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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 20-hydroxyl group of the ribose moiety is replaced by 20-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
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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 N6-methyladenosine and 8-hydroxyguanosine as well as 20-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.

Poznań Stefan Jurga

Berlin Volker A. Erdmann

Poznań Jan Barciszewski

January 2016
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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 Universität 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 anM.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 f€ur experimentelle Medizin, G€ottingen, Germany, and Technische

Universität 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 f€ur 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 Universität at Berlin, Germany.
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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

(F€orderpreis f€ur 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 H19 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

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



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 (J€orn, 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.

Poznań, 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 (2ry

structure) (Fig. 1) and L-shape (3ry structure) arrangement (Pi~neyro et al. 2014).

Following maturation, they are charged at their 30-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 (Pi~neyro 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 C30-endo sugar conformation, and

dihydrouridines make these interactions more flexible by retaining the sugar pucker

into a C20-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-I34 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

2 A.G. Torres and L. Ribas de Pouplana



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 (m1G37) modification that impedes +1 frameshifting

(Urbonavicius et al. 2003). Finally, modifications in the acceptor stem of the

tRNA (the stem formed by the 50- and 30-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-

17

9

26

32

34

37

38

42

46

48

49 50 54Gm
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Fig. 1 Representation of the tRNA secondary structure (‘cloverleaf’). Post-transcriptionally

modified tRNA residues associated to human diseases are shown (black boxes). Abbreviations:
m1G, 1-methylguanosine; Gm, 20-O-methylguanosine; m2

2G, N2,N2-dimethyl guanosine; Cm,

20-O-methylcytidine; ncm5U, 5-carbamoylmethyluridine; ncm5s2U, 5-carbamoylmethyl-2-

thiouridine; ncm5Um, 5-carbamoylmethyl-20-O-methyluridine; mcm5U,

5-methoxycarbonylmethyluridine; mcm5s2U, 5-methoxycarbonylmethyl-2-thiouridine; mcm5

Um, 5-methoxycarbonylmethyl-20-O-methyluridine; I, inosine; m5C: 5-methylcytosine; Q,

queuosine; τm5U, 5-taurinomethyluridine; τm5s2U, 5-taurinomethyl-2-thiouridine; yW,

wybutosine; ms2t6A, 2-methylthio-N6-threonyl carbamoyladenosine; m5U, 5-methyluridine; m5

U, 5-methyluridine; m7G, 7-methylguanosine
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transcriptional addition of a G residue at the 50-end of tRNAHis (G�1 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; Pi~neyro 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 (Pi~neyro
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 tRNAmodifications

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 tRNAmodifications. 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 tRNALeu, tRNATrp and tRNAPhe (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 tRNA

methyltransferase 10A (TRMT10A), also known as human RNA (guanine-9)

methyltransferase domain containing 2 (HRG9MTD2), 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

8 A.G. Torres and L. Ribas de Pouplana



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 TRM82, 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

Transfer RNA Modifications: From Biological Functions to Biomedical Applications 9



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

NSUN2 defects would be contributing to human disease. The authors showed that

lack of 5-methylcytosine (m5C) on tRNAs results in increased tRNA endonucleo-

lytic cleavage mediated by angiogenin, leading to the accumulation of 50-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 NSUN2 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 m5C 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

(mcm5U) and 5-carbamoylmethyluridine (ncm5U) at position 34 of several tRNAs.

These complex tRNAmodifications (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: IκB 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 mcm5s2

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 IKBKAP 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 HALKBH8), 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 tRNAPhe. This gene was also found amplified in breast cancer cell

lines and breast cancer tumours (Rodriguez et al. 2007). Finally, knockdown of

HABH8 (the protein likely responsible for the formation of mcm5U34 on tRNAArg

and tRNAGlu) was shown to suppress angiogenesis, invasion and growth of bladder

cancers in vivo (Shimada et al. 2009). Many more examples exist of upregulated

tRNAmodification 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 TRM9, named tRNA methyltransferase 9-like (HTRM9L)

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 HTRM9L expression was recovered

(Begley et al. 2013). Similarly, the 20-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 tRNAGUN (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
Asp (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 (DNMT2), also known as tRNA aspartic acid methyltransferase 1 (TRDMT1),

is responsible for the methylation of cytosine (m5C) at position 38 of tRNAAsp (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 m5C 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 (DNMT2)

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 m5C 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 β-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 β-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 CDK5

regulatory subunit-associated protein 1-like 1 (CDKAL1) 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). CDKAL1 is a methylthiotransferase responsible

for the 2-methylthio-N6-threonyl carbamoyladenosine (ms2t6A) modification at

position 37 of tRNALys
(UUU) (Wei and Tomizawa 2011). Patients carrying muta-

tions in CDKAL1 show reduced levels of ms2t6A37 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 CDKAL1 knockout β-cells from mice (Wei et al. 2011). Notably,

polymorphisms on CDKAL1 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 CDKAL1 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

CDKAL1 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-tRNALeu
(UUR) and mt-tRNALys, respectively (Suzuki and Nagao 2011).
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MELAS patients were found containing mutations at different residues of the

mt-tRNALeu
(UUR) gene that resulted in a complete lack of 5-taurinomethyluridine

(τm5U34) on this tRNA. However, patients having other mutations in this same

gene that resulted in retention of the τm5U34 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 τm5U34 on mt-tRNALeu
(UUR) is the

causative of MELAS disease. The τm5U34 modification allows for mt-tRNALeu

(UUR) to read both UUR codons: UUA and UUG. However, in the absence of this

modification, mt-tRNALeu
(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 τm5U34 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 τm5U34 on mt-tRNALeu
(UUR) largely

explains the molecular mechanism behind MELAS disease.

