These
modifications link tRNA metabolism to the control of gene expression in response
to stress and regulation of cell survival.

Another important aspect of tRNA metabolism and turnover is “tRNA fragmen-
tation,” the generic term describing both controlled (regulated) cleavage into
discrete and stable tRNA fragments (tRFs, discussed below) and natural degrada-
tion into unstable RNA degradation intermediates of variable lengths (Anderson
and Ivanov 2014; Durdevic and Schaefer 2013; Gebetsberger and Polacek 2013;
Kirchner and Ignatova 2015; Martens-Uzunova et al. 2013; Mleczko et al. 2014;
Shigematsu and Kirino 2015; Sobala and Hutvagner 2011). Because of the high
abundance of tRNA in cells (constituting 3—10 % of all cellular transcripts), the
presence of different tRFs is well documented. What is lacking are the molecular
details of tRNA fragmentation initiation and termination, but it is clear that the
presence or absence of specific RNA modifications influences this process.

2.2 tRNA Modifications

Modifications in tRNA are abundant and universal (Fig. 2). To date, 80-90 mod-
ified nucleosides have been identified in tRNAs of different organisms, and new
ones are still being discovered. Certain modifications are also conserved in the
smallest free-living organisms [such as Mycoplasma genitalium (Fraser
et al. 1995)] and organelles of eukaryotic organisms [mitochondria and plastids
(Machnicka et al. 2014; Suzuki et al. 2011)]. The majority of modifications are in
the D stem-loop at the positions 16—18 and 20; the anticodon stem-loop (ASL) at
the positions 34 and 37; the T stem-loop at the positions 54, 55, and 58; and the
variable loop at the positions 4647 (Fig. 2A). There are an average of eight
modifications per tRNA molecule (derived from viruses, archaea, eubacteria,
fungi, plants, animals, as well as mitochondria and chloroplasts) (Phizicky and
Alfonzo 2010; Sprinzl and Vassilenko 2005) and 11-13 modifications in the
average human tRNA (Saikia et al. 2010) (Fig. 2).

Some modifications are evolutionarily conserved across all three kingdoms of
life (Fig. 2A). It is generally believed that modifications in the T- and D-loops are
crucial for tRNA structure and stability, whereas modifications in ASL are required
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for codon—anticodon interactions. The modifications can be broadly subdivided into
three categories. The first category represents the group of modified nucleosides
that are highly conserved in the majority of tRNA species (from different organ-
isms) for both their position within the tRNA and their chemical identity. These
modifications are introduced by evolutionarily conserved enzymes and includes
conserved modifications in D-loop (such as dihydrouridine (D) and 2'-O-
methylguanosine (Gm)) and in T-loop (such as pseudouridine (y) and
5-methyluridine (mSU)). These residues are especially critical for tRNA folding,
structure, and stability. The second category includes modifications that are con-
served for their position (e.g., many hypermethylated uridines at position 34 or
many methylated purines at position 37 of ASL) but not for their chemical structure.
Despite their very diverse chemical identities, the functions of the modified nucle-
osides in these positions are similar and devoted to the accurate decoding of the
mRNA codons by the ribosome during protein synthesis. The third category of the
modified residues includes all other modified nucleosides scattered throughout
tRNA that have no evolutionarily conserved positions, and often represent simple
chemical alterations (such as pseudouridines or methylated at base or ribose). The
modification enzymes of the second and third categories are diverse and often
organism specific.

The most prevalent modification found in tRNA is pseudouridinylation, which is
introduced by isomerization of uridine and its selected derivatives (y is found in
approximately 25 % of all modified positions). Pseudouridine at position 55 is the
most common site-specific tRNA modification (found in almost 85% of all
sequenced tRNAs (Machnicka et al. 2013)) (Fig. 2). Other frequent modifications
are represented by dihydrouridine and 2'-O-methyl derivatives of G, A, C, and
U. Interestingly, some positions on tRNA have never been experimentally found to
be modified (based on the modification profiles from 602 sequences provided by
Modomics RNA modification database (Machnicka et al. 2013)). These are nucle-
otides at positions 5, 11, 23, 24, 33,42, 43, 45, 53, 59, 62, 63, and 73. The absence
of modifications at these sites may be necessary for correct tRNA folding, and
introduction of bulky modifications at these positions may influence conformational
dynamics. The universal 3'-CCA is also unmodified, as well as many positions in
the V-loop. The number of modified positions in eukaryotes (Fig. 2C) seems to be
higher than in bacteria (Fig. 2B), archaea, viruses, and organelles (mitochondria
and plastids), although a larger set of tRNA sequences is needed to fully support this
conclusion.

Recent data suggest that certain tRNA modifications are dynamic and adaptive
to stresses (Gu et al. 2014). Based on the elegant and highly accurate mass-
spectrometric approaches to identify the spectra of tRNA modification coupled
with genome-wide codon bias analysis (Begley et al. 2007; Cai et al. 2015; Chan
et al. 2012; Patil et al. 2012a, b; Rezgui et al. 2013; Su et al. 2014), the Begley and
Dedon laboratories introduced an emerging concept on the roles of RNA modifi-
cation in the regulation of gene expression in response to environmental changes.
They provide the evidence that tRNA modifications (specifically tRNA methyla-
tion) influence gene expression by modulating mRNA translation. The initial
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evidence came from a study showing that yeast cells sense stress (such as alkylating
stress) and promote selective translation of codon-biased mRNAs by a dynamic
change in the levels of a specific modification (nCm>U) at the wobble position of
selected tRNAs (tRNAAEUCY) apd (RNAMUYO) by (RNA methyltransferase
9 (Trm9) (Begley et al. 2007). This modification modulates tRNA-mRNA pairing
and allows more efficient binding to the cognate mRNA codon. Such Trm9/mecm’®
U-sensitive mRNAs are enriched with specific arginine and glutamic acid codons
and encode DNA damage response proteins; their overexpression leads to the
upregulation of DNA damage defense mechanisms against alkylating stress. In
subsequent studies, it was shown that such tRNA modification-specific regulation
of translation is generally applicable to many other stress conditions (Begley
et al. 2007; Cai et al. 2015; Chan et al. 2012; Patil et al. 2012a, b; Rezgui
et al. 2013; Su et al. 2014). Moreover, stress-induced tRNA reprogramming
(by modulation of diverse tRNA modifications) works in concert with codon
usage patterns in specific transcripts (so-called modification tunable transcripts
(MoTTs)) to regulate gene expression in a stress-specific manner. These studies
suggest unique roles of dynamic tRNA modifications in cell physiology, stress
response, and cell survival.

2.3 Role of tRNA Modifications in tRNA Cleavage: Targets
or Antidotes?

Cleavage of tRNA is an evolutionarily conserved phenomenon found in most, if not
all, organisms. tRNA cleavage parallels the existence of stress-induced tRNA
ribonucleases (tRNases), ancient enzymes that are part of the “immune system”
of simple unicellular organisms (Ivanov and Anderson 2011). These RNases are
used to defend host cells from the invasion of viruses or non-self unicellular species
(biotic stresses). Subsequently, such stress-induced tRNases have evolved to par-
ticipate in a variety of other biological processes. Expression and activities of these
tRNases are under tight control under normal optimal conditions; they are induced
only under specific stress stimulus. This is achieved by several molecular control
mechanisms including physical sequestration of tRNases within membrane-bound
organelles (e.g., nuclei), secretion into the extracellular environment, or inactiva-
tion by specific RNase inhibitors. Stress-induced activation of tRNases allows rapid
alterations in tRNA levels that can profoundly affect cellular physiology due to the
high abundance of tRNA in cells.

The relationship between tRNA cleavage and a biological process that is regu-
lated by a tRNA modification is best described in prokaryotic systems. Escherichia
coli (E.coli) tRNA-specific endoribonuclease PrrC (EcoPrrC) is activated in
response to bacteriophage infection (such as T4 phage) (Kaufmann 2000). In
uninfected cells, this RNase is physically associated with an enzyme complex
representing the host DNA restriction-modification system Ecoprrl (encoded by
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prrA, prrB, and prrD genes of prr operon), a classical defense system that limits
and/or prevents virus spreading in a bacterial population (Levitz et al. 1990; Tyn-
dall et al. 1994). Upon T4 phage infection, a phage-encoded peptide (Stp) binds
to the Ecoprrl complex to inactivate it (Amitsur et al. 1989, 1992, 2003). The
Stp-mediated inactivation of the host restriction-modification system is then sensed
by the cell activating the PrrC ribonuclease. In turn, activated PrrC targets bacterial
tRNAM*UYY and cleaves directly 5’ of a modified wobble uridine residue
(5-methylaminomethyl-2-thiouridine (mN’s?U)) within the anticodon loop (Jiang
et al. 2001, 2002). By depleting the tRNA™* pool, PrrC disables both cellular and
bacteriophage protein synthesis leading to cell suicide. Bacteria sacrifice individual
members of a population, thus preventing the bacteriophage from spreading to
adjacent bacteria. Interestingly, T4 phage counteracts this tRNA cleavage-mediated
host defense by expressing an RNA repair system (consists of a phage RNA ligase
and kinase) that re-ligates cleaved tRNA fragments (Amitsur et al. 1987). Similar
antiviral PrrC-like RNases may be a common defense mechanism in diverse micro-
organisms, since PrrC homologues are widely found in diverse bacterial species.

Additional examples of tRNA cleavage-based strategies to promote survival
under adverse conditions are observed in other unicellular organisms. Suboptimal
growing conditions stimulate competition between different microorganisms for
limited resources. In order to survive, some bacteria and fungi secrete specific
toxins (ribotoxins) into the surrounding environment to trigger irreversible growth
arrest and/or death of non-self species. For example, certain strains of the dairy
yeast Kluyveromyces lactis secrete a heterotrimeric protein toxin that inhibits
growth of non-self-yeast species such as Saccharomyces cerevisiae (Jablonowski
and Schaffrath 2007; Keppetipola et al. 2009; Lu et al. 2008). This killer toxin
(zymogen) consists of a-, f-, and y-subunits encoded on cytoplasmic episomes that
are subject to cytoplasmic inheritance (Jablonowski and Schaffrath 2007). The a-
and P-subunits of the secreted zymogen facilitate transport of the cytotoxic
y-subunit into the cytoplasm of target cells by interaction with the cell wall of
susceptible yeast cells. In the cytoplasm, y-toxin functions as an anticodon tRNase.
The cleavage is highly specific to tRNAs possessing a unique
5-methoxycarbonylmethyl-2-thiouridine (mCm’s’U) residue at wobble position
34 of the anticodon loop. Recognition of this modification provides a molecular
basis for y-toxin-specific cleavage (Lu et al. 2008), as y-toxin selectively cleaves
tRNACHUYO HRNALYSUUY “and tRNASMUYS petween positions 34 and 35, all
of which contain mCm’s*U. As a consequence, y-toxin depletes pools of functional
tRNAS™, tRNA™*, and tRNA" to promote growth arrest of target cells and
eliminate other yeast cells from competing for limited resources.

The bacterium E. coli uses a similar y-toxin-like strategy to limit the propagation
of competitor species. Some E. coli strains carry Col plasmids that encode micro-
bicidal proteins called colicins (Cascales et al. 2007), a functionally diverse group of
toxins. Typically, both the toxin and antitoxin (“immunity”) genes are encoded in a
single gene cluster. The antitoxin binds to colicin and inhibits its activity. Expression
of colicin gene clusters is tightly regulated by the SOS response, a major prokaryotic
stress response program activated by DNA damage (Cascales et al. 2007). Specific
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colicins (e.g., colicins D, E3, and E5) are ribonucleases/ribotoxins (Masaki and
Ogawa 2002; Ng et al. 2010; Ogawa et al. 2006). Secreted colicins can translocate
across the membrane of sensitive E. coli strains (“competitors”), which do not
possess the immunity gene, resulting in colicin-induced translational repression
and growth inhibition. While colicin E3 is a 16S ribosomal RNA-specific RNase
(Ng et al. 2010), colicins D and ES are tRNases targeting anticodon loops (Masaki
and Ogawa 2002; Masaki et al. 1997; Ogawa et al. 2006). Colicin E3 binds to the
A-site of the 70S ribosome and cleaves between nucleotides A1493 and G1494,
causing translational arrest (Ng et al. 2010). Colicin D specifically targets
isoacceptors of tRNA8, while colicin ES specifically cleaves tRNAs containing
the modified nucleotide queuosine in the wobble position of the anticodon loop.
Queuosine-containing substrates are tRNATYQUA) RNAHISQUG) RNAANQUD)
and tRNAMPQUO (Masaki and Ogawa 2002; Masaki et al. 1997; Ogawa et al. 2006).

The use of selective tRNases that recognize specific modifications in specific
tRNAs (Fig. 3) provides an example of a successful strategy used by unicellular
organisms to outcompete/eliminate non-self species during unfavorable growth
conditions (colicins, y-toxin). In addition, a similar strategy that targets their own
tRNAs is used by other bacteria to defend against the spread of viral infections (e.g.,
“altruistic suicide” by PrrC).

Other unicellular organisms also utilize tRNA cleavage-based strategies as part
of their stress response program to alter cell metabolism and promote cell survival.
The protozoan Giardia lamblia is an intestinal parasite that survives adverse
environments by differentiating from a vegetative trophozoite to a dormant cyst
(Adam 2001). During encystation, global tRNA cleavage in the anticodon loop of
multiple tRNA species is observed (Li et al. 2008), which causes a limited (less than
20 % of tRNA are cleaved) decrease in global translation. This decrease is, how-
ever, sufficient to promote dramatic changes in gene expression and depress
metabolism causing cells to enter the dormant stage of the protozoan life cycle. A
similar tRNA cleavage phenomenon is described in the protozoa Tetrahymena
thermophila (Lee and Collins 2005), the bacterium Streptomyces coelicolor (Haiser
et al. 2008), and the fungi Saccharomyces cerevisiae (Thompson et al. 2008;
Thompson and Parker 2009a) and Aspergillus fumigatus (Jochl et al. 2008) in
response to stress and/or during differentiation to a resting state. With the exception
of budding yeast, where RNase T2 acts as tRNase (Thompson and Parker 2009a), in
all the abovementioned cases, the stress-induced tRNases have not been identified.
The roles of chemical modifications in the anticodon loops of tRNA substrates are
also unclear and await future investigations.

Although certain ribonucleases such as RNase T2 family members are widely
distributed and found in viruses, bacteria, protozoans, fungi, plants, and animals
(Deshpande and Shankar 2002; Luhtala and Parker 2010), the RNase A family
members are vertebrate specific (Cho et al. 2005; Lander et al. 2001). All RNase
A family members are small secreted proteins, with a range of ribonucleolytic
activities and cellular functions. Within the RNase A superfamily, RNase 5 or
angiogenin (ANG) is the only member found outside of mammalia (Cho et al. 2005)
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Fig. 3 tRNA modification and tRNA cleavage. Positions of the tRNA modifications known to
impact tRNA cleavage are shown either in red (attract tRNase, promote tRNA cleavage) or green
(antagonize actions of tRNase, inhibit tRNA cleavage). Note that the same position on tRNA (e.g.,
at the wobble base, position 34) can be either “pro-cleavage” (in the case of mCm’S*U, mNm’S?
U, and queuosine modifications; see also dotted box for specific tRNases) or “anti-cleavage”
(in the case of m°C modification). The methylation of cytosines (m>C) at positions
38 (by DNMT?2) and/or 34, 48, and 49 (by NSUN2) inhibits tRNA cleavage by ANG. The m'A
modification at the position 58 (modification by TRM6/TRM61 methyltransferases) is required for
proper tRNA folding. It is typically buried within the L-shaped structure of a tRNA but becomes
exposed during oxidative stress. Exposure of m'A may then promote a conformational change in
tRNA that makes it more susceptible to ANG-mediated tRNA cleavage. Hypothetically,
non-oxidized m'A promotes tRNA stability and antagonizes ANG-mediated tRNA cleavage

and is a stress-induced tRNA-specific ribonuclease with unique cellular functions
(Fett et al. 1985).

ANG expression is stress-regulated and increased by hypoxia and acute inflam-
mation (Hartmann et al. 1999; Nakamura et al. 2006; Olson et al. 1998). Different
stresses including heat shock, UV irradiation, and oxidative stress activate
angiogenin to cleave tRNA (Fu et al. 2009; Yamasaki et al. 2009). The mechanism
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of ANG activation is not clear but it likely involves stress-induced inactivation of
the ribonuclease/angiogenin inhibitor RNHI, angiogenin translocation from
nucleus to cytoplasm, or both mechanisms. Angiogenin targets the anticodon loop
of mature fully processed tRNA to produce 5'- and 3'-halves with lengths of ~30
and 40 nucleotides, respectively (Fu et al. 2009; Yamasaki et al. 2009). These tRNA
fragments have been designated as tiRNAs (5’- and 3’-tiRNAs, respectively) or
tRNA-derived, stress-induced small RNAs (Yamasaki et al. 2009; functions of
tiRNAs are discussed in details below). Similar to the tRNA cleavage mediated
by Rnyl in yeast, angiogenin cleaves only a minor (1-5 %) fraction of tRNA
without preferential cleavage of individual tRNA species or their isoforms
(Fu et al. 2009; Thompson et al. 2008; Thompson and Parker 2009b; Yamasaki
et al. 2009).

Recent data from fly (Drosophila), mouse, and human cells showed that tRNA
modifications affect stress-induced tRNase activities. Specifically, methylation
of cytosine (m°C) at position 38 by the methyltransferase DNMT2 inhibits
ANG-mediated cleavage of tRNA targets (Schaefer et al. 2010; Tuorto
et al. 2012). Similarly, m’C modification by other methyltransferase, NSUN2, in
the ASL and V-loop (positions 34 and 48-50, respectively) also inhibits
ANG-mediated tRNA cleavage (Blanco et al. 2014; Tuorto et al. 2012). Finally,
m'A modification at position 58 in the T-loop, which stabilizes the L-shape of
tRNA, is also implicated in ANG-mediated tRNA cleavage (Mishima et al. 2014).
This modification is sensitive to oxidative stress, and under stress conditions, tRNA
conformational changes expose m'A promoting tRNA cleavage by ANG (Mishima
et al. 2014).

All these data show that select modifications in tRNAs affect RNA cleavage.
While some modifications are required for tRNA cleavage, others antagonize this
process (summarized in Fig. 3). Further investigations are required to decipher
molecular details connecting specific modifications to the regulation of an
endonuclease-induced tRNA cleavage.

3 tRNA-Derived Fragments

Identification of novel ncRNAs derived from tRNAs, known as tRNA-derived
fragments, has recently gained significant attention (Anderson and Ivanov 2014;
Durdevic and Schaefer 2013; Gebetsberger and Polacek 2013; Kirchner and
Ignatova 2015; Martens-Uzunova et al. 2013; Mleczko et al. 2014; Shigematsu
and Kirino 2015; Sobala and Hutvagner 2011). Some of these fragments are derived
from precursor tRNA molecules; others from mature cytoplasmic tRNAs. Certain
fragments are constitutively produced, whereas others are only produced under
specific conditions. Here, we will review the biogenesis and functions of tRNA
fragments and discuss their potential roles in the pathobiology of human diseases.
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3.1 Diversity of tRNA-Derived Fragments
3.1.1 tRNA Halves and tiRNAs

tRNA halves are produced by specific cleavage in the anticodon loop forming
30-35 nucleotide 5'-tRNA and 40-50 nucleotide 3’-tRNA halves (Fig. 4). Under
optimal conditions, small quantities of these fragments are present in cells (Kawaji
et al. 2008; Saikia et al. 2012; Schutz et al. 2010). It is likely that the majority of
these are splicing intermediates from intron-containing tRNAs. Knockout of Clpl,
an RNA kinase necessary for tRNA maturation, greatly increases the numbers of
these fragments from intron-containing tRNAs (Hanada et al. 2013; Popow
et al. 2011). It is unknown if these fragments have biologic activity. In contrast to
tRNA halves formed as splicing intermediates, tiRNA expression is induced in
response to cellular stress (e.g., oxidative stress, heat shock, or UV irradiation)
(Emara et al. 2010; Fu et al. 2009; Ivanov et al. 2011a; Saikia et al. 2012; Yamasaki

5'-tRF 3-CCAtRF

Alternative
cleavage site

5'tiRNA 3'tiIRNA

5'tRNA-half 3'tRNA-half
Fig. 4 Processing of mature tRNA into tRNA fragments (tRFs). Processing of mature cytoplas-
mic tRNA. Mature tRNA can be cleaved in the anticodon loop by angiogenin (ANG) to produce
5’- and 3/-tRNA halves (or 5'- and 3’-tiRNAs, respectively). Dicer-dependent cleavage of tRNA in
the D-arm of tRNA results in the production of small tRNA fragments, 5'-tRFs. Similarly,
cleavage in the T-arm by Dicer or ANG results in the production of tRFs containing CCA at
their 3’-ends (so-called 3'-CCA-tRFs). Both 5'-tRFs and 3'CCA-tRFs may also be processed from
5’- and 3/-tRNA halves, respectively (dashed arrows). Alternative cleavage site to produce shorter
forms of 5’-tRFs is also shown (red arrow)
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et al. 2009); they are produced from mature tRNAs by ANG-mediated cleavage
within the anticodon loop. Despite the differences in their biogenesis, cytoplasmic
tRNA halves and tiRNAs are probably the same molecules and these terms can be
used interchangeably.

ANG is a predominantly nuclear protein; however, it is also found in the
cytoplasm in complex with RNHI [reviewed in Li and Hu (2012)]. During the
stress response, ANG translocates from the nucleus to the cytoplasm, dissociates
from RNHI1, and cleaves cytoplasmic tRNA into 5'- and 3’-tiRNAs (Yamasaki
et al. 2009) (Figs. 3 and 4). It is tempting to speculate that cleavage of mature
tRNAs would have drastic antagonistic effects on the rate of cellular translation.
However, cleavage of tRNAs by ANG does not elicit this effect because only a
minor fraction (<5 %) of the tRNA pool is cleaved (Fu et al. 2009; Saikia
et al. 2012; Yamasaki et al. 2009). When cells are treated with recombinant ANG
in the absence of cellular stresses, global translation is reduced by 10-15%.
Strikingly, protein synthesis is similarly reduced when cells are transfected with
ANG-induced tiRNAs, suggesting that the tRNA fragments, rather than the tRNA
cleavage, inhibit protein synthesis. Transfection of 5'-tiRNAs, but not 3'-tiRNAs,
inhibits translation in cultured cells (Emara et al. 2010). Moreover, 5’-tiRNAs
derived from tRNA®® and tRNA®Y® (5/-tiRNA™® and 5/-tiRNA®Y, respectively)
provoke the greatest reduction in translation (Ivanov et al. 2011a, 2014).

An alternative, two-step mechanism of tiRNA biogenesis has been proposed by
Czech et al. (2013). In their model, in response to oxidative stress, ANG first
cleaves the conserved CCA-end, thereby removing any associated amino acids.
Following this reaction, the anticodon loop is cleaved by ANG, and tRNAs with
removed CCA ends can be resurrected by re-addition of the CCA trinucleotide
by TRNT1. While very attractive, this work is based only on in vitro studies and
awaits in vivo confirmation. This mechanism relies on an unidentified cyclic
phosphohydrolase as ANG cleavage leaves a cyclic 2’-3’ phosphate (Fig. 4)
which is not a viable substrate for TRNT1-mediated CCA addition in humans.
While some CCA-adding enzymes from prokaryotes are able to add CCA trinucle-
otides to 2'-3’ phosphates [reviewed in Xiong and Steitz (2006)], this activity has
not been demonstrated in humans.

ANG-mediated tRNA cleavage is a highly regulated process. Which tRNAs are
cleaved is highly dependent upon the intensity and type of cell stress (e.g., oxidative
stress vs hypertonic stress) (Saikia et al. 2012). It is important to note that the
relative abundance of tiRNAs does not mirror that of their parental tRNAs. It is not
known if this is due to specific cleavage of a subset of tRNAs or differential stability
of various tiRNAs. The basal cellular translation rate can affect the production of
tiRNAs. When cells are treated with inhibitors of translation (e.g., cycloheximide),
cleavage of tRNAs is reduced together with translation, suggesting that ANG has
better access to tRNA when protein synthesis is active (Saikia et al. 2012). In
agreement with this hypothesis, ANG is found in polysomes (the pool of actively
translating ribosomes) (Pizzo et al. 2013).

A subset of bioactive tiRNAs inhibits translation by interfering with the assem-
bly of the elF4F cap-binding complex that is required for canonical translation
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initiation. eIF4F is a multi-subunit complex composed of eIF4E, eIF4A, and elF4G
(Jackson et al. 2010; Pestova et al. 2001; Sonenberg and Hinnebusch 2009). In
addition to elF4F, eIF4E is also found in a complex with eI[F4E-BP. While
formation of eIF4F on m’GTP-capped mRNA promotes translation, assembly of
elFAE:eIF4E-BP on capped mRNA prevents translation. Bioactive tiRNAs specif-
ically target eIF4F but not eIF4E:eIF4E-BP. A terminal oligoguanine (TOG) motif
located at the 5’ end of 5-tiRNA™? and 5'-tiRNA®* is required to displace the
elFAF complex and inhibit translation (Ivanov et al. 2011a). The addition of a TOG
motif to an inactive 5'-tiRNA, such as 5'-tiRNAM®', endows eIF4F displacing
properties. Inhibition of translation initiation by 5'-tiRNAs induces the assembly
of stress granules (SGs) (Emara et al. 2010; Ivanov et al. 2011a), dynamic cyto-
plasmic RNA foci that possess adaptive and pro-survival functions. SGs contain
mRNA with stalled 48S pre-initiation complexes bound by specific RNA-binding
proteins and signaling molecules (Anderson and Kedersha 2008, 2009; Ivanov
et al. 2011b; Kedersha et al. 2013). SGs are typically formed upon activation of
stress-sensing serine/threonine kinases that phosphorylate serine-51 of elF2a
(Donnelly et al. 2013), a molecule that regulates the integrated stress response to
coordinate cell adaptation and survival under stress conditions [reviewed in (Baird
and Wek 2012; Dey et al. 2010; Kroemer et al. 2010)]. Inhibition of translation
through phosphorylation of elF2a results in global translational arrest (Anderson
et al. 2015; Ivanov and Anderson 2013; Kedersha et al. 2013). In contrast, tiRNAs
assemble SGs in a phospho-elF2a-independent manner (Emara et al. 2010; Ivanov
et al. 2011a) suggesting the existence of an alternative route of signaling and SG
assembly. Since ANG-induced tiRNA formation or transfection of tiRNAs only
reduces global translation 10-15 %, it is likely that tiRNAs cause translational
reprogramming rather than total translation arrest.

ANG-induced tiRNAs have been shown to inhibit hyperosmotic apoptosis in
stressed cells by directly binding to cytochrome ¢ (Cyt ¢) (Saikia et al. 2014).
During stress, Cyt ¢ is released from the mitochondria thereby promoting
apoptosome formation and subsequent caspase activation. However, upon binding
to tiRNAs, Cyt c is unable to nucleate the apoptosome and initiate programmed cell
death. Importantly, sequencing of tiRNAs bound to Cyt ¢ suggests that only a
subpopulation of tiRNAs (both 5'-tiRNAs and 3’-tiRNAs, about 20 different spe-
cies) is highly enriched in these complexes. Previous studies have reported that full-
size tRNAs bind Cyt ¢ to inhibit apoptosome formation in vitro (Mei et al. 2010;
Suryanarayana et al. 2012). However, under stress conditions Cyt ¢ preferentially
binds to tiRNAs and not tRNAs in vivo (Saikia et al. 2014). Further studies are
necessary to characterize the composition of Cyt c:tiRNA complexes, sequence/
structural determinants of tiRNAs contributing to complex formation, and also the
specificity of stresses triggering formation of these complexes.

The tRNA cleavage field is still in its infancy (Anderson and Ivanov 2014). The
ability of a subset of tiRNAs to inhibit cap-dependent translation and another subset
to inhibit apoptosis reveals the potential diversity of functions that these small
RNAS possess. The molecular roles for the majority of 5'- and 3’-tiRNAs as well as
their localization, relative abundance, and stability are yet to been determined.
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3.1.2 Diverse tRNA Fragments (tRFs)

A second pervasive class of tRNA fragments has been termed tRFs (tRNA frag-
ments), which are fragments of tRNA or pre-tRNA that are typically shorter than
tiRNAs/tRNA halves (~12-30 nucleotides) (Fig. 4). Within tRFs, there are several
subclasses of tRFs, which are often difficult to classify. Here, we will discuss them
in terms of their biogenesis and whether they are derived from mature tRNA or
pre-tRNA.

In mammalian cells, mature tRNAs can give rise to 5'-tRFs and 3'-CCA-tRFs
that are produced by cleavage of tRNA in the D-loop and in/near the T-loop,
respectively (Fig. 4). 5'-tRFs are 19-21 nt fragments that are formed by cleavage
in the D-arm (Cole et al. 2009; Lee et al. 2009). Like tiRNAs, the abundance of
particular species of 5'-tRFs does not correlate with the parental tRNA. In fact, the
abundance of selected 5'-tRF species (e.g., derived from tRNAsCG™Lys/VavAre) i
HeLa cells is comparable to the levels of abundant microRNAs such as miR-21 or
members of the let-7 family (Cole et al. 2009). Similarly, the abundance of selected
5'-tRFs (e.g., derived from tRNAsCW/Se/bewGIny iy brostate cancer cell lines is
greater than 90 % of the individual microRNAs in these cells (Lee et al. 2009). It
is not clear if these tRNAs are specifically targeted for RNA cleavage or if some
cleavage products are preferentially stabilized. In contrast to tiRNAs formed by
ANG, Dicer is responsible for the RNA cleavage of 5'-tRFs (Cole et al. 2009). Dicer
is a type III endoribonuclease whose best characterized function is in the maturation
of miRNAs (Ghildiyal and Zamore 2009). DROSHA first processes primary
miRNAs into ~155 nucleotide pre-miRNAs. Dicer acts upon this substrate to
produce 20-25 nucleotide mature miRNAs. Structurally, pre-miRNAs fold into a
single stem-loop that is required for processing into mature miRNAs. It is unknown
how Dicer recognizes tRNAs to produce 5'-tRFs. Mature tRNAs range from 70 to
90 nucleotides, with the majority being 72 nucleotides long, significantly shorter
that canonical pre-miRNAs. There is significant base pairing within mature tRNAs,
but they contain four short stem-loops rather than the single long stem-loop found
in primary miRNAs. Alternatively, 5'-tRFs could be processed from larger tRNA
intermediates (e.g., tiRNAs). To further complicate the poorly understood mecha-
nism of 5'-tRF biogenesis, it appears that there also may be a Dicer-independent
mechanism that is less understood than the Dicer-dependent mechanism
(Li et al. 2012).

5'-tRFs are localized in the cytoplasm and associate, although poorly, with
Argonaute (Ago 1-4) proteins that are central to RNA-induced silencing complex
(RISC) function (Pratt and MacRae 2009). It is unknown whether 5'-tRFs play a
direct role in RNA interference (RNAIi), but recently a role in translation inhibition
was proposed (Sobala and Hutvagner 2013). It is reported that selected 5'-tRFs
(3 out of 4 tested) inhibit translation of mRNA reporters in vitro (Sobala and
Hutvagner 2013). The molecular details of this inhibition remain to be determined
but they are proposed to affect translation elongation (Sobala and Hutvagner 2013),
in contrast to 5’-tiRNAs, which inhibit translation initiation (Emara et al. 2010;
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Ivanov et al. 2011a). The universally conserved G18—-G19 dinucleotide at the 3’-end
of 5'-tRF is absolutely required for translation inhibition. Interestingly, this same
mutation in 5-tiRNA*? affects 5'-tiRNA-mediated repression of translation
approximately two-fold (Ivanov et al. 2011a). Similar 5'-tRFs are found in other
domains of life. In archaea, a stress-induced 26-nt 5'-tRF derived from tRNAV¥
similarly inhibits translation elongation. This fragment directly binds 30S small
ribosomal subunit where it inhibits the peptidyl transferase activity of the ribosome
(Gebetsberger et al. 2012). Thus, inhibition of translation by 5'-tRNA fragments
appears to be an evolutionarily conserved phenomenon.

The 3’-CCA-tRFs are formed by cleavage in the T-loop of mature tRNAs and are
characterized by the presence of a universal CCA trinucleotide at their 3’-end
(Babiarz et al. 2008; Haussecker et al. 2010; Lee et al. 2009; Li et al. 2012;
Maute et al. 2013; Yeung et al. 2009) (Fig. 4). Similar to 5'-tRFs, Lee
et al. (2009) reported that the abundance of 3'-CCA-tRFs is comparable to that of
microRNAs. The precise mechanism of 3’-CCA-tRF biogenesis is less clear than
that of 5'-tRFs; like 5'-tRFs, it has been proposed to proceed through both Dicer-
dependent and Dicer-independent mechanisms (Babiarz et al. 2008; Haussecker
et al. 2010; Maute et al. 2013; Yeung et al. 2009). For Dicer-independent mecha-
nisms, it has been proposed that ANG cleaves within the T-arm of tRNAs
(Li et al. 2012). Strictly speaking, 3’-CCA-tRFs could be formed directly from
mature tRNAs or proceed through a tiRNA intermediate. Like 5'-tRFs, selected
3/-CCA-tRFs associate with Argonautes and possess RNAI activities (Haussecker
et al. 2010; Maute et al. 2013).

Mammalian pre-tRNAs may also be used as substrates for tRF formation. tRFs
generated from these precursors may contain 5’-leader, 3'-trailer, or intron-derived
sequences (Fig. 1). The best-studied pre-tRNA-derived fragments belong to
so-called 3'U-tRFs (19-25 nt). Pre-tRNAs include a 3'-trailer that includes a stretch
of 2-6 uridines at its 3’-end to facilitate RNA polymerase III termination
(Haussecker et al. 2010; Lee et al. 2009; Liao et al. 2010). Although biogenesis
of 3'U-tRFs is natural and depends on the RNase Z-dependent cleavage of
pre-tRNA (Lee et al. 2009), one study proposed Dicer-dependent processing
(Babiarz et al. 2008). Surprisingly, 3'U-tRFs are relatively stable molecules that
are concentrated in the cytoplasm (Lee et al. 2009; Liao et al. 2010). These
fragments have been reported to exist in high levels in human embryonic stem
cells and embryoid bodies (Morin et al. 2008). Moreover, the biogenesis of 3'U-
tRFs is proposed to occur in the cytoplasm from pre-tRNA by a cytoplasmic RNase
Z homologue ELAC?2 and might be regulated by cell proliferation (Lee et al. 2009).
It is not clear how pre-tRNAs are exported from the nucleus to the cytoplasm to
produce 3'U-tRFs. In the cytoplasm, 3'U-tRFs bind to Argonaute proteins (prefer-
entially Ago3 and Ago4) and compete with cellular microRNAs and siRNAs for
incorporation into RISCs (Haussecker et al. 2010).

Mammalian intron-containing pre-tRNAs also produce a distinct subset of
relatively stable tRFs (Hanada et al. 2013; Karaca et al. 2014; Schaffer
et al. 2014) (Fig. 1). Some of these tRFs are splicing products of pre-tRNAs
that lack leader and trailer sequences. Although these fragments resemble tiRNAs,
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they are concentrated in the nucleus rather than the cytoplasm. Much larger
tRFs containing 5'-leader sequences followed by the entire 5’-exon of pre-tRNA
(5'-leader-exon-tRF, e.g., produced from pre-tRNA™7A™€) are predominantly
nuclear and induced by oxidative stress in an ANG-independent manner (Hanada
et al. 2013). In some pathological conditions (discussed below), accumulation of
relatively abundant linear introns derived from pre-tRNA is also observed (Karaca
et al. 2014). Splicing of intron-containing tRNAs can generate stable circular RNA
species called tricRNAs (tRNA intronic circular RNAs) (Lu et al. 2015). Circular
RNAs are generated from the introns of pre-mRNAs. However, this process utilizes
Alu repeats and the nuclear spliceosome. As tRNAs are spliced in the cytoplasm by
the TSEN complex, an alternative mechanism must be utilized. Circular RNAs
derived from pre-mRNA introns have been proposed to act as a sink for miRNAs. It
is unknown if tricRNAs are able to function in a similar manner. Additional tRFs
(e.g., derived from pre-tRNA"™Y") containing 5'-trailer sequences followed by a
partial exon (5'-leader-partial-tRF) or 3’-exon followed by 3'-trailer sequences
(3’-partial-exon-trailer) have been reported (Karaca et al. 2014). However, these
fragments are less abundant than intron-containing and 5’-leader-exon-tRFs, and
their functions are unknown (Anderson and Ivanov 2014).

3.2 tRNA-Derived Fragments in Human Health and Disease
3.2.1 tRNA Fragments and Cellular Stress

We and other groups identified that when cells are stressed, ANG cleaves tRNA to
produce tiRNAs (Fu et al. 2009; Mishima et al. 2014; Yamasaki et al. 2009).
Mechanistically, oxidative stress alters tRNA conformation allowing angiogenin
accessibility. Taking advantage of this conformational shift, Mishima
et al. generated an antibody specific to a modified nucleotide, 1-methyladenosine
(m'A) (Fig. 3), which is typically buried within the L-shaped structure of a tRNA
but becomes exposed during oxidative stress. This modification-specific antibody
detects unfolded tRNA, 3'-tiRNAs, smaller tRFs, and free m'A and can be used to
quantify tRNA fragments by ELISA and to visualize oxidative stress by immuno-
fluorescence. The m'A antibody may prove to be a clinically useful tool to detect
oxidative damage by sensing changes in tRNA biology as shown in human and
mouse models of renal ischemia/reperfusion (I/R) injury and cisplatin-mediated
nephrotoxicity. It will be interesting to see whether this antibody will be clinically
applicable.

While Mishima et al. have shown that detection is possible, whether it is feasible
to accurately quantify circulating tRFs using this antibody is unknown. It is known
that tRNA-derived fragments can be found in circulating extracellular vesicles
known as exosomes (Mishima et al. 2014). Additionally, 5'-tiRNAs were found
to associate with 100-300 kDa protein—~RNA complexes in serum. Levels of
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5'-tiRNAs from specific tRNA isoacceptors are altered in response to physiological
changes such as aging and caloric intake (Dhahbi et al. 2013).

3.2.2 tRNA Fragments and Cancer

Cancer is characterized by abnormal and generally uncontrolled cell growth. This
aberrant growth is often marked by increases in translation and the corresponding
machinery. Early studies indicated that tumor tissues turn over tRNA quicker
than noncancerous tissue and that cancer patients and tumor-burdened animals
excrete modified nucleosides (Borek et al. 1977), which are highly enriched in
tRNA. tRNA levels are increased in several cancers or cancer cell lines compared to
corresponding normal controls, including breast and multiple myeloma (Pavon-
Eternod et al. 2009; Zhou et al. 2009). Interestingly, genome-wide tRNA analysis
indicates increases are specific to certain isoacceptors (Pavon-Eternod et al. 2009).
Moreover, overexpression of the initiator tRNA is sufficient to promote cell pro-
liferation and alter cell metabolism by reprogramming gene expression (Pavon-
Eternod et al. 2013). It is unknown whether isoacceptor-specific overexpression
represents a typical cancer pattern or whether such increases are cancer subtype
specific. Whether tRNA overexpression or isoacceptor-specific overexpression is
required for cancer growth is also unclear.

ANG was initially identified based on its ability to stimulate blood vessel
formation in the chicken embryo chorioallantoic membrane angiogenesis assay
(Fett et al. 1985). Since tumors are known to exist in a hypoxic microenvironment,
the increase in both expression and secretion of angiogenin helps tumors adapt to
such conditions by stimulating new blood vessel formation to promote further
tumor growth. ANG is directly involved in tumor growth, and its expression and
secretion are upregulated in many types of cancers (Olson et al. 1994, 1995; Tello-
Montoliu et al. 2006), and its ability to stimulate angiogenesis requires its RNase
activity (Tsuji et al. 2005). Secreted ANG is readily taken up by target cells where it
stimulates cell migration, triggers second messenger production, promotes cell
adhesion, and induces cell proliferation (Gao and Xu 2008). In a striking contrast
to the cancer-associated ANG overexpression, ANG “loss-of-function” mutations
that affect its RNase activity are found in patients with amyotrophic lateral sclerosis
(ALS), a fatal neurodegenerative disease (Greenway et al. 2004, 2006).

While ANG is currently thought to promote proliferation and tumor angiogen-
esis via stimulation of rRNA transcription (Xu et al. 2002), the only known RNA
cleavage target of ANG is tRNAs. Pharmacological targeting of ANG RNase
activity could be clinically useful as it prevents tumor formation in mouse xenograft
tumor models (Kao et al. 2002). While the role of ANG is currently thought to be
due to stimulating rRNA transcription, it is unknown whether ANG-produced
tiRNAs also play a role in promoting tumor growth.

Both tRNAs and ANG are often overexpressed in cancers yet it is unknown
whether this leads to an increase in tRFs or tiRNAs. Several reports indicate that
tRFs are observed in cancers, including prostate cancer and B-cell lymphoma
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(Li et al. 2012; Martens-Uzunova et al. 2012; Maute et al. 2013). Small RNA
transcriptome analysis of prostate cancers indicates potentially differential
processing of tRNA between nonmetastatic and metastatic samples, as tRFs that
are 18-nt and 27-nt in length, respectively, were identified (Martens-Uzunova
et al. 2012). As this is an expanding field, it will be interesting to determine whether
all metastatic tumors have a similar tRF profile and whether tRFs can be used as
biomarkers.

Due to the vast number of potential tRFs, much work is needed to decipher the
functions of the fragments. The few cancer-related studies that have identified
functions of specific tRFs are summarized below:

1. 3'-CCA-tRF (or CU1276), derived from tRNAGly, is produced in a Dicer-
dependent manner and acts as a miRNA in mature B cells. It is downregulated
in B-cell lymphomas to promote malignant cell growth by altering cell prolif-
eration and DNA damage by regulating levels of the DNA replication and repair
protein RPA1 (Maute et al. 2013).

2. 3'U-tRF (or tRE-1001), derived from pre-tRNAS, is produced by cleavage of
cytoplasmic pre-tRNA by ELAC2, a prostate cancer susceptibility gene
(Tavtigian et al. 2001). tRF-1001 is highly expressed in different cancer cell
lines and its levels correlate with cell proliferation and viability of prostate
cancer cells (Lee et al. 2009), yet molecular details are unknown.