MERRF patients lack 5-taurinomethyl-2-thiouridine (τm5s2U) at position 34 of

mt-tRNALys. As a result, the unmodified mt-tRNALys 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 s2U34 modification in

efficient tRNA decoding. Knockdown of the mitochondrial tRNA-specific

2-thiouridylase 1 (MTU1, also known as TRMU) in HeLa cells resulted in a

reduction of s2U34 modification on mt-tRNALys, 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 12S 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 TRMT5 is responsible for m1G37 modification on mitochondrial

tRNALeu (Powell et al. 2015).We refer the reader to a recent review onmitochondrial

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 HRG9MTD2;

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

Transfer RNA Modifications: From Biological Functions to Biomedical Applications 15



of these genes encode for tRNA modification enzymes: TRMT1 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 (DNMT2) (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 ms2 mod-

ification on tRNALys
(UUU) by a quantitative PCR technique proved useful to

monitor the activity levels of CDKAL1 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 ms2 modification in individuals

carrying the CDKAL1 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 m2

2G and mcm5U/ncm5U 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 m5C38 formation on

tRNAAsp by DNMT2 (Schaefer et al. 2009). Demethylation of m5C38 on tRNAAsp

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 HABH8

(ALKBH8) 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 50-splice site of IKBKAP exon 20; and the actual FD mutation on IKBKAP
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 50-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 HTRM9L 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 tRNA(ANN) seems to be fully modified to

I34 (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 τm5U34 (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-tRNALeu
(UUR)). This mutant resulted in a mt-tRNALeu

(CUN)

having the anticodon UAA (the same anticodon as mt-tRNALeu
(UUR)) instead of

its wild-type anticodon UAG. Notably, this mutant tRNA was found modified with

τm5U34 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-tRNALeu isoacceptor bearing the anticodon of mt-tRNALeu
(UUR), which

can be modified to τm5U34.

Additionally, the MELAS mutation on tRNALeu
(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 tRNALeu
(UUR), but the

fraction of aminoacylated tRNALeu
(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 50-tRNA halves derived

from tRNAs lacking m5C (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 m5C 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 (Iida

et al. 2009; Torres et al. 2015). For example, the levels of I34 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 50- and 30-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 50-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 30-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 30-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 tRNAgenes also contain introns, which are spliced out from the precursor

tRNA (pre-tRNA). Ligation of the 50- and 30-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 C22orf28) works as an RNA 20,30-cyclic phosphate and 50-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 30-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 50-monophosphate

and 30-CCA charged with the cognate amino acid. All nuclear-encoded eukaryotic

tRNAs have four base-paired stems (in 50-30-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 Tψ-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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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

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. (c) 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
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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 46–47 (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 20-O-
methylguanosine (Gm)) and in T-loop (such as pseudouridine (ψ) and

5-methyluridine (m5U)). 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 (ψ 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 20-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 30-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 (mCm5U) at the wobble position of

selected tRNAs (tRNAArg(UCU) and tRNAGlu(UUC)) by tRNA 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/mcm5

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 EcoprrI (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 EcoprrI 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

tRNALys(UUU) and cleaves directly 50 of a modified wobble uridine residue

(5-methylaminomethyl-2-thiouridine (mN5s2U)) within the anticodon loop (Jiang

et al. 2001, 2002). By depleting the tRNALys 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 α-, β-, and γ-subunits encoded on cytoplasmic episomes that

are subject to cytoplasmic inheritance (Jablonowski and Schaffrath 2007). The α-
and β-subunits of the secreted zymogen facilitate transport of the cytotoxic

γ-subunit into the cytoplasm of target cells by interaction with the cell wall of

susceptible yeast cells. In the cytoplasm, γ-toxin functions as an anticodon tRNase.
The cleavage is highly specific to tRNAs possessing a unique

5-methoxycarbonylmethyl-2-thiouridine (mCm5s2U) residue at wobble position

34 of the anticodon loop. Recognition of this modification provides a molecular

basis for γ-toxin-specific cleavage (Lu et al. 2008), as γ-toxin selectively cleaves

tRNAGlu(UUC), tRNALys(UUU), and tRNAGln(UUG) between positions 34 and 35, all

of which contain mCm5s2U. As a consequence, γ-toxin depletes pools of functional
tRNAGlu, tRNALys, and tRNAGln to promote growth arrest of target cells and

eliminate other yeast cells from competing for limited resources.

The bacterium E. coli uses a similar γ-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 E5 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 tRNAArg, while colicin E5 specifically cleaves tRNAs containing

the modified nucleotide queuosine in the wobble position of the anticodon loop.

Queuosine-containing substrates are tRNATyr(QUA), tRNAHis(QUG), tRNAAsn(QUU),

and tRNAAsp(QUC) (Masaki andOgawa 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, γ-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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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

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 mCm5S2U, mNm5S2

U, and queuosine modifications; see also dotted box for specific tRNases) or “anti-cleavage”

(in the case of m5C modification). The methylation of cytosines (m5C) at positions

38 (by DNMT2) and/or 34, 48, and 49 (by NSUN2) inhibits tRNA cleavage by ANG. The m1A

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 m1A may then promote a conformational change in

tRNA that makes it more susceptible to ANG-mediated tRNA cleavage. Hypothetically,

non-oxidized m1A promotes tRNA stability and antagonizes ANG-mediated tRNA cleavage
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of ANG activation is not clear but it likely involves stress-induced inactivation of

the ribonuclease/angiogenin inhibitor RNH1, angiogenin translocation from

nucleus to cytoplasm, or both mechanisms. Angiogenin targets the anticodon loop

of mature fully processed tRNA to produce 50- and 30-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 (50- and 30-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 Rny1 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 (m5C) at position 38 by the methyltransferase DNMT2 inhibits

ANG-mediated cleavage of tRNA targets (Schaefer et al. 2010; Tuorto

et al. 2012). Similarly, m5C 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,

m1A 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 m1A 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 50-tRNA and 40–50 nucleotide 30-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 Clp1,

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

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

50- and 30-tRNA halves (or 50- and 30-tiRNAs, respectively). Dicer-dependent cleavage of tRNA in

the D-arm of tRNA results in the production of small tRNA fragments, 50-tRFs. Similarly,

cleavage in the T-arm by Dicer or ANG results in the production of tRFs containing CCA at

their 30-ends (so-called 30-CCA-tRFs). Both 50-tRFs and 30CCA-tRFs may also be processed from

50- and 30-tRNA halves, respectively (dashed arrows). Alternative cleavage site to produce shorter
forms of 50-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 RNH1 [reviewed in Li and Hu (2012)]. During the

stress response, ANG translocates from the nucleus to the cytoplasm, dissociates

from RNH1, and cleaves cytoplasmic tRNA into 50- and 30-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 50-tiRNAs, but not 30-tiRNAs,
inhibits translation in cultured cells (Emara et al. 2010). Moreover, 50-tiRNAs
derived from tRNAAla and tRNACys (50-tiRNAAla and 50-tiRNACys, 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 20–30 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 20–30 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 eIF4F 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 eIF4G

(Jackson et al. 2010; Pestova et al. 2001; Sonenberg and Hinnebusch 2009). In

addition to eIF4F, eIF4E is also found in a complex with eIF4E-BP. While

formation of eIF4F on m7GTP-capped mRNA promotes translation, assembly of

eIF4E: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 50 end of 50-tiRNAAla and 50-tiRNACys is required to displace the

eIF4F complex and inhibit translation (Ivanov et al. 2011a). The addition of a TOG

motif to an inactive 50-tiRNA, such as 50-tiRNAMet, endows eIF4F displacing

properties. Inhibition of translation initiation by 50-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 eIF2α
(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 eIF2α 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-eIF2α-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 c (Cyt c) (Saikia et al. 2014).

During stress, Cyt c 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 c suggests that only a

subpopulation of tiRNAs (both 50-tiRNAs and 30-tiRNAs, about 20 different spe-

cies) is highly enriched in these complexes. Previous studies have reported that full-

size tRNAs bind Cyt c to inhibit apoptosome formation in vitro (Mei et al. 2010;

Suryanarayana et al. 2012). However, under stress conditions Cyt c 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 50- and 30-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 50-tRFs and 30-CCA-tRFs
that are produced by cleavage of tRNA in the D-loop and in/near the T-loop,

respectively (Fig. 4). 50-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 50-tRFs does not correlate with the parental tRNA. In fact, the

abundance of selected 50-tRF species (e.g., derived from tRNAsGln/Lys/Val/Arg) in

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

50-tRFs (e.g., derived from tRNAsGlu/Ser/Leu/Gln) in prostate 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 50-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 50-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, 50-tRFs could be processed from larger tRNA

intermediates (e.g., tiRNAs). To further complicate the poorly understood mecha-

nism of 50-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).

50-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 50-tRFs play a

direct role in RNA interference (RNAi), but recently a role in translation inhibition

was proposed (Sobala and Hutvagner 2013). It is reported that selected 50-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 50-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 30-end
of 50-tRF is absolutely required for translation inhibition. Interestingly, this same

mutation in 50-tiRNAAla affects 50-tiRNA-mediated repression of translation

approximately two-fold (Ivanov et al. 2011a). Similar 50-tRFs are found in other

domains of life. In archaea, a stress-induced 26-nt 50-tRF derived from tRNAVal

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 50-tRNA fragments

appears to be an evolutionarily conserved phenomenon.