3. 3-CCA-tRFs (derived from tRNAMSCTO and (RNALUCAD) were identified in
B-cell lymphomas and are produced in a Dicer-independent manner. Mechanis-
tically, these 3’-CCA-tRFs associate with Ago2 and can direct Ago2-mediated
cleavage of an mRNA reporter (Li et al. 2012). This could potentially have a
role in downregulating retroviral movement within the genome as retroviral
elements and retroviruses (such as HIV) utilize tRNAs to initiate retroviral
genome replication (Das et al. 1995). This appears to be likely for HIV as the
3’-CCA-tRF 18-nt fragment derived from tRNA"™* is enriched in HIV-infected T
cells and is complimentary to the site necessary to initiate retroviral replication
(Yeung et al. 2009).

These studies have found that tRFs may have completely different functions
indicating a clear need for further investigation.

3.2.3 tRNA Fragments and Neurological Disorders

Although not exclusively expressed in neuronal tissues and thought to have an
essential function within all cells, mutations in tRNA metabolism enzymes is a
reoccurring theme in neuro-disorders. The exact mechanistic details remain
unknown but the studies thus far provide an intriguing basis for further
investigation.

Mutations in the ribonuclease ANG have been linked to the neurodegenerative
disorders, Parkinson’s disease and ALS (Greenway et al. 2006; van Es et al. 2011).
Many of the identified mutations decrease ribonuclease activity (Wu et al. 2007),
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and while little work has been done to characterize the function of ANG in neurons,
the loss of ANG activity could promote motor neuron death. Indeed, data from our
lab suggests that ANG and selected 5'-tiRNAs assemble unique G-quadruplex
structures (Ivanov et al. 2014) that are neuroprotective molecules. Delivery of G-
quadruplex-forming 5’-tiRNAs and their DNA analogues protect motor neuron
from stress-induced injuries and promote their survival (Ivanov et al. 2014).

Mutations in the tRNA methyltransferase NSUN2 are linked to intellectual
disorders, syndromic form of intellectual disability (ID), and a Dubowitz-like
syndrome in humans (Abbasi-Moheb et al. 2012; Khan et al. 2012; Martinez
et al. 2012). NSUN2 methylates a subset of tRNAs (Asp, Glu, Gly, His, Lys, and
Val) at cytosine C34 within the anticodon loop and C48/49/50 where the variable
loop meets the T-arm. NSUN2 methylation blocks ANG-mediated cleavage and
therefore loss of NSUN2 promotes accumulation of 5'-tRNA fragments. Phenotyp-
ically, NSUN?2 loss leads to decreased cell size and apoptosis of cortical, hippo-
campal, and striatal neurons (Blanco et al. 2014). Why a mutation in an enzyme that
causes a tRNA modification displays a specific neuronal phenotype is unknown, yet
there appears to be a clear connection between NSUN2, ANG-mediated cleavage,
and neuronal cell death. We hypothesize that the loss of NSUN2-mediated meth-
ylation in target tRNAs leads to the excessive ANG-mediated cleavage and
increased accumulation of tiRNAs that may affect neuron survival.

A mutation (R140A) in the RNA kinase CLP1 is linked to pontocerebellar
hypoplasia (PCH), a group of inherited neurodegenerative disorders. Wild-type
CLP1 plays a role in tRNA splicing and the R140A mutation causes dysregulation
of tRNA levels, accumulation of unspliced pre-tRNAs (Schaffer et al. 2014), and
linear introns (Karaca et al. 2014). Animals (zebrafish and mice) lacking CLP1 or
CLP1 kinase activity display similar phenotypes (Hanada et al. 2013; Karaca
et al. 2014; Schaffer et al. 2014) and accumulate 5’-leader-exon-tRFs (Hanada
et al. 2013). Both CLP1 kinase-dead mice and transfection of a natural CLP1
substrate, 3’-exon of pre—tRNATyr, cause increased sensitivity to oxidative stress
and cell death (Hanada et al. 2013; Schaffer et al. 2014).

4 Concluding Remarks and Perspectives

In contrast to regulatory or structural information encoded by the primary sequence,
RNA modifications expand this information to new horizons. These modifications
can greatly affect RNA stability, conformation, and localization; modulate RNA—
protein interactions; and change/fine-tune RNA functions. Because RNA modifi-
cations require significant cellular energy, their biosynthesis and introduction into
RNA must be responsive to changes in the environment and the nutritional/meta-
bolic cellular status. Since many genetic alterations in RNA modification enzymes
are associated with diverse pathological conditions and disease states, we suggest
that such alterations may lead to aberrant RNA modification changes contributing
to the development of human disease.
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tRNAs are the most heavily modified types of cellular RNA. Emerging concepts
such as tRNA modification-dependent translation reprogramming and/or tRNA
fragment-specific regulation of gene expression suggest that the canonical role of
tRNA, as an adaptor molecule that helps ribosome to synthesize proteins, is
oversimplified. Taking into consideration the large number of tRNA genes [the
human genome contains over 500 genes (Abe et al. 2014; Chan and Lowe 2009;
Parisien et al. 2013)] and the number of possible modifications (80-90 modified
nucleosides are found in tRNAs), we predict that additional functions of tRNAs will
be discovered. We propose that tRNA diversity provides substrates for diverse
classes of tRNA-derived fragments that have important effects on cell physiology
and pathophysiology.

Moving forward, it is clear that we have to overcome a few obstacles to achieve
further progress in this area. A major limitation in the field of tRNA modifications is
the technical challenges inherent to sequencing the highly modified and structured
tRNA molecules to identify the residues, which are actually modified. While
several thousand tRNA genes are available from various genomes, only approxi-
mately 600-700 tRNAs were directly sequenced. The same is true for tRNA-
derived fragments; their cellular repertoire is only partially determined. The recent
advances in tRNA sequencing (tRNA-seq) will be instrumental to overcome such
difficulties (Cozen et al. 2015; Zheng et al. 2015). We also need to generate a wide
set of the high-affinity reagents (antibodies, small chemical molecules) to monitor
and capture specific tRNA modifications.

In conclusion, we are looking forward to discovering the functions of tRNA-
derived fragments, the function of different tRNA modifications, and the roles of
tRNA modifications in regulating tRNA cleavage. Progress in this area of biology
and medicine will provide valuable insights into human physiology and
pathophysiology.
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Abstract Transfer RNA is an adaptor molecule that links amino acids to codons on
messenger RNA. Functional tRNA molecules are produced by posttranscriptional
processing events, such as splicing, end maturation, and chemical modifications of
bases and sugars. More than one hundred types of naturally occurring chemical
modifications of RNA are currently known. This chapter will summarize the recent
advances in our understanding of the sulfur modifications of tRNA and their roles in
cellular functions. The biosynthesis of tRNA sulfur modifications involves unique
sulfur trafficking systems and modification enzymes that eventually result in the
incorporation of a sulfur atom into tRNA. tRNA thionucleosides have been known
for some time to be important for accurate and efficient translation, but more
recently, these modifications and the codon usage bias of genes have been proposed
to control the translation efficiency of specific groups of genes, allowing the
organism to adapt to specific environments. Sulfur modifications of tRNA have
also far-reaching implications for the molecular pathogenesis of human diseases,
and this chapter provides a comprehensive and up-to-date overview of advances in
our knowledge of the mechanisms involved.
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1 Introduction

One of the characteristic features of RNA molecules is their posttranscriptional
chemical modification. In tRNA, more than 90 forms of naturally occurring chem-
ical modification, whose primary role is the fine-tuning of protein synthesis, have
been found. Besides the importance of tRNA modifications for the maturation and
structural stability of tRNA itself, these modifications are also critical for transla-
tion, such as for precise codon recognition and reading frame maintenance, and
providing recognition signals for the translation apparatus (Bjork 1995). The
distribution of RNA modifications and an overview of their biosynthesis pathways
are available from an online database maintained at http://mods.rna.albany.edu/ and
http://modomics.genesilico.pl/.

Among the many modified nucleosides, four kinds of thionucleoside derivatives
are found in tRNAs: 4-thiouridine (s*U) at position 8, 2-thiocytidine (s’C) at
position 32, 2-thiouridine derivatives (xmsszU) at positions 34 and 54, and
2-methylthioadenosine derivatives (ms2x6A) at position 37 (“x” means several
functional groups found in each species) (Fig. 1). The wobble base (position 34)

s o
. X-H,C
o) N
HO o HO o |
HO OH HO OH
siU xm3s2U
NH, HN/)\

HO4 4 HO
g ﬁ 5' A
mRNA 123

s2C ms2x8A 3

Fig. 1 Sulfur modifications in tRNA. (a) Chemical structures of sulfur modifications. s*U
(4-thiouridine), s2C (2-thiocytidine), xm’s2U (5-methyl-2-thiouridine derivatives), and msZx°A
(2-methylthioadenosine derivatives) are shown. (b) Positions of sulfur modifications in tRNA
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of tRNAs for Lys, Glu, and GlIn is universally modified to xmss2U, although
modifications at 5-carbon vary with species. The distributions of thio modifications
at positions other than position 34 vary with species. Modifications in the anticodon
loop (positions 32, 34, and 37) are important for precise codon recognition, while s*
U8 and s”U54 are responsible for ultraviolet (UV) light sensing in bacteria and
thermal adaptation in thermophilic microorganisms, respectively.

In this chapter, I will focus on the recent advances in the functional character-
ization of sulfur modifications in tRNA. For a detailed description of the reaction
mechanisms of modification enzymes, please refer to my previous review (Shigi
2014). Genome-wide analyses in model organisms have revealed the importance of
2-thiouridine in cellular homeostasis, and other studies have deepened our under-
standing of the molecular basis of human diseases whose pathogenesis has been
attributed to deficiencies in tRNA modifications.

2 Distribution and Functional Properties of Sulfur
Modifications

Modifications of the wobble base in anticodon loop of tRNA have a critical role in
precise codon recognition at the ribosome A site. The wobble bases of tRNAs for
Lys, Glu, and Gln are universally modified to xm’s”U (Fig. 1). C5 modifications
vary depending on the species; S5-methylaminomethyl (mnm®) and
5-carboxymethylaminomethyl (cmnm’) are found in bacterial tRNAs,
5-methoxycarbonylmethyl (mcm®) in eukaryotic cytosolic tRNAs, cmnm’ in
yeast mitochondrial tRNA, and 5-taurinomethyl (tm”) in mammalian mitochon-
drial tRNAs (Suzuki 2005). The ribose of xm’s°U tends to adopt the C3'-endo
conformation because of steric hindrance between the bulky 2-thio group and the
2'-OH group of ribose (Yokoyama et al. 1985; Agris et al. 1992). This conformation
of xm’s?U stabilizes base paring with NNA and NNG codons that specify Lys, Glu,
and Gln, while it prevents unwanted base paring with NNC and NNU codons that
specify near-cognate amino acids (Yokoyama et al. 1985; Murphy et al. 2004;
Durant et al. 2005; Johansson et al. 2008; Vendeix et al. 2012; Rodriguez-
Hernandez et al. 2013). xm’s*U34 also has a role in preventing frame shift
(Urbonavicius et al. 2001; Atkins and Bjork 2009; Isak and Ryden-Aulin 2009;
Jager et al. 2013; Tukenmez et al. 2015).

Modifications near the anticodon triplet also have important roles in translation.
2-Methylthio-N®-isopentenyladenosine (ms?i®A) and 2-methylthio-N°-
threonylcarbamoyladenosine (ms*t°A) are found at position 37 in most bacterial
tRNAs that read UNN codons and ANN codons, respectively (Fig. 1). (Recently,
cyclic forms of t°A (ct®A) were reported to be bona fide modifications in many
species of bacteria, fungi, and plants (Miyauchi et al. 2013).) These modifications
may stabilize codon-anticodon interactions (Vacher et al. 1984; Wilson and Roe
1989; Wei et al. 2011) and prevent frame shifts (Urbonavicius et al. 2001). The
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structure of tRNA™ in complex with mRNA in the ribosome clearly showed that
the 2-methylthio group of ms%i®A stabilizes the codon-anticodon interaction by
enhancing stacking interactions with the base of the first nucleoside of the codon in
mRNA (Jenner et al. 2010). In mammals, ms*t°A is found only in cytosolic tRNA
LysWUU) (Wej et al. 2011), whereas ms%i®A is found on several mitochondrial
tRNAs (mt-tRNAs), such as mt-tRNA®, mt-tRNATP, mt-tRNA™", and mt-tRNA
SerUCN) (Weij et al. 2015). s°C is found at position 32 in some bacterial tRNAs
(Fig. 1). In E. coli, s*C32 is found on three tRNA”™ and one tRNAS Y The
structural roles of s”C in translation differ depending on the tRNA species (Jager
et al. 2004).

The modified nucleoside s*U is found at position 8 (and 9) of several bacterial
and archaeal tRNAs (Fig. 1). s*U is unique in that its UV adsorption spectrum has a
maximum around 330 nm, unlike other bases whose maxima are around
260280 nm. Therefore, upon irradiation with near-UV light, the s*U at position
8 cross-links with the structurally close cytidine at position 13, which results in
translation arrest (Carre et al. 1974; Ryals et al. 1982). In this way bacteria can
withstand near-UV light irradiation and survive the harmful effects of this type of
irradiation.

The modified nucleoside 5-methyl-2-thiouridine (m5 szU, also known as
2-thioribothymidine, s°T) (Fig. 1) is found at position 54 in the T-loop of almost
all tRNAs in several thermophilic bacteria (Watanabe et al. 1974) and archaea
(Kowalak et al. 1994). The rigid C3’-endo conformation of m>s?U54 stabilizes the
A-form duplex formed at the interaction site of the D-loop and T-loop. The 2-thio
modification of m°>s*U54 is a partial modification, and the ratio of 2-thiolated tRNA
to non-thiolated tRNA increases with cultivation temperature (Watanabe
et al. 1976; Kowalak et al. 1994). The melting temperature of the tRNA increases
concomitantly with 2-thiolation (Watanabe et al. 1976; Horie et al. 1985), and
2-thiolated tRNAs work more efficiently in translation at higher temperatures
(Yokoyama et al. 1987). Mutants defective in the 2-thio modification of m’s’U54
cannot grow at high temperatures (Shigi et al. 2006a).

3 Biosynthesis Pathways of Sulfur Modification

In many tRNA thionucleoside biosynthesis pathways, the sulfur flows from free L-
cysteine (Fig. 2). A pyridoxal-5'-phosphate (PLP)-dependent enzyme, cysteine
desulfurase, transfers the sulfur atom of L-cysteine to its catalytic cysteine residue
in the form of a persulfide (R-SSH) (Flint 1996; Lauhon and Kambampati 2000;
Lauhon 2002; Nilsson et al. 2002). The persulfides formed on the enzyme are
transferred to downstream sulfur-carrier proteins or domains, before being finally
used by tRNA modification enzymes as sulfur donors. One of the unusual features
of this pathway is the existence of many sulfur-carrier proteins (or domains) that act
as molecular cargos of activated sulfur species, such as persulfide (R-SSH) and
thiocarboxylate (R-COSH). Modification enzymes bind substrate tRNAs and
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activate and transfer the activated sulfur atoms to the target nucleosides (Numata
et al. 2006). Remarkably, these biosynthesis pathways are part of a larger picture
involving other sulfur metabolites, such as the iron-sulfur (Fe-S) cluster, thiamin,
and the molybdenum cofactor (Moco) (Fig. 2) (Schindelin et al. 2001; Settembre
et al. 2003; Hidese et al. 2011). Therefore, each pathway is probably mutually
influenced by other pathways involved in sulfur trafficking as part of a network
(Maynard et al. 2012; Dahl et al. 2013). The detailed mechanisms of sulfur transfer
have been revealed by structure-based analyses of cysteine desulfurase complexed
with sulfur-carrier proteins (Shi et al. 2010) and those of modification enzymes
(Numata et al. 2006; Forouhar et al. 2013; Nakagawa et al. 2013; Neumann
et al. 2014).

The biosynthesis of these thionucleosides can be divided into two groups in
terms of their dependency on iron-sulfur (Fe-S) cluster biosynthesis (Fig. 2). The
biosynthesis of s*U8 and s*U34 in bacteria is not dependent on Fe-S cluster
biogenesis, while the biosynthesis of s’C32 and ms*A37 is dependent (Lauhon
et al. 2004; Leipuviene et al. 2004). s*U8 and s*U34 formation is catalyzed by PP
motif containing ATPases, Thil (Ryals et al. 1982; Mueller and Palenchar 1999;
Kambampati and Lauhon 2000; Mueller et al. 2001) and MnmA (Sullivan
et al. 1985; Kambampati and Lauhon 2003), respectively. Persulfide sulfurs gener-
ated by IscS cysteine desulfurase are relayed by persulfide carriers and are finally
incorporated into target nucleosides by these ATPases. In E. coli and closely related
species, the persulfide is relayed to MnmA by a number of proteins, such as TusA,
TusBCD, and TusE (Ikeuchi et al. 2006), although in Bacillus subtilis, there is no
need for such intermediate carrier proteins (Black and Dos Santos 2015). s°C32 is
formed by TtcA, an Fe-S protein with a PP motif (Jager et al. 2004; Bouvier
et al. 2014). ms*i®A37 and ms*°A37 are formed by Fe-S proteins with the radical
SAM domains, MiaB (Pierrel et al. 2004) and MtaB (Arragain et al. 2010), respec-
tively. The Fe-S clusters are built on a scaffold protein such as IscU, with the sulfur
atoms derived from cysteine desulfurases (Hidese et al. 2011). The Fe-S clusters are
subsequently transferred to these modification enzymes, where they are known to
be oxygen labile. The sulfur atom of s*C32 is derived from cysteine desulfurase
(Bouvier et al. 2014), whereas the sulfur donor for ms>A37 remains to be identified
(Forouhar et al. 2013).



60 N. Shigi

In eukaryotes, s°U34 in cytosolic and mitochondrial tRNAs are formed by
different pathways. In the cytosol, persulfide sulfur generated by cysteine
desulfurase is used to form the intermediate protein thiocarboxylate, URMI-
COSH, whose sulfur atom is suggested to be incorporated into s°U34 by a PP
motif containing ATPase, the NCS6/NCS2 heterocomplex (Esberg et al. 2006;
Bjork et al. 2007; Dewez et al. 2008; Huang et al. 2008; Nakai et al. 2008; Schlieker
et al. 2008; Schmitz et al. 2008; Leidel et al. 2009; Noma et al. 2009). s2U34
synthesis in the cytosol is dependent on Fe-S cluster biosynthesis (Nakai
et al. 2007), although which components of the pathways are Fe-S proteins is
unknown. URM1 was named after “ubiquitin-related modifier 1” and also works
as a posttranslational protein modifier of many cellular proteins (Furukawa
et al. 2000; Goehring et al. 2003), in addition to its role as a thiocarboxylate carrier
for s*U synthesis. The components of the biosynthesis pathway, such as NCS6/
NCS2, are covalently modified by URM1 (Van der Veen et al. 2011), although the
function of urmylation in s*U34 synthesis is unknown. In mitochondria, s*U34
formation is catalyzed by MTU1 (Umeda et al. 2005), a eukaryotic homolog of
bacterial MnmA. The sulfur-carrier protein has not been identified yet, if it exists.

Intriguingly, in a thermophilic bacterium, Thermus thermophilus, s*U54 is
synthesized by a very similar pathway to that of s°U34 in the eukaryotic cytosol.
Thiocarboxylate formed on TtuB (a bacterial homolog of URM1) is used as a sulfur
donor by the modification enzyme, TtuA (a bacterial homolog of NCS6) (Shigi
etal. 2002, 20064, b, 2008). TtuB is also a posttranslational protein modifier and the
active site of TtuA is covalently modified by TtuB, suggesting that the thiolation
activity of TtuA is regulated by TtuB conjugation (Shigi 2012; Nakagawa
et al. 2013).

4 Wobble Modification Affects Global Translation by
Modulating Specific Groups of Genes

The loss of the mem’s”U34 modification from cytosolic tRNA™®, tRNA“™, and
tRNAS™ reduces cellular resistance to high temperature, oxidative stress, and
rapamycin, a Tor-signaling inhibitor, in yeast (Furukawa et al. 2000; Goehring
et al. 2003) and worm (Dewez et al. 2008). The phenotypes can be suppressed by
overexpression of unmodified tRNAs (Leidel et al. 2009), implying that defects in
the translation of Lys, Glu, and Gln codons are responsible for these phenotypes.
Indeed, the mem’s*U34 modification improves the expression of a set of genes
involved in the DNA damage response, telomeric gene silencing, and cell division
in yeast and worm (Begley et al. 2007; Chen et al. 2011; Bauer et al. 2012;
Fernandez-Vazquez et al. 2013; Rezgui et al. 2013). The mRNAs of these genes
have a lot more cognate codons for Lys, Glu, and Gln than other mRNAs (biased
codon usage), indicating that they can be effectively read with mem’s*U34 mod-
ified anticodons (Fig. 3A).
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Fig.3 Functions of anticodon modifications in translation. (A) Anticodon modifications in tRNAs
affect the translation of specific groups of genes whose cognate codons are enriched. (a) The
mRNAs which have a lot more cognate codons for Lys, Glu, and Gln (codon-biased genes) can be
effectively read with modified anticodons. (b) If there are no modifications in the anticodons, only
the translation of codon-biased genes is affected. (B) (a) Anticodon modifications enable efficient
translation, which leads to proper folding of the proteome. (b) If there is no modifications in the
anticodons, slow translation causes misfolding and aggregation of the proteome

Genome-wide ribosome distributions on mRNAs at single-codon resolution
were analyzed in yeast strains lacking 5 or 2 modification of mcm’s*U34
(Zinshteyn and Gilbert 2013) by using the ribosome profiling technique, which
involves deep sequencing of mRNA fragments protected from RNase digestion by
translating ribosomes. Moderate accumulation of ribosomes occurred at AAA
(Lys), CAA (GIn), and GAA (Glu) codons, suggesting that the translation of
these codons is moderately slower in the absence of U34 modifications. Recently,
a similar analysis was also conducted in yeast and worm, which revealed more
pronounced ribosome accumulation at AAA and CAA codons in yeast lacking the
5-mem and/or 2-thio modification of mem’s*U34 and ribosome accumulation at
AAA, CAA, and GAA codons in worm mutants lacking the 2-thio modification of
mem’s”U (Nedialkova and Leidel 2015). Intriguingly, they also found that pausing
of the ribosome in a yeast strain lacking modifications of mcm’s*U34 caused
protein misfolding and aggregation and that overexpression of unmodified tRNAs
reversed the translational pausing and restored the conformational integrity of the
proteome (Fig. 3B). This study clearly shows that optimal codon translation medi-
ated by tRNA wobble modifications is critical for maintaining proteome integrity.
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The importance of the s*°U34 modification under high temperature conditions
has been examined (Alings et al. 2015; Damon et al. 2015; Tyagi and Pedrioli
2015). Proteome analysis of yeast exposed to mild heat stress (37 °C) revealed that
downregulation of NCS6/NCS2 was accompanied by upregulation of heat shock
proteins, a metabolic change from oxidative phosphorylation to fermentation, and
downregulation of translation. The 2-thio modification of mem’s*U34 was
impaired at the elevated temperature, which may have caused the downregulation
of genes with a highly biased content of AAA and GAA codons. The biosynthesis
genes for mem’s?U34, including NCS6, were identified in a screening of genes
required for respiratory growth at elevated temperature (37 °C) in yeast (Tigano
et al. 2015). Because respiratory growth is supported by mitochondria, NCS6
deletion mutants were impaired in mitochondrial translation, as expected. Their
respiratory deficiency was rescued by overexpression of cyto-tRNAM*YYY byt not
by overexpression of tRNA®™ or tRNA®™, Interestingly, AAA codon-rich genes,
such as BCKI and HFM 1, were also efficient in rescuing the phenotype, suggesting
that wobble modifications are important for the efficient translation of genes that
regulate mitochondrial function. This study shows that the cytosolic tRNA modi-
fication pathway affects the cytosolic translation of codon-biased genes, which
eventually affects mitochondrial function.

In yeast, starvation of sulfur-containing amino acids, i.e., cysteine and methio-
nine, leads to a decrease in the modification status of s2U34, which in turn results in
a global reduction in translation and cell growth (Laxman et al. 2013). Lys, Glu, and
GIn codons are overrepresented in genes essential for translation and growth. Cells
respond to availability of sulfur-containing amino acid by using sulfur modification
of tRNAs and their function at cognate codons. Overexpression of these tRNAs did
not rescue the phenotypes of s?U34-deficient mutants in this case.

S Sulfur Modification and Molecular Pathogenesis
of Human Disease

A number of human diseases have been linked to sulfur modifications in tRNAs,
probably because these modifications are indispensable for translation. Abnormal
translation, both in mitochondria and the cytosol, is linked to human pathogenesis.
Mitochondria disease is a symptom of mitochondria dysfunction and mainly affects
tissues in which energy demands are high, such as the brain and skeletal muscle.
More than 100 mutations in mt-tRNA genes on the mt-DNA genome are reported,
but mutations in the nuclear genome resulting in mitochondria disease have also
been reported (Viscomi et al. 2015). MELAS (mitochondrial myopathy, encepha-
lopathy, lactic acidosis, and stroke-like episodes) and MEERF (myoclonus epilepsy
associated with ragged-red fibers) are two representative mitochondria diseases
whose pathogenic mutations reside in the mt-tRNAM"VYR®) gene and mt-tRNA™®
gene, respectively. MELAS and MEERF patients have modification-deficient
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mt-tRNAs lacking the normal 5-taurinomethyl-(2-thio)uridine (tm’(s>)U) modifi-
cation at position 34, which results in inefficient mitochondrial translation
(Yasukawa et al. 2001; Kirino et al. 2004) and eventually clinical manifestations
(Kirino and Suzuki 2005). It is speculated that point mutations outside of position
34 in tRNA may affect the recognition of mutant tRNAs by U34 modifying
enzymes, leading to the loss of the U34 modification.

A number of mutations in the MTUI gene are associated with mitochondria
diseases (Guan et al. 2006; Zeharia et al. 2009; Schara et al. 2011; Uusimaa
et al. 2011; Gaignard et al. 2013). MTU1 (also known as TRMU) is a
mitochondria-specific thiouridylase responsible for the formation of s*U34 on
human mt-tRNA™®, mt-tRNA™, and mt-tRNA®™ (Umeda et al. 2005). Disruption
of the MTUI gene in yeast results in a mitochondrial translation defect as well as
reduced oxygen consumption. Knockdown of MTU! in HeLa cells also results in
reduced oxygen consumption and lower mitochondrial membrane potentials. It is of
note that, in addition to the lack of s*U modification (Umeda et al. 2005), lower
amounts of mt-tRNAs may also contribute to these defects (Wang et al. 2007).

MTU]I mutations (Y77H, exon-3 skip, or G14S) have been mapped in infants
with acute liver failure associated with lactic acidemia (also known as transient
infantile liver failure (LFIT)) (Zeharia et al. 2009). In fibroblasts from these
patients, s2U levels were markedly lower, and these lower levels were associated
with reduced levels of some mt-tRNAs and mitochondrial translation activity. In
patients with another mutation in the MTUI gene (compound heterozygote with
9-bp in-frame and 1-bp insertion in each allele), although s*U levels were markedly
lower, the amounts of mt-tRNAs and mitochondrial translation were normal
(Sasarman et al. 2011). Another MTUI mutation (A10S) associated with mutations
in mitochondrial 12S ribosomal RNA (A1555G) led to lower levels of s°U, reduced
amounts of mt-tRNAs, and lower mitochondrial translation activity (Guan
et al. 2006). MTUI knockdown in myoblasts from a patient with reversible infantile
respiratory chain deficiency (RIRCD), who had a mutation in mt-tRNAS", resulted
in similar phenotypes (Boczonadi et al. 2013). Therefore, lower levels of the s*U
modification caused by the MTU! mutation and other unknown mechanisms may
contribute to the pathogenic phenotypes associated with MTU ! mutations, although
further analysis is required (Armengod et al. 2014).

A characteristic feature of LFIT patients with the MTUI mutation is that those
who survive the initial acute episode can recover and develop normally (Zeharia
et al. 2009). LFIT develops in the neonatal period, in which the availability of L-
cysteine, a sulfur donor for s?U synthesis, is limited. The endogenous synthesis of
cysteine is markedly attenuated, because the rate-limiting enzyme in the
transsulfuration pathway of cysteine synthesis, cystathionase, is very low in this
period (Zlotkin and Cherian 1988). In addition, another source of cysteine,
metallothionein, is also low in this period. Therefore, the authors proposed that
dietary- or metallothionein-derived cysteine in the neonatal period might provide
some protection against LFIT development in people with the MTUI mutation
(Zeharia et al. 2009). This possibility was further tested in in vitro experiments.
Supplementation of MTU 1-deficient fibroblasts with cysteine increased the amount
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of the mitochondrial respiratory complex, although the recovery of 2-thio levels in s
2U of mt-tRNAs was not investigated (Boczonadi et al. 2013).

Oxidative stress in MELAS and MEERF cybrids can induce the upregulation of
microRNA9/9*, which in turn suppress the expression of mitochondrial U34
modification enzymes including MTUI1. Expectedly, s’U34 modification in
mt-tRNA®"™ and mt-tRNA™* is downregulated significantly in the MELAS cybrid,
which possesses a mutant mt-tRNA™"YYR) gene (Meseguer et al. 2015). The
authors speculated that, in addition to the loss of tm’U34 modification in mutant
tRNA™" WUR) - qownregulation of these modification enzymes contributes to the
MELAS phenotype (Kirino et al. 2004).

CDKALI1 and CDK5RAPI are eukaryotic 2-methylthio transferases responsible
for the synthesis of ms*t®A37 in cytosolic tRNA™* (Arragain et al. 2010; Wei
etal. 2011) and ms*i®A37 in mt-tRNA™™, mt-tRNATP, mt-tRNA™", and mt-tRNA
SerUCN) - (Reiter et al. 2012; Wei et al. 2015), respectively. CDKALI and
CDKS5RAPI1 are homologous to bacterial MiaB (Pierrel et al. 2004) and possess
ER- and mitochondria-targeting signals, respectively. Type 2 diabetes (T2D) is the
most frequent form of diabetes and affects more than 350 million people world-
wide. High levels of blood sugar are a characteristic feature of T2D and are caused
by defects in insulin production and insulin resistance. Genome-wide analysis has
revealed that genetic variations of the CDKALI gene are associated with T2D
(Diabetes Genetics Initiative of Broad Institute et al. 2007). Detailed investigations
have been made using CDKALI knockout mice, which recapitulate T2D-associated
phenotypes, such as pancreatic islet hypertrophy, a decrease in insulin secretion,
and impaired blood glucose control (Wei et al. 2011). It is suggested that misread-
ing of a critical Lys codon in proinsulin results in a reduction in glucose-stimulated
proinsulin synthesis. Low insulin secretion was found to be associated with low
levels of ms*t®A37 caused by CDKALI1 mutation in a human blood sample (Xie
et al. 2013), providing additional evidence that ms*°A functions in cytosolic
translation and that a lack of this modification increases the risk of T2D.

A recent study revealed a correlation between mitochondrial activity and the
amount of ms*i®A synthesized by CDK5RAP] in pork tissues (Reiter et al. 2012).
In the muscle and brain, higher cytochrome C oxidase activity, an indication of
increased mitochondrial activity, and higher amounts of ms*°A amounts were
observed. The importance of ms*i®A37 in mt-tRNAs for mitochondrial function
has also been revealed by an analysis of CDK5RAP1 KO mice (Wei et al. 2015).
The 2-methylthio modification in mt-tRNAs was absent and mitochondrial trans-
lation was lower in KO MEF cells and tissues. Importantly, under stress conditions,
the KO mice exhibited symptoms such as myopathy and cardiac dysfunction.
Methylthio modification levels were lower in blood cells from MELAS patients
and H,O,-treated HeLa cells than in those from normal cells. The authors also
observed a correlation between heteroplasmy of mt-DNA and the amount of
methylthio modification in human blood samples from MELAS patients. Because
the mutant cells exhibited heightened oxidative stress (Crimi et al. 2005), the
authors speculated that CDK5RAPI1 was inactivated in these cells via disruption
of the oxidation-liable Fe-S clusters (Pierrel et al. 2004; Arragain et al. 2010).
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Reduced mitochondrial translation may be caused by lower levels of the methylthio
modification in MELAS patients, in addition to the loss of Tm>U34 modification of
mutant tRNA"* YU (Kirino et al. 2004).

6 Concluding Remarks

Considering the importance of sulfur modifications for tRNA function, it is no
wonder that many human diseases have their origins in abnormalities in these
modifications and/or in biosynthesis genes responsible for these modifications.
Intensive characterization of mitochondrial diseases and diabetes whose pathogen-
esis involves alterations in tRNA sulfur modification has led to a deeper under-
standing of the pathogenic mechanisms and opened up the prospect, in some
instances, of medical treatment. In addition, it was also reported that abnormal
expression of NCS6 mRNA is associated with prostate and breast cancer (Yousef
et al. 2004).

Codon usage bias in mRNAs and amounts of each tRNA species differ signif-
icantly between organisms (Maraia and Iben 2014; Quax et al. 2015). Furthermore,
even among individuals, copy-number variations in tRNA genes exist (Iben and
Maraia 2014). These variations may influence the functional importance of modi-
fied nucleosides in each organism; therefore, one should keep this possibility in
mind when analyzing the pathogenic mechanism of the diseases in model systems
(Maraia and Iben 2014). It is also important to investigate whether dysregulation of
gene expression by codon bias and sulfur modifications in higher eukaryotes is
associated with human diseases. There also exists considerable variation in the
biosynthesis pathways of sulfur modifications between species, and there may exist
sulfur-carrier proteins that have not yet been discovered. Mutations or environmen-
tal conditions that affect the sulfur-trafficking network may also be involved in the
development of human diseases.

Although the biosynthesis of sulfur modifications has been extensively studied
over the last decade, the mechanisms involved in the removal of these modifications
have received less attention. Active removal of s*U34 in tRNAs has not been
observed in yeast (Alings et al. 2015). Modification of m®A on mRNA is suggested
to be widely used for posttranscriptional regulation of mRNA with a set of
enzymes: m°A (methyltransferases (writer)), m°A (demethylating enzymes
(eraser)), and m°A (binding proteins (reader)) (Meyer and Jaffrey 2014). In addi-
tion, a recent report describing the in vitro oxidation of s*U has shown that under
oxidative conditions s*U is mainly transformed to 4-pyrimidinone riboside (H,U)
and not to U, and this conversion results in an altered base-pairing mode (Sochacka
et al. 2015). As thionucleosides are considered to be susceptible to oxidation, the
removal or repair of oxidized nucleosides may be important.
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Abstract Thermus thermophilus is a living organism that utilizes changes in the
structural rigidity (flexibility) of the tRNA via multiple nucleoside modifications
for the adaptation of protein synthesis process depending on environmental
changes. Thermus thermophilus grows at a wide range of temperatures
(50~83 °C) and can synthesize proteins in response to changes in the temperature.
Three distinct modified nucleosides (Gm18, m’ szU54, and mlASS) are found in
T. thermophilus tRNA, and the combination of these modifications increased the
melting temperature of tRNA by nearly 10 °C. The extents of these modifications
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were relatively low in tRNA from cells that were cultured at 50 °C but increased
with the rise in temperature, indicating that the regulation of protein synthesis was
temperature dependent. Several common modifications (e.g., m’G46 and ¥55)
exist in T. thermophilus tRNA in addition to Gm18, m>s?U54, and m'A58. These
nucleosides and tRNA modification enzymes form a network, and this network
regulates protein synthesis by controlling tRNA flexibility under a wide range of
temperatures. In this chapter, we describe the regulation of protein synthesis
through the network between modified nucleotides in tRNA and tRNA modification
enzymes in 7. thermophilus and that the studies on eubacterial tRNA modification
enzymes contribute to the medical science.

Keywords Dihydrouridine + N’-Methylguanosine e+ 5-Methyluridine -«
Pseudouridine « tRNA modification enzyme

1 Introduction

Transfer RNA (tRNA) is an adaptor molecule that enables the genetic code of
nucleic acids to be converted to amino acids in protein. In general, tRNA is
composed of 55-95 nucleotides, and the secondary structure can be depicted as
the cloverleaf structure (Fig. 1a). Each nucleotide is numbered from the 5’'-terminus
(Sprinzl et al. 1998). Three nucleotides at positions 34, 35, and 36 form an
anticodon (in the case of Fig. 1a, G34A35A36), which decodes the corresponding
codon in mRNA on ribosome. An amino acid is attached to the 3’-end (CCA
terminus) by the corresponding aminoacyl tRNA synthetase. The tertiary structure
of tRNA is represented as “L-shaped” (Fig. 1b and Robertus et al. 1974; Kim
et al. 1974; Shi and Moore 2000). Many non-Watson-Crick base pairs are formed in
the L-shaped tRNA structure, and these base pairs are called tertiary base pairs.
Tertiary base pairs are essential for the maintenance of L-shaped tRNA structure
and arrangement of the spatial locations between anticodon and CCA terminus. As
shown in Fig. 1a, tRNA contains numerous modified nucleosides. Indeed, more
than 80 % of modified nucleosides were identified from tRNA (Machnicka
et al. 2013). The primary functions of individual tRNA modifications are linked
to the different steps of protein synthesis such as regulation of codon-anticodon
interaction (Takai and Yokoyama 2003), maintenance of reading frame during
protein synthesis (Bjork et al. 1989; Urbonavicius et al. 2001), stabilization of
L-shaped tRNA structure (Motorin and Helm 2010), precise recognition by
aminoacyl tRNA synthetases (Muramatsu et al. 1988; Perret et al. 1990), and so on.
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Fig. 1 (a) Modified nucleosides and responsible enzymes in T. thermophilus tRNAP™ are
depicted on the cloverleaf structure. Full names of modified nucleosides and references are
shown in Table 1. Three nucleotides in anticodon are numbered. (b) The locations of five modified
nucleosides, Gm18, m’G46, m’s?U54, W55, and m'A58, are highlighted by stick models on the
L-shaped tRNA structure

2 Modified Nucleosides in Thermus thermophilus tRNA
and Enzymes Responsible for Such Modifications

Thermus thermophilus is an extreme thermophilic eubacterium that was originally
isolated from Mine Hot Spring in Japan and can grow at a wide range of temper-
atures (50-83 °C) (Oshima and Imahori 1974). Figure la shows the modified
nucleosides in tRNAP™ from T. thermophilus (Grawunder et al. 1992; Tomikawa
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et al. 2010) and the corresponding enzymes responsible for the modifications. The
formal names of the modified nucleosides and the references of these tRNA
modification enzymes are summarized in Table 1. The structures of modified
nucleosides are shown in Fig. 2. In some cases, the biosynthesis pathway of
modified nucleoside includes multiple steps. For example, the biosynthesis of m’s
>U54 requires the methylation by TrmFO and the sulfur transfer reaction by the
sulfur transfer complex (TtuA, TtuB, TtuC, and IscS) (Fig. 1a). Transfer RNA from
T. thermophilus contains three distinct modified nucleosides Gm18, m’s*U54, and
m'A58. These modified nucleosides are assembled at the elbow region in the
L-shaped tRNA structure (Fig. 1b and Robertus et al. 1974; Kim et al. 1974; Shi
and Moore 2000). Gm18-¥55 and G19-C56 tertiary bases are formed between the
D- and T-arms. In the T-loop, the m>s*U54-m'A58 reverse Hoogsteen base pair is

Table 1 Modified nucleosides in T. thermophilus tRNAP™ and references

Abbreviation in

Fig. 1A Name of modified nucleoside Reference

m’G6 N?-Methylguanosine Roovers et al. (2012)

s*U8 4-Thiouridine Mueller et al. (1998)
Kambampati and Lauhon
(1999)

Gml8 2'-0-Methylguanosine Persson et al. (1997)

Hori et al. (1998)
Hori et al. (2002)
Ochi et al. (2013)
D20 Dihydrouridine Bishop et al. (2002)
Yu et al. (2011)
Kusuba et al. (2015)

i°A37 NS-Isopentenyladenosine Caillet and Droogmans (1988)
msi®A37 2-Methylthio-N°- Esberg et al. (1999)
isopentenyladenosine
Pierrel et al. (2004)
Y39 Pseudouridine Kammen et al. (1988)
m’G46 N’-Methylguanosine De Bie et al. (2003)
Tomikawa et al. (2010)
m°U54 5-Methyluridine Urbonavicius et al. (2005)

Nishimasu et al. (2009)
Yamagami et al. (2012)
m’s’U54 5-Methyl-2-thiouridine Watanabe et al. (1976)
Shigi et al. (2006a)
Shigi (2012)

55 Pseudouridine Nurse et al. (1995)
Ishida et al. (2011)
m'A58 N'-Methyladenosine Droogmans et al. (2003)

Takuma et al. (2015)

The abbreviation in Fig. 1A includes the position of each modification. For example, m*G6 means
Nz—methylguanosine at position 6
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Fig. 2 Structures of modified nucleosides in T. thermophilus tRNAF™. The modifications are
enclosed by broken circles. Pseudouridine is synthesized by the isomerization of uridine

formed, and this base pair stacks with the other tertiary base pairs. The m’G46
forms a tertiary base pair with the C13-G22 Watson-Crick base pair in the D-stem.
These tertiary interactions of the modified nucleosides stabilize the L-shaped tRNA
structure. Indeed, the existence of these modified nucleosides increases the melting
temperature of tRNA"™ by nearly 10 °C relative to the unmodified tRNA transcript
(Tomikawa et al. 2010). A high-field proton NMR study suggested that m’s*U54 in
T. thermophilus tRNA mainly contributes to the increase in the melting temperature
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(Davanloo et al. 1979), consistent with the comparison of melting temperatures of
tRNAM'f species from T. thermophilus and Escherichia coli (Watanabe
et al. 1980).

3 tRNA Recognition Mechanism by tRNA Modification
Enzymes

In many cases, tRNA modification enzymes recognize the local structure of tRNA,
in which a structural element(s) such as a stem-loop structure(s) is contained. For
example, TrmH methylates the 2'-OH of ribose of G18 (Persson et al. 1997; Hori
et al. 2002) and recognizes the D-arm structure with two bulges (Hori et al. 2003).
The L-shaped tRNA structure with conserved sequences enhances the activity of
TrmH (Hori et al. 1998). The site where TrmH methylates tRNA is changeable
according to variations in sequences and sizes of the D-arm, and this mechanism
brings the correct 2'-O-methylation of G18 (Ochi et al. 2010). The m’G46 forma-
tion in eubacterial tRNA is catalyzed by TrmB (De Bie et al. 2003). TrmB proteins
from thermophiles have a long C-terminal region (Okamoto et al. 2004), and this
region is required for the accurate recognition of the methylation site by TrmB
(Tomikawa et al. 2008). Thermophilic TrmB recognizes the NNG*NN (the asterisk
represents the methylation site, G46) sequence between two stem-loop structures
(Okamoto et al. 2004). TrmFO, which brings the m>U54 modification, recognizes
the G53-C61 base pair and U54U55C56 sequence in the T-arm (Yamagami
et al. 2012). The sulfur transfer complex for s”U54 modification recognizes the
US55, C56, and A58 in T-arm (Shigi et al. 2002), and the m'A58 modification
accelerates the sulfur transfer reaction (Shigi et al. 2006b). TrmD (Bystrom and
Bjork 1982) recognizes the purine 36G37 sequence in the anticodon-arm-like
microhelix (Brulé et al. 2004; Takeda et al. 2006). TrmlI catalyzes the m'A58
modification (Droogmans et al. 2003) and recognizes C56, purine 57, A58, and
U60 in the T-loop (Takuma et al. 2015). TruB catalyzes the W55 modification
(Nurse et al. 1995) and recognizes the U54US55C56 sequence and A58 in the T-arm
(Gu et al. 1998). D20 and D20a formations in tRNAs from T. thermophilus are
catalyzed by Dus (Kusuba et al. 2015). Although the tRNA recognition mechanism
by T. thermophilus Dus is not completely clarified, a crystal structure of the
Dus-tRNA complex suggests that Dus requires the tertiary interaction between
the D- and T-arms for tRNA recognition (Yu et al. 2011). In the case of eukaryotic
tRNA modification enzymes, several enzymes such as Trm5 [eukaryotic tRNA (m'
G37) methyltransferase] require the tertiary interaction between the D- and T-arms
(Christian and Hou 2007; Goto-Ito et al. 2009). However, the requirement of T- and
D-arm interaction by eubacterial Dus is a rare case in the tRNA modification
enzymes from eubacteria.

The target site for modification is often embedded in the L-shaped tRNA
structure (Fig. 1b). Consequently, in many cases, tRNA recognition by tRNA
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modification enzymes seems to involve multiple steps (initial binding and then
induced fit processes). Indeed, in the crystal structure of archaeosine tRNA-guanine
transglycosylase and tRNA complex, the L-shaped tRNA structure was changed to
the A form (Ishitani et al. 2003), demonstrating the existence of an induced fit
process. Although it is very difficult to prepare intermediate complexes, we recently
analyzed the initial binding and changes in the structure of TrmH by stopped-flow
presteady-state kinetic analysis (Ochi et al. 2010, 2013). TrmH binds to tRNA
within 10 ms in the initial binding process, in which the substrate and non-substrate
(methylated) tRNAs are not distinguished. Methylated tRNA is then excluded from
the complex due to steric hindrance between the methyl groups in the tRNA and S-
adenosyl-L-methionine (methyl group donor) before the induced-fit process occurs.
The advantage of this mechanism is that methylated tRNA does not severely inhibit
the methyl transfer reaction as a competitive inhibitor. Subsequently, in the
induced-fit process, which takes more than 50 ms, G18 is recognized and the ribose
is introduced into the catalytic pocket. Therefore, in the reactions by tRNA mod-
ification enzymes from T. thermophilus (Fig. 1a and Table 1), the L-shaped tRNA
structure seems to be often disrupted.

4 Network Between Modified Nucleotides in tRNA
and tRNA Modification Enzymes in T. thermophilus

4.1 Temperature-Dependent Modifications and Their
Regulation of the Poly(U)-Dependent Poly(Phe)
Synthesis

Figure 3a shows the modification levels of Gm18, m’G46, m’ s2U54, and m'A58 in
class I tRNAs, which contain a regular size variable region, from T. thermophilus
cells that were cultured at various temperatures (Watanabe et al. 1976, 1984; Shigi
et al. 2006b; Tomikawa et al. 2010; Yamagami et al. unpublished results). The
modification level of m’G46 is nearly 100 %, irrespective of the culture tempera-
tures. In contrast, the modification levels of Gm18, m’ s2U54, and m'A58 increase
according to the increase of culture temperatures. Since ¥ modifications are present
in multiple sites in tRNA, we could not measure the level of W55 in class I tRNAs
precisely. However, the levels of ¥55 in tRNAM'f, in which ¥ is present only at
position 55, from the cells cultured at 50 and 80 °C, were near 100 % (Ishida
et al. 2011), suggesting that the modification level of W55 in tRNA is near 100 %
irrespective of the culture temperatures, like m’G46.

The differences of modification levels in tRNAs reflect on protein synthesis
activity (Fig. 3b and Yokoyama et al. 1987). Transfer RNA™ from cells cultured at
80 °C efficiently synthesizes poly(U) at high temperatures (above 65 °C) (Fig. 3b
filled circles). In contrast, tRNAP from cells cultured at 50 °C, in which the levels
of the three modifications are low, works efficiently at low temperatures (Fig. 3b
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open circles). Thus, the levels of three modified nucleosides, Gm18, m’ szU54, and
m'A58, in tRNA, control the elongation of translation via the flexibility of the
tRNA. Under natural conditions, the temperature of hot springs can change dra-
matically due to several factors such as the overflow of hot spring water, snowfall,
and the influx of river water. Therefore, the adaptation of protein synthesis to
temperature change through the regulation of modification levels in tRNA is
required for survival of T. thermophilus.

4.2 Growth Phenotype of the trmB Gene Disruption Strain

At the beginning of the twenty-first century, the mechanisms of regulation of these
modifications (Gm18, mss2U54, and mlA58) remained unknown. Initially, we
assumed that transcriptional and/or translational regulation of the expression of
tRNA modification enzymes was involved in the regulation of the three modifica-
tions. However, unexpectedly, we have observed that the phenomenon can be
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simply explained by the RNA recognition mechanisms of tRNA modification
enzymes (Tomikawa et al. 2010; Ishida et al. 2011). There are common modified
nucleosides such as m’G46 and W55 in tRNA™ as well as Gm18, m’s?U54, and m'
A58 (Fig. 1a). The m’G46 and W55 modifications are catalyzed by TrmB and TruB,
respectively. When the #rmB gene was disrupted, this gene disruption (AtrmB)
strain could not grow at high temperatures (80 °C) (Tomikawa et al. 2010). To
investigate what happened in the AsrmB strain at high temperatures, we tested
growth phenotypes of this strain under several conditions. We found that the
AtrmB strain could survive at 80 °C when the strain was cultured at 70 °C until
the middle log phase. Under this condition, the modification levels of several
modified nucleosides (Gm18, m'!G37, and mss2U54) in class I tRNAs from the
AtrmB strain were clearly low compared to those from the wild-type strain. This
observation was confirmed by in vitro experiments with the tRNA transcript and
purified enzymes. These experimental results provided a first clue to clarify the
network between modified nucleosides in tRNA and tRNA modification enzymes in
T. thermophilus.

4.3 Network Between Modified Nucleosides in tRNA
and tRNA Modification Enzymes at High Temperatures

Until now, we have investigated seven gene disrupt ant strains of 7. thermophilus,
in which the modified nucleoside(s) is absent. Figure 4 summarizes the network
between modified nucleosides in tRNA and tRNA modification enzymes in
T. thermophilus. At high temperature (80 °C), the m’G46 modification functions
as a key factor. Although the m’G46 modification increases the melting tempera-
ture of tRNA™® transcript only by 0.1 °C, the presence of this modification
functions as a marker of precursor tRNA and increases the activity of TrmD (for m
'G37), TrmH (for Gm18), and Trml (for m'A58) (Tomikawa et al. 2010). The m'
A58 modification is a positive determinant for the sulfur transfer complex (TtuA,
TtuB, TtuC, and IscS), which catalyzes the 2-thio modification of m>U54 (Shigi
et al. 2002; Shigi 2012, 2014). As a result, the increased m'A58 modification
increases the s>U54 modification. Therefore, the presence of m’G46 increases the
modification levels of m'G37, Gm18, m'A58, and 2-thiolation of m U54. The
presence of m’U54 accelerates the modification speed of m'A58 by Trml
(Yamagami et al., unpublished results). These effects coordinately contribute to
the stabilization of L-shaped tRNA structure at high temperatures. The stabilized D-
and T-arm interaction is required for effective D20 formation in tRNA™™ by Dus at
high temperatures (Kusuba et al. 2015).
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4.4 Network Between Modified Nucleosides in tRNA
and tRNA Modification Enzymes at Low Temperatures

The presence of W55 modification rigidifies the local structure of tRNA. At a low
temperature (50 °C), this rigidity slows down the formation speed of other modified
nucleosides around W55, i.e., Gm18 by TrmH, s2U54 by the sulfur transfer com-
plex, and m'A by TrmlI (Fig. 4 lower panel and Ishida et al. 2011). At 65 °C, this
effect is weakened, and the presence of W55 does not affect the formation speed of
other modified nucleosides. The m*U54 modification causes similar effects on other
modified nucleosides; however, the effect by m’U54 is considerably weaker com-
pared to that of W55 (Yamagami et al. unpublished results). Furthermore, the
analysis of tRNA"™ from the ArmFO strain, in which m®U54 is absent, suggested
that m°U54 slows down the m*G6 modification by TrmN. However, this phenom-
enon has not been shown by in vitro experiments. In sum, ¥55 and m>U54
coordinately regulate the formation of other modified nucleosides at low
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temperature, with W55 playing the main role. Therefore, in the case of
T. thermophilus, TruB is essential for survival at 50 °C (Ishida et al. 2011).

4.5 Degradation of Hypo-modified tRNA at High
Temperatures

The lack of m’G46 modification in tRNA causes hypo-modifications in the tRNA
through the network. The decrease of modification levels in tRNA decreases the
melting temperature of tRNA and results in the degradation of tRNA™™ and tRNA
L¥s at 80 °C (Tomikawa et al. 2010). The degradation decreases protein synthesis
activity and impairs growth (Fig. 5). Until now, although the degradation of some
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tRNA species is only observed in the A#rmB strain, the absence of sulfur transfer
complex for s°U54 modification and/or TrmI for m'A58 may cause the degradation
of tRNA that is observed in the AfrmB strain. These modification enzymes were
reported to be essential for survival at high temperatures (Shigi et al. 2006b;
Droogmans et al. 2003).

5 Comparison of the T. thermophilus Network
and Degradation of Hypo-modified tRNA with Those
in Mesophiles

In the case of T. thermophilus, the network is a mechanism to maintain the rigidity
(flexibility) of tRNA at a wide range of temperatures. However, consequently, the
network regulates the order of modifications in tRNA. Similar networks between
modified nucleosides and tRNA modification enzymes have also been reported in
mesophiles. For example, the ms*i®A37 modification in E. coli tRNA is required for
the 2'-O-methylation by TrmL (Benitez-Péez et al. 2010; Liu et al. 2013). Further-
more, the biosynthetic pathway of 5-methylaminomethyluridine derivatives at
position 34 is regulated by multiple enzymes (Moukadiri et al. 2014). Moreover,
the Cm32 and Gm34 modifications in S. cerevisiae tRNA™™ are required for the
formation of yW37 from m'G37 (Guy et al. 2012). However, the network in
T. thermophilus is distinct since the modifications are almost all in the three-
dimensional core of the tRNA and the network responds to environmental changes.

It should be mentioned that hypo-modified tRNA is aggressively degraded in
eukaryotic cells. The m'A58 modification is essentially required for cell viability
(Anderson et al. 1998, 2000). The precursor initiator tRNAM®! without m'A58
modification is polyadenylated by the so-called TRAMP complex and then
degraded by Rrp6 and the nuclear exosome (Kadaba et al. 2004). Furthermore, a
yeast double-mutant strain, in which both tRNA (m’G46) methyltransferase and
tRNA (m°C34, 40, 48, 49) methyltransferase genes are disrupted, exhibits a severe
growth defect, and a half-life of tRNA VY is shortened (Alexandrov et al. 2006). The
latter degradation system is called the rapid tRNA decay system (Alexandrov
et al. 2006; Phizicky and Hopper 2010).

6 Studies on Eubacterial tRNA Modifications Contribute
to the Medical Sciences

Finally, it is worthwhile explaining the contributions of studies on eubacterial
tRNA modifications to the medical science fields. Among the tRNA modification
enzymes, tRNA-guanine transglycosylase, which is required for the production of
Q34, and TruB, which generates W55, are essential infection factors in Shigella
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flexneri (Durand et al. 1994) and Pseudomonas aeruginosa (Saga et al. 1997),
respectively. Therefore, the studies on eubacterial tRNA modifications are required
for understanding these mechanisms of infection. Furthermore, several modified
nucleosides in tRNA are generated by different enzymes between eubacteria and
eukaryotes. For example, the m”U54 modification in eukaryote is formed by an S-
adenosyl-L-methionine-dependent tRNA methyltransferase, Trm2 (Nordlund
et al. 2000). In contrast, in almost all gram-positive and some gram-negative
eubacteria, a FAD/folate-dependent tRNA methyltransferase, TrmFO, generates
the m°U54 modification (Urbonavicius et al. 2005). Similarly, the m'A58 modifi-
cation in eukaryotic and eubacterial tRNAs is catalyzed by the Trm6-Trm62
complex (Anderson et al. 2000) and TrmI (Droogmans et al. 2003), respectively.
Furthermore, m'G37 modification in eukaryotic and eubacterial tRNAs is catalyzed
by Trm5 (Bjork et al. 2001; Brulé et al. 2004; Christian et al. 2004) and TrmD
(Bystrom and Bjork 1982), respectively. Moreover, m’G46 modification in eukary-
otic and eubacterial tRNAs is formed by the Trm8-Trm82 complex (Alexandrov
et al. 2002) and TrmB (De Bie et al. 2003), respectively. Given that the m’G46
modification in tRNA is essentially required for infection by the phytopathogenic
fungus Colletotrichum lagenarium (Takano et al. 2006), tRNA (m’G46)
methyltransferase can be the target for drug design. Considering that TrmFO
(Nishimasu et al. 2009; Yamagami et al. 2012), TrmlI (Barraud et al. 2008; Takuma
et al. 2015; Dégut et al. 2016), TrmD (Ahn et al. 2003; Elkins et al. 2003; Liu
et al. 2003; Takeda et al. 2006; Christian and Hou 2007; Ito et al. 2015),and TrmB
(Okamoto et al. 2004; Zegers et al. 2006) are structurally and enzymatically
different from their counterparts in eukaryotes, these enzymes are convincing
targets for drug design of antibiotics. Moreover, the Gm18 modification by TrmH
suppresses immunostimulation through toll-like receptor 7 (Gehrig et al. 2012;
Jockel et al. 2012). Therefore, enterobacteria exploit the Gm18 modification in
tRNA to avoid the host immune system. In addition, given that the Gm18-modified
tRNA acts as an antagonist of toll-like receptor 7 (Jockel et al. 2012), Gm18-
modified tRNA might be an effective anti-inflammatory drug.

Therefore, studies on eubacterial tRNA modification systems can contribute to
medical sciences.
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Abstract Epitranscriptomics is the study of global modification patterns to both
coding and noncoding RNA. Understanding the epitranscriptomic profile of disease
states or individual patients is imperative to understanding human health and
molecular disease pathology. Modifications have long been established as
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important determinants of tRNA stability, dynamics, and ribosome binding and of
maintenance of the translational reading frame. These modifications also serve as
biomarkers for several human diseases, including type 2 diabetes, cardiac dysfunc-
tion, intellectual disability, and skin, breast, and colorectal cancers. Of particular
note, several mitochondrial disorders trace their molecular pathogenesis to
deficiencies in specific tRNA modifications. Pathology can also be attributed to
mutations affecting protein recognition of tRNA substrates. However, protein
recognition of RNA modification is at present an underdeveloped field and the
subject of increasing attention. Epitranscriptomic profiling will be readily achiev-
able with new advances in the detection of RNA modifications by peptides and
mass spectrometry at the attomole level. These technologies will allow for single-
cell analysis of modifications and will serve as a platform for increased sensitivity
for biomarker identification. Thus, RNA modifications are a real-time code to RNA
structure and function that has yet to be deciphered.

Keywords RNA modification « Epitranscriptomics * tRNA modification disease
biomarkers « Emerging RNA modification technology

1 Introduction

Both DNA and proteins undergo dynamic chemical modifications that do not
change the primary polymer sequence, but greatly impact its structural and func-
tional properties (Dominissini 2014; Meyer and Jaffrey 2014). DNA methylation
patterns, as well as methylation, acetylation, phosphorylation, and ubiquitinylation
of histone proteins, play critical roles in determining which genes are expressed
in a cell at any given time (Franckenberg et al. 2012; Paska and Hudler 2015;
Zhang et al. 2015). Dynamic and sometimes reversible modifications to the
ribonucleosides A, G, C, and U add an additional layer of control to RNAs to
regulate cellular processes and allow for rapid response to environmental signals.
In addition, the RNA backbone has six dihedral angles allowing for the flexibility
to adapt an extraordinary array of conformations and flexibility for the many
roles RNA play in controlling gene expression (Moore 1999; Ulyanov and James
2010; Reiter et al. 2011; Lilley 2012; Muto and Yokoyama 2012; Halder and
Bhattacharyya 2013).

Although less well studied than DNA, it is clear that some RNA molecules
are also reversibly modified posttranscriptionally to alter their structural and
functional properties. The most common modifications are methylation and
pseudouridylation. However, there are over 100 different modification chemistries
associated with RNAs; tRNAs can have up to 35 % of their nucleosides modified
(Cantara et al. 2011; Machnicka et al. 2013). RNA modifications have the same
chemistries as those of amino acid side chains (Agris 1996) and have been classified
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as being hydrophobic (aromatic and aliphatic) or hydrophilic (polar, charged, and
transiently charged). The chemical attributes these modifications impart to RNA
include hydrogen bonding and negation of hydrogen bonding, enhanced stacking
and reordering of water, metal ion binding, restraining and enhancing dynamics,
and altering backbone conformation (Agris 1996). The ten proposed chemical
attributes for RNA modifications have been verified, and in general, modifications
affect RNA thermal stability (Ashraf et al. 2000); restrict dynamics (Stuart
et al. 2003; Agris 2008); serve as protein recognition determinants (Sylvers
et al. 1993; Putz et al. 1994; Madore et al. 1999; Agris et al. 2007; Agris 2008;
Hashimura et al. 2009); in tRNAs are requisite for codon binding affinity (Agris
et al. 2007; Agris 2008), codon discrimination (Agris et al. 2007; Agris 2008),
speed of translation (Kruger et al. 1998), and maintenance of the translational
reading frame (Bjork et al. 1999; Urbonavicius et al. 2001; Gustilo et al. 2008;
Maehigashi et al. 2014); and are recognition determinants for aminoacyl-tRNA
synthetases (Freist et al. 1997; Agris et al. 2007; Agris 2008; Gustilo et al. 2008).

In this chapter we will discuss well-known examples of modified RNAs, their
potential biological functions, and the molecular mechanisms by which aberrant
modifications, especially those in highly modified tRNAs, can lead to severe human
diseases. Furthermore, we will discuss the development of increasingly sophisti-
cated technologies with which to detect and study the functional relevance of RNA
posttranscriptional modifications (Fig. 1).

2 Types of Modified RNA

2.1 Messenger RNA Methylation

The study of RNA posttranscriptional modification patterns on a global scale in
cells or tissues is called epitranscriptomics. This term most commonly refers to
analysis of messenger RNAs (mRNAs) and long noncoding RNAs (IncRNAs) for
methylation at the N°® position of adenosine (m°A) (Wang et al. 2014; Liu and Pan
2015; Yue et al. 2015) and (about fourfold less common) methylation at position
5 of cytosine (m°C) (Meyer and Jaffrey 2014). Although m®A modifications were
originally identified in the 1970s in polyadenylated RNAs (Desrosiers et al. 1974;
Yue et al. 2015), global detection of these modifications remained challenging for
decades because normal sequencing techniques first convert RNA into DNA by
reverse transcription, and the m®A modification does not alter A-T Watson-Crick
binding (Dominissini 2014; Meyer and Jaffrey 2014; Liu and Pan 2015; O’Connell
2015; Yue et al. 2015). Furthermore, methyl groups are not chemically reactive and
therefore not easy to label with more readily detectable chemistries (Meyer and
Jaffrey 2014; Yue et al. 2015). More recently, high-throughput sequencing meth-
odologies such as MeRIP-seq (Meyer et al. 2012) or m®A-seq (Dominissini
et al. 2012) to detect methylation sites in mRNAs and noncoding mRNAs have
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Fig.1 RNA modifications serve as contributors to and biomarkers of disease. Specific proteins or
RNA-protein complexes catalyze chemical modifications of RNA, which are essential for proper
RNA folding, dynamics, binding partner recognition, and cellular function. Exciting new technol-
ogies enhancing the detection and analysis of modified RNAs will pave the way for improved
biomarker screening and therapeutic development. tRNA is the representative example pictured
here. Improper modification, as detected by MS, can result in mistranslation and improperly folded
protein

permitted detailed and robust studies of the role of RNA methylation in gene
expression; these emerging technologies will be discussed in more detail at the
end of this chapter.

For chemical modifications to affect dynamic regulation of cellular processes,
there must be “writers” and “erasers” to alter methylation states in response to
environmental changes, as well as “readers” to recognize modifications and alter
downstream events (Fig. 2) (Liu and Pan 2015). While likely not accounting for
all m®A modifications, a methylation complex composed of methyltransferase
like 3 (METTL3), methyltransferase like 14 (METTL14), and Wilms’ tumor
1-associating protein (WTAP) is thought to be a major writer of m®A methylation
(Yue et al. 2015). METTL3 and METTL14 have been shown in vitro to be
methyltransferases, using S-adenosylmethionine as a methyl donor (Liu
et al. 2014). WTAP (not a methyltransferase) is thought to aid in localization of
the METTL3-METTL14 complex to nuclear speckles (Ping et al. 2014). Knock-
down of METTL3, METTL14, or WTAP decreases mC®A modification in mamma-
lian cells (Liu et al. 2014; Meyer and Jaffrey 2014).
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Fig. 2 Dynamic regulation of m°A modification of mRNA in humans. The N° position of
adenosine can be methylated by the METTL3-METTL14-WTAP writing complex and
demethylated by the erasers FTO or ALKBHS. Proteins in the YTH domain family can read the
status of methylation sites in mRNA to regulate mRNA decay, gene silencing, and alternative
splicing

Removal of m®A methylation can be catalyzed by two known demethylases, or
erasers, from the AlkB family of nonheme Fe(Il)/a-ketoglutarate (a-KG)-depen-
dent dioxygenases: fat mass and obesity-associated protein (FTO) and AlkB family
member 5 (ALKBHS) (Zheng et al. 2013; Yue et al. 2015). FTO removal of
methylation sites by oxidation has been demonstrated in vitro, and levels of FTO
in human cells are inversely correlated with m°®A levels: upregulation of FTO
decreases methylation, while knockdown of FTO enhances methylation (Jia
et al. 2011). ALKBHS exhibits similar behavior both in vitro and in vivo (Zheng
et al. 2013). Furthermore, both FTO and ALKBHS localize to nuclear speckles in
human cells (Jia et al. 2011; Zheng et al. 2013), which is the suspected site of
dynamic methylation and processing of transcripts (Yue et al. 2015).

The functional consequence of dynamic methylation/demethylation of mRNAs
is interpreted via methylation reader proteins (Meyer and Jaffrey 2014). Although
methylation is a very small chemical change, a single methyl group can enhance
binding affinity of a protein by >20-fold (Meyer and Jaffrey 2014). Human m°A
reader proteins in the YTH domain family (YTHDF), including YTHDF1
(Xu et al. 2014), YTHDF2 (Dominissini et al. 2012), and YTHDF3 (Dominissini
et al. 2012), have affinities for mC®A-modified RNA between 180 and 520 nM
(Wang et al. 2014). The specific functional roles played by most mRNA methyla-
tion remain elusive (Yue et al. 2015). Thus far, all tissues examined contain m®A-
modified mRNAs, but the extent of modification appears to differ among tissue
types as well as temporally during development (Meyer and Jaffrey 2014). m®A
modifications occur in conserved regions of mRNA (Meyer and Jaffrey 2014), and
methylation patterns in specific genes are well conserved between mice and humans
(Batista et al. 2014). These results strongly support the hypothesis that methylation
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plays critical functional roles in regulating cellular processes. m®A modification has
been linked to RNA stability (Berulava et al. 2015; Spitale et al. 2015), as the most
highly expressed genes in humans were the least methylated (Dominissini 2014).
Binding of YTHDF2 to m°A can recruit mRNA to cellular sites for RNA decay
(Wang et al. 2014), and, intriguingly, there are no homologues for demethylases
expressed in yeast, suggesting that m®A is a passive signal for degradation
(Schwartz et al. 2013). The impact of m®A on mRNA stability might also be
connected to gene silencing pathways, as 67 % of 3’ untranslated regions with m®
A peaks are predicted to have a non-overlapping microRNA (miRNA) binding site
(Meyer et al. 2012). Additional evidence supports a specific role of m®A in alternate
splicing (Dominissini 2014; Ping et al. 2014; Spitale et al. 2015; Yue et al. 2015) as
this modification destabilizes Watson-Crick base pairs that would otherwise
occlude the binding site of heterogeneous nuclear ribonucleoprotein C (HNRNPC)
(Liu and Pan 2015; Yue et al. 2015; Zhou et al. 2015). Finally, aberrant activity of
the demethylase FTO has been linked to obesity (Jia et al. 2011; Liu and Pan 2015)
and diabetes (Liu and Pan 2015).

Known modifications to mRNA are confined to m6A, mSC, or 2'-O-methylation
(Nm) by present technology and methods (Liu and Pan 2015). However, as detec-
tion methods become more sensitive, it is highly likely that a broad range of
chemical modifications that play important functional roles in mRNA and IncRNA
will be discovered. For instance, the detection and localization of m°C during deep
sequencing is made possible by prior bisulfite deamination of cytosines (Schaefer
et al. 2009a, b). The epitranscriptomic detection of pseudouridine (y) is now
possible through more than one method (Cao and Limbach 2015; Carlile
et al. 2015; Li et al. 2015).

2.2 Ribosomal RNA Posttranscriptional Modifications

Ribosomal RNAs (rRNAs) are heavily modified with Nm and pseudouridine (¥) in
all kingdoms of life (Sharma and Lafontaine 2015). The number of modified rRNA
nucleotides increases with the complexity of the organism, with 35 ribosomal
modifications identified in Escherichia coli (Fischer et al. 2015), 100 in yeast,
and >200 in humans (Liu and Pan 2015). In rRNA, modifications consist mostly
of ribose 2'-hydroxyl and nucleobase methylation as well as pseudouridylation
(Chow et al. 2007; Liu and Pan 2015). Modifications occur predominantly in
regions of critical functional importance (Chow et al. 2007; Fischer et al. 2015;
Sharma and Lafontaine 2015) that are highly conserved (Chow et al. 2007) and lack
protein binding partners (Chow et al. 2007). They are particularly prevalent in the
peptidyl-transferase center, at subunit interfaces, and at the decoding region (Chow
et al. 2007; Fischer et al. 2015). These modifications likely play a role in altering the
available Watson-Crick or non-canonical base-pairing interactions, driving rRNA
folding toward its optimal functional structure (Chow et al. 2007). Interestingly, the
location of ¥, and ¥ derivatives such as 3-(3-amino-3-carboxypropyl)uridine, is the
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most conserved of modifications. For example, the ¥s of the ribosome’s large
subunit, helix 69 of E. coli and its analogues in other organisms, are found within
the terminal loop (Ws 1911, 1915, 1917, E. coli numbering) at the interface of the
two subunits and the location of ribosome release factor interaction (Ofengand
2002).

The method of rRNA modification is dependent upon the complexity of
the organism. Modifications are introduced to E. coli TRNA by site-specific
methyltransferases (MTases) or pseudouridine synthases (Chow et al. 2007). In
eukaryotes, however, modification is directed by small nucleolar RNA-protein
complexes (snoRNPs) (Chow et al. 2007; Sharma and Lafontaine 2015). snoRNAs
act as guide RNAs and form 10-20 nucleotide long regions of complementarity
to TRNA, recruiting associated proteins to the appropriate site for modification.
There are two types of snoRNAs: C/D box snoRNAs, which catalyze 2'-O-
methylation, and H/ACA box snoRNAs, which catalyze the isomerization of
uridine to pseudouridine (Reichow et al. 2007). The timing of rRNA modification
is also critical for proper ribosome biogenesis. Most 2'-O-methylation and
pseudouridylation of rRNA occurs co-transcriptionally, while base methylation
typically takes place in later stages of assembly. The addition of modifying proteins
and/or snoRNPs to assembling ribosome complexes, as well as the timing of their
catalysis, serves as structural and temporal cues to accurately choreograph the
complex folding of rRNA and incorporation of ribosomal protein components
(Sharma and Lafontaine 2015).

Importantly, rRNA modification in bacteria often overlaps with the critical
functional sites to which antibiotics bind (Chow et al. 2007; Fischer et al. 2015).
For example, A1518 and A1519 (E. coli rRNA numbering) are converted to two
dimethyladenosine (m26A) residues in every domain of life. Loss of these modifi-
cations in E. coli leads to reduced growth and translational fidelity, but confers
resistance to the antibiotic kasugamycin (van Buul et al. 1984; van Buul and van
Knippenberg 1985). Similarly, 2'-O-methylation of C1409 in helix 44 and C1920 in
helix 69 is carried out by the TlyA MTase in Mycobacterium tuberculosis and aids
in function of the intersubunit bridge B2a. Inactivation of this methylase renders the
bacteria resistant to cyclic peptide antibiotics capreomycin and viomycin (Johansen
et al. 2006). While individual modifications often may not be essential for survival
of the organism, their absence can lead to significant fitness costs, and in the
absence of an antibiotic stress, these organisms are readily outcompeted by wild-
type strains (Chow et al. 2007).

2.3 tRNA Posttranscriptional Modifications

tRNA molecules are by far the most heavily modified RNAs in the cell, with more
than 90 known modifications (Agris 2008). The wobble position on tRNAs (nucle-
otide 34) and the universal purine at position 37 (directly 3’ of the anticodon) are the
most commonly modified nucleotides in tRNAs and carry the widest variety of
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chemical modifications (Agris 1996). Modifications at the wobble position are used
to expand or restrict the number of codons that can be read by a particular tRNA.
For example, an inosine at the wobble position expands decoding to include codons
with any nucleotide in the third position (Crick 1966; Lim 1995). Modifications at
position 37 also are critical for codon recognition. For codons beginning with a U,
almost all decoding tRNAs contain an N°-isopentenyladenosine (i°As;) and codons
beginning with an A often contain an N°-threonylcarbamoyladenosine (t°As-)
(Agris et al. 2007). These chemical modifications in the anticodon loop of tRNAs
alter its conformation and reduce flexibility, decreasing the entropic penalty of
proper codon-anticodon minihelix formation in the decoding center of the ribosome
(Agris 2004, 2008). Proper geometry serves as a proofreading mechanism, which, if
correctly aligned, enables rapid transition to the closed conformation of the ribo-
some (Ogle et al. 2002). In addition, an optimal rate of protein synthesis is achieved
at 10-20 amino acids per second (Andersson et al. 1982) with a low error rate of 1 in
10°~10* amino acids (Rodnina and Wintermeyer 2001). Modifications also main-
tain proper reading frame (Bjork et al. 1999; Urbonavicius et al. 2001; Gustilo
et al. 2008; Machigashi et al. 2014). For example, expansion of the anticodon loop,
or lack of the posttranscriptional modification N'-methylguanosine at position
37 (m'Gs;) of tRNAP™, results in a +1 frameshift along an mRNA (Maehigashi
et al. 2014). Hypomodified tRNAs slow the rate of decoding, giving the P-site
tRNA a greater chance to slip into the +1 or -1 reading frame (Bjork et al. 1999).
Finally, modified nucleotides in tRNAs also serve as important components of
protein recognition elements, especially by tRNA synthetases that need to
aminoacylate the proper tRNA with its cognate amino acid (Beuning and Musier-
Forsyth 1999). Recognition of modified nucleosides by specific proteins is
discussed in detail below.

2.4 Other Noncoding RNAs That Are Modified

Functionally relevant modifications are now also being discovered in other types of
noncoding RNAs (ncRNAs). All of the U-rich spliceosomal RNAs, for example,
appear to contain pseudouridine modifications. U2 RNA contains 14 pseudouridine
residues, which represent 7 % of its nucleotides. Pseudouridines are added to
spliceosomal snRNAs via either H/ACA box snoRNP complexes or by individual
proteins. Four of U2’s pseudouridine residues are clustered around the branch site
recognition region and are critical for splicing activity (Adachi and Yu 2014). In
addition, miRNA has been observed with 2'-O-methylation and mC®A modifications
(Berulava et al. 2015). Knockdown of FTO in mammalian cells altered the steady-
state levels of several miRNA species (either up or down), suggesting that methyl-
ation likely plays a role in miRNA biogenesis and/or stability, although the exact
mechanism of action remains unclear (Berulava et al. 2015).
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3 Effects of Aberrant tRNA Modification on Human
Health

Altered protein translation as a result of improperly modified tRNAs can cause
several human disorders, including various metabolic, mitochondrial, neurological,
and respiratory diseases as well as multiple types of cancer (Fig. 3) (Torres
et al. 2014; Kirchner and Ignatova 2015). Mutations affecting the modification of
tRNA can occur in either the tRNA genes or, more commonly, genes coding for
proteins responsible for tRNA processing and modification. Disease-associated
alterations in tRNA modifications have been found in the D-stem, anticodon stem
and loop, variable region between the anticodon and T-stems, and the T-stem and
loop (Fig. 3).
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Fig. 3 Disease states linked to improperly modified tRNA. tRNA nucleosides are represented by
circles. Gray circles indicate a position at which an improper modification leads to disease. Gray-
and black-lined circles indicate a position at which multiple diseases and/or improper modifica-
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mitochondrial myopathy and sideroblastic anemia
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3.1 tRNA Modifications and Inherited Mitochondrial
Disease

Many human diseases attributed to improperly modified tRNAs are associated
primarily with mutations in modification enzymes. However, modifications can
also be altered by mutations in tRNA genes themselves, which interestingly are
found exclusively in the maternally inherited mitochondrial tRNAs (Abbott
et al. 2014). No cytoplasmic tRNA gene mutations associated with disease have
been identified to date. Accordingly, mitochondrial diseases account for a signifi-
cant portion of disorders related to aberrant modification of tRNAs (Florentz
et al. 2003; Kirino et al. 2005; Umeda et al. 2005; Yasukawa et al. 2005).

Mitochondria (mt) employ oxidative phosphorylation to generate the majority
of the cell’s energy in the form of adenosine triphosphate (ATP) (Ernster and
Schatz 1981; Hatefi 1985; Wallace 2005). The maternally inherited human
mitochondrial genome (mt DNA) encodes 13 genes for protein components of
the electron transport chain and 24 RNA genes: 22 mitochondrial (mt) tRNAs
and 2 ribosomal RNAs (Anderson et al. 1981; Gray 2013). While mitochondria
maintain their own ribosomal machinery to translate those 13 proteins, only the
rRNA and tRNA components originate in the human mitochondria themselves;
all ribosomal proteins, accessory factors, and aminoacyl-tRNA synthetases are
encoded in the nucleus, synthesized in the cytoplasm, and subsequently
transported to the mitochondria (Wallace 2005; Pagliarini et al. 2008; Ahmed
and Fisher 2009).

Mitochondrial tRNAs are distinct from their cytoplasmic counterparts
and frequently adopt noncanonical secondary structures, including one variety
(tRNAS" gy, Y=U or C) that lacks the entire D-loop and provides the only
known example of tRNA deviation from the canonical cloverleaf structure (Ander-
son et al. 1981, 1982; Suzuki et al. 2011). Additionally, mt tRNAs appear to exhibit
a smaller range of possible posttranscriptional modifications; in the most complete
study of mt tRNAs to date, out of the complete set of 22 bovine mt tRNAs, only
15 modifications were detected, representing 7.5 % of total bases (Suzuki and
Suzuki 2014). Three nucleoside modifications, S-taurinomethyluridine ('cmSU),
5-taurinomethyl-2-thiouridine (tm’s*U), and 5-formylcytidine (f°C), are unique
to mitochondrial tRNAs, where they modify the wobble position of the anticodon
(Moriya et al. 1994; Suzuki et al. 2002). Because the mitochondrial genome
is present in hundreds of copies in the cell, a clinical phenotype appears only
when the percentage of mtDNA copies containing the mutation exceeds a certain
tolerance, typically >80 % (Dimauro and Davidzon 2005; Elliott et al. 2008;
Stewart and Chinnery 2015). A severe disruption of tRNA function resulting
from prevalence of a mutation is likely to be embryonic lethal (Brandon
et al. 2005).
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3.2 MELAS and MERFF

The best-characterized mitochondrial diseases linked to abnormal tRNA modifica-
tion patterns are MELAS (mitochondrial encephalomyopathy, lactic acidosis, and
stroke-like episodes) and MERFF (myoclonus epilepsy associated with ragged red
fibers) syndromes. MELAS, a progressive mitochondrial cytopathy with an esti-
mated prevalence of 60:100,000, is one of the more frequently diagnosed mito-
chondrial disorders (Goto et al. 1990, 1992; El-Hattab et al. 2014). MELAS stems
from a respiratory defect in complex I or IV and is associated with a range of
symptoms, including multiple stroke-like episodes with secondary neurological
deficits, lactic acidosis, and progressive muscle weakness (Koo et al. 1993;
El-Hattab et al. 2014). Symptoms of MERREF present more variability in terms of
severity and age at onset and include myoclonus, epilepsy, ragged red fibers,
progressive ataxia, deafness, and dementia (Luft 1994). Neither has a cure (Luft
1994; Scaglia and Northrop 2006).

MELAS and MERRF most commonly arise from point mutations to the
mttRNA" VYR and mttRNA™® genes, respectively; an A-to-G mutation at posi-
tion 3243 (A3243G) and a T-to-C mutation at position 3271 (T3271C) are the most
common disease mutations in MELAS (Goto et al. 1990, 1991; Kobayashi
et al. 1990), while the most significant subgroup of MERRF patients carries
an A-to-G mutation at position 8344 (A8344G) (Yasukawa et al. 2000a, b).
mttRNA" VYR from patients displaying these and several other MELAS muta-
tions lacked the expected posttranscriptional modification Tm>U at the anticodon
wobble position uridine (Yasukawa et al. 2000a, b). Similarly, tm’s*U resulting
from thiolation of wobble position Tm’U to tm’s’U by an additional
2-thiouridylase (Mtul) (Umeda et al. 2005) was absent from mttRNAM* tran-
scripts of MERREF patients (Yasukawa et al. 2000a, b). These results strongly
suggested that MELAS and MERRF disease mutations prevent tm>U biogenesis.

Crystal structures of an anticodon stem-loop containing tm’U interacting with a
UUA or UUG codon at the ribosomal A-site suggest that tm°U and tm’s*U at the
wobble position of mttRNAM*VUR) and mttRNA™* facilitate ribosome binding by
stabilizing the U:G wobble base pair (Kurata et al. 2008). Correspondingly, the tm’
U-deficient mttRNA"VYR) exhibits deficient UUG (though not UUA) decoding,
while mutant mttRNA™"* loses translational activity for both of its cognate codons
due to its wobble modification defect (Yasukawa et al. 2001). In one subsequent
hypothesis, reduced expression of the ND6 subunit of mitochondrial respiratory
complex I, which alone of 13 mt proteins contains a disproportionate number of
relatively rare UUG codons (Goto et al. 1992), underpins MELAS pathology,
consistent with the observation of a reduction in complex I activity in patients
(Koga et al. 1988).

While most cases of MELAS and MERREF trace their molecular pathogenesis to
mutations in mitochondrial DNA, an increasing number have also been attributed to
nuclear-encoded modification factors (Villarroya et al. 2008; Ghezzi et al. 2012;
Baruffini et al. 2013; Kopajtich et al. 2014; Taylor et al. 2014). GTPBP3 and MTO1
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are the nuclear-encoded human enzymes predicted to catalyze tm’U biogenesis in
mttRNA" YR and mttRNAM® (the latter receiving a subsequent 2-thiolation to
form tm’s?U) (Li and Guan 2002; Li et al. 2002; Suzuki et al. 2011). In analogy
to their bacterial orthologues MnmE and MnmG, GTPBP3 and MTO1 are proposed
to form a protein complex that takes as substrates taurine, an unknown
tetrahydrofolate derivative, FAD and GTP to synthesize tm’U (Moukadiri
et al. 2009). Mutations in patients with infantile hypertrophic cardiomyopathy
and lactic acidosis, related to mitochondrial respiratory chain deficiency, include
frame shift mutations to MTO1 leading to a nonfunctional truncated protein product
and missense mutations predicted to interfere with FAD binding and tRNA sub-
strate recognition (Ghezzi et al. 2012; Baruffini et al. 2013).

Mutations in the MTU1 (TRMU) gene for the 2-thiouridylase by which the tm’U
is further modified to Tm’s?U (Umeda et al. 2005) were indicated in homozygosity
studies of families of children with acute infantile liver failure accompanied by
lactic acidemia, a life-threatening transient disorder of hepatic function (Zeharia
et al. 2009). In total cellular RNA from affected patients, overall thiouridylation
levels were shown to be reduced, confirming the role of Mtul-mediated tRNA
modification in the pathogenesis of the disease (Zeharia et al. 2009). Mtul is also
implicated in modulating the phenotypical appearance of both aminoglycoside-
induced and nonsymptomatic deafness related to mutations to the 12S ribosomal
RNA (rRNA), particularly A1555G. The relatively conservative missense Mtul
mutation of a conserved alanine to a serine at position 10, when combined with
known 12 rRNA disease mutations, was found to be associated with profound
deafness (Guan et al. 2006). The A10S mutation, which was also one of the several
Mtul mutations highlighted in acute infantile liver failure, did not prevent the
mitochondrial localization and import of Mtul. However, it did affect levels of
tRNA 2-thiouridylation and significantly decreased the steady-state levels of sev-
eral substrate and non-substrate tRNAs when appearing in conjunction with
A1555G (Guan et al. 2006). The exact molecular pathogenesis of the profound
deafness observed in these patients remains to be explored.