The 30-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 30-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 50-tRFs, Lee

et al. (2009) reported that the abundance of 30-CCA-tRFs is comparable to that of

microRNAs. The precise mechanism of 30-CCA-tRF biogenesis is less clear than

that of 50-tRFs; like 50-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, 30-CCA-tRFs could be formed directly from

mature tRNAs or proceed through a tiRNA intermediate. Like 50-tRFs, selected
30-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 50-leader, 30-trailer, or intron-derived
sequences (Fig. 1). The best-studied pre-tRNA-derived fragments belong to

so-called 30U-tRFs (19–25 nt). Pre-tRNAs include a 30-trailer that includes a stretch
of 2–6 uridines at its 30-end to facilitate RNA polymerase III termination

(Haussecker et al. 2010; Lee et al. 2009; Liao et al. 2010). Although biogenesis

of 30U-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, 30U-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 30U-
tRFs is proposed to occur in the cytoplasm from pre-tRNA by a cytoplasmic RNase

Z homologue ELAC2 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 30U-tRFs. In the cytoplasm, 30U-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 50-leader sequences followed by the entire 50-exon of pre-tRNA

(50-leader-exon-tRF, e.g., produced from pre-tRNATyr/Arg) 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-tRNAIle/Tyr) containing 50-trailer sequences followed by a

partial exon (50-leader-partial-tRF) or 30-exon followed by 30-trailer sequences

(30-partial-exon-trailer) have been reported (Karaca et al. 2014). However, these

fragments are less abundant than intron-containing and 50-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

(m1A) (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, 30-tiRNAs, smaller tRFs, and free m1A and can be used to

quantify tRNA fragments by ELISA and to visualize oxidative stress by immuno-

fluorescence. The m1A 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, 50-tiRNAs were found

to associate with 100–300 kDa protein–RNA complexes in serum. Levels of
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50-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. 30-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. 30U-tRF (or tRF-1001), derived from pre-tRNASer, 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. 30-CCA-tRFs (derived from tRNAHis(GTG) and tRNALeu(CAG)) were identified in

B-cell lymphomas and are produced in a Dicer-independent manner. Mechanis-

tically, these 30-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

30-CCA-tRF 18-nt fragment derived from tRNALys 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 50-tiRNAs assemble unique G-quadruplex

structures (Ivanov et al. 2014) that are neuroprotective molecules. Delivery of G-

quadruplex-forming 50-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 50-tRNA fragments. Phenotyp-

ically, NSUN2 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 50-leader-exon-tRFs (Hanada

et al. 2013). Both CLP1 kinase-dead mice and transfection of a natural CLP1

substrate, 30-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 tRNAmodifications 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 (s4U) at position 8, 2-thiocytidine (s2C) at

position 32, 2-thiouridine derivatives (xm5s2U) 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)

Fig. 1 Sulfur modifications in tRNA. (a) Chemical structures of sulfur modifications. s4U

(4-thiouridine), s2C (2-thiocytidine), xm5s2U (5-methyl-2-thiouridine derivatives), and ms2x6A

(2-methylthioadenosine derivatives) are shown. (b) Positions of sulfur modifications in tRNA
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of tRNAs for Lys, Glu, and Gln is universally modified to xm5s2U, 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 s4

U8 and s2U54 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 xm5s2U (Fig. 1). C5 modifications

vary depending on the species; 5-methylaminomethyl (mnm5) and

5-carboxymethylaminomethyl (cmnm5) are found in bacterial tRNAs,

5-methoxycarbonylmethyl (mcm5) in eukaryotic cytosolic tRNAs, cmnm5 in

yeast mitochondrial tRNA, and 5-taurinomethyl (τm5) in mammalian mitochon-

drial tRNAs (Suzuki 2005). The ribose of xm5s2U tends to adopt the C30-endo
conformation because of steric hindrance between the bulky 2-thio group and the

20-OH group of ribose (Yokoyama et al. 1985; Agris et al. 1992). This conformation

of xm5s2U 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). xm5s2U34 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-N6-isopentenyladenosine (ms2i6A) and 2-methylthio-N6-

threonylcarbamoyladenosine (ms2t6A) are found at position 37 in most bacterial

tRNAs that read UNN codons and ANN codons, respectively (Fig. 1). (Recently,

cyclic forms of t6A (ct6A) 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 tRNAPhe in complex with mRNA in the ribosome clearly showed that

the 2-methylthio group of ms2i6A 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, ms2t6A is found only in cytosolic tRNA
Lys(UUU) (Wei et al. 2011), whereas ms2i6A is found on several mitochondrial

tRNAs (mt-tRNAs), such as mt-tRNAPhe, mt-tRNATrp, mt-tRNATyr, and mt-tRNA
Ser(UCN) (Wei et al. 2015). s2C is found at position 32 in some bacterial tRNAs

(Fig. 1). In E. coli, s2C32 is found on three tRNAArg and one tRNASer(GCU). The

structural roles of s2C in translation differ depending on the tRNA species (Jager

et al. 2004).