Finally, a mutation in the nuclear-encoded PUS/ gene, encoding pseudouridine
synthase 1 (Puslp), has been linked to mitochondrial myopathy and sideroblastic
anemia (MLASA) (Patton et al. 2005). MLASA, a rare mitochondrial autosomal-
recessive disorder of oxidative phosphorylation and iron metabolism, affects skel-
etal muscle and bone marrow (Bergmann et al. 2010). Genetic analysis of affected
individuals in two families with MLASA identified two disease mutations in Pus1p:
a nonsense mutation and a nonconservative missense mutation in which a trypto-
phan replaces a highly conserved arginine at position 116, located within the active
site near a catalytically critical aspartate (Bykhovskaya et al. 2004; Numata
et al. 2006; Fernandez-Vizarra et al. 2007). Both cytoplasmic and mitochondrial
tRNAs from MLASA patients showed an absence of ¥ at position 28 and positions
27 and 28, respectively, and whole cell extracts from patients exhibited impaired
Pus1p enzymatic activity (Patton et al. 2005). Pseudouridines are known to stabilize
tRNA secondary structure (Davis 1995; Auffinger and Westhof 1998), and their
absence in one or more tRNA species owing to Puslp deficiency may result in



Post-Transcriptional Modifications of RNA: Impact on RNA Function and Human. . . 103

disorders of tRNA aminoacylation or protein translation. While both mitochondrial
and cytoplasmic localizations of Puslp have been observed (Patton et al. 2005), its
effect on mitochondrial tRNAs has been suggested to be more pronounced. The
observation that combined absence of ¥,; and W55 in cytoplasmic tRNAs is known
to be lethal (Simos et al. 1996), together with the fact that several species of
mitochondrial tRNAs lack W55, may render mt tRNAs less able to tolerate the
lack of ¥, (Patton et al. 2005). Additional cases of MLASA have also been traced
to mutations in the gene for YARS2, the mitochondrial tyrosyl-tRNA synthetase,
suggesting that the molecular pathogenesis of MLASA may stem from a disorder in
mitochondrial protein translation (Riley et al. 2010).

3.3 tRNA Modifications and Non-mitochondrial Disease

Mutations affecting proper modification of positions 34 and 37 are linked to
approximately half of the known non-mitochondrial as well as mitochondrial
diseases associated with improper tRNA modification (Fig. 3) (Torres et al. 2014;
Kirchner and Ignatova 2015). Improper modification at these positions is often
caused by mutations in genes encoding tRNA modification enzymes, suggesting
modification genes are a possible target of intervention to treat many human health
problems (Fig. 3) (Ishiwata et al. 2004; Kato et al. 2005; Kirino et al. 2005;
Yasukawa et al. 2005; Begley et al. 2013; Slotkin and Nishikura 2013; Abbott
et al. 2014; Torres et al. 2014; Kirchner and Ignatova 2015). However, in order to
develop these genes as therapeutic targets of intervention for personalized medi-
cine, the fundamental biochemistry of RNA modification enzymes needs to be
elucidated (Agris 1996). For example, though studied extensively in bacterial
tRNAs (Pierrel et al. 2002; Atta et al. 2012), the mammalian 2-methylthio- (ms?)
modification is poorly understood in the context of human disease. Several bioin-
formatics studies link this modification to disease states, but the mechanism of
disease at a biochemical level is lacking.

3.4 (RNA Modification and Type 2 Diabetes

Recently, a strong association was made between the tRNA modification enzyme
Cdkall and type 2 diabetes (T2D) (Diabetes Genetics Initiative of Broad Institute of
et al. 2007; Scott et al. 2007; Steinthorsdottir et al. 2007; Zeggini et al. 2007; Iwata
et al. 2012; Chen et al. 2013; Horikoshi et al. 2013; Ng et al. 2013). Single
nucleotide polymorphisms (SNPs) of cdkall are recognized as the most reproduc-
ible risk factor for T2D. This significance was observed in genome-wide associa-
tion studies that have been independently replicated by different groups (Diabetes
Genetics Initiative of Broad Institute of et al. 2007; Scott et al. 2007;
Steinthorsdottir et al. 2007; Zeggini et al. 2007; Iwata et al. 2012; Chen
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et al. 2013; Horikoshi et al. 2013; Ng et al. 2013). The mutations are recessive, and
only homozygous carriers present with significant diabetic symptoms (Pascoe
et al. 2007; Steinthorsdottir et al. 2007; Omori et al. 2008). Cdkall is responsible
for adding a unique, essential modification to human tRNAY3 which is needed to
decode lysine AAA/G codons (Wei et al. 2011; Wei and Tomizawa 2011). Thus,
an understanding of the relationship between Cdkall SNPs and modification of
tRNA™*3 provides a unique treatment opportunity for T2D outside of the tradi-
tional focus on insulin.

Cdkall is a member of a superfamily of radical S-adenosyl-L-methionine (SAM)
enzymes and is a tRNA modification enzyme for the rare methylthio- (ms>-)
modification found on tRNA™*?_ It transfers the ms*-moiety from SAM to tRNA
Lys3 " completing modification of N°-threonylcarbamoyladenosine-37 (t°As;) to
2-methylthio-t°As; (ms*t®As;) (Fig. 4) (Arragain et al. 2010). Under normal con-
ditions, alternative splicing events located on intron 5 generate three isoforms of the
Cdkall protein. However, only isoform 1 (~61 KDa with 579 amino acids) is
expressed in human pancreatic islets where it is anchored to the endoplasmic
reticulum (Brambillasca et al. 2012). SNPs in the noncoding region of cdkall result
in mRNA transcripts that are not spliced, or not spliced properly (Diabetes Genetics
Initiative of Broad Institute of et al. 2007; Steinthorsdottir et al. 2007), resulting in a
lack of functional enzyme to add the ms®-modification to tRNA™*. Studies
conducted with bacterial homologues of Cdkall suggest that the ms*t®A modifica-
tion of tRNA™* is important to prevent misreading (Arragain et al. 2010;
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Fig. 5 Schematic of human pre-proinsulin. Protease cleavages (processing) occur at native
residues (dashed lines) including the critical Lys-88. Translation of Lys-88 is dependent on
properly modified tRNA™*3

Wei et al. 2011). Together, these results suggest that SNPs in cdkall lead to
incorrect amino acid incorporation at lysine codons during translation.

The pre-proinsulin mRNA contains lysine codons at positions 53 and 88, the
latter of which is positioned at a critical protease cleavage site separating the
A-chain from the C-peptide (Fig. 5) (Kaufman 2011). Proper cleavage of proinsulin
at Lys88 is required for correct insulin processing and functioning. Cdkall-deficient
cells have shown aberrant insulin synthesis and secretion, decreased glucose toler-
ance, and increased ER stress (Wei et al. 2011; Wei and Tomizawa 2012). These
results imply a strong link between the proper modification of tRNA™* by Cdkall
and T2D, perhaps by the need to accurately incorporate Lys88 at the protease
cleavage recognition site.

3.5 (tRNA Modifications in Neurological Disease and Cancer

Several neurological diseases are also linked to improper modification of the tRNA
anticodon stem and loop domain (ASL), often at position 34 (Fig. 3). Intellectual
disability has been associated with mutations in the modification enzymes for five
different ASL modifications (Torres et al. 2014). Most notable is the 2’-O-methyl
ribose of wobble position 34. Several studies have linked mutations of FTSJI, a
homologue of a yeast methyltransferase 7 (TRM7), to mental retardation (Freude
et al. 2004; Ramser et al. 2004; Froyen et al. 2007; Dai et al. 2008; Gong et al. 2008;
Takano et al. 2008; Guy et al. 2015). TRM?7 acts upon positions 32 and 34 of three
tRNAs: tRNATP, tRNA™" and tRNA™ (Guy et al. 2012; Towns and Begley
2012). Although the reported location of TRM?7 expression is variable, it is thought
that proper expression of this methyltransferase is critical in fetal brain develop-
ment (Freude et al. 2004; Ramser et al. 2004). Additional disease states linked to
improper modification of the ASL at position 34 are bronchial asthma (Takeoka
et al. 2001) and Noonan-like syndrome, which presents with a variety of symptoms
that can include cardiac defects, deafness, and cognitive deficits (Fahiminiya
et al. 2014; Satterlee et al. 2014). Single nucleotide polymorphisms of IKAP,
a member of the elongator complex involved in the early steps of
5-methoxycarbonylmethyl-2-thiouridine synthesis, are strongly correlated with
childhood bronchial asthma (Takeoka et al. 2001). Interestingly, mutations in
NSUN?2, the methyltransferase responsible for the 5-methylcytosine modification
(Squires et al. 2012), have been reported in a wide range of diseases including cases
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of Noonan-like syndrome (Fahiminiya et al. 2014), neurological disorders,
Dubowitz-like syndrome, autosomal-recessive intellectual disability (Khan
et al. 2012; Martinez et al. 2012), and some forms of cancer including skin, breast,
and colorectal (Fig. 3) (Frye and Watt 2006; Vachon et al. 2007).

Cancer is one of the most diverse disease states, arising from a multitude of
factors, arguing for a personalized medicine approach to its treatment. Understand-
ing the variety of etiologies among distinct types of cancer and between patients,
including those involving tRNA modification abnormalities, will be paramount in
devising personalized strategies for treatment. Modifications linked to various types
of cancers are found equally within and outside the ASL (Fig. 3) (Torres et al. 2014;
Kirchner and Ignatova 2015). Interestingly, both up- and downregulation of
enzymes involving tRNA modifications are associated with cancer, emphasizing
the need for detailed biochemical dissection of the involvement of modification
enzymes. For example, TRMT12 (Rodriguez et al. 2007) and HTRMOL (Begley
et al. 2013), involved in the hypermodification of guanosine 3’-adjacent to
the anticodon and 5-methoxycarbonylmethyluridine modification of position
34, respectively, are linked to a variety of cancers including breast and colorectal
carcinomas (Towns and Begley 2012). TRMTI12 is found to be commonly
overexpressed in several breast tumors (Rodriguez et al. 2007). Conversely,
HTRMOIL is downregulated in breast bladder, colorectal, cervical, and testicular
cancer, and the restoration of HTRM9L methyltransferase activity abrogated many
of the tumorlike qualities (Begley et al. 2013). Already, exploration of the mech-
anisms of epigenetic cancer therapies on the modification of tRNA, in addition to
DNA, is providing valuable information suggesting that treatment targeted to RNA
is a viable source of new cancer therapeutics (Schaefer et al. 2009a, b). Thus,
identification followed by exploration of the biological effects of altered tRNA
modification may uncover new and novel treatment options for not only a variety of
cancers but also for a diverse range of human diseases.

3.6 Impact of Cellular tRNA Levels on Posttranscriptional
Modifications

Alterations to the tRNA pool (both overall quantity and relative abundance of each
species) have been observed in a variety of infectious and noninfectious diseases,
although little is known about what causes this variation. Examples include meta-
bolic diseases (Krokowski et al. 2013), several types of cancer including breast and
myeloma (Pavon-Eternod et al. 2009; Zhou et al. 2009), neurological diseases such
as Huntington’s disease (Girstmair et al. 2013), and a variety of viral infections
(influenza A, vaccinia, West Nile virus, Japanese encephalitis virus, and HIV)
(Pavon-Eternod et al. 2010, 2013; Clarke et al. 2014). Variations in tRNA
pools can range from increased aminoacyl-tRNA synthetase expression and
aminoacylation of a particular tRNA species to drastic alterations in translationally
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active tRNA pools. In general, noninfectious diseases in which tRNA pools are
altered have not been linked to specific gene mutations and are likely a byproduct of
the primary disease-state factors (Pavon-Eternod et al. 2009; Zhou et al. 2009;
Girstmair et al. 2013; Krokowski et al. 2013). As a logical outcome of altered tRNA
levels, one would expect discrepancies in tRNA modification patterns, especially if
a particular tRNA is drastically upregulated without the simultaneous upregulation
of its cognate modification enzymes. The modification profile of altered tRNA
pools associated with various disease states has not yet been explored and is a
subject to which new technologies for tRNA modification detection, discussed later
in this chapter, can be applied.

4 RNA Modifications Impact Protein Recognition

Now more than ever, the contribution of RNA modifications to disease and the
importance of epitranscriptomic profiling are recognized as critical fields to human
disease identification and treatment. Success in these disciplines will be dependent
on both emerging technologies for the detection and study of RNA modifications
and the study of proteins that recognize modifications. In many instances, the
primary function of an RNA modification is to serve as a protein recognition
determinant. Thus, identifying, characterizing, and utilizing protein motifs that
recognize modified RNA will further our understanding of the complex interactions
necessary for regulating normal cellular function. Peptides provide tools to both
detect RNA modifications and study the proteins that rely on modified RNA
recognition determinants.

4.1 Relationships Between Modification Chemistry,
Structure, and Function

More than 100 RNA modified nucleoside chemistries affect tertiary structure and
dynamics important to function (Agris 1996). Some strengthen hydrogen bonding,
whereas others negate Watson-Crick hydrogen bonding. More hydrophobic mod-
ifications enhance stacking and reorder water locally. Larger, more chemically
complex modifications such as ms*t®A3; have been shown to produce a platform
on which nucleosides upstream and downstream are stacked (Vendeix et al. 2012).
Interestingly, modifications that are small or lack chemical complexity are able to
drastically change the character of RNAs. For instance, 2-thiouridine, s2U, a
substitution of sulfur for oxygen, dramatically alters the nucleoside’s sugar confor-
mation and function in decoding when located at the wobble position 34 of tRNAs
(Sierzputowska-Gracz et al. 1987; Ashraf et al. 1999). Dihydrouridine (D), the only
fully saturated naturally occurring modification, acts similarly to a proline in



108 K.M. Frohlich et al.

proteins, altering the backbone of the macromolecule both locally and downstream
(Stuart et al. 1996). Thus, the uniqueness of chemistry, structure, and dynamics
contributed by modifications creates a distinctiveness to RNAs that is recognized
by proteins.

4.2 Protein Recognition of RNA

The physicochemical contributions of RNA modifications are important recogni-
tion determinants for proteins. Yet, much more is known about the contributions of
modifications to RNA function and the mechanisms of some of the enzymes
responsible for the modifications than is known about how proteins recognize
RNA modifications (Freist et al. 1997; Agris et al. 2007; Agris 2008; Gustilo
et al. 2008). Protein/RNA interactions regulate gene expression at the transcrip-
tional and translational levels and create superstructures for the most important
cellular processes such as the ribosome for translation and the spliceosome for
mRNA processing. RNAs have chemical and structural elements, RNA recognition
determinants, that are recognized by proteins in vitro and in vivo (Anko and
Neugebauer 2012). These structural elements comprise duplex stems, internal
loops, tetraloops, hairpins, U-turns, K-turns, and cross-strand stacking structures
(Moore 1999). The proteins that bind these RNA determinants have corresponding
recognition domains, the so-called RNA recognition motifs (RRMs) (Daubner
et al. 2013) and RNA-binding domains (RBDs) (Thapar et al. 2014). Proteins that
bind RNAs to form highly stable complexes, such as the ribosome and mRNA-
processing machinery, have come to be designated ribonucleoproteins, or RNPs.
Transient complexes composed of enzymes and factors with RNA substrates can
also be formed, e.g., ribonucleases, aminoacyl-tRNA synthetases (aaRS), modifi-
cation enzymes, and translation factors (Draper 1999; Hsieh et al. 2004).
Bioinformatic databanks report that some 15% of all known proteins are
RNA-binding proteins (UniProt 2009); there are likely many more non-annotated
RNA-binding proteins whose functions are unknown and whose RNA-binding
residues are difficult to predict (Spriggs et al. 2009). The increasing number of
protein-RNA complexes whose structures have been determined is making it easier
for investigators to predict RRMs and RBDs from sequence information (Spriggs
et al. 2009). RNA-binding proteins have been found for almost all of the
RNA structural motifs created by both canonical and noncanonical base pairings
(Moore 1999; Ulyanov and James 2010; Reiter et al. 2011; Lilley 2012; Muto
and Yokoyama 2012; Halder and Bhattacharyya 2013). Broadly speaking,
RNA-binding proteins are divided between those that bind single-stranded
(ss) RNA (Auweter et al. 2006) and those that bind double-stranded (ds) RNA
(Masliah et al. 2013). The array of protein secondary structures and their combi-
nations yields a diverse set of RNA-binding domains of which the RNA binding is
studied mostly in vitro sans modified nucleosides (Ellis et al. 2007; Lunde
et al. 2007; Mackereth and Sattler 2012). Simple electrostatic interactions often
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place arginines and lysines in contact with the RNA’s polyanionic backbone and
2/-OH moieties. In contrast to backbone interactions, hydrogen bonding and hydro-
phobic interactions with RNA bases contribute to sequence and structural specific-
ity that is attributed to some proteins. Hydrophobic and van der Waals interactions
appear to be more prevalently involved in nucleobase recognition than hydrogen
bonds (Ellis et al. 2007). Tyrosines, phenylalanines, and tryptophans are the three
amino acids most often involved in base recognition, with the two latter amino
acids interacting with adenine and guanine, respectively (Ellis et al. 2007).

To date, the chemical and physical properties contributed by posttranscriptional
RNA modifications, and the corresponding character of modification-dependent
protein binding sites, have not been considered in studies of RRM, RBD, and even
RNP recognition of RNA. Thus, very little is known about the basic biochemical
principles of modification-dependent binding of RNA by proteins, including bind-
ing to tRNAs. Complementary information is also lacking about modification
chemistry and structure that imparts distinct conformation and dynamics that
constitute identity determinants for RRMs and RBDs.

Of the too-few clear examples of proteins that distinguish RNAs by virtue of
their modified nucleosides, the first that come to mind are the aminoacyl-tRNA
synthetases (aaRS). aaRS recognition, binding, and aminoacylation of tRNA
are often affected by alteration of, or lack of, one or more tRNA modifications.
The first evidence of aaRS recognition of a modification was reported 40 years ago:
the dependency of gInRS and gluRS on the single atom substitution of a U to a
2-thioU (s?Us,) at the tRNA’s anticodon wobble position 34 (Seno et al. 1974).
Other aaRSs require different anticodon modifications for recognition and effective
kinetics of aminoacylation of their cognate tRNAs (Fig. 6) (Kern and Lapointe 1979;
Muramatsu et al. 1988; Sylvers et al. 1993; Cusack et al. 1996; Commans et al. 1998;
Madore et al. 1999; Ikeuchi et al. 2005; Nakanishi et al. 2009). Some modifications
have been shown to be negative determinants, guarding against mis-acylations, e.g.,
arginine vs. asparagine (Putz et al. 1994). A single modification is also the recog-
nition determinant for the bacterial tRNA™*-specific PrrC-anticodon nuclease
(Jiang et al. 2001). Enzymes involved in completing the syntheses of hypermodified
nucleosides also require that the precursor of the modification be present. For
example, the bacterial and mammalian 2-methylthiotransferases that complete the
hypermodification of N°-threonylcarbamoyladenosine and N°-isopentenyladenosine
(t6A37 and i6A37, respectively) at position 37, 3’-adjacent to the anticodons of
specific tRNAs, require that the N°-modification be present (Pierrel et al. 2002,
2004; Hernandez et al. 2007; Arragain et al. 2010; Kaufman 2011). The
N1-methyltransferase that methylates the already-modified pseudouridine (¥9;5)
of the 23(28)S rRNA helix 69 (H69) is required for maturation of the eukaryotic
ribosome’s small subunit rRNA (Thomas et al. 2011). Ribosome release factor
(RF2) interacts with H69 and is influenced by that RNA’s modification state
(Fig. 6) (Kipper et al. 2011). The mRNA-processing enzymes are dependent on
the guide RNAs, such as U2 snRNA, having been modified for effective, accurate
splicing (Yu et al. 1998, 2011). Two of the 13 s grouped near the 5'-terminal
sequence of U2 snRNA are required for efficient pre-mRNA splicing (Donmez
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Fig. 6 RNA’s modified nucleosides are identity determinants and important to RNA function. (a)
Aminoacyl-tRNA synthetase (aaRS) recognition elements include modification in tRNA’s anti-
codon domain, particularly anticodon wobble position 34 and purine-37 3’-adjacent to the antico-
don. (b) U2 snRNA W-facilitated recognition of mRNA branch point A of the intron. Branch point
A is within a pocket of the spliceosome protein P14. (¢) Ribosome release factor RF2 may
recognize ¥ of helix 69 of the 23S rRNA, large subunit. Adapted (Dominissini 2014; Meyer
and Jaffrey 2014; Ulyanov and James 2010)

et al. 2004). The intron at the branch point A is annealed to U2 snRNA opposite the
Ws, and the A is bound in a pocket of the spliceosomal protein p14(SF3b) (Fig. 6)
(Schellenberg et al. 2011). In contrast, some ¥s in snRNA appear to be negative
effectors of U2AF binding (Chen et al. 2010), thus regulating pre-mRNA cleavage.
Proteins that bind m®A-modified RNAs have been identified by using a viral RNA
for affinity capture (Dominissini et al. 2012).

4.3 Peptide Tools Mimic Modification-Dependent
RNA-Binding Proteins

The functional interactions between macromolecules in living systems are elegant
and complex. Determining a protein’s binding to recognition determinants is a
considerable task. Protein domains recognize other proteins, DNAs or RNAs, and
bind with specificity and high affinity; peptides mimic this binding and provide
information about the amino acids involved in the ligand recognition. Although
peptides that mimic protein-protein and protein-DNA interactions are more
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common, a small number of studies exploring peptides that bind unmodified
RNA have generated important information (Grate and Wilson 1997; Weiss and
Narayana 1998; Long and Crothers 1999; Ye et al. 1999; Austin et al. 2002; Barkan
et al. 2012). In one study, the swapping of peptide sequences has demonstrated that
as few as 10 amino acids confer protein specificity for a tRNA’s anticodon domain
(Auld and Schimmel 1995). Peptides were designed to discriminate a single base
pair in a helix (Frugier and Schimmel 1997; Schimmel et al. 1997), and natural
peptides derived from aminoacyl-tRNA sequences have been used to inhibit tumor
angiogenesis (Tzima and Schimmel 2006). High-affinity peptides have been
designed by taking advantage of arginine’s propensity to bind RNA’s polyanionic
nature (Long and Crothers 1999; Ye et al. 1999). Experimentation with both RNA
and peptide sequences has produced information about the RNA’s identity elements
that are recognized by amino acids as being crucial for binding. Peptides can mimic
and interfere with the recognition of RNA by the parent protein. Studies of peptides
that mimic functionally important domains of proteins that interact with viral RNAs
have been particularly helpful in elucidating both the amino acids involved and the
RNA nucleoside ligand of the native protein. The TAT-TAR interaction of HIV has
been an exemplar system (Calnan et al. 1991; Tao and Frankel 1992; Long and
Crothers 1999; Athanassiou et al. 2007; Niu et al. 2011; Li et al. 2013; Sudrik
et al. 2013). The success has been transferred to studies of not only HIV but also
hepatitis C and dengue viral RNAs (Freire et al. 2013; Manna et al. 2013).

The combination of nucleoside modification chemistries in the anticodon
domains of yeast tRNAP™ and human tRNA™* are unique, and specific to
these two tRNAs, allowing for the selection of peptides of 15 and 16 amino acids
that mimic the binding of the modified anticodon domain by proteins and providing
excellent tools to investigate these protein-tRNA interactions (Mucha et al. 2003;
Graham et al. 2011). Over the last 15 years, phage display selection of peptides
demonstrating modification-dependent RNA binding has been developed and
implemented toward this goal (Agris et al. 1999; Mucha et al. 2002, 2003, 2004;
Eshete et al. 2007; Graham et al. 2011).

The ability to design specific multifunctional proteins computationally has
improved dramatically in recent years as computational design algorithms have
matured and the protein database has expanded. Computational design is used to
systematically evaluate the merits of different candidate sequences and analyze the
consequences of sequence perturbation when experimental validation is difficult or
time consuming. Computationally based strategies (Halperin et al. 2002; Lippow
and Tidor 2007; Samish et al. 2011) are used to search the broad sequence space
to design proteins for particular purposes, e.g., novel enzymes (Jiang et al. 2008),
protein-DNA interactions (Ashworth et al. 2006), and immune epitopes (Ofek
et al. 2010). Most protein design strategies are based on assuming a fixed backbone
(Dahiyat and Mayo 1997; Voigt et al. 2000). Accommodating backbone flexibility
in protein design is challenging although several successes have been achieved in
protein docking (Wang et al. 2007; Chaudhury and Gray 2008), conformation
prediction (Georgiev et al. 2008; Mandell and Kortemme 2009), and interface
modeling (Correia et al. 2011; Karanicolas et al. 2011). Therefore, to improve
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upon the peptide selection process, new algorithms leading to a signature amino
acid sequence are being developed (Spears et al. 2014; Xiao et al. 2014, 2015).

The addition of computational tools to peptide selection has aided in achieving
the highest affinity and selectivity (Spears et al. 2014; Xiao et al. 2014, 2015). For
example, the selection of peptides with chemistry and structure that mimic the yeast
pheRS and HIV replication proteins in their abilities to bind tRNAP™ and tRNA™M,
respectively (Mucha et al. 2001; Graham et al. 2011), has shed new light on the
most distinctive features of these two tRNAs: the combination of modified nucle-
oside chemistries and conformational dynamics in their anticodon stem and loop
domains (ASL"™and ASL™*( ) critical to aminoacylation of and mRNA
decoding by the tRNAs (Agris et al. 1986; Schmidt et al. 1987; Dao et al. 1992;
Chen et al. 1993; Ashraf et al. 2000; Stuart et al. 2000, 2003; Yarian et al. 2000,
2002; Murphy et al. 2004; Bilbille et al. 2009; Vendeix et al. 2012).

The use of peptides to mimic protein-RNA interactions and detect modifications
has proven to be a powerful tool. However, to fully explore RNA modifications in
the context of epitranscriptomic profiling, more sensitive technologies, such as
mass spectrometry and advanced deep sequencing, need to be harnessed. Further
discovery of RNA modifications coupled to an increased understanding of their
roles by newly developed technologies will feed peptide technologies, thereby
extending the biological understanding of modifications and their contributions
toward molecular mechanisms of disease.

5 Emerging Methodologies for Detection of Modified RNA

Although previously the study of RNA modifications was thought to be tangential
to the study of RNA function, recent technological advances in global RNA
modification detection and identification have linked modifications to myriad
cellular functions. This emerging field is known as epitransciptomics. RNA mod-
ifications can occur independently from standard regulatory processes such as DNA
synthesis and cell division, providing alternative mechanisms of cell response to
environmental change (Agris 2015). Temporal changes in the epitranscriptome that
result from mutations or as a response to cellular signaling and/or external insults
can also serve as biomarkers of disease (Begley et al. 2007; Hsu et al. 2009;
Satterlee et al. 2014). Thus further improvement of these technologies is imperative
for the development of new diagnostics and therapeutics.

5.1 New Technological Advances in Epitranscriptomic
Profiling

The variety of cellular roles for RNA coupled with the large number of possible
chemical modifications present a complicated picture of the roles modifications
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play in gene regulation. RNA populations are complex, and the levels at which
various RNAs are found in the cell vary considerably by type. In general, rRNAs
and tRNAs are relatively abundant, while mRNAs and noncoding RNAs exist at
much lower levels (Fig. 7) and require laboratory amplification to be studied
(Brown 2002). However, standard amplification protocols are broadly incompatible
with preserving RNA modifications, with a few exceptions: ¥, inosine (I), méA,
6-methyl-2'O-methyladenosine (m®Am), and m°C (Meyer et al. 2012; Edelheit
et al. 2013; Li and Church 2013; Carlile et al. 2014; Linder et al. 2015). Develop-
ments in RNA sequencing technologies for these most tractable of modifications
opened a window onto the important functional roles of RNA modifications and
their temporal changes in response to cellular signals.

However, for many reasons, not the least of which being low abundance, most
modified RNAs and the 100+ modifications remain difficult to study in their native
states with their native modifications. As interest in the epitranscriptome acceler-
ates, there is a pressing need to develop highly selective, sensitive, and rapid
technologies to identify all currently known modifications and analyze their
dynamic nature in a reproducible, accurate, and quantifiable manner.

5.2 High-Throughput Sequence Detection of RNA
Modifications

The field of epitranscriptomics exploded with the development of technologies
like inosine chemical erasing (Sakurai and Suzuki 2011; Cattenoz et al. 2013),
bisulfite-seq (Song et al. 2012), pseudo-seq (Zhao and He 2015), MeRIP-seq
(Meyer et al. 2012), and m6A-seq (Dominissini et al. 2012), which enable the
detection of modification sites in mRNAs and noncoding mRNAs by high-
throughput sequencing techniques. The first three methodologies use chemical
cocktails to alter the structure of modified nucleobases, which generate detectable
differences by reverse transcription. Inosine cyanoethylation blocks reverse tran-
scription creating distinct patterns between treated and untreated cDNA (Sakurai
and Suzuki 2011). Glyoxal is known to form a stable adduct with guanosine but
not with inosine; therefore, digestion with RNAse T1 yields RNA fragments
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that can be further sequenced for the identification of A > 1 editing sites (Cattenoz
et al. 2013). The distinct reaction of cytidine, but not m>C, with sodium bisulfite
to deaminate cytidine to uracil allows for the detection of m°C modification sites
at single base resolution (Song et al. 2012; Booth et al. 2013). Additionally,
pseudouridine reacts with N-cyclohexyl-N'-(2-morpholinoethyl)carbodiimidemetho-
p-toluenesulphonate (CMC) to form N3-CMC-¥, which blocks reverse transcription
(Carlile et al. 2014; Schwartz et al. 2014).

Alternative methods for modification detection employ antibodies against mod-
ifications such as m®A to immunoprecipitate methylated RNAs and subsequently
identify these fragments by deep sequencing (Dominissini 2014; Yue et al. 2015).
Methylation sites can be detected from resolution of ~100 nucleotides (Liu and Pan
2015). In regard to sequence specificity, initial data suggests m®A modifications
generally fall within the consensus sequence RRACU (R = purine), although not
every instance of this sequence is methylated (Dominissini et al. 2012). In mam-
malian cells, mRNAs are methylated an average of three times (O’Connell 2015;
Yue et al. 2015), and modifications tend to cluster near stop codons (Dominissini
2014; Meyer and Jaffrey 2014; Yue et al. 2015), within 5’ and 3’ untranslated
regions (Meyer and Jaffrey 2014; Yue et al. 2015) and in long internal exons
(Dominissini 2014; Yue et al. 2015). Methylated regions often lack significant
secondary structure (Meyer and Jaffrey 2014; Spitale et al. 2015; Yue
et al. 2015), likely because mCA destabilizes traditional Watson-Crick A-T base
pairs (Meyer and Jaffrey 2014; Spitale et al. 2015) and prevents the adenosine from
participating in Hoogsteen interactions or forming base triples (Meyer and Jaffrey
2014). High-throughput sequencing has revolutionized epitranscriptomics research;
however, these techniques are limited in that they are specific for a single modifi-
cation and are difficult to implement for low-abundance RNAs. Thus additional
technologies are needed to evaluate modification levels and changes throughout the
epitranscriptome.

5.3 Mass Spectrometric-Based Methodologies
for Simultaneous Detection of Many Types of RNA
Modifications

Ultra-high performance liquid chromatography (UHPLC) coupled with tandem
mass spectrometry (MS/MS) has emerged as an ideal tool to provide high levels
of accuracy, selectivity, and sensitivity in the rigorous quantitative study of RNA
nucleoside modifications (Meng and Limbach 2006; Chan et al. 2010; Addepalli
and Limbach 2011; Gaston and Limbach 2014; Laourdakis et al. 2014). In this
technique, modified RNA is first completely digested enzymatically into its con-
stituent nucleosides under physiological conditions. This preserves the most com-
plex of modification chemistries, given the susceptibility of a number of them to
alkaline, acidic, free radical, and oxidative conditions (Davis et al. 1979; Gehrke
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et al. 1982). This enzymatic approach was first pioneered by Agris and Gehrke, who
coupled initial enzymatic digestions of RNA to HPLC separation and UV-diode
array identification to study many of the modified nucleosides known 30 years ago
(Gehrke et al. 1982, 1984; Gehrke and Kuo 1990). The development of UHPLC-
MS/MS methods may be considered a direct descendant of this method (Crain
1990; Pomerantz and McCloskey 1990), evincing higher sensitivities that permit
the direct analysis of modified RNAs without subjecting them to possible degrada-
tion under laboratory RNA amplification schemes (Begley et al. 2007; Kellner
et al. 2010; Gaston and Limbach 2014; Wang et al. 2014; Rose et al. 2015).
Recently, a UHPLC-MS/MS-based study demonstrated the separation of RNA
major nucleosides and 28 of their modifications in a relatively short analysis
time, twenty minutes compared to 40-60 minutes reported previously (Chan
et al. 2010; Russell and Limbach 2013; Gaston and Limbach 2014; Su
et al. 2014), and with limits of detection to the femtogram, attomole level
(Basanta-Sanchez et al. 2015). The use of an oligonucleotide-based exclusion list
composed of unmodified sequences provides a platform of information to which all
modified RNAs can be compared. All modified nucleosides, with the exception of
the different methylations of the same parent nucleoside and ¥, will increase the
mass above that of the exclusion list. This approach begins with high-resolution
modified nucleoside sequence analyses (Cao and Limbach 2015).

Accurate quantification of individual nucleosides is dependent on the individual
nucleoside extinction coefficients and UV spectra under experimental pH and
buffer conditions at a given concentration. Extinction coefficients of major RNA
nucleosides have been well characterized (Cavaluzzi and Borer 2004), yet limited
information is available for modified RNA nucleosides. A recent study has calcu-
lated the extinction coefficient at An,,x and 260 nm of major RNA and 28 RNA
modifications under specific UHPLC-MS/MS experimental conditions to allow
simultaneous and absolute quantification of RNA modifications. Drastically differ-
ent UV profiles were observed among modifications, demonstrating the importance
of extinction coefficient calculation for each distinctive chemistry (Fig. 8)
(Basanta-Sanchez et al. 2015). Alternative studies have reported quantities of
modified nucleosides by calculating relative peak areas to that of their parental
nucleosides, A, G, C, and U (Luo et al. 2014; Wang et al. 2014; Geula et al. 2015).
However, without individual extinction coefficients for the specific modified nucle-
osides, absolute quantification of the modified nucleosides is not accurate.

UHPLC-MS/MS enables the study of the epitranscriptome by the identifica-
tion and quantification of RNA modifications directly and simultaneously in
low-abundance RNAs extracted from prokaryotic and eukaryotic cells, as well as
tissues. A recent study on m®A demonstrated the ability of amplification and mass
spectrometric technologies to decipher its involvement in regulating pluripotency
and other developmental processes (Zheng et al. 2013; Geula et al. 2015). The
analysis and absolute quantification of modifications has been extended to 28 mod-
ified nucleosides from as little as 100 ng of RNA from human pluripotent stem cell-
derived neural cells with concentrations detected as low as 23.0 femtograms
or 64.09 attomoles (Basanta-Sanchez et al. 2015). These studies uncovered the
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potential for mass spectrometry-based technologies to reveal functional relation-
ships of the epitranscriptome by investigating temporal changes in modifications
during biological processes. Furthermore, advancements aimed toward high-
throughput methods and expansion of our analysis capabilities to 50 or more
modifications will be critical for detailed exploration of novel epigenetic regulatory
functions. The discovery of these fundamental molecular processes will accelerate
the pace of current research, creating new avenues of research and discovery.

6 Conclusion: Role of RNA Modifications in Cellular
Regulation

The universal genetic code is the basis for the biological dogma of DNA to RNA to
protein; with the unveiling of this code came the understanding that RNA was
central to all of life. Modified nucleosides found within tRNAs, rRNAs and mRNAs
were long viewed as providing a fitness advantage without being strictly necessary
to enabling the pathway from transcription through translation. We understand
now, however, that posttranscriptional modifications to RNA are required for
myriad essential functions, including accurate and efficient processing of RNAs
(Agris et al. 1983) and the translation of mRNAs (Agris et al. 2007; Agris 2008),
with implications as diverse as modulating type 2 diabetes and guiding stem cell
differentiation (Wei et al. 2011; Wei and Tomizawa 2011; Batista et al. 2014; Geula
et al. 2015). Thus, the modified nucleosides of tRNA, rRNA, mRNA, and snRNAs,
and those yet to be discovered in miRNAs and IncRNAs constitute an additional
layer to the genetic code (Agris 2004, 2015) that, when deciphered, will provide a
window through which we will gain additional insight into the control of gene
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expression. This code will allow us to fashion new tools with which to detect
normal and abnormal states of human health (Fig. 1).

We underestimate the capacity of cells, particularly mammalian cells, to respond
to normal cues and abnormal insults in the absence of replication and new tran-
scription. Yet, we are fully cognizant that each cell possesses a library of already-
transcribed RNAs that, for unknown reasons, are not functionalized, or for which
functions are yet to be discovered. Naturally occurring modified nucleosides
functionalize mRNA for translation and tRNA to be able to read specific codons
accurately. Modifications of miRNAs and IncRNAs may be equally or even more
important in the control of gene expression and, therefore, of critical importance to
understanding states of disease and infection. Experimental approaches and tech-
niques that assess individual modifications link these specific modifications to
particular RNA functions, but are apt to miss a more global view of cellular RNA
responses. We are well aware that RNA function in control of gene expression
comprises a network of interactions in response to small molecule metabolites,
chemical insults, and large molecule or protein factors. Many of the numerous RNA
modification enzymes are constitutively expressed, while others are upregulated at
specific times. Thus, we should understand and study the modification of RNA as a
systems biology response that provides cells with temporal flexibility in the absence
of new transcription or in the control of new transcription. Our ability to decode the
array of modifications that prompts change during normal or abnormal biological
phenomena is key to understanding the function that is encoded in modification.
New technologies and methods will enable us to “connect the dots” of individual
modifications, providing insights not otherwise possible.
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Abstract N°-methyladenosine (m®A) is the most prevalent internal messenger RNA
(mRNA) chemical modification in eukaryotes. This methylation has been shown to
be reversible in mammals. It is installed by a methyltransferase complex (writers) of
METTL3, METTL14, and Wilms’ tumor 1-associating protein (WTAP) and can be
removed by demethylases (erasers) FTO and ALKBHS, which are iron(II)- and
a-ketoglutarate-dependent dioxygenases. The reversible and dynamic methylation
exhibits significant functional roles in various biological processes. The m°®A mod-
ification as an RNA mark is recognized by reader proteins, such as YTH domain
family proteins. YTHDF2 regulates the stability of the methylated transcripts in
cytoplasm; YTHDF1 promotes protein synthesis of the methylated mRNA by
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interacting with translation machinery. m°®A as a switch controls the RNA structure to
affect RNA-protein interactions for biological regulation. Meanwhile, many m°A
detection techniques were developed and applied in biology and medicine. The total
mCA level in mRNA can be determined by ultra-performance liquid chromatography
coupled with triple-quadrupole tandem mass spectrometry (UPLC-QQQ-MS/MS),
two-dimensional thin-layer chromatography (2-D TLC), and dot blot. The m°A
antibody affinity sequencing (MeRIP-seq) was developed to map the m°A site
location in a transcriptome-wide manner. The single-base resolution methods for
single gene or whole transcripts were also invented.

Keywords Epitranscriptome * N°-methyladenosine (m®A) « Methyltransferase
Demethylase » m®A reader

1 Introduction

In the central dogma, genetic information is passed from DNA to RNA and then to
protein. Reversible chemical modifications on DNA and histone proteins are termed
epigenetic marks to regulate gene transcription (Fig. 1). More than 100 post-

Central Dogma Chemical Modifications
DNA replication SmC  5hmC
O Reversible
DNA methylation

mlA

o
‘K Reversible

RNA methylation

Reversible histone

Protein methylation and acetylation

-«
-«

Fig. 1 The reversible chemical modifications that regulate the flow of genetic information in the
central dogma. Genetic information flows from DNA to RNA and then to protein. Epigenetic DNA
modifications (e.g., S-methylcytosine (SmC) and 5-hydroxymethylcytosine (ShmC)) and histone
modifications (e.g., methylation (Me) and acetylation (Ac)) play important roles in transcriptional
gene regulation. Epitranscriptomic modification (NG—methyladenosine (m®A)) is a new mode of
post-transcriptional gene expression regulation
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transcriptional modifications occur on RNA (Cantara et al. 2011), although the
functions of most of these RNA modifications remain unclear. Until 2011, m°A was
discovered as the first example of the reversible RNA modification (Jia et al. 2011),
which prompted m°A as epitranscriptomic mark to study its functions in post-
transcriptional regulation. In this chapter, we summarize recent progress in the
study of m®A methylation in mRNA and discuss the newly discovered functional
roles in regulation of mRNA fate.

2 m°A RNA Methylation in Eukaryotic nRNA

The m°A methylation is the most prevalent internal modification in eukaryotic
mRNA including mammals, plants, flies, yeast in the meiotic state, and bacteria. It
was first found in mammalian mRNA in the mid-1970s (Wei et al. 1975). m°A
methylation has been shown to preferentially occur at the consensus sequence
[G/A/U][G>AIm®AC[U>A>C] (Schibler et al. 1977; Wei et al. 1976), and the
methylation in a specific site is nonstoichiometric, and only a portion of these
consensus sequences are methylated in mRNA (Horowitz et al. 1984; Kane and
Beemon 1985).

The transcriptome-wide sequencing of m®A has been performed in mammalians
(Dominissini et al. 2012; Meyer et al. 2012), yeasts (Schwartz et al. 2013), and
plants (Luo et al. 2014). The m®A RNA methylomes showed that m®A is widely
distributed on over 12,000 sites in the transcripts of more than 7000 human coding
genes and 300 human noncoding genes and is preferentially enriched in near stop
codons, in 3’ UTR (untranslated regions), and within long internal exons in mam-
mals (Dominissini et al. 2012; Meyer et al. 2012). In the yeast Saccharomyces
cerevisiae, m°A occurs only during meiosis and plays a role in the initiation and
nutritional control of meiosis (Bodi et al. 2010; Clancy et al. 2002; Shah and Clancy
1992). By comparing m®A-seq results of wild-type stain with that of IMF4
(orthologue of human METTL3)-deficient stain, ime4A/A, the m°A sequencing in
yeast meiosis revealed that 1308 putatively methylated sites locate within 1183
transcripts and are strongly enriched in 3’ UTR (Schwartz et al. 2013). In
Arabidopsis thaliana, m°A is critical for normal plant development (Bodi
et al. 2012; Zhong et al. 2008). m°®A is abundant and highly conserved across
A. thaliana accessions with 4317 m°A peaks detected within both Can-0 and
Hen-16 (Luo et al. 2014). Although most m®A peaks are shared between these
two stains, a portion of strain-specific m®A peaks are distributed on the genes with
the functions on mRNA metabolic process, response to stimulus, and regulation of
translational elongation (Luo et al. 2014). Distinct from the distribution patterns
found in mammals and yeast, m®A in these two stains of A. thaliana is enriched not
only around the stop codon and within 3’-UTR but also around the start codon (Luo
et al. 2014).