The modified nucleoside s4U is found at position 8 (and 9) of several bacterial

and archaeal tRNAs (Fig. 1). s4U is unique in that its UV adsorption spectrum has a

maximum around 330 nm, unlike other bases whose maxima are around

260–280 nm. Therefore, upon irradiation with near-UV light, the s4U 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 (m5s2U, also known as

2-thioribothymidine, s2T) (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 C30-endo conformation of m5s2U54 stabilizes the

A-form duplex formed at the interaction site of the D-loop and T-loop. The 2-thio

modification of m5s2U54 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 m5s2U54

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-50-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 s4U8 and s2U34 in bacteria is not dependent on Fe-S cluster

biogenesis, while the biosynthesis of s2C32 and ms2A37 is dependent (Lauhon

et al. 2004; Leipuviene et al. 2004). s4U8 and s2U34 formation is catalyzed by PP

motif containing ATPases, ThiI (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). s2C32 is

formed by TtcA, an Fe-S protein with a PP motif (Jager et al. 2004; Bouvier

et al. 2014). ms2i6A37 and ms2t6A37 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 s2C32 is derived from cysteine desulfurase

(Bouvier et al. 2014), whereas the sulfur donor for ms2A37 remains to be identified

(Forouhar et al. 2013).

Fig. 2 Biosynthesis

pathways of sulfur-

containing molecules in

E. coli. The sulfur atom of

cysteine is delivered to

sulfur-containing molecules

by many sulfur-carrier

proteins in each pathway
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In eukaryotes, s2U34 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, URM1-

COSH, whose sulfur atom is suggested to be incorporated into s2U34 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 s2U 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 s2U34 synthesis is unknown. In mitochondria, s2U34

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, s2U54 is

synthesized by a very similar pathway to that of s2U34 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

et al. 2002, 2006a, 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 mcm5s2U34 modification from cytosolic tRNALys, tRNAGlu, and

tRNAGln 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 mcm5s2U34 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 mcm5s2U34 mod-

ified anticodons (Fig. 3A).
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Genome-wide ribosome distributions on mRNAs at single-codon resolution

were analyzed in yeast strains lacking 5 or 2 modification of mcm5s2U34

(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 (Gln), 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-mcm and/or 2-thio modification of mcm5s2U34 and ribosome accumulation at

AAA, CAA, and GAA codons in worm mutants lacking the 2-thio modification of

mcm5s2U (Nedialkova and Leidel 2015). Intriguingly, they also found that pausing

of the ribosome in a yeast strain lacking modifications of mcm5s2U34 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.

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
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The importance of the s2U34 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 mcm5s2U34 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 mcm5s2U34, 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-tRNALys(UUU) but not

by overexpression of tRNAGlu or tRNAGln. Interestingly, AAA codon-rich genes,

such as BCK1 and HFM1, 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

Gln 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 s2U34-deficient mutants in this case.

5 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-tRNALeu(UUR) gene and mt-tRNALys

gene, respectively. MELAS and MEERF patients have modification-deficient
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mt-tRNAs lacking the normal 5-taurinomethyl-(2-thio)uridine (τm5(s2)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 MTU1 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 s2U34 on

human mt-tRNALys, mt-tRNAGlu, and mt-tRNAGln (Umeda et al. 2005). Disruption

of the MTU1 gene in yeast results in a mitochondrial translation defect as well as

reduced oxygen consumption. Knockdown of MTU1 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 s2U modification (Umeda et al. 2005), lower

amounts of mt-tRNAs may also contribute to these defects (Wang et al. 2007).

MTU1 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 MTU1 gene (compound heterozygote with

9-bp in-frame and 1-bp insertion in each allele), although s2U levels were markedly

lower, the amounts of mt-tRNAs and mitochondrial translation were normal

(Sasarman et al. 2011). AnotherMTU1 mutation (A10S) associated with mutations

in mitochondrial 12S ribosomal RNA (A1555G) led to lower levels of s2U, reduced

amounts of mt-tRNAs, and lower mitochondrial translation activity (Guan

et al. 2006).MTU1 knockdown in myoblasts from a patient with reversible infantile

respiratory chain deficiency (RIRCD), who had a mutation in mt-tRNAGlu, resulted

in similar phenotypes (Boczonadi et al. 2013). Therefore, lower levels of the s2U

modification caused by the MTU1 mutation and other unknown mechanisms may

contribute to the pathogenic phenotypes associated withMTU1mutations, although

further analysis is required (Armengod et al. 2014).

A characteristic feature of LFIT patients with the MTU1 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 s2U 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 MTU1 mutation

(Zeharia et al. 2009). This possibility was further tested in in vitro experiments.

Supplementation of MTU1-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 MTU1. Expectedly, s2U34 modification in

mt-tRNAGlu and mt-tRNALys is downregulated significantly in the MELAS cybrid,

which possesses a mutant mt-tRNALeu(UUR) gene (Meseguer et al. 2015). The

authors speculated that, in addition to the loss of τm5U34 modification in mutant

tRNALeu (UUR), downregulation of these modification enzymes contributes to the

MELAS phenotype (Kirino et al. 2004).

CDKAL1 and CDK5RAP1 are eukaryotic 2-methylthio transferases responsible

for the synthesis of ms2t6A37 in cytosolic tRNALys (Arragain et al. 2010; Wei

et al. 2011) and ms2i6A37 in mt-tRNAPhe, mt-tRNATrp, mt-tRNATyr, and mt-tRNA
Ser(UCN) (Reiter et al. 2012; Wei et al. 2015), respectively. CDKAL1 and

CDK5RAP1 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 CDKAL1 gene are associated with T2D

(Diabetes Genetics Initiative of Broad Institute et al. 2007). Detailed investigations

have been made using CDKAL1 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 ms2t6A37 caused by CDKAL1 mutation in a human blood sample (Xie

et al. 2013), providing additional evidence that ms2t6A 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 ms2i6A synthesized by CDK5RAP1 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 ms2i6A amounts were

observed. The importance of ms2i6A37 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 H2O2-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 CDK5RAP1 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 τm5U34 modification of

mutant tRNALeu (UUR) (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 s2U34 in tRNAs has not been

observed in yeast (Alings et al. 2015). Modification of m6A on mRNA is suggested

to be widely used for posttranscriptional regulation of mRNA with a set of

enzymes: m6A (methyltransferases (writer)), m6A (demethylating enzymes

(eraser)), and m6A (binding proteins (reader)) (Meyer and Jaffrey 2014). In addi-

tion, a recent report describing the in vitro oxidation of s2U has shown that under

oxidative conditions s2U is mainly transformed to 4-pyrimidinone riboside (H2U)

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, m5s2U54, and m1A58) 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., m7G46 and Ψ55)
exist in T. thermophilus tRNA in addition to Gm18, m5s2U54, and m1A58. 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 tRNAmodification

enzymes in T. thermophilus and that the studies on eubacterial tRNA modification

enzymes contribute to the medical science.

Keywords Dihydrouridine • N7-Methylguanosine • 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 50-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 30-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 (Bj€ork 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.

74 H. Hori et al.



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 1a shows the modified

nucleosides in tRNAPhe from T. thermophilus (Grawunder et al. 1992; Tomikawa
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Fig. 1 (a) Modified nucleosides and responsible enzymes in T. thermophilus tRNAPhe 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, m7G46, m5s2U54, Ψ55, and m1A58, are highlighted by stick models on the

L-shaped tRNA structure
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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 m5s
2U54 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, m5s2U54, and

m1A58. 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-Ψ55 and G19-C56 tertiary bases are formed between the

D- and T-arms. In the T-loop, the m5s2U54-m1A58 reverse Hoogsteen base pair is

Table 1 Modified nucleosides in T. thermophilus tRNAPhe and references

Abbreviation in

Fig. 1A Name of modified nucleoside Reference

m2G6 N2-Methylguanosine Roovers et al. (2012)

s4U8 4-Thiouridine Mueller et al. (1998)

Kambampati and Lauhon

(1999)

Gm18 20-O-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)

i6A37 N6-Isopentenyladenosine Caillet and Droogmans (1988)

ms2i6A37 2-Methylthio-N6-

isopentenyladenosine

Esberg et al. (1999)

Pierrel et al. (2004)

Ψ39 Pseudouridine Kammen et al. (1988)

m7G46 N7-Methylguanosine De Bie et al. (2003)

Tomikawa et al. (2010)

m5U54 5-Methyluridine Urbonavicius et al. (2005)

Nishimasu et al. (2009)

Yamagami et al. (2012)

m5s2U54 5-Methyl-2-thiouridine Watanabe et al. (1976)

Shigi et al. (2006a)

Shigi (2012)

Ψ55 Pseudouridine Nurse et al. (1995)

Ishida et al. (2011)

m1A58 N1-Methyladenosine Droogmans et al. (2003)

Takuma et al. (2015)

The abbreviation in Fig. 1A includes the position of each modification. For example, m2G6 means

N2-methylguanosine at position 6
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formed, and this base pair stacks with the other tertiary base pairs. The m7G46

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 tRNAPhe by nearly 10 �C relative to the unmodified tRNA transcript

(Tomikawa et al. 2010). A high-field proton NMR study suggested that m5s2U54 in

T. thermophilus tRNAmainly contributes to the increase in the melting temperature
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Fig. 2 Structures of modified nucleosides in T. thermophilus tRNAPhe. The modifications are

enclosed by broken circles. Pseudouridine is synthesized by the isomerization of uridine
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(Davanloo et al. 1979), consistent with the comparison of melting temperatures of

tRNAMetf 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 20-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 20-O-methylation of G18 (Ochi et al. 2010). The m7G46 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 m5U54 modification, recognizes

the G53-C61 base pair and U54U55C56 sequence in the T-arm (Yamagami

et al. 2012). The sulfur transfer complex for s2U54 modification recognizes the

U55, C56, and A58 in T-arm (Shigi et al. 2002), and the m1A58 modification

accelerates the sulfur transfer reaction (Shigi et al. 2006b). TrmD (Bystr€om and

Bj€ork 1982) recognizes the purine 36G37 sequence in the anticodon-arm-like

microhelix (Brulé et al. 2004; Takeda et al. 2006). TrmI catalyzes the m1A58

modification (Droogmans et al. 2003) and recognizes C56, purine 57, A58, and

U60 in the T-loop (Takuma et al. 2015). TruB catalyzes the Ψ55 modification

(Nurse et al. 1995) and recognizes the U54U55C56 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 (m1

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 λ 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, m7G46, m5s2U54, and m1A58 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 m7G46 is nearly 100%, irrespective of the culture tempera-

tures. In contrast, the modification levels of Gm18, m5s2U54, and m1A58 increase

according to the increase of culture temperatures. SinceΨmodifications are present

in multiple sites in tRNA, we could not measure the level of Ψ55 in class I tRNAs

precisely. However, the levels of Ψ55 in tRNAMetf, in which Ψ 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 Ψ55 in tRNA is near 100%

irrespective of the culture temperatures, like m7G46.