The modification m®A is reversible and dynamically regulated and is essential
for eukaryotic developments. The m®A methylation determines stem cell fate by
regulating pluripotency transition toward differentiation (Batista et al. 2014; Geula
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et al. 2015) and controls the speed of the circadian clock (Fustin et al. 2013). The m®
A methylation plays functions in mRNA metabolism to accelerate mRNA decay
(Wang et al. 2014), promote translation efficiency (Wang et al. 2015b), affect
nuclear RNA export (Fustin et al. 2013; Zheng et al. 2013), and regulate splicing
(Dominissini et al. 2012; Ping et al. 2014) through the recognition of m®A reader
proteins.

3 m°A Writers in Eukaryotes

m°A mRNA methylation is installed during processing of the nascent pre-mRNA
by a multicomponent N°-Adenosine methyltransferase complex, which was origi-
nally isolated as ~200 kDa and ~800 kDa subcomplexes from HeLa nuclear extracts
(Bokar et al. 1997; Narayan and Rottman 1988). The first well-characterized
component is the SAM-binding subunit with 70 kDa molecular weight, MT-A70
(known as METTL3) (Fig. 1) (Bokar et al. 1997). METTL3 is highly conserved in
most eukaryotes from yeast to humans. METTL3 is colocalized with nuclear
speckles in human cells (Bokar 2005). Knockdown of METTL3 affects gene
expression and alternative splicing patterns and modulates p53 signaling and
induction of apoptosis (Bokar 2005; Dominissini et al. 2012). The deficiency in
METTL3 blocked the differentiation of murine embryonic stem cells (mESCs)
(Batista et al. 2014; Geula et al. 2015) and led to early embryonic lethality (Geula
et al. 2015). Similar to mammals, complete deletion of Dm ime4 (orthologue of
human METTL3) in Drosophila (Hongay and Orr-Weaver 2011) and MTA
(orthologue of human METTL3, encoded by At4g10760) in A. thaliana (Zhong
et al. 2008) is lethal. Decrease of Dm ime4 expression in Drosophila leads to
semilethality and subfertility and reduces Notch signaling levels in follicle cells,
which can be fully recovered by a wild-type transgenic copy of Dm ime4, but not
the inactive one (Hongay and Orr-Weaver 2011). Expression of MTA driven by the
embryo-specific ABI3 promoter in MTA mutant during embryonic development
rescues the embryonic lethality, reduces more than 90 % of mCA level, and leads to
abnormal growth with reduced apical dominance, abnormal organ definition, and an
increased number of trichome branches (Bodi et al. 2012). These results suggest
that m®A is essential for eukaryotic viability.

A phylogenetic analysis identified METTL4 and METTL14 as close homo-
logues of METTL3 in human (Bujnicki et al. 2002). Knockdown of METTL 14,
but not METTL4, decreases mRNA m®A level in HeLa and 293FT cells (Liu
et al. 2014), which revealed that METTL14 is another active component of the m
A methyltransferase complex (Fig. 2). Biochemical characterization demonstrated
that these two active components, METTL3 and METTL14, form a stable
heterodimer and colocalize in nuclear speckles. The
photoactivatableribonucleoside-enhanced crosslinking and immunoprecipitation
(PAR-CLIP) data showed that the binding sites of METTL3 and METTL14 in
substrate RNAs contain a similar consensus sequence to that known for m®
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Fig. 2 The chemical scheme of methylation and demethylation of m°A. The m®A modification is
installed by a methyltransferase complex of METTL3, METTL14, and WTAP and removed by
demethylases FTO and ALKBHS5. FTO can oxidize m°A to N®-hydroxymethyladenosine (hm®A)
and N®-formyladenosine (f°A) sequentially; hm®A and f°A can be hydrolyzed to adenine with half-
lives of ~3 h under physiological conditions, while ALKBHS oxidizes m°A to hm®A without
further oxidation

A. Silencing of the m°A methyltransferase complex led to an increase in the
abundance and lifetime of their m°®A target transcripts, which is consistent with
the m®A-mediated mRNA decay function.

The third crucial component of the m®A methyltransferase complex is the Wilms
tumor 1-associating protein (WTAP) in human (Fig. 2) (Liu et al. 2014). Its
orthologue protein in Arabidopsis, FKBP12-interacting protein of 37 kDa (FIP37,
encoded by At3g54170) was firstly identified as the partner protein of MTA by
yeast two-hybrid screening (Bodi et al. 2012). WTAP bound with METTL3-
METTL14 heterodimer colocalizes in nuclear speckles to participate in m°A
RNA methylation (Liu et al. 2014). Compared with METTL3 and METTL14,
silence of WTAP leads to the largest decrease in m®A level in cell lines, indicating
that WTAP plays important roles in cellular m°A deposition. PAR-CLIP data also
revealed that WTAP shares a similar binding sequence to that known for m®A. The
targets of METTL3, METTL14, and WTAP identified by PAR-CLIP have a ~50 %
overlap with m®A-containing transcripts, further indicating that these three com-
ponents form the core of the major cellular writer complex of m°A. As WTAP is a
splicing factor, knockdown of WTAP and METTL3 yields different isoforms of m®
A-containing transcripts (Ping et al. 2014), suggesting that the methylation could
affect splicing. In addition, the m®A methylome shows that m°A is present in
introns (Dominissini et al. 2012; Meyer et al. 2012). Together, these data indicate
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that this modification is installed before splicing. Knockdown of WTAP and
METTLS3 in zebrafish embryos caused tissue differentiation defects and increased
apoptosis (Ping et al. 2014).

In yeast, besides IME4, two meiotic proteins, muddled meiosis 2 (MUM2, the
orthologue of human WTAP) and sporulation-specific with a leucine zipper motif
protein 1 (SLZ1, which lacks mammalian orthologue) have been identified as the
other two components of the methyltransferase complex by yeast two-hybrid screen-
ing (Agarwala et al. 2012). The elongation of the full-length /ME4 transcript is
blocked by antisense noncoding RNA regulator of meiosis 2 (RME2), whereas in
diploid cells, the al-a2 complex represses the transcription of RME2 and allows
IMFEA4 induction during meiosis (Gelfand et al. 2011; Hongay et al. 2006). SLZ1 is
transcriptionally induced by IME1 (a master regulator of meiosis) and recruits IME4
and MUM?2 to form the MIS (MUM2-IME4-SLZ1) complex in the cytoplasm and
then translocate in the nucleolus for m°®A induction (Schwartz et al. 2013).

Early studies indicated that m®A writer is a large protein complex; hence, other
components surrounding the complex core remain to be identified. Given only a
portion of the consensus sequence is methylated, future research to identify other
important components or protein-translational modifications for m®A writers may
elucidate the selectivity of m°A deposition.

4 mCA Erasers in Eukaryotes

In 2011, the discovery of the fat mass and obesity-associated (FTO) protein as
an m®A-demethylase was an important breakthrough in reigniting investigations of
mC®A and envisioning RNA modification as epitranscriptomic mark parallel with
DNA and histone epigenetic modifications (Jia et al. 2011). In 2007, FTO gene was
verified to have a strong association with body mass index (BMI) and risk of
obesity and type 2 diabetes by genome-wide association studies (GWAS) (Dina
et al. 2007; Frayling et al. 2007; Hinney et al. 2007). Overexpression of FTO in
mice caused increased food intake and increased adiposity in a dose-dependent
manner (Church et al. 2010). Depletion of FTO in mice leads to the phenotypes
with increased postnatal lethality, postnatal growth retardation, reduced fat mass,
lower body weight, increased energy expenditure, and a relative increase in food
intake (Church et al. 2009; Fischer et al. 2009; Gao et al. 2010). GWAS also shows
that common variants in the FTO gene have been linked with other human
diseases, such as cancers (Hernandez-Caballero and Sierra-Ramirez 2015;
Kaklamani et al. 2011), cardiovascular diseases (Lappalainen et al. 2011),
Alzheimer’s disease (Keller et al. 2011), and so on.

Despite the strong genetic association between FTO and body weight through
GWAS, less is known of the physiological mechanisms or pathways at the molec-
ular level. FTO was identified as the ninth homologue of the nonheme Fe
(II)/a-ketoglutarate (a-KG)-dependent AlkB family dioxygenases in human, and
it oxidatively demethylates N°-methylthymidine in single-stranded DNA (ssDNA)
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and N°-methyluridine in single-stranded RNA (ssRNA) in vitro with a low activity
(Gerken et al. 2007; Jia et al. 2008). GWAS study found that a loss-of-function
homozygous mutation (R316Q) in the FTO gene typically leads to postnatal growth
retardation, as well as multiple dysmorphisms and malformations (Boissel
et al. 2009). R316 is one of the a-KG ligands, and R316Q mutant causes reduced
FTO catalytic activity. The phenotypes associated with this mutation demonstrated
that the enzymatic activity of FTO plays functional roles. However, the function of
FTO in vivo remained unknown until we discovered FTO efficiently demethylates
m®A in DNA and RNA in vitro (Fig. 2). Knockdown or overexpression of FTO
leads to the increase or decrease of m°A in polyA-RNA in human cell lines, which
confirmed in vivo m®A demethylation activity of FTO. FTO partially colocalizes
with nuclear speckles. These cell-based results indicated that nuclear RNA (includ-
ing mRNA, IncRNA, and possibly other types of RNA) is the main substrate of FTO
(Jia et al. 2011). A recent study found FTO can remove m®A around the splice sites
of adipogenic factor RUNXI1T]1 to prevent the binding of the splicing factor SRSF2
and to promote the production of a shorter isoform, which in turn acts to induce
preadipocyte differentiation (Zhao et al. 2014).

The FTO-catalyzed oxidation of m°A generates two intermediates, N°-
hydroxymethyladenosine (hm6A) and N°® -formyladenosine (t6 A) (Fig. 2)
(Fu et al. 2013). The hm®A is a direct oxidation product of m®A, and f°A is the
further oxidized product of hm®A. Both hm®A and f°A can decompose in water to
yield the unmethylated adenine and formaldehyde (from hm®A) or formic acid
(from f°A). Surprisingly, these two modifications are metastable under physiolog-
ical condition with half-lives of ~3 h and indeed exist in human cells and mouse
tissues. Given median mammalian RNA half-lives are ~5 h, these new modifica-
tions may have functional roles and affect RNA-protein interactions.

The second demethylase identified in mammals is another AlkB family protein,
ALKBHS (Zheng et al. 2013). Distinct from FTO, ALKBHS5 oxidizes m®A to hm®A
without further oxidation (Fig. 2). ALKBHS primarily colocalizes with nuclear
speckles, and its demethylation activity affects nascent mRNA synthesis, the rate of
splicing, and mRNA nuclear export. Unlike FTO, direct immunoprecipitation of
ALKBHS has identified bound RNA targets (Zheng et al. 2013), and ALKBHS was
shown to be part of the mRNA-bound proteome (Baltz et al. 2012), suggesting
ALKBHS5 binds mRNA and other RNAs tightly.

FTO is associated with obesity and human diseases, while the alkbh5 knockout
mice have impaired fertility. The distinct physiological functions of the two
discovered m°A demethylases demonstrate that m°A plays important functional
roles, and it is critical to balance the mC®A writer/eraser activities in mammals.

So far, only FTO and ALKBHS5 were discovered as mCA demethylase in
mammals. As there are many Fe(Il)/a-KG-dependent dioxygenases with unknown
functions, we should not be surprised to see the discovery of more m°A
demethylases in mammals. In addition, FTO and ALKBHS are only conserved in
vertebrates (Kurowski et al. 2003; Robbens et al. 2008). To explore m®A function
widely, it is necessary and priority to discover m®A demethylase in other organ-
isms, such as yeast and plant.
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5 mCA Readers in Eukaryotes

Analogous to epigenetic DNA and histone modifications, the reversible and
dynamic m®A plays important functional roles through the recognition of m°®A-
binding proteins (readers) (Fig. 3). The YTH family proteins have been identified as
direct m®A reader in RNA-affinity pull-down assay using methylated RNA probes
(Dominissini et al. 2012). There are five homologues in mammals: YTH domain
family (YTHDF) proteins 1, 2, and 3 and YTH domain-containing (YTHDC)
proteins 1 and 2. YTHDF1, YTHDF2 and YTHDEF3 in the cytoplasm and
YTHDCI in the nucleus have been validated to bind the methylated RNA more
tightly than unmethylated RNA (Wang et al. 2014). In particular, YTHDF2 has
been shown to bind m®A through the C-terminal YTH domain and to transport the
bound methylated transcripts to processing bodies (P-bodies) for accelerated deg-
radation through its N-terminal Pro/Gln/Asn-rich domain (Wang et al. 2014).
YTHDF1 selectively recognizes m®A-modified mRNAs to promote translation
efficiency through the interaction with translation-initiation factor (Wang
etal. 2015b). YTHDC facilitates exon inclusion by recruiting RNA splicing factor
SRSF3 and blocking SRSF10 for the access to the m6A binding regions of targeted
mRNA (Xiao et al. 2016). The evidence of mPA-mediated mRNA nuclear export
has been observed, and it might also affect mRNA storage (Fig. 3). However, the
mechanism and the related m®A readers remain to be investigated. Another m®A
reader protein was found as a nuclear reader heterogeneous nuclear ribonucleopro-
tein A2B1 (HNRNPA2BI1), which mediates m°®A-modified primary microRNA
processing and alternative splicing (Alarcon et al. 2015).
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Fig. 3 The reversible m°A functions in RNA metabolism and translation. The reversible and
dynamic of m°A is controlled by m®A writers and erasers. m®A plays functional roles in mRNA
processing through the recognition of m°A reader proteins. In the cell nucleus, m°A affects mRNA
splicing and nuclear export in aid of unknown m°A readers. After mRNA is exported to the
cytoplasm, YTHDF2 can bind the m®A-containing mRNA to accelerate mRNA decay; YTHDF1
can recognize the m®A-containing mRNA to promote their translation efficiency; YTHDCI1
regulates pre-mRNA alternative splicing. Other m°®A reader proteins may bind the m®A-containing
mRNA to control their storage
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Although the methyl group on N® position of adenosine cannot break Watson-
Crick base pairing, m®A can destabilize the base pairing or disturb the RNA triple
base pairs or Hoogsteen pairs which rely on N° proton as a donor. Thus, m°A could
be a switch to control the RNA structure to affect RNA-protein interactions for
biological regulation. A recent study indeed confirms that m®A installed in a stem-
loop of RNA destabilizes the base pairing to facilitate the binding of heterogeneous
nuclear ribonucleoprotein C (HNRNPC) to the uridine track in the loop (Liu
et al. 2015).

6 Biological Consequences of m®A Methylation
in Eukaryotic mRNA and the Underlying Mechanisms

6.1 m°A mRNA Methylation Steers Stem Cell Pluripotency

Mammalian development commences with the zygote, which is “totipotent” capa-
ble of producing an entire embryo with all the specialized cells that make up a
living being. During the subsequent rounds of cell division, cells rapidly lose this
plasticity and become “pluripotent.” In cell biology, the definition of pluripotency
refers to a stem cell (Mitalipov and Wolf 2009). The pluripotent stage can be further
divided into two states: a ground, naive state (embryonic stem cells, ESCs) and a
differentiation-prepared, primed state (epiblast stem cells, EpiSCs) (Hackett and
Surani 2014). In order to investigate the molecular regulators that are critical for
transitioning toward primed state, Geula and colleagues (Geula et al. 2015) started a
siRNA screening from the pool for naive pluripotency modulation and tested
whether the primed EpiSCs might rely on some factors. Luckily, they found that
METTLS3 is one of the crucial components for regulation of the primed cells. The
authors then separately investigated the impacts of m®A on the naive pluripotent
state (ESCs) and the primed state (EpiSCs). To resolve the role of m6A in the naive
state, heterozygous Mertl3*~ mice were generated, and homozygous Mertl3 ™/~
mESCs were obtained from embryos. Consistent with previous results (Batista
et al. 2014), Metrl3~'~ cells showed an almost complete loss of m°A and kept at
a hypernaive state but failed to proceed into the primed EpiSC-like state, hence
blocked the subsequent differentiation (Fig. 4). In contrast, the depletion of
METTL3 and m°A in the primed EpiSCs during a primed pluripotent state pro-
duced the opposite spectrum of effects—this depletion resulted in minimal self-
renewal, attenuated stability of the primed state, and an enhanced tendency to
lineage priming, which finally led to fast differentiation and/or cell death.

The balance between naive pluripotency and lineage priming is fine-tuned by the
relative expression of naive pluripotent factors and linage commitment factors. It
was found that 80 % of transcripts of these genes are m°A methylated. m°®A contains
the function to degrade mRNA assisted by m®A reader protein YTHDF2 (Wang
et al. 2014). For both types of regulators, loss of m®A results in longer mRNA
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Fig. 4 mPA steers the balance between expression levels of pluripotency genes and of linage
commitment genes in naive and primed states. In naive cells the expression levels of pluripotency
factors are dominant, while the expression levels of linage commitment factors increases with
priming. As m®A promotes mRNA decay, the m°A methyltransferase (METTL3) depletion in
naive pluripotent cells further upregulates the already-high naive pluripotency genes to create a
“hyper” naive pluripotent states, whereas m°A depletion in the primed state further boosts the
dominant differentiation priming genes to push the cells above the critical threshold toward
differentiation and to lead to fast differentiation and/or cell death

lifetime and increased abundance of transcripts (Batista et al. 2014; Geula
et al. 2015). For instance, in the ground naive state, pluripotency genes predomi-
nate. Deletion of m°A further amplifies the already highly expressed naive
pluripotency genes but leads to only a marginal increase in lineage commitment
transcripts, which causes cells stuck at the so-called “hypernaive” pluripotent state.
By contrast, in the primed state, where lineage commitment factors dominate, loss
of m®A further tips the balance toward lineage priming and differentiation (Geula
et al. 2015).

6.2 m°A mRNA Methylation Is a New Circadian Pacesetter

The mechanism of circadian clock that drives rhythms is a delayed transcription-
translation feedback loop, in which circadian “clock genes” are suppressed by their
protein products. The circadian rhythm is thought to arise from the time lags
involved in transcription, translation, and protein shutting into the nucleus (Koike
et al. 2012). Around 10 % of the liver genes is rhythmic, but only one-fifth of them
is driven by de novo transcription, which indicates that mRNA processing is a
major circadian component. Recent work showed that m®A mRNA methylation sets
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the pace of circadian RNA processing, thereby determines clock speed and stability
(Fustin et al. 2013). In cultured cell lines and in mice, inhibition of methylation by
3-deazaadenosine (3-DAA) lengthens the circadian period by 3 h and 1 h, respec-
tively. Through transcriptome-wide m°A sequencing, they found many clock genes,
including Perl and Per2, as well as clock output genes, carrying m®A modification.
The key result they found is that suppression of METTL3 delays the nuclear exit of
mature Per2 and Bmall mRNA. Thus, reducing m®A methylation by silencing
METTLS3 led to delay mRNA nuclear export and slowed the clock. These results
reveal that m®A-mediated mRNA processing is a new point control to circadian
rhythms.

7 Detection Technology of m°A

7.1 Quantification of Total m°A Level in mRNA

The abundance of m°A has been shown to be ~0.1 %—0.4 % of total adenosine
residues in cellular mRNA. The total amount of m°®A in RNA can be probed by
several methods, including UPLC-QQQ-MS/MS, dot blot, and 2-D TLC (Jia
et al. 2011). The purity of mRNA is extremely important for the quantification
because ribosomal RNA (rRNA), small nuclear RNA (snRNA), microRNA
(miRNA), and transfer RNA (tRNA) also contain m®A.

The femtomole sensitivity achieved by UPLC-QQQ-MS/MS makes it a quanti-
tative tool for monitoring m°A dynamics. The mRNA isolated from the total RNA
using oligo (dT) followed by rRNA removal is digested to nucleosides by Nuclease
P1 and alkaline phosphatase. The nucleosides are detected by UPLC-QQQ-MS/
MS, and m®A/A concentration ratio is calculated. In order to avoid rRNA contam-
ination, N®°-dimethyladenosine is monitored because it only exists in rRNA but
not mRNA.

Dot-blot assay is convenient without the requirement of expensive machine but
is a semiquantitative method. Its sensitivity and detection limits depend on the
quality of m®A antibody. It is simple and easy to do by spotting mRNA on
membrane followed by a routine western blotting with m®A antibody.

2-D TLC requires isotope radioactive labeling and only detects partial m°A. m®
A is at the GAC (75 %) and AAC (25 %) sequence. mRNA is digested by ribonu-
clease T1, which cleaves ssRNA after guanine, to expose m®A at the 5’ end. After
[y->?P] ATP labeling, the radial-labeled m°A is cleaved by Nuclease P1 and spotted
on cellulose TLC plate to run two-dimensional chromatography.

7.2 High-Throughput m°A Sequencing

Before 2012, the transcriptome-wide distribution of m6A was unknown, until two
independent groups developed an m°A RNA immunoprecipitation method
followed by high-throughput sequencing (MeRIP-seq) to map the m®A RNA
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methylomes with a ~200 bp resolution (Dominissini et al. 2012; Meyer et al. 2012).
Briefly, the isolated mRNA was fragmented to ~100 nt and immunoprecipitated
using an m°A antibody. The eluted mRNA by m®A nucleotide and the fragmented
mRNA without immunoprecipitation as input were subjected to RNA-seq library
generation and high-throughput sequencing. The sequencing data showed that m®A
is a widespread modification distributed in more than 7000 mRNAs and 300 non-
coding RNAs (ncRNAs), prefers to locate around stop codons and in 3’ UTRs and
the long internal exons, and is highly conserved between human and mouse.
Arabidopsis m°A methylome revealed that m®A is additionally enriched around
start codons (Luo et al. 2014).

The shortcoming of MeRIP-seq is not a single-base resolution. Recently two
modified MeRIP-seqs, photo-crosslinking-assisted m®A-sequencing (PA-m°®A-seq)
(Chen et al. 2015) and m®A individual-nucleotide-resolution cross-linking and
immunoprecipitation (miCLIP) (Linder et al. 2015), improve the m®A resolution
by using two well-established methods for the identification of RNA-binding
protein targets: photoactivatableribonucleoside-enhanced crosslinking and immu-
noprecipitation (PAR-CLIP) and iCLIP, respectively. Photo-crosslinking-assisted
m®A-sequencing (PA-m°A-seq) efficiently improves the accuracy of the methyla-
tion site assignments and provides a ~23 nt high-resolution transcriptome-wide m®
A map; however, it is limited to be used in cells because it requires to incorporate
photoactivatableribonucleoside4-thiouridine (4SU) into mRNA (Chen et al. 2015).
miCLIP can induce mutational signatures at m°A residues to achieve a single-base
resolution using some specific m°®A antibody (Linder et al. 2015). The main
drawback is miCLIP relies on the property of m°A antibody and ultraviolet cross-
linking efficiency.

7.3 Map m°A Site with Single-Base Resolution

The antibody-based m°A profiling could not provide precise m®A position and the
fraction of the modification at each specific site. Till now, two methods have been
developed to determine the percentage of m°A at a specific site with single-
nucleotide resolution. Termed site-specific cleavage and radioactive-labeling
followed by ligation-assisted extraction and thin-layer chromatography (SCAR-
LET) combines two previously established techniques, site-specific cleavage and
splint ligation, to identify m°®A position and modification fraction in mRNA and
long noncoding RNA (IncRNA) (Liu et al. 2013). The second method identifies m®
A site in TRNA using Bst DNA polymerase-catalyzed primer extension (Wang
et al. 2015a). m®A is found to hinder RNA- and DNA-directed DNA synthesis of
Bst DNA polymerase under specific conditions.



RNA Modification N®-Methyladenosine in Post-transcriptional Regulation 143
8 Conclusions and Future Prospects

The reversible mRNA m°A modification is emerging as critical landmark of
posttranscriptional gene regulation. mRNA is divided into two portions with and
without m®A methylation; consequently, mRNA processing is sorted into two
tracks. m®A modification is a bar code for fast track of mRNA processing, which
is critical for fast response to signaling and stress stimuli, as well as circadian
rhythms, cell differentiation, and development.

Although the key m®A methyltransferase components, demethylases and readers
have been identified, a thorough understanding of their functions remains. For
example, how does the writer complex select m®A deposition? What is the molec-
ular mechanism and relationship between demethylase enzyme function and human
disease? And how does m°A affect nuclear export and other RNA metabolism
steps? Beyond the known factors, identifying and characterizing more m®A writers,
erasers, and readers as well as their partner proteins and post-translational modifi-
cations will be essential for understanding and expanding the biological roles of m®
A. The ability to perform transcriptome-wide profiling of m®A promotes efficiently
elucidating its biological function; however, quantitative and base resolution
sequencing methods with the limited input for the whole transcriptome are still
highly desirable for future research.
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Abstract Reactive oxygen species (ROS), produced by ionizing radiation and
many other environmental agents, damage DNA and RNA. They are also endog-
enously generated in cells by oxygen metabolism. 8-Hydroxy-2'-deoxyguanine
(8-OHdAG) was first reported in 1983, as a major form of oxidative DNA damage
produced by heated sugar, Fenton-type reagents, and ionizing radiation in vitro.
8-OHdG has been detected in cellular DNA by HPLC-ECD and LC/MS/MS
methods in many laboratories. The increase in the 8-OHdG level in cellular
DNA, detected by these chromatographic methods, is supported by its immuno-
chemical detection and enhanced repair activity. Its analysis in human leukocyte
DNA, and in urine and saliva, is a promising approach toward the assessment of an
individual’s oxidative stress level. The ribonucleoside 8-hydroxyguanosine
(8-OHGuo), in tissue RNA and urine, is also a good marker of oxidative stress
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in vivo. The free 8-hydroxyguanine (8-OHGua) base is also detectable in biological
samples, such as urine, serum, and saliva. In this chapter, the validity of the general
use of 8-OHdG, 8-OHGuo, and 8-OHGua as markers of cellular oxidative stress is
discussed.

Keywords Reactive oxygen species ¢ 8-OHdG ¢ 8-0xodG ¢ 8-OHGuo ¢ 8-
OHGua * DNA damage « Oxidative stress * Biomarker

Abbreviations

8-OHdG 8-Hydroxy-2'-deoxyguanosine

8-OHGuo 8-Hydroxyguanosine

8-OHGua 8-Hydroxyguanine

ROS Reactive oxygen species

HPLC-ECD High performance liquid chromatography equipped with an
electrochemical detector

ELISA Enzyme-linked immunosorbent assay

1 Introduction

Many mutagens and carcinogens react with DNA and induce mutations in cancer-
related genes. Reactive oxygen species (ROS) are implicated as a cause of cancer
and lifestyle-related diseases. Ionizing radiation and many environmental
chemicals generate ROS and damage DNA. ROS are also produced endogenously,
as a by-product of oxygen metabolism. Therefore, ROS may also be involved in the
aging process. A major form of oxidative DNA damage, 8-hydroxydeoxyguanosine
(8-OHdG, 7,8-dihydro-8-oxodeoxyguanosine), was discovered in Japan in 1983,
during a study of DNA modifications generated by heated glucose and
ROS-forming agents (Kasai and Nishimura 1983; Kasai et al. 1984a) in vitro
(Fig. 1). Since then, various aspects of this type of oxidative DNA damage, such
as the mechanisms of its formation, its mutagenic effects, and its repair, have been
studied worldwide, clarifying its biological significance. Floyd et al. first developed
a sensitive method to analyze 8-OHdG, using an electrochemical detector with high
performance liquid chromatography (HPLC-ECD) (Floyd et al. 1986). This method
revealed that various ROS-forming carcinogens induce increased levels of 8-OHdG
in cellular DNA (Kasai 1997). Ames and his collaborators were the first to detect
8-OHdG in animal and human urine samples by HPLC-ECD (Shigenaga
et al. 1989). These discoveries triggered further studies on the analysis of
8-OHdG as a biomarker for risk assessment, the molecular epidemiology of
ROS-related diseases, and aging. Patients with various diseases, such as cancer,
diabetes, and Alzheimer’s disease (urine), showed higher levels of 8-OHdG. In
contrast, the consumption of antioxidants, vegetables, fruits, green tea, etc. was
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Fig. 1 Formation of Reactive Oxygen Species (ROS)
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correlated with a reduction in the amounts of 8-OHdG in urine, serum, and tissue
DNA. Therefore, 8-OHdG seems to be a useful marker for monitoring the cellular
oxidative stress involved in the induction of cancer and in lifestyle-related diseases
and their prevention by antioxidants. In addition, the ribonucleoside
8-hydroxyguanosine (8-OHGuo), in tissue RNA and urine, is a good marker of
oxidative stress in vivo. The free 8-hydroxyguanine base (§-OHGua) has also been
detected in biological samples, such as urine, serum, and saliva. In this chapter, we
summarize the studies on 8-OHdG and its related derivatives, reported over the past
32 years, with a particular focus on their usefulness as biomarkers.

2 Discovery of 8-OHdG and Mechanisms of Formation

The formation of 8-OHdG was first detected during a study on DNA modifications
caused in vitro by mutagenic heated carbohydrates, which were being used as a
model of cooked foods (Kasai et al. 1984a). Methylreductic acid and
hydroxymethylreductic acid were later isolated and identified from heated carbo-
hydrates as major ROS-forming mutagenic compounds (Kasai et al. 1989). Various
ROS-forming agents, such as Fenton-type reagents (Kasai and Nishimura 1984b),
ionizing radiation (Kasai et al. 1984b), metals (Kasai and Nishimura 1984c),
cigarette smoke condensate (Kasai and Nishimura 1991), and asbestos (Kasai and
Nishimura 1984a), also effectively promoted the formation of 8-OHdG in DNA
in vitro. A hydroxyl radical (OH) is involved in these reactions. The formation of
8-OHGua in vitro was most efficient with the monomer nucleoside, as compared to
that in RNA and DNA polymers (described later in detail). A preliminary account
of these results was reported in 1983 (Kasai and Nishimura 1983). Floyd and his
collaborators found that methylene blue plus visible light specifically induces
8-OHdG in DNA without a strand break, suggesting the involvement of singlet
oxygen in that reaction (Schneider et al. 1990). In collaboration with Cadet’s group,
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Kasai et al. found that riboflavin plus visible light induces 8-OHdG in DNA by a
non-singlet oxygen mechanism; namely, via a guanine radical cation followed by a
hydration reaction (Kasai et al. 1992). As an interesting example, Barton and his
collaborators demonstrated that photoactivated metallointercalators induced
8-OHdG in DNA at sites 34-200 A (10-60 base pairs) away from their binding
sites, by long-range electron transfer along the DNA chain (Nunez et al. 1999).
Kohda et al. reported that 8-OHdG is produced in cellular DNA by a treatment with
the carcinogen 4-nitroquinoline 1-oxide, via N7-arylaminated dG followed by
hydrolytic rearrangement (Kohda et al. 1986). Together, these results revealed
that 8-OHdG is produced by a variety of mechanisms.

3 Nomenclature

8-OHdG is considered to exist mainly as the 8-oxo-form in aqueous solutions,
because its UV spectrum resembles that of 7-methyl-8-oxoguanosine (Culp
et al. 1989; Rizkalla et al. 1969), (Fig. 1). An X-ray crystallographic study of
8-OH-9-ethylguanine actually revealed the 8-oxo-structure (Kasai et al. 1987). In
DNA, its 8-oxo-form mispairs with adenine and induces GC to TA transversion
mutations (Shibutani et al. 1991) (Fig. 2). A repair enzyme that removes 8-OHGua
in DNA was identified in mammalian cells and named oxoguanine glycosylase
1 (OGG1) (Lu et al. 1997). Therefore, many researchers, especially those studying
the mutagenic effects and the repair enzymes, use the name 8-oxodG, rather than
8-OHdG. In fact, Cooke et al. recommended using the 8-oxodG nomenclature
(Cooke et al. 2010). However, a drawback is that the correct name of 8-oxodG is
rather complicated, as it is 7,8-dihydro-8-oxo-dG or 8-oxo-7,8-dihydro-dG, etc.
The 7,8-double bond of the guanine skeleton must be saturated before the 8-oxo is
added to the guanine name, in the systematic nomenclature rules used by Chemical
Abstracts, [IUPAC, etc. Surprisingly, the incorrect name, 8-oxodeoxyguanosine, is

Fig. 2 Mismatched base 8—-0OH-Gua Induces GC —TA Transversions
pair caused by 8-OHGua
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Table 1 The number of published reports with 8-OHdG in the title

Keywords 1983-2000° |2001-2010° |2011-2015° | Total@***®
8-Hydroxy-2'-deoxyguanosine (A) 120 215 107 442
8-Hydroxydeoxyguanosine (B) 156 140 44 340
8-OHdG (C) 16 87 58 161
8-OH-dG (D) 8 19 1 28
(A) or (B) or (C) or (D) 300 461 199" 960"
8-Ox0-7,8-dihydro-2- 32 90 43 165
'-deoxyguanosine (E)

8-0x0-7,8-dihydrodeoxyguanosine 3 1 1 5
®

8-0x0-2'-deoxyguanosine (G) 45 73 18 136
7,8-Dihydro-8-oxo-2- 15 15 3 33
'-deoxyguanosine (H)

7,8-Dihydro-8-oxodeoxyguanosine 0 7 1 8

@

8-Oxodeoxyguanosine (J) 17 23 1 41
8-0x0dG (K) 7 22 15 44
8-0x0-dG (L) 4 16 11 31
(E) or (F) or (G) or (H) or I) or (J) or | 123 247 93 463
(X) or (L)

“The numbers of these items are less than the sum of the above-described numbers, because some
papers overlap

quite often used (Table 1). Therefore, the 8-oxo-type nomenclature is somewhat
confusing. There are at least 6 different 8-oxo-type names, excluding abbreviations
(Table 1). In contrast, 8-hydroxy-2'-deoxyguanosine is a simple, clear, and suitable
name as a systematic nomenclature. In fact, 6070 % of the published papers have
consistently used 8-OHdG-type names in the titles throughout the past 32 years, as
shown in Table 1. A major tautomeric structure in aqueous solution is not related to
the systematic nomenclature of chemicals and is not always recommended as the
nomenclature. For example, malondialdehyde (MDA, IUPAC name propanedial) is
a widely used name, although it mainly exists in the 3-enol form in aqueous
solution. However, the name 3-hydroxy-2-propenal (or 8-hydroxyacrolein) is not
used for MDA (Marnett 2002).

4 Formation of 8-OHdG In Vivo

What kinds of carcinogenesis-related factors contribute to the generation of
8-OHdG? The relationship between well-known carcinogens and 8-OHdG gener-
ation in DNA has been investigated in animal experiments and human studies, to
clarify the carcinogenic mechanism. The measured levels of 8-OHdG depend on the
balance between its formation and repair, and thus the 8-hydroxyguanine
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Table 2 The 8-OHdG levels are dependent on the balance between formation and repair

8-OHdG Repair activity
Level in DNA (OGG1 type)

Cultured cell y-Rays

Arsenite

Animal organ Chromium (VI)

Cadmium (GSH depletion)
Diesel exhaust particles
Ethanol (Nutrition-deficient)
3/-Me-4-DAB

Fe-NTA

Asbestos

KBrO;

Human leukocyte Cigarette smoking

SN NN NN I[N
NININININININ W |||

Physical exercise

(8-OHGua) repair activity (OGG1 type) should also be assayed in evaluations of the
cellular oxidative stress (Table 2). For example, when ethanol (under nutrition-
deficient conditions) (Asami et al. 2000), 3’-methyl-4-dimethylaminoazobenzene
(Hirano et al. 2000), ferric nitrotriacetate (Fe-NTA) (Yamaguchi et al. 1996),
potassium bromate (KBrOs;) (Lee et al. 1996), and asbestos (Yamaguchi
et al. 1999) were administered to rats, increases in both the 8-OHdG level and the
repair activity were observed in the target organs, esophagus, liver, kidney, and
lung. Cigarette smoking also increased the levels of both 8-OHdG and its repair
activity in human leukocytes (Asami et al. 1996). In contrast, cancer preventive
physical exercise induced an increase in the repair activity and a decrease in the
8-OHdG level (Asami et al. 1998a). The administration of cadmium (Cd) to rats,
under conditions of glutathione depletion, impaired the 8-OHGua repair activity in
the target organ, testis, while the 8-OHdG levels in the DNA were increased
(Hirano et al. 1997). When rats were exposed to diesel exhaust particles (DEP)
by intratracheal administration (Tsurudome et al. 1999), or to a hexavalent chro-
mium (Cr) mist by inhalation (Maeng et al. 2003), again the repair activity was
decreased in the lungs, while the 8-OHdG levels in the DNA were increased. These
potent carcinogens, Cd, Cr, and DEP, may enhance the accumulation of 8-OHdG by
impairing the repair activity.

One of the mechanisms of asbestos fiber genotoxicity appears to be the gener-
ation of ROS, either from its surface by reactions involving catalytic iron or from its
phagocytosis by frustrated phagocytes (Kamp and Weitzman 1999). For example,
increased levels of 8-OHdG were observed in rat and hamster lung DNA after the
intra-tracheal instillation of crocidolite asbestos (Yamaguchi et al. 1999). These
results agreed well with our prediction and suggested that one of the mechanisms of
asbestos-induced lung cancer or mesothelioma is 8-OHdG generation in DNA. A
positive correlation between the 8-OHdG levels in leukocyte DNA and the grades
of asbestosis at a Chinese asbestos plant (Takahashi et al. 1997) was also observed.
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A German group conducted a large-scale study of asbestos-exposed workers, to
determine whether asbestos induces the formation of 8-OHdG in white blood cells
(Marczynski et al. 2000). The data from that study revealed a 1.7-2-fold increase in
8-OHdG due to asbestos exposure (p < 0.001). These data support the hypothesis
that asbestos fibers damage cells through an oxidative mechanism. Based on these
results, preventive and therapeutic approaches using antioxidants may be possible.
The various chemicals and environmental factors that induced increases in 8-OHdG
levels are listed in Table 3.