The differences of modification levels in tRNAs reflect on protein synthesis

activity (Fig. 3b and Yokoyama et al. 1987). Transfer RNAPhe from cells cultured at

80 �C efficiently synthesizes poly(U) at high temperatures (above 65 �C) (Fig. 3b
filled circles). In contrast, tRNAPhe 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, m5s2U54, and

m1A58, 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, m5s2U54, and m1A58) 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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(open circles) can work

more efficiently than tRNA
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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 m7G46 andΨ55 in tRNAPhe as well as Gm18, m5s2U54, and m1

A58 (Fig. 1a). The m7G46 andΨ55 modifications are catalyzed by TrmB and TruB,

respectively. When the trmB gene was disrupted, this gene disruption (ΔtrmB)
strain could not grow at high temperatures (80 �C) (Tomikawa et al. 2010). To

investigate what happened in the ΔtrmB strain at high temperatures, we tested

growth phenotypes of this strain under several conditions. We found that the

ΔtrmB 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, m1G37, and m5s2U54) in class I tRNAs from the

ΔtrmB 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 tRNAmodification 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 T. 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 m7G46 modification functions

as a key factor. Although the m7G46 modification increases the melting tempera-

ture of tRNAPhe 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
1G37), TrmH (for Gm18), and TrmI (for m1A58) (Tomikawa et al. 2010). The m1

A58 modification is a positive determinant for the sulfur transfer complex (TtuA,

TtuB, TtuC, and IscS), which catalyzes the 2-thio modification of m5U54 (Shigi

et al. 2002; Shigi 2012, 2014). As a result, the increased m1A58 modification

increases the s2U54 modification. Therefore, the presence of m7G46 increases the

modification levels of m1G37, Gm18, m1A58, and 2-thiolation of m5U54. The

presence of m5U54 accelerates the modification speed of m1A58 by TrmI

(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 tRNAPhe by Dus at

high temperatures (Kusuba et al. 2015).

Regulation of Protein Synthesis via the Network Between Modified Nucleotides. . . 81



4.4 Network Between Modified Nucleosides in tRNA
and tRNA Modification Enzymes at Low Temperatures

The presence of Ψ55 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 Ψ55, i.e., Gm18 by TrmH, s2U54 by the sulfur transfer com-

plex, and m1A by TrmI (Fig. 4 lower panel and Ishida et al. 2011). At 65 �C, this
effect is weakened, and the presence of Ψ55 does not affect the formation speed of

other modified nucleosides. The m5U54 modification causes similar effects on other

modified nucleosides; however, the effect by m5U54 is considerably weaker com-

pared to that of Ψ55 (Yamagami et al. unpublished results). Furthermore, the

analysis of tRNAPhe from the ΔtrmFO strain, in which m5U54 is absent, suggested

that m5U54 slows down the m2G6 modification by TrmN. However, this phenom-

enon has not been shown by in vitro experiments. In sum, Ψ55 and m5U54

coordinately regulate the formation of other modified nucleosides at low

Fig. 4 Networks between

modified nucleosides in

tRNA and tRNA

modification enzymes in

T. thermophilus. This figure
summarizes our recent

studies (Tomikawa

et al. 2010; Ishida

et al. 2011; Yamagami

et al. 2012; Kusuba

et al. 2015; Yamagami

et al., unpublished results

2015)
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temperature, with Ψ55 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 m7G46 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 tRNAPhe and tRNA
Lys 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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trmB gene disruption

m7G46

m7G46

Low activity of protein synthesis

Degradation 
of some tRNA species

Decrease
of melting temperature

Growth defect !

Hypo-modifications of the other modified
nucleosides          Gm, m1G, m1A, s2U…etc             

Fig. 5 Schematics of

growth impairment caused

by the absence of m7G46

modification
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tRNA species is only observed in the ΔtrmB strain, the absence of sulfur transfer

complex for s2U54 modification and/or TrmI for m1A58 may cause the degradation

of tRNA that is observed in the ΔtrmB 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 ms2i6A37 modification in E. coli tRNA is required for

the 20-O-methylation by TrmL (Benı́tez-Páez 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 tRNAPhe are required for the

formation of yW37 from m1G37 (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 m1A58 modification is essentially required for cell viability