5 Ionizing Radiation

Oxidative DNA damage is one of the major causes of radiation injury. 8-OHdG and
8-OHGua are increased in a linear fashion by 20-300 mGy of gamma irradiation to
aqueous solutions of dG and Gua, respectively (Li et al. 2013b). These markers are
considered to have sufficient sensitivity for detecting oxidative damage by ionizing
radiation. The adverse health effects of radiation doses around 100 mSv have been
vigorously discussed, especially in terms of cancer induction. Meanwhile, we
reported that the threshold radiation level for increasing the 8-OHdAG level in
mouse urine was about 100-200 mGy (Li et al. 2013b), which supports the
threshold theory of some reliable epidemiological studies on atomic bomb survi-
vors (Land 1980; Shimizu et al. 1992). However, in most reports, an increase in
8-OHdG could be detected after irradiation with doses greater than a few
Gy. Furthermore, most of the human data were collected from patients undergoing
radiotherapy, who usually get quite high doses of radiation. It is essential to collect
lower dose data to clarify the contribution of oxidative damage to the adverse health
effects and to develop protective measures. In addition, the radiation health effects
change with the radiation dose rate (Gy/min) (Tanooka 2011). At present, the
evidence for the effects of low dose rate radiation is insufficient, especially for
the human population. In cells, low molecular weight antioxidants and
ROS-scavenging enzymes may process some of the ROS generated by radiation
and prevent cellular DNA and nucleotide damage. In addition, the higher 8-OHdG
levels induced in tissue DNA may decrease as time passes. This is due to the
cellular DNA repair systems, such as nucleotide excision repair, base excision
repair, and damaged nucleotide sanitization. As a result, oxidized nucleosides and
bases accumulate in the urine. Therefore, urinary 8-OHdG is a sensitive marker for
radiation-induced oxidative damage in vivo. The published data on the increased
formation of 8-OHdG by ionizing radiation are summarized in Table 4.
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Table 3 Occupational, environmental exposure and 8-OHdG

H. Kasai and K. Kawai

Chemicals or Ratio to
occupation control Species Sample Method Reference
Asbestos 1.31 Human Urine HPLC-ECD Tagesson
et al. (1993)
1.45 Human Urine HPLC-ECD Takahashi
et al. (1997)
1.37-1.64 Hamster, |Lung HPLC-ECD Yamaguchi
rat et al. (1999)
1.7 Human ‘White Marczynski
blood cell et al. (2000)
DNA
PAHs Ve Human Urine LC-MS/MS Li
et al. (2015)
1.19 Human Urine HPLC-ECD Harri
et al. (2005)
1.63 Human White HPLC-ECD Marczynski
blood cell et al. (2009)
DNA
Refractory 1.54 Human White HPLC-ECD ibid.
materials blood cell
DNA
Carbon electrodes | 3.23 Human White HPLC-ECD ibid.
blood cell
DNA
Converter workers | 1.26 Human White HPLC-ECD ibid.
blood cell
DNA
PAH, / Human Urine ELISA Wei
anthraquinone et al. (2010)
DEP PM2.5 2.14 Human Urine ELISA Lee
et al. (2010)
PM 2.5 1.15 Human Urine ELISA Kim
et al. (2004)
Va Human Urine ELISA Lee
et al. (2012)
>3 Human Urine ELISA Wei
et al. (2009)
/ Human Urine HPLC-ECD Neophytou
et al. (2013)
Coke oven worker | 7 Human Urine Guo
et al. (2014)
Top 1.20 Human Urine HPLC-ECD Nguyen
Side 1.53 et al. (2014)
a Human Urine LC-MS/MS Chao
et al. (2008)
Coke production 1.4 Human White HPLC-ECD Marczynski
blood cell et al. (2009)
DNA

(continued)
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Table 3 (continued)
Chemicals or Ratio to
occupation control Species Sample Method Reference
Coke plant, J Human Urine Capillary Zhang
policeman, taxi electrophorasis- | et al. (2013)
driver ECD
Bottom ash treat- | 1.46 Human Urine ELISA Liu
ment plant, fly ash et al. (2008)
treatment plant
Diesel exhaust >3 Human Urine ELISA Wei
emission inspector et al. (2009)
Bus driver 1.3 Human Urine HPLC-ECD Loft
et al. (1999)
1.27-1.45 Human Urine ELISA Rossner
et al. (2008)
Bus drivers, 2.59 Human Urine HPLC-ECD Bagryantseva
garagemen et al. (2010)
Long distance bus | Adjusted Human Urine ELISA Han
driver OR=94 et al. (2010)
Traffic policeman | ~ Human Leukocyte | HPLC-ECD Arayasiri
DNA et al. (2010)
Subway workers 1.07 Human Urine ELISA Mehrdad
(p=0.038) et al. (2015)
Foundry workers 2.72 Human Urine ELISA Liu et al.,
(2009)
Toner-exposed 1.03 Human Urine HPLC-ECD Kitamura
et al. (2009)
Wildland J Human Urine ELISA Gaughan
firefighter et al. (2014)
Temple workers, |~ Human Leukocyte | HPLC-ECD Navasumrit
incense smoke DNA et al. (2008)
Benzene /" 8-OHdG, | Human Urine LC-MS/MS Manini
8-OHGuo, et al. (2010)
8-OHGua
1.25-8.00 Human Leukocyte | HPLC-ECD Liu
DNA et al. (1996)
/ Human Urine HPLC-ECD Nilsson
et al. (1996)
/' 8-OHdG, |Human Urine MS Andreoli
8-OHGuo et al. (2012)
Styrene exposed 1.03-1.23 Human Urine LC-MS/MS Manini
workers et al. (2009)
Styrene 1.47 Human Peripheral | HPLC-ECD Marczynski
blood et al. (1997)
DNA
Gas station atten- | Human Urine ELISA Goeethel

dant, taxi driver

et al. (2014)

(continued)
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Table 3 (continued)
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Chemicals or Ratio to
occupation control Species Sample Method Reference
Ethylbenzene 4.21 Human Urine ELISA Chang
etal. (2011)
Di-(2-ethylhexyl) | 1.27 Human Urine HPLC-ECD Wang
phthalate plastic etal. (2011)
recycling
Smoker 2.15 Human Urine ELISA Lu
et al. (2014)
1.5 Human Urine HPLC-ECD Loft
et al. (1992)
1.43 Human Lung HPLC-ECD Asami
et al. (1997)
2.13 Human Leukocytes | HPLC-ECD Lodovici
et al. (2000)
Iron, smoking a Human Urine LC-MS/MS Hossain
et al. (2014)
Environmental J Human Plasma LC-MS/MS Chiang
tobacco smoke et al. (2012)
Hexavalent chro- | 1.64 Human Urine ELISA Zhang
mium et al. (2011)
electroplating
worker
Chromium 1.57 Human Urine HPLC-ECD Kuo
et al. (2003)
Chromate J Human Urine ELISA Li
et al. (2014)
Arsenic 4 Human Saliva LC-MS/MS Hinhumpatch
et al. (2013)
1.12 Human Urine ELISA Wong
et al. (2005)
As, heavy metals | Human Serum ELISA Szymanska-
Chabowska
et al. (2009)
As, Cd Va Human Urine LC-MS/MS Engstrom
et al. (2010)
As, Cd, Ni, Se J Human Urine ELISA Lin
et al. (2012)
Nickel-cadmium 1.05-2.55 Human Urine HPLC-ECD Yoshioka
8-OHGua et al. (2008)
Manufacturing r=0.41, Human Urine ELISA Sughis
surgical instru- p <0.0001 et al. (2012)
ment (nickel)
Rubber 1.38 Human Urine HPLC-ECD Tagesson
et al. (1993)
Roofers 1.2 Human Urine HPLC-ECD Toraason
et al. (2001)

(continued)
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Table 3 (continued)

Chemicals or Ratio to
occupation control Species Sample Method Reference
Azo-dye 1.79 Human Urine HPLC-ECD Tagesson

et al. (1993)
Cooking oil fume | 1.46 Human Urine HPLC-ECD Pan

et al. (2008)
Cooking oil fume | ~ human urine HPLC-ECD Ke

et al. (2009)
Zinc oxide J Rat Blood Chuang
nanoparticle et al. (2014)
Nanoparticles a Human Urine Khatri
from photocopiers et al. (2013)
Metal Va Mouse Urine, HPLC-ECD Song
nanoparticles bone mar- et al. (2012)

row, liver

PCDD, dibenzo- 3.84 Human Urine HPLC-ECD Wen
furans, etc. et al. (2008)
Aroclor 1254 >5 Mouse Liver HPLC-ECD Faux

et al. (1992)
TCDD >20 Mouse Urine ELISA Shertzer

et al. (1998)
2,3,7,8-TCDD / Human Plasma LC-MS/MS Pelclova

etal. (2011)
Trichloroethylene | ~ Human Urine LC-MS/MS Abusoglu

et al. (2014)
Agricultural J Human Urine HPLC-ECD Kisby
worker et al. (2009)
Antineoplasic 1.38 Human Urine ELISA Huang
drugs et al. (2012)
VOCs”, hair salon | 7.5 Human Serum ELISA Ma

et al. (2010)

*VOCs: volatile organic compounds

6 Diseases

Oxidative stress leads to many kinds of diseases. Examinations of the oxidative
damage in connection with diseases are quite important for their treatment and
prevention. In epidemiological studies, chronic oxidative stress is a cancer risk
factor. For example, higher levels of 8-OHdG were observed in the stomach tissues
of children (Baik et al. 1996) and cancer patients with Helicobacter pylori infec-
tion. Increased levels of 8-OHdG have been reported in various types of cancer.
Oxidative stress engenders vascular complications and pancreatic beta cell damage,
which induces insulin resistance and diabetes. In these patients, the 8-OHdG and
8-OHGua levels in urine or plasma were higher than those in the control group. In
addition to patients with hypertension or cardiac infarcts, those with Alzheimer’s or
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Parkinson’s disease also have higher levels of 8-OHdG. Interestingly, patients with
mental disorders, such as schizophrenia, bipolar disorder, and autism, also have
higher levels of 8-OHdG and 8-OHGuo. Examples of recent publications describ-
ing increased 8-OHdG levels in various diseases are provided in Table 5.

7 Lifestyle

Lifestyle factors are closely related to the individual oxidative status. Epidemio-
logical studies have suggested that lifestyle improvements can lead to the preven-
tion of cancers and lifestyle-related diseases, such as diabetes. A well-balanced diet
rich in vegetables and fruits reduced the 8-OHdG levels in the body, as an oxidative
stress marker. In contrast, alcohol consumption and job stress increased the oxida-
tive stress. Interestingly, the BMI of smokers showed an inverse correlation
between the 8-OHdAG level (Mizoue et al. 2006), which partly supports the
U-shaped relation between BMI and cancer risk, concluded from epidemiological
studies (Inoue et al. 2004). Namely, cancer risk increases with a very low BMI,
especially in smokers (Kabat and Wynder 1992). A very thin state may induce
oxidative stress, due to a high metabolic rate (Shah et al. 1988). Smoking seems to
be one of the worst factors for inducing oxidative damage. Moderate exercise
reduced the 8-OHdAG levels in leukocyte DNA, by the induction of either
ROS-scavenging enzymes (SOD, catalase, and glutathione peroxidase) (Mena
etal. 1991) or repair enzymes [OGG1 and MTHI1 (Sato et al. 2003)]. Representative
references describing the effects of lifestyle factors on 8-OHdG levels are provided
in Table 6.

8 Antioxidants

Antioxidants help to keep the body healthy. There are several methods for evalu-
ating antioxidant activity. Among them, the measurement of 8-OHdG as an oxida-
tive damage marker is the most widely used method for in vivo experiments,
including human studies. The 8-OHdG reducing effects of typical antioxidants on
induced oxidative stress are shown in Table 7. Vitamin C intake significantly
decreased the 8-OHdG levels induced by periodontitis, ischemia, and chronic
hemodialysis. Alpha-tocopherol reduced the increased 8-OHdG levels caused by
heavy athletic training or iron therapy. The combined effects of alpha-tocopherol,
ascorbic acid, beta-carotene, acetylsalicylic acid, and sesamin were reported. Many
components in fruits or vegetables, such as astaxanthin (Aoi et al. 2003), lycopene
(Devaraj et al. 2008), resveratrol (Sirerol et al. 2015), green tea polyphenols (Luo
et al. 2006), quercetin (Ozyurt et al. 2014), and curcumin (Okada et al. 2001), were
also reported to reduce 8-OHdG levels.
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Table 6 Lifestyle and 8-OHdG

H. Kasai and K. Kawai

Ratio to
Habit control Species Sample Method | Reference
Fruit and vegetable | Lower Human Urine ELISA | Cocate
intake 8-OHdG et al. (2014)
(P for trend,
0.05)
Light-colored vege- |\ Human Urine HPLC- | Irie et al. (2005)
table, soybean prod- ECD
uct, rice, BMI
Working hours, cig- | / Human Urine HPLC- | Irie et al. (2005)
arette smoke ECD
Fruit, daily physical |\ Human Urine HPLC- | Tamae
activity, healthy ECD et al. (2009)
meal
Cigarette, alcohol Va Human Urine HPLC- | Tamae
ECD et al. (2009)
Fish intake . Human Urine ELISA | Muzembo
et al. (2012)
Job stress Va Human Urine ELISA | Inoue et al. (2009)
Age / Human Urine ELISA | Sakano
et al. (2009)
BMI /' 27% /| Human Urine HPLC- | Mizoue
unit BMI \, ECD et al. (2007)
Smoking 1.6 Human Leukocyte |HPLC- | Asami
DNA ECD et al. (1996)
1.43 Human Lung HPLC- | Asami
ECD et al. (1997)
3.34 Human Leukocyte |HPLC- |Lodovici
DNA ECD et al. (2005)
Environmental 1.55 Human Leukocyte | HPLC- |Lodovici
smoke DNA ECD et al. (2005)
Physical activity N Human Urine HPLC- |Hara
(subject n=6,422) ECD et al. (in press)
2 weeks, moderate 0.67 Human Urine LC-MS | Allgayer
intensity exercise (colorectal et al. (2008)
after primary therapy cancer)
Race (African 1.3 Human Urine ELISA | Huang
American/ et al. (2000)
caucasian)
Regular exercise 1.16 Human Urine ELISA | Huang
et al. (2000)
Wrestling exercise N Human Serum ELISA | Hamurcu
et al. (2010)
Exercise 0.53 Human Leukocyte | HPLC- | Asami
DNA ECD et al. (1998a)
Forced exercise 1.9-2.4 Rat Heart, HPLC- | Asami
lung, liver | ECD et al. (1998b)

(continued)
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Table 6 (continued)

Ratio to
Habit control Species Sample Method | Reference
Ultramarathon  mid race | Human Urine HPLC- | Miyata
\.post race ECD et al. (2008)
Sunlight OR: 4.35 Human Urine ELISA | Kato et al. (2011)
UVB, 280-350 nm 1.73 Rabbit Eye HPLC- | Lodovici
ECD et al. (2009)
UVAL, 364 nm Ar 2.56 Mouse Skin HPLC- | Ikehata
laser ECD et al. (2008)
UVA, 364 nm 2.7 Drosophila HPLC- | Negishi
ECD et al. (2007)

9 Formation of 8-OHGuo in RNA

In the previously mentioned in vitro experiments, the formation of 8-OHGuo in
RNA was higher than that in DNA (Kasai and Nishimura 1984c). One reason for
this may be the more open structure of single-stranded RNA than double-stranded
DNA. In fact, Fiala et al. reported that the hepatocarcinogen 2-nitropropane induces
8-hydroxyguanosine (8-OHGuo) in rat liver RNA much more efficiently (11-fold as
compared to control) than 8-OHdG in DNA (3.6-fold as compared to control) (Fiala
et al. 1989). This may also be due to the rapid removal of 8-OHGua from DNA by
repair enzymes, or to the higher reactivity of ROS, produced by the metabolism of
2-nitropropane, with cytoplasmic single-stranded RNA. When doxorubicin
(adriamycin) was administered to rats, a significant increase of 8-OHGuo in the
liver RNA, but not 8-OHAG in the DNA, was observed (Hofer et al. 2006).
Malayappan et al. observed increased levels of 8-OHGuo and 8-OHdG in smoker’s
urine, as compared to control nonsmokers (Malayappan et al. 2007). As other
examples, analyses of ribonucleoside 8-OHGuo levels in tissue RNA or biological
fluids were reported in relation to aging, calorie restriction, exercise (rat liver RNA)
(Seo et al. 2006), cisplatin treatment in cancer patients (urine) (Andreoli
et al. 2012), Alzheimer’s disease (cerebrospinal fluid) (Isobe et al. 2009), hereditary
hemochromatosis (urine) (Broedbaek et al. 2009), exposure to benzene (human
urine) (Manini et al. 2010), and the effect of antioxidants in cherry juice (human
urine) (Traustadottir et al. 2009). In those studies, higher formation of 8-OHGuo
than 8-OHdG was observed, which is compatible with the general tendency that the
ultimate reactive forms of carcinogens, such as aflatoxin B1 (Garner and Wright
1975) or N-nitrosopyrrolidine (Wang and Hecht 1997), induced more modifications
in RNA than in DNA. Therefore, the ribonucleoside 8-OHGuo is also a promising
biomarker for oxidative stress (Poulsen et al. 2012).

High levels of the ribonucleoside triphosphate 8-OHGTP may also be produced
in cells, in addition to 8-OHdGTP (see next paragraph). The MTHI1 protein, a
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mutT-related protein that catalyzes the hydrolysis of 8-OHdGTP to 8-OHdGMP,
also hydrolyzed the ribonucleotide 8-OHGTP (Fujikawa et al. 2001). In oxidative
stress-related diseases induced by aging, 8-OHGuo formation in RNA, by either the
incorporation of 8-OHGTP or the direct oxidation of RNA, caused a reduction in
translation or an increase in mistranslation, which induced the accumulation of
nonfunctional proteins (Poulsen et al. 2012). For example, in Alzheimer’s disease
patients, increased 8-OHGuo in RNA- and reduced MTHI1 activity were observed
in their hippocampi (Song et al. 2011). These results suggested that increased
oxidative stress and MTH1 deficiency during aging might be causative factors for
this disease.

10 The Nucleotide Pool Is a Significant Target

In the initial in vitro study, the formation of 8-OHdG in the monomer nucleoside
(dG) was 15 times higher than that in the DNA (Kasai and Nishimura 1984c). This
suggests that the modification of dGTP to 8-OHdGTP in the nucleotide pool is more
important than the formation of 8-OHdG in the DNA. In vivo, an E. coli mutT-
deletion mutant, which lacks the 8-OHdGTP sanitization system, showed a
100-10,000 times higher spontaneous mutation rate than the wild type (Maki and
Sekiguchi 1992), while the rate in a mutM-deletion mutant, which lacks the system
to remove 8-OHGua from DNA, was only 6-14 times higher than that of the wild
type (Cabrera et al. 1988; Michaels et al. 1992). In fact, Russo et al. reported that
8-OHdGTP is a significant contributor to genetic instability in mismatch repair-
deficient cells (Russo et al. 2004). Harms-Ringdahl and his collaborators detected
considerable amounts of 8-OHdG in the nucleotide pool fraction, which were much
higher (35-fold) than those in the DNA fraction, and concluded that the nucleotide
pool is a significant oxidative modification target (Haghdoost et al. 2006). They also
reported that the reduction of 8-OHdGTP in the nucleotide pool by hMTH1 leads to
fewer mutations in the human lymphoblastoid cell line TK6, exposed to UVA
(Fotouhi et al. 2011). Kaczmarek et al. described the efficient formation of
8-OHAGTP from the Ni(II)-dGTP or Ni(II)-dGTP-His complex in the presence of
H,0,, which may be an underlying mechanism of the potent carcinogenic effects of
nickel compounds (Kaczmarek et al. 2005). Together, these results suggest that
8-OHdG formation in the nucleotide pool is more important than that in the DNA,
in relation to mutagenesis and carcinogenesis (Fig. 3). It is worth mentioning that
the nucleotide pool is also a significant target of alkylation in N-methyl-N-
nitrosourea-induced mutagenesis and carcinogenesis (Topal and Baker 1982).
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11 Accurate Measurement of 8-OHdG as a Reliable
Marker

The need to accurately measure 8-OHdG has long been discussed (Kasai 1997). In
the case of 8-OHdG measurements in cellular DNA, special precautions must be
taken to prevent sample auto-oxidation. An antioxidant (Nal) and a metal chelator
(Desferal, EDTA) must be used during DNA isolation, especially in the lysis step.
When a DNA digest was stored at 10 °C, the 8-OHdG levels significantly increased
in a few hours. In contrast, when stored at —80 °C, no increase was observed
(Kawai et al. 2007).

For the measurement of urinary 8-OHdG, an automated HPLC-ECD system to
analyze urinary 8-OHdG with higher accuracy was developed (Kasai 2003). Dis-
parity in the results has occurred frequently, depending upon the measurement
methods (Shimoi et al. 2002). There are considerable discrepancies between the
results obtained by the ELISA and HPLC methods. Usually, the 8-OHdG levels are
2-3 times higher in the ELISA methods, as compared to the HPLC methods, and the
data observed with ELISA are quite variable. Recently, urea was recognized as a
major cause of this problem (Song et al. 2009). A high concentration of urea in the
sample (urine or blood) could cross-react with the anti-8-OHdG antibody in the
ELISA. Although various approaches, including the performance of the ELISA at
4 °C, a pretreatment with urease, and a pretreatment by solid-phase extraction
(SPE), have been taken to resolve this issue, satisfactory results have not been
achieved (Rossner et al. 2013). Regarding this situation, Watanabe et al. reported a
good correlation between the ELISA and HPLC methods for the 8-OHdG values by
the ELISA method, following urease treatment and ethanol precipitation. Urea is
considered to be a major interfering substance in ELISA, but there are still other
cross-reacting components, such as 8-OHGuo (Song et al. 2012) and creatinine
(Rossner et al. 2008). Most reports of the 8-OHdG levels in serum or saliva were
obtained by the direct use of ELISA for these fluids. The levels of 8-OHdG in
plasma and saliva measured by LC-MS/MS were several hundred times lower than
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those reported by scientists using the commercial ELISA kit (Hu et al. 2010b).
Although serum and saliva are quite useful materials, pretreatments for concentra-
tion and cleanup, such as SPE treatment, are needed before ELISA and HPLC
measurements because of the low concentration of 8-OHdG, and for the removal of
cross-reacting materials, especially in ELISA. From an overall consideration,
although ELISA measurements have revealed certain rough trends in large-scale
analyses, the HPLC methods (HPLC-ECD or LC-MS/MS) are recommended for
the accurate measurement of 8-OHdG. The urine analysis data obtained by our
method (HPLC-ECD) are almost identical to those obtained by LC-MS/MS, as
judged by ESCULA (European Standard Committee on Urinary Lesion Analysis)
(Barregard et al. 2013). For urinary 8-OHGua analysis, diets containing 8-OHGua
must be considered, because 90 % of the 8-OHGua administered to rats was
excreted into the urine (Kawai et al. 2006). The CE-2 diet, which is generally
used for animal experiments, contains a large amount of 8-OHGua. Therefore, in
animal experiments, nucleic acid-free diets, such as those with egg white as the
protein source, should be used. For human studies, the intake of various 8-OHGua-
containing foods, especially fish products, must be minimized before urine
collection.

It is also important to check the stability of 8-OHdG under various conditions,
and to determine whether it is formed from dG in biological fluids, such as urine, for
its general use as an oxidative stress marker. Urinary 8-OHdG is stable at —20 °C
for 15 years (Loft et al. 2006) and at 25 °C for 24 h (nonsmokers) (Matsumoto
et al. 2008). However, the levels of urinary 8-OHdG from smokers showed a
tendency to increase over 24 h at 25 °C (Matsumoto et al.). This may occur because
(1) smoker’s urine contains lower levels of antioxidants than that of nonsmokers,
and/or (2) smoking-related substances in urine generate ROS. Shigenaga
et al. injected *H-8-OHdG into the tail veins of rats, and 24 h urine samples were
analyzed by HPLC (Shigenaga et al. 1989). They found no degradation of 8-OHdG
after administration and excretion. When *H-dG was stored in urine for 19 days at
4 °C, no 8-OHdG was produced, indicating that the chemical transformation of dG
to 8-OHdG did not occur in rat urine (Shigenaga et al. 1989).

8-OHGua is rather unstable, as compared to 8-OHdG (Hu et al. 2010a). Its
solution (pH 7) is stable at room temperature for 6 days, at 4 °C for 45 days, and at
—20 °C for 87 days. After these periods, its degradation was observed.

12 Sources of 8-OHdG, 8-OHGuo, and 8-OHGua
Generation and Validity of Their Analyses

Urinary 8-OHdG is generated by either nucleotide excision repair (NER) from
oxidized DNA or hydrolysis of 8-OHdGTP by the sanitization enzyme MTH1. The
free 8-OHGua base is produced by base excision repair (BER) from oxidized DNA
or by the oxidation of guanine (formed by the hydrolytic degradation of DNA,
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RNA, and the nucleotide) before the salvage pathway (Kasai et al. 2008) (Fig. 4).
8-OHGuo may be produced by the hydrolysis of 8-OHGTP by MTHI1 or by the
degradation of oxidized RNA.

A human study revealed a correlation between the 8-OHdG levels in lymphocyte
DNA and the urinary 8-OHdG levels (Gedik et al. 2002). A correlation between the
concentrations of 8-OHdG in human urine, plasma, and saliva was also observed
(Hu et al. 2010b), based on accurate LC-MS/MS measurements. In mouse exper-
iments, correlations were observed between the urinary 8-OHdG and 8-OHGua
levels, between the serum 8-OHGua and urinary 8-OHdG levels, and between the
serum 8-OHGua and urinary 8-OHGua levels (Li et al. 2013a).

There are few direct studies of the relationship between 8-OHdG-related oxida-
tive markers and cancer risks in humans, such as cohort studies, because of the
length of time required to form conclusions (Loft et al. 2006). Considering the time
needed to collect data for the large-scale analysis of 8-OHdG-related markers, the
amounts of direct evidence for use as a predictor of cancer development are
expected to increase in the future.

As described in this chapter, many chemical carcinogens, as well as UV- and
ionizing radiation (UVA, gamma-ray, X-ray, etc.), induced 8-OHdG in animal
experiments, while many antioxidants, which are known to suppress cancer,
reduced the 8-OHdG levels, as indicated in Tables 4 and 7. In human studies,
asbestos, azo-dyes, benzene, and chemicals used in the rubber industry, which were
all concluded to be human carcinogens with sufficient evidence by the IARC
(Lagorio et al. 1994; Tagesson et al. 1993), induced an increase in the urinary
8-OHdG level.

Furthermore, many lifestyle habits for cancer prevention, such as cessation of
smoking, avoiding drinking and a high-fat diet, following the recommended levels
of fish, fruit and vegetable consumption, and exercising moderately, are supported
by the data showing increased or decreased 8-OHdG levels by these factors, in
human studies. Urinary analyses of cancer high-risk groups (dermatomyositis,
polymyositis, systemic sclerosis, cholangiocarcinogenesis) revealed higher levels
of urinary 8-OHdG, as compared to those of the healthy control groups (Kasai
et al. 2007; Thanan et al. 2008). In cancer- or aging-related genetic diseases, such as
Fanconianemia, Bloom syndrome, and Xeroderma pigmentosum, the urinary
8-OHdG levels were also increased (Lloret et al. 2008).
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Based on the direct and indirect evidence described herein, we consider 8-OHdG
(or its related compounds) to be a useful marker for monitoring the oxidative stress
involved in the induction of cancer and ROS-related diseases, if analyses are
performed with the precautions mentioned above.
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Abstract Ribose methylation is one of the most abundant RNA modifications and
is found in all kingdoms of life and all major classes of RNA (rRNA, tRNA, and
mRNA). Ribose methylations are introduced by stand-alone enzymes or by generic
enzymes guided to the target by small RNA guides. The most abundant mechanism
of ribose methylation is found in rRNA of Archaea and Eukarya where a
methyltransferase (fibrillarin) use SRNA (Archaea) or box C/D snoRNA (Eukarya)
as guide RNAs to specify the site of modification. The general function of these
modifications is to promote ribosome biogenesis, in particular folding of the
ribosomal RNA. Furthermore, some modifications affect the fidelity of translation.
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The function of individual modifications has in many cases remained elusive,
because genetic deletion of the modification has a weak phenotype or no phenotype
at all. Another problem is that methods for mapping modifications and quantitating
the fraction of RNA molecules modified in a population until recently remained
poorly developed. Here, we review the methods that have been used to study 2'-O-
Me in RNA starting with the original approach employing in vivo isotope labeling
followed by paper chromatography. The next generation of methods typically
addressed one nucleotide at a time and was mostly based on primer extension.
Finally, more recent mass spectrometry and high-throughput sequencing methods
hold promise to reveal a new biology of this widespread type of nucleotide
modification.

Keywords 2'-O-Me ¢ Ribose methylation « Box C/D snoRNA e Fibrillarin e
Ribosomal RNA

1 Introduction

More than a hundred different types of nucleotide modifications in RNA are
currently known and catalogued in the RNA modification database at the State
University of New York at Albany (http://mods.rna.albany.edu) and the Modomics
database at University of Warsaw (http://modomics.genesilico.pl). The majority of
the modifications are methylations and methylation of the ribose 2’-OH is the most
abundant (Watkins and Bohnsack 2012). Ribose methylations are found in all
kingdoms of life and have been documented in all major classes of RNAs. In
prokaryotes and at some sites in archaea and eukaryotes, the methylation is intro-
duced by a methyltransferase that recognizes a specific motif in the target RNA.
However, for the majority of targets in Archaea and eukaryotes, a generic
methyltransferase (fibrillarin) is guided to the target by sSRNAs (archaea) or box
C/D snoRNAs (Eukarya). The guide RNAs contains two sets of conserved
sequences: boxes C and C' (5-RUGAUGA) and boxes D and D' (CUGA). A stretch
of nucleotides ending with the second nucleotide upstream of boxes D and D/,
referred to as the guide sequence, typically form a continuous stretch of base pairs
with the target sequence and the nucleotide opposite the fifth nucleotide upstream
of boxes D or D’ becomes methylated (Fig. 1a).

Box C/D snoRNAs adopt a characteristic structure in which boxes C and D pair
to form a terminal kink-turn motif, whereas the internal boxes C’ and D’ often form
a kink-loop motif. The snoRNAs exist as snoRNP particles together with the 15.5K
protein that binds to the kink motifs, NOP56, NOP58, and fibrillarin (human
nomenclature for the proteins; see Watkins and Bohnsack 2012 for a review on
the snoRNP). Ribose methylations contribute to chemical and structural stabiliza-
tion of the target RNA, and the methylation blocks the possibility of activation of
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Fig. 1 (a) The
configuration of the base
pairing between a snoRNA
(middle) and two target
molecules. Ribose
methylation catalyzed by
the methyltransferase
fibrillarin takes place in the
target molecule at the
nucleotide opposite the fifth
nucleotide upstream of the
D (or D’) box. The
simultaneous pairing with
the two targets in the
drawing is speculative. (b)
Methylation of the 2'-O
enforces the 3'-endo
conformation of the ribose
and thereby affects the
structure of the methylated
RNA

C2' endo C3' endo




190 U. Birkedal et al.

the 2’-OH for nucleophilic attack on the neighboring phosphodiester bond. Fur-
thermore, the presence of 2’-O-Me promotes 3’-endo conformation of the sugar,
blocks sugar edge interactions, and changes the hydration sphere around the 2’0
(Helm 2006) (Fig. 1b).

Ribosomal RNAs are particularly well studied with respect to ribose methyla-
tion. E. coli has only four 2’-O-Me modifications in TRNA, and these are introduced
by stand-alone enzymes. In Archaea, the number varies considerably among spe-
cies and most are guided by sSRNAs. The overwhelming number of ribose methyl-
ations in eukaryotes is guided by snoRNAs. Yeast rRNA has 55 2'-O-Me and HeLa
cell rRNA a little over one hundred. The only eukaryotic organisms for which the
majority of 2'-O-Me sites in TRNA have been experimentally validated are
S. cerevisiae, S. pombe, and humans represented by HeLa cells. For other organ-
isms, the assignment of 2’-O-Me sites relies mostly on predictions based on the
sequence of guide RNAs. The 2'-O-Me modifications are clustered in the conserved
parts of rRNA and are believed to be important for rRNA folding and translational
fidelity (Decatur and Fournier 2002).

Here we review methods for detection of 2’-O-Me from the early work in the
1970s to the contemporary methods based on parallel sequencing or mass spec-
trometry. An overview of the methods is provided in Table 1. Details of much of the
early work have been reviewed by Maden (1990, 2001) and Maden et al. (1995).

2 RNase Fingerprinting and Chromatography

The pioneering work on ribose methylations was done in the 1970s and 1980s in the
Maden (HeLa) and Planta (yeast) laboratories (Klootwijk and Planta 1973; Maden
1986, 1988). The approach was to label ribosomal RNA in vivo with *PO, ™ and L-
[methy1—3H]methionine. Next, the ribosomal RNA was isolated and a map of RNase
T1 and RNase A fragments created. The fragments were further digested and
analyzed by paper chromatography to map precisely the modified nucleotides.
Based on the incorporated radioactivity, a molar ratio was calculated that was a
rather precise estimate of the fraction of molecules modified at each position. In
yeast, 54/55 ribose methylations were mapped to sequence (Klootwijk and Planta
1973). The remaining position was finally mapped by RiboMeth-seq (Birkedal
etal. 2015) and by RP-HPLC (Yang et al. 2015) recently. In HeLa cells, 93 positions
were mapped to sequence and 11-13 positions to fragments that could not be placed
on the sequence with certainty (Maden 1986, 1988). The data from the two studies
formed the core of two authoritative databases, the UMASS snoRNA database on
yeast modifications (Piekna-Przybylska et al. 2007) and the snoRNA-LBME data-
base on HelLa modifications (Lestrade and Weber 2006). These databases are no
longer being updated but are still the main reference for studies on ribosomal RNA
modifications in the two organisms.

The advantage of the fingerprinting approach is that it delivers both qualitative
and quantitative information of high quality. However, the approach is very
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laborious and is based on in vivo labeling with radioisotopes. This has gone out of
fashion and it is unlikely that more organisms or cell types will be characterized in
this way.

3 Methods Directed to Analysis of 2'-O-Me at Specific
Locations

Once the groundwork had been done, a need for methods that could reveal changes
in methylation at specific sites became apparent. The main driver of this was the
discovery of the box C/D snoRNAs (Kiss-Laszlo et al. 1996). The fact that most
sites are specified by particular guide RNAs and the modifications are executed by a
single generic enzyme lends itself to genetic analysis and manipulation based on
knockout and knock-in of snoRNAs, followed by determination of ribose methyl-
ation as a validation of the genetic manipulation. A range of methods was devel-
oped over the years, several of which are still in use. However, the number of
similar methods also suggests that none of them were ideal.

3.1 Primer Extension at Limited dNTP Concentrations

The first method that came into use sprang from the observation of a spurious
property of reverse transcriptase (RT). The principle of the method is based on
pausing of reverse transcriptase at 2’-O-Me during reverse transcription (Fig. 2a;
upper panel). Although RT is not impeded by 2’-O-Me at high (2 mM) dNTP
concentrations (Lane et al. 1985), there is a pausing effect that is inversely corre-
lated with the dNTP concentration at lower concentrations in the 0.004—1 mM
range (Maden et al. 1995). The pausing signal can be visualized on gels immedi-
ately preceding the 2’-O-Me site (and sometimes even stuttering for one or two
bands before the main band) (Fig. 2a; middle panel). Sequencing reactions using the
same primer and a DNA template with identical sequence to the RNA used in the
RT reaction are run in parallel to provide markers. The signal from the pausing
effect differs from site to site, and some sites are not detected at all.

Since the ribose methylations in rRNA are clustered, several sites can be
analyzed by extension of a single primer in many cases. The analysis requires
primer labeling, and several samples can be analyzed in parallel. Unfortunately,
anomalous bands that are not related to the presence of 2'-O-Me are frequently
observed. This is a known phenomenon in RT reactions and can be caused, for
instance, by strong secondary structure and modified nucleotides that interfere with
Watson—Crick pairing of the incoming dNTP. Well-described examples of the latter
are the m®,A—m®,A doublet and the hypermodified m'acp;¥, both in small subunit
(SSU) rRNA. Unfortunately, such effects are exacerbated at low dNTP concentra-
tion. Another problem for application of RT-based methods in detection of 2'-O-Me
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is difficulty with GC-rich RNAs that has hampered the use of this approach in some
species of Archaea. Finally, the primer extension method is not quantitative
although attempts have been made to improve the method by using fluorescent
labeling and capillary electrophoresis on an automated genetic analyzer (Filippova
et al. 2015).

3.2 The Primer Extension/qRT-PCR Method

The method based on primer extension at low dNTP concentration has been further
developed by addition of a qRT-PCR step using primers flanking the queried
position. The basic idea is that at low dNTP, unmodified molecules will allow
cDNA synthesis to proceed past an upstream primer site in contrast to modified
molecules that will impair cDNA synthesis. Thus, the amount of cDNA template
available for PCR will depend on the degree of modification. This is compared to
cDNA synthesis at high dNTP where RT is unimpeded and used to calculate a ratio
(qPCR at high dNTP/qPCR at low dNTP) that expresses the “methylation ratio”
(Fig. 2a; lower panel). This has been used in experimental settings to calculate a
fold change in methylation ratio depending on, e.g., knockdown of factors (Belin
et al. 2009). Although the methylation ratio has in some cases been taken as an
indication of the methylation percentage, it is important to recall the huge variation
that has been observed in signals from different sites in the underlying primer
extension reaction. Furthermore, the fold changes in methylation reported in some
papers are unrealistic given that some of the affected positions have been shown by
other methods to be close to fully methylated in all cell types analyzed.

The advantage of the qQRT-PCR method is that it has no requirement for labeling
and that many samples can be processed in parallel in a qRT-PCR machine that is
routinely used in most molecular biology laboratories. However, results based on
this approach should be treated with caution until it has been rigorously tested in
parallel with methods that are theoretically better founded.

3.3 Primer Extension after Alkaline Hydrolysis

Another RT-based method relies on the resistance to alkaline hydrolysis of the
phosphodiester bond 3’ to the 2/-O-Me (Kiss-Laszlo et al. 1996). RNA is partially
hydrolyzed into fragments with an average length of 200 nt and subjected to primer
extension from a primer. The RT reaction will produce a ladder of bands when
analyzed on polyacrylamide gels due to run-off of the RT at the ends of fragments.
However, the ladder will have gaps at positions immediately preceding the 2'-O-Me
sites because these bonds remain uncleaved (Fig. 2a; upper and middle panels). As
with the limited dNTP method, sequencing reactions are run in parallel as markers.
If the site is partially methylated, this will produce a weak band instead of a gap in
the ladder.
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3.4 The RNase H Method

RNase H cleaves RNA in DNA:RNA hybrids. The cleavage window is narrowed
down to a single phosphodiester bond in the RNA by replacing deoxyribonucleo-
tides in the oligo with 2’-O-Me ribonucleotides (Inoue et al. 1987). Thus, the oligos
have a short stretch of deoxyribonucleotides flanked by 2'-O-Me ribonucleotides.
Importantly, the presence of 2'-O-Me in RNA protects the 3’ neighboring
phosphodiester bond from cleavage by RNase H. Thus, RNA that is unmethylated
at the queried position will be cleaved whereas 2'-O methylated RNA will remain
intact (Fig. 2b). This can be used to make a rough estimate of the fraction of
molecules methylated at the queried site (Yu et al. 1997). It is not straightforward to
predict which phosphodiester bonds will be cleaved by RNase H in the hybrids, and
different sources of RNase H yield different results (Lapham et al. 1997). Thus,
several oligos are tested in order to make a robust assay. An interesting example of
application is the demonstration of a methylation defect at SSU-C463 upon deple-
tion of the nucleolar phosphoprotein treacle (Gonzales et al. 2005).

3.5 The Deoxyribozyme (DNAzyme) Method

DNAzymes are catalysts made of DNA, and some have been designed to base pair
to specific targets and cleave a predetermined site (Fig. 2c). The mechanism of
cleavage requires a free 2'-OH at the target site and is blocked by 2’-O-methylation.
DNAzymes consist of a catalytic core that has been selected by in vitro evolution
and flanking sequences that are designed to base pair to the selected target. Their
names derive from the number of selection rounds in the in vitro evolution
experiment followed by the number of the clone isolated from the pool of mole-
cules. 10-23 and 8-17 DNAzymes have been applied as site-specific cleavage
reagents for detection of (lack of) ribose methylation in rRNA (Buchhaupt
et al. 2007). Although each DNAzyme has constraints in terms of targets, a
collection of DNAzymes can be applied to target all sites. The method requires
selection of the appropriate DNAzyme and optimization of its cleavage. Full
cleavage is rarely observed, probably due to structure in the RNA competing with
the association of the DNAzyme. This problem was later addressed by inclusion of
several rounds of denaturation, re-annealing, and cleavage in order to achieve full
cleavage (Buchhaupt et al. 2014). Another improvement was to direct DNAzyme
cleavage to the nucleotide immediately upstream of the modification. After cleav-
age, the 3/ cleavage fragment was >>P-labeled at its 5" end, digested with nuclease
P1 to completion, and subjected to TLC analysis of the labeled nucleotides
(Fig. 2d). In this way, the fraction of molecules modified at the queried site could
be determined with precision. This approach was first developed with RNase H
cleavage (see 3.4) by Zhao and Yu (2004) for pseudouridine and then adopted by
Hengesbach et al. (2008) for DNAzymes in analysis of pseudouridines, but could
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easily be adapted for analysis of other modifications, including ribose methylations.
Buchhaupt et al. used DNAzymes to demonstrate that a fraction of yeast rRNA is
unmethylated at SSU-A100 and subsequently determined the fraction by LC-UV-
MS/MS (see 5.1) (Buchhaupt et al. 2014).

3.6 The Ligation Method

The ligation method is a general method for detection of modified nucleotides in
RNA. It relies on the ability of T4 DNA ligase to ligate two oligos annealed to a
template consisting of the RNA carrying the modification (Saikia et al. 2006). Two
sets of oligos are found by systematic screening of a pool of oligos with variable
nucleotides (including modified nucleotides) flanking the site of ligation. One set is
selected for ligation independent of the presence of the modification in the template,
and one set is selected to be dependent on its presence. Once the oligos have been
selected on a model template carrying the queried modification, specific sets are
designed based on complementarity to the sites that are to be analyzed. The degree
of modification is deduced by comparison of the accumulation of ligation product
using the discriminating oligo set versus the non-discriminating set (Fig. 2e). The
method has been validated by demonstrating the loss of three methylations in box
C/D snoRNA deletion strains in yeast (Saikia et al. 2006).

3.7 Mung Bean Nuclease Protection and RP-HPLC

A convenient way to isolate RNA fragments carrying modifications is to anneal an
oligo to a stretch of RNA comprising the modification and then digest the unpro-
tected RNA with Mung Bean nuclease (Fig. 2f). This approach was used by Yang
et al. to isolate overlapping fragments covering the entire SSU rRNA from
S. cerevisiae (Yang et al. 2015). Then, the fragments were digested by nuclease
P1 and alkaline phosphatase and the nucleosides analyzed by RP-HPLC. The
analysis was consistent with previous mapping in the literature and resulted in
mapping of a 2’-O-Me at SSU-G562 that was not mapped in the classical work from
the Planta lab (Klootwijk and Planta 1973). The mapping was in accordance with
results reported by a sequencing-based approach (Birkedal et al. 2015) (see 4.2). By
comparison of methylated nucleosides in wt and snoRNA deletion strains, the level
of methylation was estimated at a few sites. However, the approach can be
combined with downstream methods that allow stringent quantification as demon-
strated in related work (see 5.1).
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4 Sequencing-Based Methods

With the decreasing costs for massive parallel sequencing, it has become attractive
to develop methods based on sequencing that address nucleotide modifications in a
transcriptome-wide fashion. The successful approaches have used either chemical
modification of the RNA or an antibody directed towards the modified nucleotide as
the central principle for detection. A classical method for detection of
pseudouridines relies on selective modification of pseudouridines with CMC
(N-cyclohexyl-N9-(2-morpholinoethyl)-carbodiimidemetho-p-toluenesulfonate) to
generate a block to reverse transcriptase (Bakin and Ofengand 1993). This principle
was used to develop a method (Pseudo-seq) for transcriptome-wide mapping based
on comparative sequencing of libraries of mock (CMC-) and CMC treated RNA
(Carlile et al. 2014). Transcriptome-wide mapping ofm°A (Dominissini et al. 2012)
has been accomplished by a strategy reminiscent of ChIP-seq used in characteri-
zation of chromatin. Specific antibodies directed towards the RNA modification in
question are used to precipitate fragmented RNA. After sequencing and local
alignment, the modified nucleotide is mapped by locating the nucleotide common
to all sequences in each local alignment (Fig. 3a). Several methods have been
developed for transcriptome-wide mapping of m°C including methods based on
chemical modification and immunoprecipitation (Hussain et al. 2013).

Due to the abundance of orphan box C/D snoRNAs encoded by the human
genome, it is expected that 2'-O-Me will also be found in mRNA similarly to
pseudouridines, m°A, and m°C. In principle, the immunoprecipitation approach
should be applicable to 2'-O-Me, but so far there are no reports of antibodies
directed towards this modification.

4.1 Antibody-Based Detection of 2'-O-Me

In the absence of antibodies directed towards 2’'-O-Me, information can be obtained
from PAR-CLIP (Photoactivatable-Ribonucleoside-enhanced Crosslinking and
Immunoprecipitation) experiments (Hafner et al. 2010) with antibodies against
snoRNP components. Kishore et al. (2013) used antibodies against fibrillarin
(FBL) and NOP58 for analysis of HEK293 cells as well as a stable cell line
expressing FLAG-tagged NOP56 analyzed with anti-FLAG antibodies. The aim
of the study was to map RNAs that bind the snoRNP proteins; however the protocol
resulted in co-purification of the targets of the box C/D snoRNAs as well. Impor-
tantly, the resolution of these experiments is insufficient to be used as a method for
mapping of 2'-O-Me sites to single nucleotides.
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4.2 RiboMeth-Seq

Birkedal et al. (2015) developed a profiling method (RiboMeth-seq) for 2'-O-Me
based on resistance towards cleavage with alkaline of the neighboring
phosphodiester bond (similar to the primer extension method in 3.3). RNA is
partially degraded with alkaline and fragments of 20-40 nt purified from gels.
The fragments are ligated onto linkers using plant tRNA ligase that joins 5’
phosphate and 2’, 3’ cyclic phosphate ends. Then, cDNA is synthesized and
sequenced. The terminal nucleotides of the library fragments are recorded and
2'-O-Me sites detected as positions with low number of read-ends compared to
the flanking sequences (Fig. 3b). The method is quantitative to the extent that bias
in alkaline degradation and cloning steps can be eliminated. It is not truly
transcriptome-wide because a negative image of 2'-O-Me sites is created and the
sequencing efforts required to cover the full transcriptome would be formidable.

RiboMeth-seq was applied to yeast rRNA. Almost all (53/55) 2/-O-Me sites
were detected including a previously overlooked site (SSU-G562). It was argued
that the sites that had RiboMeth-seq values below the cutoff value were fractionally
modified and this interpretation was consistent with the existing literature. The
strength of the method is that it allows observations of all sites in a single
experiment. This was used to demonstrate that snoRNA knockout and knock-in
affect a few other sites than those directly targeted by the snoRNA manipulation.
RiboMeth-seq analysis of chromatin associated RNA demonstrated co- and post-
transcriptional modification events that are consistent with metabolic labeling (Kos
and Tollervey 2010) and other studies.

5 Mass Spectrometry-Based Methods

Mass spectrometry (MS) should be an ideal method for mapping and quantitating
ribose methylations because of the diagnostic mass addition of 14 Da to the ribose
moiety of the nucleotide. Indeed, MS is frequently used to validate 2'-O-Me sites by
an approach that involves isolation of the relevant RNA fragment by Mung Bean
nuclease protection (see 3.7). Single fragments are then digested with RNase T1 or
RNase A and further analyzed by MS for mass additions in comparison to the
theoretical masses of unmodified fragments. Recently, two methods that use stable
isotopes to address all modifications in ribosomal RNA, including ribose methyl-
ations, have been developed.
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5.1 LC-UV-MS/MS

Buchhaupt et al. (2014) used oligonucleotide-dependent Mung Bean nuclease
protection (Fig. 2f) to isolate a fragment containing SSU-A100 from S. cerevisiae.
The fragment was enzymatically digested into nucleosides and an internal standard
containing '*C-labeled 2'-O-methyladenosine and guanosine added. The RNA
content was then determined by UVjs4,, using the guanosine standard and the
methylation level at SSU-A100 determined by MS/MS using the 2'-O-
methyladenosine standard. The value obtained (68 %) confirms this position to be
one of the 2'-O-Me sites in yeast that are partially methylated.

5.2 Labeling with Heavy Isotopes and gMS (SILAC-gM S
and SILNAS)

Ribosomal RNA modifications in E. coli were studied by Popova and Williamson
(Popova and Williamson 2014) using quantitative mass spectrometry (QMS) and a
metabolic labeling strategy (SILAC-MS). Bacterial cells were grown in parallel
with 14N-(sample) or 15N-(external standard)-labeled ammonium sulfate as the sole
source of nitrogen. Mature ribosomes and pre-ribosomal particles were then iso-
lated by sucrose-gradient centrifugation from the sample and spiked-in at a roughly
1:1 molar ratio with mature rRNA from the heavy-isotope-labeled culture. The
RNA was then fragmented with various RNases and the fragments analyzed by
LC-MS. Pairs of co-eluting *N- and '*N-labeled fragments were identified and the
isotope distributions fitted using a dedicated algorithm. In addition, the analysis was
complemented by application of specific heavy-isotope labeling of methyl groups
(using CDj3-methionine) and pseudouridines (using 5,6-D-uracil). The authors
succeeded in precise quantification of 29/36 rRNA modifications in E. coli, includ-
ing all four ribose methylations. Importantly, it was demonstrated that residues are
modified at different time points during assembly and that this correlates with
recruitment of ribosomal proteins.

A related approach was used by Taoka et al. (2015) to profile modifications in
S. pombe (Stable Isotope-Labeled riboNucleic Acid as an internal Standard
(SILNAS)). Here, in vitro transcripts corresponding to ribosomal RNA species
were labeled with guanosine-'>C;, 5'-triphosphate, cytidine-'>Cy 5'-triphosphate,
or uridine-'>Cy 5'-triphosphate and used as external standards added at approxi-
mately 1:1 stoichiometry (Fig. 4). The RNA was fragmented by RNase T1 and
fractionated by high-resolution liquid chromatography. In subsequent MS, sample
and standard fragments are detected as pairs displaced by the isotopic mass
differences. Non-modified fragments are used for calibration such that reduction
in peak height resulting from a mass shift of (parts of) the sample peak can be used
for quantification. The mass shift in the shifted peak can be used for identification of
the type of modification and subsequent MS/MS used to verify this identity and



202 U. Birkedal et al.

*— NNN—G *— NNN—G

Heavy

} RNase T1 J

—NNN—G +"—NNN—G

Heavy
Lc-Ms |
No PTM PTM
10 Da
— PTM
Jl ﬂ rate
i I
Heavy Heavy
1 ]
N NN
PTM  MS/MS Al e
A position <— Ak
m/z m/z

Fig. 4 Mass spectrometry by the SILNAS method (see 5.2). PTM: Post-Transcriptional
Modification

precisely map the site of modification. Pseudouridines were addressed by chemical
derivation of the sample RNA by cyanoethylation. Due to the large size of eukary-
otic rRNA, an oligo-directed RNase H approach was used to digest the SSU and
LSU rRNAs into smaller fragments for analysis. The method was used to study
growth temperature-related changes in the stoichiometry of nucleotide modifica-
tions. Here, the levels at 2'-O-Me sites remained constant, in contrast to several
pseudouridine sites.

The two methods differ in that SILAC-qMS use metabolic labeling in contrast to
SILNAS that use an in vitro transcript as an external standard implying that it does
not contain nucleotide modifications. Thus, the MS shifts that underlie modification
detection are data dependent in the case of SILNAS and predicted from isotope
differences in the SILAC-gMS. The quantification of modifications is absolute in
comparison to an unmodified standard in SILNAS and relative to the reference in
SILAC-gMS. Unfortunately, the two methods cannot be compared directly because
they were applied to different organisms.
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6 Discussion

Ideally, robust methods should be available for determination of 2’-O-Me both at a
transcriptome-wide level and a more focused level aimed at precise quantification of
ribose methylation at individual sites. Several methods for addressing individual sites
have been developed, but unfortunately, there are very few papers that allow compar-
ison of methods. The RNase H method (Inoue et al. 1987; Lapham et al. 1997; Yu
etal. 1997) is currently applied by several laboratories. The drawbacks of this method
are that the modified oligos are quite expensive and that careful design of oligos and
optimization is required. The development of the DNAzyme method in which cleav-
age is directed to the phosphodiester bond immediately upstream of the modification
followed by 5’ end labeling, hydrolysis, and TLC (Hengesbach et al. 2008) has been
used successfully for quantification of pseudouridines in several laboratories and
could be used equally for quantification of 2’-O-Me. Once again, the method is
laborious and requires optimization, in this case of the DNAzymes.

The recent studies of ribosomal RNA modifications based on MS (Popova and
Williamson 2014; Taoka et al. 2015) represent a major step forward. The main
problem with these methods is that they require heavy instrumentation and special-
ized skills. However, the establishment of a 2’-O-Me profile for the main model
systems by MS will be a valuable reference for results obtained with other methods.
RiboMeth-seq (Birkedal et al. 2015) has been applied to rRNA and small RNAs
from a number of organisms (unpublished data) and generally provides information
that is consistent with the literature and has strong predictive power, e.g., for
snoRNA finding. The prospects for going transcriptome-wide with the method are
currently limited. First, the method generates a negative image (i.e., detect sites that
are not methylated), and it would take a considerable sequencing effort to profile
complex transcriptomes. Second, the background in the method is too high to allow
detection of sites that are methylated in a small fraction of molecules only. The
method could be combined with an enrichment step, e.g. if an antibody directed
against 2'-O-Me could be applied to precipitate methylated RNA prior to profiling.

The incentive for development and optimization of methods for profiling of
2'-O-Me is high. After the discoveries of m°>C, mﬁA, and pseudouridines in
mRNAs, 2’-O-Me in mRNA is likely to be next. The modification is well known
from cap-proximal nucleotides, and indications for its presence in the body of the
mRNA are accumulating from biochemical studies. Furthermore, mRNA targets of
snoRNAs have been predicted, and the physical association of snoRNAs with
mRNAs has been demonstrated.

The biological implications of ribose methylation are not well understood. In
rRNA, ribose methylation is believed to be important for folding and stability of the
rRNA and for the fidelity of translation. However, it has generally been difficult to
link individual methylation events to a biological function. Recent ribosome struc-
tures from X-ray crystallography have sufficiently high resolution to model the
modifications and their interactions (Noeske et al. 2015; Polikanov et al. 2015) and
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holds promise for a deeper understanding of the molecular biology of this abundant
RNA modification.
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Abstract Diadenosine oligophosphates (ApnAs) were initially discovered more
than 50 years ago. This group of molecules form a class of compounds derived from
ATP and consist of two adenosine molecules bridged by up to six phosphate groups.
The first enzymatic production of these compounds was noted by Zamecnik and
colleagues in their study with purified lysyl tRNA synthetase (KARS) in mamma-
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Multiple studies on the role of ApnAs have been published during the years
following their initial discovery. However, technical difficulties hampered some of
the studies, and the field has been abandoned for nearly 20 years, until the use of
new molecular methods inspired new studies into the functional aspects of these
nucleotides in bacterial and eukaryotic systems.

In this chapter, we will discuss the role of AprnAs in prokaryotic and eukaryotic
cells and will focus on the most investigated member of the ApnAs family, namely
diadenosine tetraphosphate (Ap4A), and its role in a variety of tissues such as the
heart and blood vessels, neurons, spermatocytes, neutrophils, and pancreatic cells.

We conclude our chapter with a description of a putative cell signaling pathway
involving KARS, whose structure can be modulated so that it is no longer involved
in translation but mainly in transcription, through its ability to produce the second
messenger ApsA.

Keywords ApnAs: diadenosine oligophosphates ¢ Aps;A: diadenosine
triphosphate « Ap,4A: diadenosine tetraphosphate « KARS: lysyl-tRNA-synthetase

1 Introduction

The first description of the ApnA family was reported in the sixties by Paul
Zamecnik and coworkers in mammalian cells. Zamecnik pioneered the in vitro
synthesis of proteins and with Mahlon Hoagland discovered transfer RNA (tRNA)
and later lysyl-tRNA-synthetase (KARS) and its product, Ap4A (Zamecnik
et al. 1966).

An area in which ApnA research developed was in prokaryotes. Indeed, several
interesting findings have emerged from these studies, some of which will be
described in this chapter. In eukaryote, sApnAs may act not only intracellularly
but may also have a role as extracellular mediators, most notably binding to
adenosine receptors as will be explained.

Intracellular ApnAs can be produced by several mechanisms including DNA
ligase (Marriott et al. 2015) and various tRNA synthetases. It is interesting in this
regard that the same synthetase initially described as capable of producing Ap4A,
KARS, has been implicated as a source of Ap4A both in bacteria and in mammalian
cells. We also describe studies on the production of Ap4A as a result of extracellular
stimuli in mast cells, which was proposed for the first time by Ehud Razin and
colleagues to be a part of a new signaling pathway in which Ap4A acts as a second
messenger (Carmi-Levy et al. 2008).
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2 ApnAs in Bacteria

There are numerous examples of increased ApnAs under different conditions both
in eukaryotes and prokaryotes. Escherichia coli (E. coli) is one of the most
intensively studied microbes. Studies of this bacteria revealed that levels of Ap,A
increase rapidly when E. coli is exposed to heat shock or oxidative stress. When
heat is applied to E. coli cells and temperatures are increased from 28 to 43 °C, the
intracellular Ap4A concentration increases from~1 to 160 uM (Coste et al. 1987;
Farr et al. 1989). Similar results have been observed following treatment with
hydrogen peroxide, ethanol, and cadmium chloride. The source of the increase in
E. coli Ap4A has not been conclusively demonstrated, but it is most likely that it is a
special kind of KARS. While in mammalian cells, phosphorylation creates a
structural switch in the lysyl-tRNA molecule creating a form which is much more
efficient at the production of ApsA and much less efficient at its translational
function (Ofir-Birin et al. 2013), in E. coli it exists in two distinct isoforms, LysS
and LysU (Charlier and Sanchez 1987). These two forms share a high degree of
sequence identity (88 %) and have similar aminoacylation activities, but are regu-
lated differently (Leveque et al. 1990). LysS is constitutively expressed under
normal growth conditions and appears to be responsible for the tRNA charging
activity, whereas LysU is the product of a normally silent gene that is induced to
high expression during heat shock (Charlier and Sanchez 1987) as can be seen in
Fig. 1.

In a series of studies, Miller and colleagues demonstrated that although LysU is
also capable of tRNA charging, it is an unusually effective catalyst of Ap4A,
diadenosine, ApsA, and ATP (Wright et al. 2006, 2014; Chen et al. 2013). Inter-
estingly, when studying bacteria isolated from Antarctic seawater, Kawamoto and
colleagues identified LysU as one of the few proteins induced when growing the
bacteria in very cold water (Kawamoto et al. 2007). The putative role of LysU under
these conditions is not clear, but it may well be that AprAs also have an important
role in adaptation to conditions of extreme cold.

One environment which demands substantial adaptation from bacteria is a new
intracellular environment. Intracellular pathogens are the leading cause of morbid-
ity and mortality in underdeveloped countries. Outstanding is Mycobacterium
tuberculosis, which according to the WHO 2014 global report has killed 1.5 million
people around the globe. However, other intracellular pathogens such as Salmo-
nella enteritidi, Rickettsia species, as well as others cause millions of severe
infections worldwide. In order to hijack the host intracellular environment for its
own benefit, many of these pathogens utilize the host cell machinery for this
purpose (Coiffard et al. 2015). It has been observed that degradation of adenosine
dinucleotides by their hydrolases has a critical role in the invasiveness of E. coli and
Rickettsiae (Gaywee et al. 2002). Furthermore, Nudix hydrolases active on aden-
osine (5")-pentaphospho-(5")-adenosine were shown to be part of the virulence
machinery in Rickettsiae species and Bartonella (Cartwright et al. 1999) and are
considered essential for bacterial invasion. In addition, it has been suggested that



210 S. Boulos et al.

Mammalian cells E. coli
Normal growth
A B conditions
Immune Induction @
(inactive)
p207S l
° tRNA charging

o

Asysnetric o .APTQ. o .

Ap4A Hydrolase x
€—
A
" ® apan " ( ( l
l Symmetrical O_O
Ap4A Hydrolase (H ApdA
ATP & AMP

alpha & beta ADP

Fig. 1 (a) KARS-Ap,A pathway in mammalian cells, in which immune induction results in
KARS phosphorylation at Serine 207, enabling KARS to produce Ap,A. The degradation of Ap,A
in these cells is via the asymmetric Ap4A hydrolase to adenosine monophosphate (AMP) and
adenosine triphosphate (ATP). (b) In bacteria, there are two forms of KARS, LysU and LysS. In
normal growth conditions, LysS is active and is responsible for tRNA charging, whereas LysU is
inactive. In the situation of heat shock, there is a switch and activation of LysU which produces
Ap4A. In bacteria, Ap4A is degraded via the symmetric Ap,A hydrolase to the alpha and beta
forms of adenosine diphosphate (ADP)

these enzymes are involved in protection against damaging oxidative and other
chemical stresses. Interestingly, almost all invasive bacterial pathogens have sim-
ilar systems acting on either ApsA or ApsA. These include all the major intra-
cellular pathogens such as Mycobacteria and Salmonella (Ismail et al. 2003).
While a comprehensive list of proteins modulated by ApnAs in bacteria has not
been completed, a few prominent proteins have been already been reported to be
modulated in bacteria by ApnAs. For example, in E. coli, Ap4A binds to several
proteins, including the stress proteins DnaK, GroEL, E89, C4, and C40 (Johnstone
and Farr 1991). The oxidative stress protein Dnak plays a crucial role in the
downregulation of the heat shock response. Moreover, a mutation in the apaH
gene, which encodes the Ap4A hydrolase in E. coli, results in a slower development
of functional phage particles when exposed to 42 °C. Compared with wild type,
apaH mutants, that lack the hydrolase responsible for ApsA degradation, show
dramatically increased sensitivity to killing by heat and do not grow at 43 °C
(Johnstone and Farr 1991). Preliminary data suggest that Ap,A increases the



Diadenosine Tetraphosphate (Ap4A) in Health and Disease 211

phosphorylation of Dnak in bacteria. It has also been demonstrated that Dnak
phosphorylation increases upon a shift from 30 to 43 °C (Sherman and Goldberg
1993), while in apaH mutants the level of phosphorylated Dnak is already high at
30 °C and does not increase with elevation of the temperature.

In conclusion, overproduction of Ap4A and its binding to stress proteins such as
Dnak and/or GroEL in prokaryotes may alter functions that are required for survival
in thermal stress.

3 Ap4A’s Effect on Heart and Blood Vessels

ApnAs are well studied as endogenous regulators of cardiovascular function and are
gaining more attention in this field of research. It has been shown that after
B-adrenergic stimulation of the ventricles in both humans and animals, Ap4A exerts
negative isotropic effects via stimulation of Al-adenosine receptors. For example,
in guinea pig and human cardiac preparations, Ap4A concentrations between 0.1
and 100 pM reduced the force of contraction by ~36.5 %. On the other hand, Ap,A
alone can show positive inotropic effects in the same ventricular preparations by
activating the P2-purinoceptors in ventricle myocardium (Vahlensieck et al. 1999).

It is worth mentioning that in rat mesenterial preparations lacking the endo-
thelium layer, Ap4A leads to vasoconstriction, whereas in endothelium-intact
mesenteria Ap4A causes vasodilatation (Busse et al. 1988). Also in rabbit, pig,
and dog hearts, administration of Ap4A leads to dilation of the coronary vessels and
so reduces ischemic injury of the heart.

Ap4A has also cardioprotective qualities, as it has been shown to improve
cardiac function after hypothermic preservation in rat hearts (Vahlensieck
et al. 1999). This protective effect was possible by the activation of the mito-
chondrial ATP-sensitive potassium channel (mKap channel). When 80 pM Ap,A
was added to eurocollin solution, a well-known solution for heart preservation, the
left ventricular systolic pressure, heart rate, and coronary flow rate were improved.
Moreover, leakage of lactate dehydrate and creatine kinase during reperfusion was
reduced. These effects of Ap,A on the rate heart were reversed by adding 100 pM
5-hydroxydecanoic acid, a selective mK otp channel inhibitor (Ahmet et al. 2000).

The fact that Ap4A reduces ischemic injury in threat heart led researchers to
investigate the role of Ap4A in stroke models of rat brain and in ischemic brain
injuries. Treatment with Ap4A (100 nM) prior to hypoxia induction provided
protection to neuronal cells in vitro. In vivo pretreatment with Ap4A also protected
rat brain from ischemic damage due to stroke. This protection was not attributed to
changes in blood pressure, blood gases, or blood flow in the infracted area (Wang
et al. 2003). This protective effect was also observed with Ap4A treatment after
ischemic infarction. It is also well known that pro-apoptotic mechanisms are
activated during ischemic injury, such as the translocation of cytochrome ¢ from
the mitochondria to the cytosol thus activating apoptosis via caspase-3 (Sasaki
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et al. 2000). Ap4A has been shown to prevent this translocation of cytochrome c and
therefore activation of caspase-3 (Wang et al. 2003).

In conclusion, these results imply that ApsA, a major representative of the
ApnAs, plays an important role in cardiac function and ischemic damage and that
further research in this direction has important therapeutic potential.

4 ApnAs in Neuronal Signaling and the Hippocampus

ApsA, ApsA, and ApgA have been shown to play a role in neuronal synaptic
signaling (Ogilvie et al. 1996), and the release of ApnAs from synaptic vesicles
via nerve terminal depolarization has been demonstrated in different brain areas of
animals (Miras-Portugal et al. 2003).

Chromaffin cells were the first neural site found to contain ApnAs at various
concentrations, and the presence of Ap,A, ApsA, and ApgA in rat synaptic vesicles
was demonstrated by HPLC (Pintor et al. 1992). When challenged, for example,
with nicotinic agonists such as carbamylcholine, the chromaffin cells release
ApnAs to the extracellular matrix. This release of nucleotides is calcium dependent
as we will explain later.

The interaction of AprnAs with inotropic (P2X) and metabotropic (P2Y) ATP
receptors plays an important role in their function in the CNS (Lazarowski
et al. 1995; Communi et al. 1996; Schachter et al. 1996). This raised the question
in the early nineties whether ApnAs also had their own receptors through which
they influence neuronal transduction. Hilderman and coworkers managed to detect
high-affinity binding sites for AprnAs in membranes of mouse brain tissue
(Hilderman et al. 1991). Later, Pintor showed that when ATP and ApnAs were
added, synaptic terminals from rat midbrain responded by increasing the inter-
synaptosomal calcium concentration (Pintor et al. 1997). This effect was indepen-
dent of the ATP receptors. The proof of the existence of these presynaptic receptors
was based on the following findings: (1) cross-desensitization studies showing
independent responses to ApnAs and ATP, (2) nerve terminal microfluorimetric
studies revealing the existence of nerve terminals sensitive only to ApsA or ATP,
(3) the dinucleotide receptor antagonist, IpSI, abolished ApsA-induced calcium
secretion without affecting ATP response (Pintor et al. 1997), whereas suramin, a
P2 receptor antagonist, blocked the response to ATP but not to ApsA (Ralevic and
Burnstock 1998).

The release of neurotransmitters such as gamma aminobutyric acid (GABA) is
also influenced by the release of ApsA in rat spinal cord (Jo and Schlichter 1999).
Released ApsA is able to induce a calcium influx that can lead to exocytotic release
not only of GABA but also of other classical neurotransmitters such as acetyl-
choline and glutamate.

In hippocampal nerve terminals, it has been clearly demonstrated that activation
of presynaptic adenosine receptors is able to modulate dinucleotide responses.
When testing the effect of ApsA and ATP on hippocampal synaptic terminals,
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Diaz-Hernandez et al. observed a concentration-dependent increase of calcium
when hippocampal synaptosomes were incubated with ApsA. Moreover the acti-
vation of the dinucleotide receptors Al and A2A potentiated ApsA response,
whereas the A3 receptor depressed ApsA response (Diaz-Hernandez et al. 2002).

5 ApnAs and Fertility

ApnAs have also been studied in fertilization and sperm motility. Already in the
early nineties, Ap4A and Aps;A were shown to be potential inhibitory signals of
spermatozoa motility after four or more hours of exposure (Chan et al. 1991). On
the other hand, ApnA scan be degraded to AMP in rabbit seminal fluid, and the
addition of diadenosine compounds to incapacitated rabbit spermatozoa increases
fertility capacity (Minelli et al. 2003). Membrane vesicles were isolated from rabbit
seminal plasma, enzyme activity was determined by HPLC, and Ap;A, Ap4A, and
ATP degradation by the membrane vesicles in the seminal fluid was observed.
Another interesting observation was that the spermatozoa capacitating effector
bovine serum albumin was no longer needed when diadenosine compounds, that
were previously incubated with membrane vesicles, were added to the medium
(Minelli et al. 2003). In a review (Allegrucci et al. 2000), Minelli’s group suggested
that the capacitative effect of the degradation products of diadenosine compounds
might be related to the activation of adenosine receptors by adenosine on the
surface of rabbit sperm cells. In support of this hypothesis, Allegrucci’s group
demonstrated beneficial effects on fertilization when the A1 adenosine receptor was
stimulated (Allegrucci et al. 2001). The activation of this receptor led to capaci-
tation enhancement, enabling the acrosome reaction, a fundamental step in fertili-
zation of the oocyte.

6 ApnrAs and Neutrophils

The fact that ApnAs have various different physiological roles led researchers to
investigate these nucleotides in immune-derived cells. In 1996, Gasmi et al. studied
the interaction of ApsA and Ap4A with granulocyte macrophage colony-
stimulating factor (GM-CSF) in neutrophils (Gasmi et al. 1996a, b). The interest
in these cells was because they play an important role in acute inflammation and are
poorly responsive to patho-physiological agonists. Moreover, they possess a very
short half-life and constitutively undergo apoptosis. Incubation of Ap4A and ApsA
with neutrophils resulted in delayed loss of function in acute inflammation, neutro-
phil apoptosis, and cellular morphology changes and was almost as effective as
GM-CSF in delaying neutrophil apoptosis. The anti-apoptotic effect on neutrophils
was greater when they were incubated with ATP, Ap;A, and Ap,A together with
GM-CSF than when each nucleotide or cytokine alone was incubated with the
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neutrophils. Further investigation of other ApnAs showed that ApsA and ApgA also
delayed neutrophil apoptosis, as assessed by morphology, function, CD16 expres-
sion, and chromatin integrity (Gasmi et al. 1996a, b).

7 The Role of ApnAs in Pancreatic Cells

It has been hypothesized that the ApnAs have a physiological role in the control of
insulin and glucagon secretion. Ap4A has been studied in pancreatic cells, espe-
cially in the insulin secreting f-cells. Stimulation of the glucose-sensitive pancre-
atic p-cells increased ApsA levels and inhibited the Katp channels, resulting in
activation of calcium channels and release of insulin (Ripoll et al. 1996; Martin
et al. 1998).

It has been also shown that Ap,A directly targets pancreatic K,p channels and
antagonizes their opening. Pancreatic K5tp channel subunits, Kir6.2 and SURI,
were coexpressed in monkey kidney (COS-7) cells, and the effect of Ap4A on the
single channel behavior was examined (Jovanovic and Jovanovic 2001). Ap;A
inhibited channel opening in a concentration-dependent manner. Analysis of single
channels demonstrated that Ap,A did not change intraburst kinetic behavior of
Katp channels, but rather decreased burst duration and increased between-burst
duration. It was concluded that Ap;A antagonizes Katp channel opening by
targeting channel subunits themselves and by keeping channels longer in closed
interburst states. Silverstre et al. studied the effects of Ap;A and Ap4A in rat
pancreas and found that Ap4A but not Aps;A induced a 4-fold increase over the
basal value of insulin release from p-cells (Silvestre et al. 1999). Glucagon release
was also found to be stimulated by Ap4A. Ap4A decreases the probability of Katp
channel opening without affecting the channel’s amplitude nor the mean open or
closed time. Therefore, the mechanism in which Ap4A decreases the K tp channels
opening is yet to be determined.

8 The Role of Ap,4A in Activated Mast Cells

Ap4A also has an important role as a second messenger in mast cells after physio-
logical stress. When mast cells are immunologically stimulated via IgE-antigen
binding to the FceRI receptor, KARS, which is situated in the cytoplasmic multi-
synthetase complex (MSC) (Robinson et al. 2000; Han et al. 2003), is phosphory-
lated at serine 207, released from the MSC in a MAP kinase-dependent manner, and
translocated to the nucleus (Yannay-Cohen et al. 2009). This phosphorylation at
serine 207 switches the function of KARS from aminoacylation to Ap,A produc-
tion. In the nucleus, Ap4A binds to the histidine triad nucleotide-binding protein
1 (Hint-1), causing its dissociation from the microphthalmia-associated transcrip-
tion factor (MITF), allowing MITF to transcribe its target genes (Lee et al. 2004).
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KARS-ApasA Signaling Pathway in Mast Cells
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Fig. 2 Activation of the FceRI receptor in mast cells via IgE results in the activation of the
mitogene-activated protein kinase (MAPK) pathway, leading to phosphorylation of KARS in
position 207S and its release from the multi-synthetase complex (MSC). On its way to the nucleus
and after translocation to the nucleus, KARS produces ApsA. After KARS is translocated to the
nucleus, it forms a complex with Hint-1 and MITF. Ap4A on the other hand binds to the tumor
suppressor Hint-1 and removes its inhibitory effect on microphthalmia transcription factor (MITF)

This finding implies that Ap4A is a key player in gene regulation, as schematically
shown in Fig. 2.

Other transcription factors that belong to the same family as MITF and that are
also affected by the Ap4A-Hint-1 binding are USF1 and USF2. These transcription
factors are ubiquitously expressed in eukaryotic cells. They have a role in various
cellular processes; for example, they are important transcription factors in mouse
embryogenesis (Sirito et al. 1998) and are also involved in tumorigenesis and
glucose metabolism. The binding of Ap4A to Hint-1 removes the suppressor effect
of Hint-1 on USF1 and USF2 allowing them to transcribe their target genes (Lee
et al. 2004).

Since Hint-1 has been shown to be a tumor suppressor in melanoma (Genovese
etal. 2012), in colon cancer (Wang et al. 2007) and in hepatoma (Wang et al. 2009),
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Ap4A via its inhibitory effect on Hint-1 could have an important role in tumori-
genesis, and this is becoming a field of growing interest in cancer research.

9 Perspectives/Conclusion

We have described how the ApnA family, and in particular Ap4A, plays an
important role in prokaryotic and eukaryotic cells. In most of the studies presented,
the findings indicate that Ap4A has an overall protective and positive influence on a
variety of noncancerous cells. Researchers are trying to put this knowledge to
therapeutic use, for example, in cardiac protection and remodeling, but there is
still much to be done in this field.

A very interesting new aspect is the role of Ap4A in cancer. This aspect of Ap4A
came to light after it was shown that in mast cells Ap4A has the ability to release the
inhibition of MITF by Hint-1, a well-studied tumor suppressor, as explained earlier
in this chapter. Several research groups are trying to understand the role of Ap4A in
cancer. Preliminary data has shown that KARS may be involved in cancer growth
and metastatic spread, and since Razin’s group demonstrated that the phosphory-
lated form of KARS has the ability to produce Ap4A in large quantities, it is of great
importance to identify the role of the KARS-Ap4A pathway in cancer as a potential
target for future therapeutic intervention.
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Abstract Cancer initiation and progression are governed by both genetic and
epigenetic events. Epigenetic alterations which include changes in DNA methyla-
tion, histone modifications, and noncoding RNA-mediated gene silencing are
reversible and heritable. Aberrant epigenetic modifications are believed to be
essential players in cancer initiation and progression. Recent advances in epige-
netics have offered not only a deeper understanding of the underlying mechanisms
of carcinogenesis but also new avenues for identification of clinically relevant
putative biomarkers for the early detection, prognosis, monitoring of treatment
response, and risk stratification of cancer patients. Following identification of
cell-free nucleic acids in systematic circulation, cumulating evidences have dem-
onstrated the potential of cell-free epigenetic biomarkers in the body fluids for
cancer. Recently, the emergence of microRNAs as biomarkers has added an extra
dimension to the “molecular signatures” of breast cancer. In this chapter, we
summarize the currently published state-of-the-art research on the role of the
circulating microRNAs in clinical utility for breast cancer, the most common
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cancer in women. In addition, we also discuss the current obstacles that have
limited the routine use of epigenetic biomarkers and provide future perspectives,
so that these novel cancer biomarkers can be readily developed for significant
clinical improvement in the management of breast cancer patients.

Keywords Breast cancer » MicroRNAs ¢ Biological markers « Early diagnosis *
Prognosis

1 Introduction

Breast cancer (BC) is the most frequently diagnosed noncutaneous cancer and the
second leading cause of cancer mortality in US women, accounting for 29 % of all
cancer cases and 15 % of cancer-related deaths (Siegel et al. 2014). For 2014, an
estimated 232,670 new cases of BC and 40,000 BC deaths were expected among
US women (Siegel et al. 2014). Early diagnosis and treatment are of clinical
significance to prevent and manage breast cancer. However, current diagnostic
methods, mainly mammography and ultrasound, are not sensitive or sufficiently
specific to diagnose BC at an early stage. MRI, despite of its potential excessive
diagnosis for patients due to limited specificity, has thus become a new important
diagnostic test in the evaluation of patients presenting with occult primary breast
cancer. On the other hand, although two serum-based tumor biomarkers, CA15-3
and carcinoembryonic antigen (CEA), are used to assess the advanced breast
cancer, neither is recommended for diagnostic use. Circulating tumor cells in
blood have been used for prognostic assessment in patients with metastatic breast
cancer (Cristofanilli et al. 2004), but they are of limited use for the detection of
early diseases, because tumor burden is low and fewer cells are shed into the
circulation (Taback et al. 2003). Consequently, finding a rapid and reliable serum
assay for diagnostic as well as prognostic assessment of BC remains a major
clinical challenge.

With the increasing understanding of the biological behavior of breast cancer,
the treatment has entered an era of comprehensive mode including both local
treatments (surgery and radiotherapy) and systemic therapy (chemotherapy, endo-
crine therapy, targeted therapy, and traditional Chinese medicine adjuvant therapy),
resulting in a great reduction of tumor recurrence and mortality. Generally, che-
motherapy is recommended for patients with a higher recurrence risk. However,
though BC can respond to chemotherapy, its sensitivity to a given drug regimen
varies with each patient. Certain patients, even with a high risk, are not sensitive to
chemotherapy; therefore, it is necessary to find a predictive marker to select the
sensitive BC patients to receive chemotherapy and avoid overtreatment.

Recently, the discovery of microRNAs (miRNAs) has brought new opportuni-
ties in cancer biology. miRNAs are regulatory, nonprotein-coding, 9- to
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25-nucleotide-long RNA molecules that regulate the expression of a variety of
genes by sequence-specific base pairing on the 3’ untranslated regions (3'UTR) of
the target mRNA, resulting in mRNA degradation or inhibition of translation.
Certain miRNAs are involved in the pathogenesis of tumors and function as
oncogenes (oncomiRs) or tumor suppressors (Lee et al. 1993). These miRNAs
can play a significant role in the regulation of cell development, metabolism,
immunity, proliferation, differentiation, and apoptosis. Several reports have
suggested that circulating miRNAs are stable and detectable in serum/plasma and
the levels of some miRNAs specifically elevated in the patients with breast cancer
(Heneghan et al. 2010). These findings suggest the possibility of blood-based
miRNAs functioning as novel prognostic and predictive biomarkers and revolu-
tionary sources of biomarker for BC diagnosis. Furthermore, expression profiles of
serum miRNAs can distinguish patients with specific cancers. Thus, a comprehen-
sive and systematic understanding of breast cancer-specific miRNAs profiling is of
great benefit in the early diagnosis, prognosis, and personalized treatment of breast
cancer. However, the clinical utility of miRNA has not been investigated in a well-
defined breast cancer-related study. Here, we review our current knowledge about
the involvement of circulating miRNAs in breast cancer and their potential as
diagnostic, prognostic, and predictive biomarkers.

2 The Origin of Circulating miRNAs

Though the majority of miRNAs are observed intracellularly, a significant number
of miRNAs have been found outside of cells, including various body fluids. Lawrie
et al. (2008) were among the first to demonstrate the presence of circulating
miRNAs in cell-free bodily fluids such as plasma and serum. Since then, circulating
miRNAs have been constantly reported as being aberrantly expressed in blood
plasma or serum in different types of cancer, e.g., prostate, colorectal, and esoph-
ageal carcinoma (Brase et al. 2011; Huang et al. 2010; Zhang et al. 2010). Their
most important advantages include the possibility of repeated measurement in a
noninvasive manner as well as remarkable stability in plasma/serum. Serum and
other body fluids are known to contain ribonucleases (Weickmann and Glitz 1982),
which suggests that secreted miRNAs are likely packaged in some manner to
protect them against RNase digestion.

Despite the accumulating evidence for the presence of miRNAs in body fluids,
the secretory mechanism of extracellular miRNAs remains poorly understood.
miRNAs could be shielded from degradation by packaging in lipid vesicles, in
complexes with RNA-binding proteins, or both (Gibbings et al. 2009). Recent
studies have identified miRNAs in two types of cell-derived lipid vesicles:
microvesicles and exosomes. Microvesicles are fragments of plasma membrane
ranging from 100 to 1000 nm shed from almost all cell types. Exosomes, on the
other hand, are cell-derived vesicles that are present in many and perhaps all
biological fluids. Exosomes with its diameter ranging from 50 to 100 nm are
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released on exocytic fusion of multivesicular bodies (MVB) (Hasselmann
et al. 2001) with plasma membranes (Cocucci et al. 2009). miRNAs have been
identified in both exosomes and microvesicles derived from a variety of sources,
including human and mouse mast cells, glioblastoma tumors, plasma, saliva, and
urine. The underlying mechanism of the secretory process is that the release of
miRNAs is controlled by neutral sphingomyelinase 2 (nSMase2) and through
ceramide-dependent secretory machinery (Kosaka et al. 2010b). Apoptotic bodies
are small membranous particles released during programmed cell death. Currently,
accumulating evidence suggests that apoptotic bodies can function as intercellular
transmitters to convey their contents, in particular, miRNA (Rechavi et al. 2009).
Authors (Gidlof et al. 2013) also demonstrated that platelets activated during
myocardial infarction could release functional miRNA into plasma, which can be
taken up by endothelial cells and regulate intercellular adhesion molecule (ICAM-
1) expression. Moreover, recent studies also suggest that circulating high-density
lipoprotein (HDL) can bind and transport endogenous miRNAs and deliver them to
recipient cells with functional targeting capabilities (Vickers et al. 2011). nSMase?2,
as also demonstrated, could regulate cellular export of miRNAs to HDL. According
to another study, cells in culture predominantly exported miRNA in exosome-
independent form (Wang et al. 2010). Turchinovich et al. (2011) study showed
that most of the extracellular miRNAs in blood plasma and cell culture is indepen-
dent of exosomes and is bound to Ago2 protein—a part of RNA-induced silencing
complex. This result indicates that large parts of circulating miRNAs might be
by-products of dead/dying cells which persist due to the stability of the miRNA/
Ago2 complex. Other studies demonstrated that the circulating miRNAs also can be
passively leaked from apoptotic or necrotic cells, which has been verified to occur
in patients with HCV infection (Bala et al. 2012), acute myocardial infarction
(Ai et al. 2010), and breast cancer (Roth et al. 2010) after tissue injury or cell
death. The secretion of miRNAs by cells is associated with the microenvironment
of cells. Figure 1 summarizes the secretary mechanism of circulating miRNAs.

Extracellular miRNAs, circulating miRNAs as a potential disease diagnostic
biomarker in particular, has attracted much attention, and the clarification of the
release and transportation mechanism of which is important for the understanding
and discovery of the value of miRNAs as disease biomarkers. As mentioned above,
a number of potential circulating miRNAs as diagnostic, prognostic, and predictive
biomarkers in many cancers have been well recognized. However, the complexity
of circulating miRNA export phenomenon determines the limited possibility of
using one mechanism to completely explain the release of cellular miRNA into
circulation. Much more studies are urged to determine how miRNAs are specifi-
cally targeted for release, recognized for uptake, and what information can be
transmitted by this process.
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Fig. 1 Release of circulating miRNAs

3 Circulating miRNAs Measurement

Currently, real-time reverse transcription-PCR (qPCR), microarray, and massively
parallel/next-generation sequencing (NGS) are three main methods to quantify
circulating miRNAs. qPCR is often considered a “gold standard” in the detection
and quantification of gene expression (Livak and Schmittgen 2001), for it not only
provides us with a simple tool to efficiently determine the amount of a gene
transcript in a given sample but is also relatively inexpensive, widely available,
and allow measurements of very small quantities of miRNAs. However, the sim-
plicity of this methodology can itself be problematic, as one tends to overlook
critical factors that make this technique work. The rapid increase in number of
miRNAs also renders qPCR inefficiency on a genomic scale, and it is probably
better used as a validation rather than as a discovery tool.

Since the demonstration of microarray technology by DNA microarray paper, it
has been utilized to analyze a comprehensive miRNA expression profiling. Gener-
ally speaking, microarray-based measurement methods require more starting mate-
rial than qPCR, and it can be challenging to develop probes and hybridization
conditions that work well to detect many different miRNAs at once. As with
genomic RNA analysis, microarrays are still the best choice for a standardized
genome-wide assay that is amenable to high-throughput applications. Although
microarrays could improve the throughput of miRNA profiling, the method is
relatively limited in terms of sensitivity and specificity (Krichevsky et al. 2003;
Sato et al. 2009).
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Table 1 Advantages and disadvantages of the three main methods to quantify circulating

miRNAs
Advantages Disadvantages
qPCR Simple Method easily influenced by critical
Inexpensive factors
Widely available measurements of Inefficient on a genomic scale
very small quantities Inadequate as a validation tool
Discovery tool
Microarray | Standardized genome-wide assay Require more starting material
High throughput Develop probe develop probes and
hybridization conditions
Low reproducibility
Low sensitivity and specificity
NGS Precise Expensive
Repeatable Laborious
High throughput Immature computational analysis
Not rely on the design of primers or
probes
Not hindered by variability
Identify novel miRNAs

qPCR Real-time reverse transcription-PCR; NGS Next-generation sequencing

Of these three methods, miRNA profiling by NGS may be the most promising, as
it largely avoids many miRNA measurement pitfalls. NGS RNA sequencing is
comparatively the most precise, repeatable, and of high throughput, representing
the most advanced and expensive technology. This technology is neither hindered
by variability in melting temperatures, coexpression of nearly identical miRNA
family members, or post-transcriptional modifications, nor relies on the design of
primers or probes specific to each miRNA. Instead, NGS sequencing provides the
number of counts for each miRNA or transcript present in the sample. Its applica-
tion in circulating miRNA includes new miRNAs exploration, detection of
miRNAs, miRNAs editing, and isomiR and target mRNA detection. Despite these
advantages, NGS remains expensive and labor intensive, both in the sample prep-
aration and data analysis, and associated tools for computational analysis are in
their infancy. Table 1 lists advantages and disadvantages of the three main methods.
In addition to microarrays and qPCR, there are other less frequently used methods,
such as traditional northern blotting and ligation-based measurement. As with
mRNA measurement, each of these methods has benefits and drawbacks. To further
develop miRNA-based biomarkers, it is urgently needed to set up a standardization
process for sample preparation and develop a more accurate method to assess the
quality and quantity of miRNAs.
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4 Progress on Circulating miRNAs in Cancer Application

One of the major challenges in cancer research is the identification of stable and
routinely measurable biomarkers in easily accessible samples. Serum tumor
markers, such as CEA and CA19-9, are being used in convenient diagnostic assays.
However, these conventional serum markers lack sufficient sensitivity and speci-
ficity to facilitate early detection of cancer. Friel et al. (2010) reported the existence
of circulating nucleic acids in plasma early in 1948. However, the diagnostic and
prognostic utility of circulating DNA/RNA has not begun to be appreciated until the
development of fetal-derived DNA detection in maternal plasma in 1996 which
opened up the possibility of noninvasive prenatal diagnosis (Tsang and Lo 2007)
and since then more discoveries of circulating tumor-derived RNA have proven to
be equally important as their DNA counterparts. After 1999, the medical community
started to pay attention to the diagnostic application of circulating miRNAs. In 2008,
tumor-specific miRNAs were first discovered by Lawrie et al. (2008) in the serum of
patients with diffuse large B-cell lymphoma (DLBCL): high level of miR-21 was
associated with improved relapse-free survival. Following this initial finding, an
increasing number of studies have been conducted during the past decade to analyze
the clinical relevance of circulating miRNAs in peripheral blood and have success-
fully demonstrated, for one, the potential of circulating miRNAs to act as novel
noninvasive biomarkers for early tumor detection, diagnosis, and prognosis of
various cancers and other diseases, and for another the fact that miRNAs yields
are higher in patients with malignant lesions than in healthy patients (Fig. 2).

miRNAs have emerged as critical players in cancer initiation and progression
processes. The physiological events that lead to the increase of miRNAs during
cancer development and progression are yet to be fully understood. However,
analyses of circulating miRNAs have allowed the detection of tumor-related
genetic and epigenetic alterations that are relevant to cancer development and
progression. The circulating nucleic acids, present in serum and other body fluids,
may represent potential biomarkers. The development of tumor-specific miRNA
signatures as cancer biomarkers detectable in body fluids should help with early
detection and more effective therapeutic intervention for individual patients. The
detection and identification of potential miRNA biomarkers in BC are an emerging
avenue of miRNA researches, which will be necessary prior to the application of
miRNAs in BC diagnosis and prognosis (Figs. 3 and 4).
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5 Circulating miRNAs and Early Diagnosis of Breast
Cancer

miRNAs are released from cells wrapped in proteins or microvesicles. Selectively,
exported miRNAs are packaged in structures that are different from those that carry
neutral released miRNAs (n-miRNAs). Malignant cells release greater quantities of
selectively exported miRNAs, whereas the release of n-miRNAs is not affected by
malignancy. The expression of circulating miRNAs in serum is stable, not easily
degradable (Reid et al. 2011). Compared with exogenous synthetic miRNAs,
endogenous cell-free miRNAs exist in serum more in form of RNase-resistant
types and own self-renewable characteristics, resistance to DNase/RNase digestion
and repeated frozen (Qu et al. 2011). The extreme stability of circulating miRNAs
in the RNase-rich bloodstream environment is the basis of their value as biomarkers
(Kosaka et al. 2010a).

Because of their remarkable stability in blood, circulating miRNAs are consid-
ered to be highly promising biomarkers for various tumors (Abba et al. 2012; Gilad
et al. 2008), for it is a convenient noninvasive test method to diagnose tumors in
early stages. The number of papers reporting that circulating miRNAs could serve
as noninvasive biomarkers for BC detection is increasing. Heneghan et al. (2010)
surveyed a panel of seven candidate miRNAs in whole blood RNAs from 148 BC
patients and 44 age-matched and disease-free controls. They found the expression
of miR-195 was significantly elevated in BC patients. In addition, they found the
expression of let-7a, which is well regarded as a reliable endogenous control for
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analysis of miRNA in breast cancer, was increased over fivefold in BC patients
compared to healthy controls. Furthermore, they observed a significant reduction in
miR-195 and let-7a in postoperative whole blood compared to the preoperative
samples of the same patients.

In a study by Chan et al. (2013), 4 (miR-1, miR-92a, miR-133a, and miR-133b)
miRNAs of 20 miRNAs were differentiated in a set of serum samples from a cohort
of 132 Asian BC patients and 101 healthy controls and were validated and identified
as the most significant diagnostic markers. Interestingly, only 7 miRNAs out of the
total 20 were overexpressed in both tumor and serum of BC patients, indicating that
miRNAs could be released into serum selectively. Liu et al. (2014) used meta-
analysis to assess the potential diagnostic value of using circulating miRNAs for
BC. In this meta-analysis, 31 studies from 16 publications with a total of 1668 BC
patients and 1111 healthy controls were included. Their results showed that the
pooled sensitivity (SEN) for miRNAs assays was 0.77 (95 % CI 0.69-0.84), spec-
ificity (SPE) was 0.88 (95 % CI 0.79-0.93), and diagnostic odds ratio (DOR) was
18 (95 % CI 10-32). The area under the summary receiver operator characteristic
(SROC) curve (AUC) was 0.89 (95 % CI 0.86—0.91). Subgroup analyses suggested
that employing a combination of multiple miRNAs was better than using a single
miRNA, suggesting that the expression profiles of circulating miRNAs, especially
using a combination of them, would have potential to facilitate accurate breast
tumor detection. Shen et al. (2014) performed a three-stage miRNA analysis with
plasma samples from BC patients and healthy controls. In the discovery phase, they
identified that plasma levels of three miRNAs, including miR-148b, miR-133a, and
miR-409-3p, were significantly higher in BC cases than healthy controls. In the
second validation phase, they substantiated the associations with BC detection for
miR-148b and miR-133a. In the last in-vitro study phase, they found that both
miR-148b and miR-133a were secreted from BC cell lines, showing their secretory
potential and possible tumor origin. Their data thus suggest that both miR-148b and
miR-133a have potential use as biomarkers for BC detection. Kodahl et al. (2014a)
investigated the differential expression of miRNAs in the serum of patients with
estrogen receptor-positive (ER+) early-stage BC and healthy controls. They iden-
tified a multivariable signature consisting of 9 miRNAs (miR-15a, miR-18a,
miR-107, miR-133a, miR-139-5p, miR-143, miR-145, miR-365, miR-425) that
provided considerable discrimination between BC patients and healthy controls.
A 9 miRNA signature capable of discriminating between ER-positive BC and
healthy controls was also presented in their research. This signature might be useful
in the development of a blood-based multi-marker test to improve early detection of
breast cancer. Recently, Park et al. (2014) used microarray-based expression
profiling to compare the levels of circulating miRNAs in blood samples from
11 ER+/ human epidermal growth factor receptor 2 (HER2)-negative(HER2-)
advanced BC patients plus 5 age-matched controls. Their results showed that
miR-1280 levels increased significantly in BC patients and reflected tumor status
(control < early cancer < metastatic cancer). Furthermore, they confirmed that
miR-1280 was not a classic miRNA, but rather a tRNALeu-derived fragment. All
these findings suggest that a circulating tRNA-derived miRNA, miR-1280, is
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differently expressed in BC patients and may serve as a biomarker for ER-positive
breast cancer.

As is indicated in other profiling results from another study, the combination of
circulating miR-145 and miR-451 seems capable of predicting BC patients from
normal individuals (Ng et al. 2013). Seven serum miRNAs (miR-10b, miR-21,
miR-125b, miR-145, miR-155, miR-191, and miR-382), identified by Fermin
et al. (Mar-Aguilar et al. 2013), were significantly upregulated in BC patients
compared to healthy controls. Asaga et al. (2011) also demonstrated an
overexpression of miR-21 in plasma samples of BC patients. miR-181a, the key
oncogenic regulator, is deregulated in many types of human cancer. It has been
reported that serum miR-181a was downregulated in BC and may represent a novel
biomarker for primary BC as well as for early stage BC diagnosis (Guo and Zhang
2012). Eichelser et al. (2013) found that the concentrations of circulating miR-34a,
miR-93, and miR-373 were significantly higher in BC patients than in healthy
women. Zeng et al. (2013) suggested that plasma miRNA-30a decreased in patients
with BC. Hu et al. (2012) found four serum miRNAs (miR-16, miR-25, miR-222
and miR-324-3p) that were consistently differentially expressed between BC cases
and controls. The area under the receiver operating characteristic curve is 0.954 for
the four-miRNA signature in the discovery stage, suggesting the four-miRNA
signature from serum may serve as a noninvasive prediction biomarker for breast
cancer. Chen et al. (2014) reported that circulating levels of the muscle-enriched
miR486 was lower in patients with BC compared with healthy individuals. The
hypothesis was tested in this study that circulating miRNAs might serve as a
surrogate of the effects of cancer on miRNA expression or release in distant organs
and be emerging as important biomarkers of BC. Using microarray-based expres-
sion profiling followed by real time quantitative polymerase chain reaction
(RT-gPCR), Zhao H and colleagues (Zhao et al. 2010) found deregulated expres-
sion levels of 49 miRNAs in plasma from 20 women with early stage BC compared
to 20 matched controls. The authors also showed that both upregulated (n =26) and
downregulated (n=23) miRNAs could discriminate patients from controls with
acceptable specificity and sensitivity scores. To clearly present these important
data, we summarized the differentially expressed miRNAs of each study in Table 2.

6 Circulating miRNAs and Prognosis of Breast Cancer

Metastatic breast cancer (MBC) is a leading cause of morbidity and mortality
among females. There is an urgent need for prognostic biomarkers that can improve
the quality of life for these patients. Circulating miRNAs have been identified in the
plasma/serum and can be potentially used as biomarkers for tumor characterization
and cancer prognosis (Heneghan et al. 2011; Yang et al. 2014; Zhao et al. 2010).
Roth et al. (2010) provided a pilot study in which the first evidence that tumor-
associated circulating miRNAs were elevated in the blood of BC patients and
associated with tumor progression was provided. The authors evaluated in
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Sample

miRNA types Expression References

miR-195, let-7a Blood- Upregulated Heneghan et al. (2010)
derived
miRNA

miR-10b, miR-125b, miR-145, Serum Upregulated Mar-Aguilar et al. (2013)

miR-155, miR-191, miR-382 miRNA

miR-21 Serum Upregulated Asaga et al. (2011),
miRNA Mar-Aguilar et al. (2013)

miR-181a Serum Downregulated | Guo and Zhang (2012)
miRNA

miR-34a, miR-93, miR-373 Serum Upregulated Eichelser et al. (2013)
miRNA

miR-30a Plasma Downregulated | Zeng et al. (2013)
miRNA

miR-155, miR-19a, miR-181b, Serum Upregulated Sochor et al. (2014)

miR-24 miRNA

miR-148b, miR-376¢, miR-409- Plasma Upregulated Cuk et al. (2013)

3p, miR-801 miRNA

miR-16, miR-25, miR-222, Serum Upregulated Hu et al. (2012)

miR-324-3p miRNA

miR-21, miR-146a Plasma Upregulated Kumar et al. (2013)
miRNA

miR-29a, miR-21 Serum Upregulated Wu et al. (2011)
miRNA

miR-16, miR-21, miR-451, Plasma Upregulated Ng et al. (2013)

miR-145 miRNA Downregulated

Let-7c, miR-589 Plasma Downregulated | Zhao et al. (2010)
miRNA Upregulated

miR-10b, miR-155 Serum Upregulated Wang et al. (2012)
miRNA

miR-484 Serum Upregulated Zearo et al. (2014)
miRNA

miR-1260 Blood- Upregulated Park et al. (2014)
derived
miRNA

miR-148b, miR-133a Plasma Upregulated Shen et al. (2014)
miRNA

miR486 Serum Downregulated | Chen et al. (2014)
miRNA

particular the relative concentrations of breast cancer-associated miR-10b,
miR-34a, miR-141, and miR-155 in the blood serum of 89 patients with primary
BC and metastatic disease and 29 healthy women, finding that miR-10b, miR-34a
and miR-155 discriminated M1-patients from MO controls. In BC patients, the
changes in the levels of miR10b (P =0.01), miR34a (P =0.003), and miR155
(P=0.002) were correlated with the presence of overt metastases. Within the
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MO-cohort, patients at advanced tumor stages (pT3 to 4) had significantly more
miR34a (P =0.01) in their blood than that of patients at early tumor stages (pT1 to
2).

The use of circulating tumor cells (CTC) as a prognostic marker in metastatic
BC has been well established. However, their efficacy and accuracy are still under
scrutiny mainly because of the methods of their enrichment and identification.
Madhavan et al. (2012) found that CTC-positive had significantly higher levels of
circulating miR-141, miR-200a, miR-200b, miR-200c, miR-203, miR-210,
miR-375, and miR-801 than CTC-negative MBC and controls, whereas miR-768-
3p was present in lower amounts in MBC cases. miR-200b was singled out as the
best marker for distinguishing CTC-positive from CTC-negative patients. They
also identified combinations of miRNAs for differentiating MBC cases from con-
trols, among which combinations of miRNAs and miR-200b alone were found to be
promising prognostic marker for progression-free and overall survival. Further-
more, according to their research, the identified miRNAs seem to have a similar or
even better prognostic value than CTCs, and combination of miRNAs and CTCs
performs better than CTCs alone.

Increased concentrations of serum miR-373 were associated with negative
HER?2 status of the primary tumor (Eichelser et al. 2013). Deregulated concentra-
tions of serum miR-17 and miR-34a were detected in patients with ER/progesterone
receptor (PR)-positive and -negative status, respectively. These hormone receptor-
negative tumors, which represent approximately 30 % of all breast cancers, have
been reported to have a more aggressive clinical course (Sakr and Dizon 2011).
Their findings indicate that serum concentrations of deregulated miRNAs may be
linked to a particular biology of BC favoring progression and metastatic spread.
Wang et al. (2012) demonstrated that expression levels of blood miR-125b and
miR-155 were related to disease stage with higher miRNA levels in higher stage
disease, whereas significant association with ER, PR, and HER2 status is wanted.
Asaga et al. (2011) also showed that the concentration of circulating miR-21 was
correlated with BC stage and was independent of ER status or age. Therefore,
circulating miR-21 may be a potential biomarker for BC progression. Eichelser
et al. (2013) found that serum miR-17 and miR-155 were differently expressed
between MO and M1 patients. Wu et al. (2012) indicated miR-122 prevalence in the
circulation predicted BC metastasis in early-stage patients. Their finding is in
accordance with several reports that miR-21 expression in breast tumors is corre-
lated with the advanced clinical stage, lymph node metastasis, and poor prognosis
(Qian et al. 2009; Yan et al. 2008). Chen et al. (2013) showed the plasma levels of
circulating miR-10b and miR-373 were significantly higher in BC patients with
lymph node metastasis compared to MO patients and normal donors, suggesting that
circulating miRNA-10b and miRNA-373 are potential biomarkers for detecting the
lymph node status of breast cancer. Joosse et al. (2014) reported serum let-7b was
significantly higher in patients with invasive carcinomas than in patients with
benign breast diseases or healthy women (P < 0.001), whereas the level of serum
miR-202 was elevated in both patient cohorts (P < 0.001). In uni- and multivariate
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Table 3 Results of circulating miRNAs in breast cancer prognosis

Sample
miRNA types Expression Cohort References
miR-10b Serum Upregulated MI versus MO Roth
miR-34a miRNA Downregulated et al. (2010)
miR-155
miR-155 Serum Upregulated Stage III versus Stage II Wang
miR-125b miRNA et al. (2012)
miR-17 Serum Downregulated | MI versus MO Eichelser
miR-155 miRNA et al. (2013)
miR-122 Serum Upregulated Stage II-IIT versus inflam- | Wu et al. (2012)
miRNA matory BC
miR-21 Serum Upregulated Stage IV versus Stage L, II, | Asaga
miRNA or III et al. (2011)
miR-10b Plasma Upregulated MI versus MO Chen
miR-373 miRNA et al. (2013)
miR-202 Serum Upregulated MI versus MO Joosse
miRNA et al. (2014)

MO—patients with localized breast cancer. M/—patients with metastatic breast cancer

analyses, high levels of miR-202 significantly correlated with poor overall survival
(P=0.0001). Tables 3 summarized the results of circulating miRNAs in BC
prognosis.

Circulating miRNAs closely relate to tumor progression or metastasis. Differ-
ential expression of circulating miRNAs can distinguish patients with BC from
healthy females and further distinguish patients with distant metastases from those
with locoregional disease, so they can act as valuable prognostic markers to predict
clinical outcomes of patients suffering from cancer (Yu et al. 2011). The detected
miRNAs hold promise as an early detection marker of metastasis in breast cancer.

7 Circulating miRNAs and Personalized Treatment
of Breast Cancer

Therapeutic strategies based on modulation of miRNA activity hold great promise
due to the ability of these small RNAs to potently influence cellular behaviors.
Some studies evaluate the usefulness of miRNAs as both targets and tools in
anticancer therapy Meng et al. (2006, 2007). The involvement of miRNAs in the
biology of human cancer is supported by an increasing body of experimental
evidence, the focus of which has gradually switched from profiling studies, as the
first BC-specific signature reported in 2005 (Iorio et al. 2005) describing an aberrant
miRNA expression in different tumor types, to biological demonstrations of the
causal role of these small molecules in the tumorigenic process and the possible
implications as biomarkers or therapeutic tools (Abba et al. 2012). These more
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recent studies have widely demonstrated that miRNAs can modulate oncogenic or
tumor suppressor pathways, and that, at the same time, their expression can be
regulated by oncogenes or tumor suppressor genes. Based on the theories above,
using miRNAs as a target for molecular therapy will become a new direction for
cancer treatment. Specific blocking or inducing miRNA-mediated biological pro-
cesses could reverse the development of cancers (Budhu et al. 2010).

Treatment for BC is constantly evolving as new technologies, agents, and
strategies are discovered. Systemic adjuvant chemotherapy improves outcomes
and has advanced from first-generation regimens to modern dose-dense combina-
tions. Advances in adjuvant treatment of BC have already led to a significant
reduction in disease-related relapse and death (Davies et al. 2011). To remove the
unresectable tumors, neoadjuvant chemotherapy (NAC), which is a promising
platform for drug development, is recommended for inoperable locally advanced
tumors. Chemotherapy remains a critical component of adjuvant therapy for BC
patients. However, there is significant variation in drug response and survival
outcomes in individuals treated with equivalent regimens. Traditional factors
including tumor stage, tumor size, nodal status, and intra-tumoral characteristics
such as grade, expression of ER/PR, and HER2 status have been used to guide
choice of therapy. In recent years, advances in miRNAs research have aroused a
significant interest in how differences in genetic makeup may be used to predict
treatment safety and efficacy. However, the role of circulating miRNAs in therapy
resistance of BC still remains poorly characterized. In recent years, some circulat-
ing miRNAs have been reported to be involved in chemotherapeutic resistance of
breast cancers. Wang et al. (2012) demonstrated that higher circulating miR-125b
level is correlated to more advanced ductal carcinoma of the breast and resistance
for adjuvant chemotherapy. In addition, miR-125b expression in breast cancers was
reversely correlated with apoptosis and proliferation inhibition induced by chemo-
therapy. Furthermore, BC cells expressing a higher level of miR-125b were more
resistant; conversely, reducing miR-125b level sensitized BC cells to chemother-
apy. E2F3, as a direct target of miR-125b in BC cells, may be involved in
miR-125b-mediated chemotherapeutic response. These data suggest that circulat-
ing miR-125b, a potential marker predicting chemotherapeutic response and a
target for overcoming chemotherapeutic resistance, contributes to chemotherapeu-
tic resistance of breast cancer.

HER?2 is amplified in 20-30 % of invasive BC cases, and its amplification is
associated with poor patient prognosis. Trastuzumab is a humanized monoclonal
antibody that binds specifically to the HER2 receptor and suppresses cell prolifer-
ation that is driven by overexpression of the HER2 protein. Since the advent of
treatment with trastuzumab, survival of HER2-positive BC patients has signifi-
cantly improved, and mortality in HER2 overexpressing or amplified tumors
(“HER2-positive”) has been significantly reduced (Slamon et al. 2011).
Trastuzumab is now part of the standard treatment for HER2-positive breast cancer,
but not all patients respond to trastuzumab, and metastatic patients treated with
trastuzumab will eventually progress during therapy. Given variable response,
significant risks associated with treatment, such as identification of genetic markers
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predictive of trastuzumab response is quite attractive. In patients receiving
neoadjuvant chemotherapy combined with trastuzumab, Jung et al. (2012) reported
that circulating miR-210 levels were significantly higher in those who had residual
disease than in those who achieved a pathologic complete response. The mean
expression ratio for miR-210 was significantly higher in trastuzumab-resistant
BT474 cells, and miR-210 expression was significantly higher before surgery
than after and in patients whose cancer metastasized to the lymph nodes. These
results suggest that plasma miR-210 may be used to predict and perhaps monitor
response to therapies that contain trastuzumab. Lapatinib is also an established
treatment for patients with HER2-positive BC with different mechanisms of action.
Muller et al. (2014) investigated whether altered expression levels of potentially
relevant miRNAs in serum are associated with the response to trastuzumab or
lapatinib. Circulating miR-21, miR-210, and miR-373 were quantified in serum
of 127 HER2-postive BC patients receiving chemotherapy combined with either
trastuzumab or lapatinib before and after NAC and in 19 healthy controls. Serum
levels of miR-21, miR-210, and miR-373 were significantly higher in patients
before and after chemotherapy than in healthy women. Concentrations of miR-21,
miR-210, and miR-373 increased further after chemotherapy. A significant associ-
ation of higher serum levels of miR-373 with advanced clinical tumor stage could
be detected (p < 0.002). An association of miR-21 levels before (p =0.0091) and
after (p =0.037) chemotherapy with overall survival of the patients could be
detected, independent of type of anti-HER?2 therapy. No association of circulating
miRNAs with pathological response (pCR) was found. In all, their findings dem-
onstrate a specific influence of neoadjuvant therapy on the serum levels of miR-21,
miR-210, and miR-373 in BC patients together with a prognostic value of miR-21.

Nearly two-thirds of breast cancers are classified as ER+, which is prognostic for
improved survival outcomes and predicts responsiveness to endocrine manipula-
tions. By binding to either ER-alpha or -beta, estrogen regulates a wide variety of
cellular effects and physiologic conditions including BC cell proliferation. Though
not always considered in this manner, endocrine therapies are indeed BC-targeted
therapies, as they treat cancer by blocking specific receptors, which prevents or
inhibits tumor growth. Resistance to endocrine therapy is the major problem for
ERa (+) BC patients. The luminal A subtype of BC is a type of BC that is ER-
and/or PR-positive, HER2-negative, and Ki67 < 14 %. This type of BC has a
relatively better prognosis but is less sensitive to chemotherapy compared to
other subtypes of breast cancer (Coates et al. 2012). It has been controversial as
to whether neoadjuvant chemotherapy should be given in luminal A subtype. Li
et al. (2014) aimed to identify biomarkers to predict chemosensitivity for patients
with luminal A subtype of BC who received neoadjuvant chemotherapy with
epirubicin plus paclitaxel. The expression of serum miR-19a and miR-205 was
highly expressed in BC patients with the luminal A subtype who are resistant to the
epirubicin plus paclitaxel regimen. A predictive model of these two miRNAs was
created by the logistic regression analysis. The probability of this model was
89.71 %. Based on the ROC curve, the specificity was 75.00 %, and the sensitivity
was 81.25 %. The combination of serum miR-19a and miR-205 may predict the
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chemosensitivity of luminal A subtype of BC to epirubicin plus paclitaxel
neoadjuvant chemotherapy. Zhao et al. (2011) explored the potential role of
miR-221 as a biomarker for chemosensitivity in BC patients who previously
received NAC. The expression level of plasma miR-221 was significantly associ-
ated with hormone receptor (HR) status. Patients with higher plasma miR-221
levels tended to be HR-negative. Patients with different miR-221 levels had sig-
nificant differences in the overall response rate but not in the pathologic complete
response rate. Their results indicate that plasma miR-221 may be a predictive
biomarker for sensitivity to NAC in BC patients. Kodahl et al. (2014b) investigated
changes in the levels of specific circulating miRNA following BC surgery in
24 postmenopausal women with ER-positive early-stage breast cancer. The results
showed three circulating miRNAs (miR-338-3p, miR-223, and miR-148a)
exhibited significantly lower and 1 miRNA (miR-107) higher levels in postopera-
tive versus preoperative samples (p <0.05). No miRNAs were consistently
undetectable in the postoperative samples compared to the preoperative samples.
Their findings demonstrates that these specific miRNAs may be involved in tumor-
igenesis and could potentially be used to monitor whether all cancer cells have been
removed at surgery and/or, subsequently, whether the patients develop recurrence.
According to Wu et al. (2012), two circulating miRNAs, miR-375 and miR-122,
exhibited strong correlations with clinical outcomes, including NAC response and
relapse with metastatic disease. These results may allow optimized chemotherapy
treatments and preventive anti-metastasis interventions in future clinical applica-
tions. Freres et al. (2015) described the modifications of circulating miRNAs profile
after NAC for breast cancer. Their research results showed serum miR-34a and
miR-122 were highly upregulated after NAC. Studying the kinetics of circulating
miR-34a and miR-122 expression during NAC revealed that their levels were
especially increased after anthracycline-based chemotherapy. This study demon-
strates that NAC specifically induces miRNA expression in plasma and tumor
tissue, which might be involved in the antitumor effects of chemotherapy in BC
patients. Gezer et al. (2014) assessed the effect of NAC on the levels of a panel of
BC-associated miRNAs, which were at relatively low (let-7, miR-10b, miR-34,
miR-155, miR-200c, and miR-205) or abundant (miR-21, miR-195, and miR-221)
levels in the circulation. Their study demonstrated that highly expressed miRNAs
were affected most frequently by chemotherapy, particularly in patients with early
stage tumors. This information may be valuable in assessing the response of the
patients to therapy. Table 4 presents the predictive function of circulating miRNAs
in BC treatment.

8 Conclusions and Perspectives

From all the studies illustrated above, we know that circulating miRNA plays a key
role in carcinogenesis and in the development of tumor metastasis. Circulating
miRNA can be used as noninvasive biomarker for diagnosis of breast cancer. The
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Table 4 Effects of circulating miRNAs on chemotherapeutic applications

miRNA NAC | Effects Expression Target | References
miR-125b Yes | 5-fluorouracil resistance | Upregulated E2F3 Wang
et al. (2012)
miR-375 Yes | Trastuzumab resistance | Upregulated Wu et al. (2012)
miR-122 Downregulated
miR-210 Yes | Trastuzumab resistance | Upregulated Ephrin- | Jung
A3 et al. (2012)
E2F3
RADS52
FGFR1
miR-221 Yes | Taxane and Upregulated Zhao
anthracycline resistance etal. (2011)
miR-19a Yes | Epirubicin and pacli- Upregulated Liet al. (2014)
miR-205 taxel resistance
miR-21 Yes | Trastuzumab or Upregulated Muller
miR-210 lapatinib resistance et al. (2014)
miR-373
miR-34a Yes Upregulated Mar-Aguilar
miR-122 et al. (2013)

NAC Neoadjuvant chemotherapy

stability of circulating miRNAs and the relatively cheap methods of their isolation
and detection increase their usefulness as a biomarker. However, there are still
challenges to be addressed to establish these new biomarkers before their applica-
tion to routine clinical procedures. Several limitations existing in these results are as
follows: (1) Given the limited sample size in these researches, further validations in
large cohorts or in different ethnic groups are recommended; (2) Whether these
plasma miRNAs elevation are specific for certain subtypes of BC remains uncer-
tain. Thus, additional studies are necessary to compare their plasma levels with
different subtypes. Nevertheless, it is worthy in the future to identify novel plasma
miRNAs which could be used as a screening tool for BC detection. Differential
expression signatures in plasma could discriminate BC from normal subject, which
raises the possibility of using such marker to develop a blood-based screening test
for BC in the future. Screening for BC allows early stage diagnosis of the malig-
nancy and hence has potential to reduce mortality. As a screening tool acceptable
for general population, it would be desirable to detect cancer accurately without
resorting to an invasive procedure.

The circulating miRNAs in BC diagnosis and prognosis will become a promis-
ing method to deal with malignancies in a more specific and an efficient manner.
However, it is still very challenging to deliver tumor cell-specific miRNA applica-
tion via an affordable and convenient approach. Crucial issues need to be resolved
before establishing circulating miRNAs as diagnostic biomarkers and predictive
tools for BC. To bring miRNAs into clinical application, limitations are all urged to
be overcome such as the lack of larger prospective clinical trials with standardized
analyzing methods, the necessity for clarifying the real origin of circulating
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Table 5 Challenges of

. . . 3% Larger prospective clinical trials
circulating miRNAs research

2% Standardized analyzing methods

2% Clarifying the real origin of circulating miRNAs

¢ Validation of a well-characterized BC-specific signature
2% Specific miRNAs for certain subtypes of BC

2 Target genes of circulating miRNA

X Biological functions

2¢ Role in BC initiation and progression

2% Role in the regulation of CSCs self-renewal
% Regulation of circulating miRNAs expression

BC Breast cancer; CSC Cancer stem cells

miRNAs, and the validation of a well-characterized BC-specific signature of
circulating miRNAs. Furthermore, although the locations of multiple target genes
of circulating miRNA and their biological functions are fully recognized, more
pathogenesis, carcinogenesis, and biological mechanisms of miRNA on BC still
call for further study. Meanwhile, lots of problems are emerging based on new role
of miRNAs, including the understanding of the role of miRNAs in both the
regulation of cancer stem cells (CSCs) self-renewal and the development of
tumor invasion and metastasis, as well as their way of consisting a complex network
to regulate miRNAs expression. Additionally, more advanced and perfected
methods for diagnosis and treatment of cancer based on circulating miRNA need
to be explored. We can draw a figure to describe the challenges regarding circulat-
ing miRNAs research in the future (Table 5).

In conclusion, being one of the major scientific breakthroughs, the discovery of
circulating miRNA has revolutionized current medical science. With the in-depth
study of circulating miRNA, it will definitely lead us to a totally new world of life
sciences. We are sure that more tumor patients will get benefit from this kind of
novel biomarker.
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Abstract Neuromuscular diseases (NMDs) affect the musculature due to pathol-
ogies in muscles or nerves that manage their function. Potential therapeutics based
on antisense oligonucleotides (AONSs), i.e., short, single-stranded nucleic acids or
their analogs complementary to specific sequences in RNA targets, are among the
most promising. Depending on the chemistry, modified AONs can be used to either
sterically block regions in RNA that would otherwise serve as binding sites for
other cellular components or degrade RNA transcripts through activation of RNase-
H. Both strategies can be employed for therapeutic treatment of NMDs and we
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describe them in the context of loss-of-function diseases, such as Duchenne mus-
cular dystrophy and spinal muscular atrophy, and gain-of-function disorders,
including myotonic dystrophy and Huntington’s disease. Modified AONs vary
depending on the modification site. Owing to the chemical alteration, which can
be either in the phosphate linkage, ribose sugar, or the whole nucleoside, AONs
gain certain properties that decide on their stability, specificity, mode of action,
in vivo distribution, and non-antisense effects. Delineation of these properties in
preclinical studies has led to numerous clinical trials that currently hold great
promise in the future therapeutic treatment of NMDs.

Keywords Antisense oligonucleotides ¢ Neuromuscular diseases ¢ Duchenne
muscular dystrophy ¢ Myotonic dystrophy ¢ Spinal muscular atrophy e
Huntington’s disease ¢ Pre-mRNA splicing « RNA degradation

1 Introduction

In this review, we described therapeutic strategies employing chemically modified
antisense oligonucleotides (AONs) in the context of neuromuscular diseases
(NMDs). NMDs constitute a heterogeneous group of genetic disorders that affect
the musculature due to pathologies in either the nervous system or directly in
striated muscle. Among them, Duchenne muscular dystrophy (DMD) and spinal
muscular atrophy (SMA) are classified as loss-of-function diseases, in which
mutations in specific genes lead to loss-of-functional proteins. In contrast, myotonic
dystrophy (DM) and Huntington’s disease (HD) are classified as gain-of-function
disorders, in which mutated genes gain a deleterious function upon transcription. In
all of these diseases, therapies with modified AONSs target mutant RNA transcripts,
omitting the direct cause of the disease, i.e., mutations in DNA. One caveat of such
an approach could be that a single treatment would presumably never be permanent.
However, the ease of usage, relatively low toxicity, and a broad range of action
speak in favor of AON analogs. None of the abovementioned diseases is curable at
the moment, neither with a modified AON nor any other treatment. Nevertheless,
therapies grounded on AONSs are currently among the most advanced and also most
promising for NMDs. One of the biggest advantages of AON-based therapy is its
flexibility. Modified AONs can be used to include or excise an exon, block binding
sites for other molecules on RNA particles, or induce degradation of targeted
transcript. As described below, all these AON features have been used in designing
therapeutic approaches for genetic disorders. Also, in several studies, DNA-binding
AON analogs have been used to affect transcription. Such broad properties of
AONSs are a result of chemical modifications that not only lead to their various
functions but also affect their half-life time in extracellular space, mode of cell
entry, resistance to nucleases, as well as their safety profile.

AON:ss are single-stranded nucleic acid molecules or their derivatives that bind to
complementary regions in RNA by forming classical Watson-Crick base pairs
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(Barciszewski et al. 2015; Bennett and Swayze 2010; Havens et al. 2013). AON
length depends on the chemistry, specificity, and probability of interaction with a
given sequence in one transcriptome region. Intrinsic short oligonucleotides are
rapidly degraded in cellular environment by nucleases, which are usually divided
into two classes—exonucleases and endonucleases that cleave the phosphodiester
bond either in the flanking nucleotide residues or inside the AON chain, respec-
tively. Chemical modifications of the backbone or sugar moieties can increase AON
stability against nucleases, which significantly prolongs their life span and facili-
tates therapeutic usage. Heavy modifications applied to AONs can significantly
reduce or even completely abrogate recognition and cleavage by cellular nucleases.
In contrast, deoxyribonucleotide-based AONs containing phosphorothioate resi-
dues (DNA-PS) and their derivatives, including gapmers, allow for recruitment of
a specific endonuclease (RNase-H) that recognizes the AON/RNA hybrid complex
and cleaves the RNA molecule without affecting the structure of the modified
oligonucleotide. Noteworthy, in mammalian cells, RNase-H recognizes DNA/RNA
heteroduplexes and cleaves the RNA strand, releasing the DNA molecule (Cerritelli
and Crouch 2009). Following target strand degradation, released AON analog can
find another target molecule containing complementary sequence and altogether
one particle can induce degradation of many RNA targets. Importantly, a perfect
match between a modified AON and its target is necessary for RNase-H-induced
efficient cleavage of the target RNA (Lima et al. 2007). Both types of AONSs, the
ones that do not lead to RNA cleavage by nucleases and the ones that allow for
RNase-H incorporation, can be used in therapy. The former can be employed to
sterically block other molecules from recognizing a specific sequence in the bound
RNA chain, a strategy that has been successfully used, e.g., in alteration of splicing
patterns in DMD and SMA (see below). On the other hand, modifications that allow
for recruitment of RNase-H enabled, e.g., degradation of toxic RNA targets in DM
and HD. We will start our description with modified AONs that do not induce
significant target degradation and then depict oligo analogs that allow for RNase-H-
based cleavage of RNA.

2 Modified AONs that Sterically Block Binding of Proteins
and Other Molecules to RNA

Atleast 90 % of human pre-mRNA transcripts are spliced (Wang et al. 2008), which
markedly adds to the proteome variety that could be calculated based on the number
of 20,000 genes in the genome. Modified AONs enable control over splicing of not
only alternative but also constitutive exons. In both DMD and SMA, therapeutic
AON-based inclusion or exclusion of constitutive exons has been achieved (see
below). Generally, AONs can affect splicing by masking a specific 5" or 3’ splice
site (5'SS/3’SS), exonic/intronic splicing enhancer (ESE/ISE), or exonic/intronic
splicing silencer (ESS/ISS), i.e., sequences that are recognized by either
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Fig. 1 Nucleotide chemistries of RNA, DNA, and their modified analogs utilized in antisense
therapy of NMDs. Differences between RNA or DNA and their analogs are marked with red.
Nucleotide charges are depicted with — or +

spliceosome or other trans-acting splicing regulators, respectively (Disterer
et al. 2014). Furthermore, AONs could be used to select a specific polyadenylation
site in pre-mRNA, block translation, strengthen or modify RNA structure, target
miRNAs, or even alter transcription at the DNA level as has been reported for
AONs with PNA modification (see below) (DeVos and Miller 2013). The most
commonly used AON chemistries that do not induce target degradation include
fully modified 2’-substituted phosphorothioate (PS) oligonucleotides, morpholino-
based oligomers (PMOs), alternating locked nucleic acids (LNAs), peptide nucleic
acids (PNAs), and tricyclo-DNAs (tcDNAs) (Falzarano et al. 2015) (Fig. 1).
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In principle, more extensive chemical modifications of AONs often improve their
drug-like qualities (Kole et al. 2012).

2.1 AONs with Alkyl Modifications at the 2’ Position
of the Ribose

Modifications of the ribose ring at 2’ position with an alkyl group enhance target
binding, increase AON resistance against nucleases, and generally prevent RNase-
H incorporation to the AON/RNA duplex (Prakash and Bhat 2007). The most
currently used 2’ sugar modifications are 2'-O-methyl (2’0OMe) and 2'-O-
methoxyethyl (2’MOE), with the methoxyethyl group, compared to the simple
methyl group, showing increased nuclease resistance and increased binding affinity.
Resistance to nucleases could be further enhanced by substituting the non-bridging
oxygen atom of the phosphate group with a sulfur atom (PS modification) (Burnett
and Rossi 2012). 2'0OMe, 2'MOE, and their PS analogs (2’OMe-PS and 2'MOE-PS)
are negatively charged. This aids with their solubility and dissemination in the
blood due to binding to plasma proteins (Bennett and Swayze 2010). They can also
be easily complexed with cationic lipids and proteins although they cannot be
readily conjugated covalently to proteins as PMOs (see below). Their safety has
been assessed in a number of preclinical and clinical trials (Goemans et al. 2011;
van Deutekom et al. 2007; Yokota et al. 2009a).

2.2 Morpholino-Based Oligomers (PMOs)

In PMO-based AONSs, the ribose sugar is replaced with a six-membered morpholino
ring moiety, and the phosphodiester bond is substituted by a phosphorodiamidate
linkage (DeVos and Miller 2013). As they show strong affinity to RNA and high
resistance  against nucleases, PMOs, along with 2'OMe-PS-modified
oligoribonucleotides, are currently among the most commonly used AON analogs
(Disterer et al. 2014). PMOs alone are neutral, which limits their in vivo usage as
they do not bind plasma proteins and are rapidly disseminated from the body. To
address this drawback, PMOs have been covalently bound to charged cell-
penetrating peptides (PPMOs), including muscle-targeting peptides, and delivery
octa-guanidine dendrimers (vivo-PMO), which have markedly improved intracel-
lular uptake in animal studies. However, both of these modifications are potentially
toxic (Ferguson et al. 2014; Moulton and Moulton 2010). More recently, a limited
number of positively charged linkages have been added to PMOs resulting in
generation of PMO plus. A direct comparison of PPMOs and PMO plus showed
that the latter possess more potent antiviral capability while being better tolerated in
nonhuman primates (Iversen et al. 2012).
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2.3 Locked Nucleic Acids (LNAs)

LNAs contain a methylene bridge that connects the 2’-oxygen of ribose with the
4’-carbon (Jepsen et al. 2004; Kaur et al. 2007). They are resistant to nuclease
digestion and demonstrate high thermodynamic stability and affinity to target
RNAs based on the relatively high melting temperature of the AON/RNA complex.
Several LNA analogs have been developed differing in activities and toxicity
profiles in animals, including tiny LNAs that contain a PS modification. In contrast
to unmodified LNAs, LNA-PS can enter cells and tissues without carriers, in the
process known as gymnosis, and without induction of nonspecific immune response
(Obad et al. 2011; Stein et al. 2010).

2.4 Peptide Nucleic Acids (PNAs)

PNAs are synthetic DNA/RNA analogs composed of repeating N-(2-aminoethyl)-
glycine units to which nucleobases are attached via carbonyl linkages (Karkare and
Bhatnagar 2006). PNAs show exceptional binding affinity to RNA targets and
extreme stability against nucleases. However, PNAs have neutral charge, which
limits their solubility in water and cellular uptake (McMahon et al. 2002). This can
be largely omitted by combining PNAs with liposomes and microspheres or
conjugation with polylysine or polyarginine peptides (Fabani et al. 2010; Zhou
et al. 2006), or other positively charged groups (Dragulescu-Andrasi et al. 2006;
Sforza et al. 2010). PNAs stand out among other AONSs as they can bind to DNA by
forming a triple helix, which is followed by strand invasion. Among other applica-
tions, this property of PNAs has been used to stop transcription by targeting a
promoter sequence.

2.5 Tricyclo-DNAs (tcDNAs)

TcDNAs are modified DNA oligonucleotides with three additional carbon atoms
between C5' and C3’ (Renneberg et al. 2002). Their sulfur-containing analogs,
tcDNA-PS, are characterized by high-affinity binding to RNA, hydrophobicity, and
stability. Importantly, they spontaneously form 40- to 100-nm-sized nanoparticles,
a feature which presumably improves their cellular uptake compared to 2'OMe-PS
and PMO and enables their crossing through the blood—brain barrier of adult mice
(Goyenvalle et al. 2015), making tcDNA-PS of particular interest to the treatment
of NMDs.
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3 AON Analogs that Induce Degradation of RNA targets

As indicated previously, AONs can be customized in a manner that induces
recruitment of RNase-H into the AON/RNA complex and degradation of the target
RNA strand, but still prevents AON degradation by exonucleases. This can be
achieved by either modifying the entire DNA oligo backbone with PS residues
(Fig. 1) or by using gapmers, i.e., AON analogs that contain fully modified
nucleotides only at their sides. AON-triggered degradation of RNA has clear
advantages over RNAi-based strategy, especially in animal or human studies, in
which synthetic microRNAs (miRNAs) and short-hairpin RNAs (shRNAs) have to
be expressed from viral vectors and processed into cytoplasmic small interfering
RNAs (siRNAs), inducing RISC-mediated degradation or translational repression
of target RNA molecules (Sibley et al. 2010). Synthetic siRNAs can also be
delivered to animals; however, they are rapidly degraded in the circulatory system
and cannot easily pass the cell membrane because of their physicochemical prop-
erties and thus require carriers or specific modifications in order to be potentially
therapeutic (Burnett and Rossi 2012; Kole et al. 2012). In contrast, AONs can be
usually administered to cells without delivery vehicles and induce RNA degrada-
tion without the risk of saturating the miRNA biogenesis pathway.

3.1 Phosphorothioate-Modified DNA AONs (DNA-PS)

In DNA-PS, the non-bridging phosphate oxygen atom is replaced with sulfur,
which enhances the oligonucleotide stability against nucleases without losing
RNase-H-induced cleavage of target RNAs (Cerritelli and Crouch 2009). Addition-
ally, PS-modified AONs show higher affinity to plasma proteins, which is reflected
by their increased half-life time in the circulatory system, and, similarly to 2’OMe
and 2’MOE-modified AONs, carry a negative charge, which facilitates their binding
to cells and uptake into specific tissues. On the downside, interaction with cell-
surface and intracellular proteins can induce immune stimulation and complement
activation (Muntoni and Wood 2011). Furthermore, similarly to tcDNAs, DNA-PS
have been shown to cross the blood—brain barrier (Kazantsev and Thompson 2008).

3.2 Gapmers

Compared to DNA-PS AON analogs, gapmers display higher affinity for RNA,
enhanced tissue uptake, increased resistance to nucleases, longer in vivo half-life,
and lesser toxicity (Kole et al. 2012). A typical gapmer is composed of a central
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core, made of about ten-nucleotide-long DNA-PS that allows for the cleavage of
targeted mRNA by RNase-H, and flanked by usually three to five more extensively
modified nucleotides at each side that protect the gapmer from 