(Anderson et al. 1998, 2000). The precursor initiator tRNAMet without m1A58

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 (m7G46) methyltransferase and

tRNA (m5C34, 40, 48, 49) methyltransferase genes are disrupted, exhibits a severe

growth defect, and a half-life of tRNAVal 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 Ψ55, 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 m5U54 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 m5U54 modification (Urbonavicius et al. 2005). Similarly, the m1A58 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, m1G37 modification in eukaryotic and eubacterial tRNAs is catalyzed

by Trm5 (Bj€ork et al. 2001; Brulé et al. 2004; Christian et al. 2004) and TrmD

(Bystr€om and Bj€ork 1982), respectively. Moreover, m7G46 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 m7G46

modification in tRNA is essentially required for infection by the phytopathogenic

fungus Colletotrichum lagenarium (Takano et al. 2006), tRNA (m7G46)

methyltransferase can be the target for drug design. Considering that TrmFO

(Nishimasu et al. 2009; Yamagami et al. 2012), TrmI (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;

J€ockel 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 (J€ockel 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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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 (lncRNAs) for

methylation at the N6 position of adenosine (m6A) (Wang et al. 2014; Liu and Pan

2015; Yue et al. 2015) and (about fourfold less common) methylation at position

5 of cytosine (m5C) (Meyer and Jaffrey 2014). Although m6A 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 m6A 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 m6A-seq (Dominissini

et al. 2012) to detect methylation sites in mRNAs and noncoding mRNAs have
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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 m6A 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 m6A 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 m6A modification in mamma-

lian cells (Liu et al. 2014; Meyer and Jaffrey 2014).

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 byMS, can result in mistranslation and improperly folded

protein
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Removal of m6A methylation can be catalyzed by two known demethylases, or

erasers, from the AlkB family of nonheme Fe(II)/α-ketoglutarate (α-KG)-depen-
dent dioxygenases: fat mass and obesity-associated protein (FTO) and AlkB family

member 5 (ALKBH5) (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 m6A levels: upregulation of FTO

decreases methylation, while knockdown of FTO enhances methylation (Jia

et al. 2011). ALKBH5 exhibits similar behavior both in vitro and in vivo (Zheng

et al. 2013). Furthermore, both FTO and ALKBH5 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 m6A

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 m6A-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 m6A-

modified mRNAs, but the extent of modification appears to differ among tissue

types as well as temporally during development (Meyer and Jaffrey 2014). m6A

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

Fig. 2 Dynamic regulation of m6A modification of mRNA in humans. The N6 position of

adenosine can be methylated by the METTL3-METTL14-WTAP writing complex and

demethylated by the erasers FTO or ALKBH5. Proteins in the YTH domain family can read the

status of methylation sites in mRNA to regulate mRNA decay, gene silencing, and alternative

splicing
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plays critical functional roles in regulating cellular processes. m6A 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 m6A 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 m6A is a passive signal for degradation

(Schwartz et al. 2013). The impact of m6A on mRNA stability might also be

connected to gene silencing pathways, as 67% of 30 untranslated regions with m6

A peaks are predicted to have a non-overlapping microRNA (miRNA) binding site

(Meyer et al. 2012). Additional evidence supports a specific role of m6A 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, m5C, or 20-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 lncRNA

will be discovered. For instance, the detection and localization of m5C during deep

sequencing is made possible by prior bisulfite deamination of cytosines (Schaefer

et al. 2009a, b). The epitranscriptomic detection of pseudouridine (ψ) 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 (Ψ) 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 20-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 ofΨ, andΨ derivatives such as 3-(3-amino-3-carboxypropyl)uridine, is the
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most conserved of modifications. For example, the Ψs of the ribosome’s large

subunit, helix 69 of E. coli and its analogues in other organisms, are found within

the terminal loop (Ψs 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 rRNA 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 rRNA, recruiting associated proteins to the appropriate site for modification.

There are two types of snoRNAs: C/D box snoRNAs, which catalyze 20-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 20-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 (m2
6A) 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, 20-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 30 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 N6-isopentenyladenosine (i6A37) and codons

beginning with an A often contain an N6-threonylcarbamoyladenosine (t6A37)

(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

103–104 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; Maehigashi et al. 2014). For example, expansion of the anticodon loop,

or lack of the posttranscriptional modification N1-methylguanosine at position

37 (m1G37) of tRNA
Pro, 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 20-O-methylation and m6A 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).

5’

3’

Colorectal cancer: m1G

Intellectual disability: m2
2G

Intellectual disability: 
2’ O-ribose methyla�on

Breast cancer: m5U

Dubowitz-like syndrome: m5C

Epigene�c cancer treatment: m5C

MELAS, Infan�le hypertrophic cardiac myopathy and lac�c acidosis: τm5U; MERRF, Acute
infan�le liver failure with lac�c acidemia, Aminoglycoside-induced deafness: τm5s2U;
Intellectual Disability, Noonan-like syndrome, Breast cancer: m5C; Intellectual disability: I34,
2’ O-ribose methyla�on; Bronchial asthma, Amyotrophic lateral sclerosis, Rolandic epilepsy,
Familial dysautonomia, & Urothelial, breast, bladder, colorectal, cervix and tes�cular cancer

Intellectual disability: m7G

Breast cancer: m5U

Type 2 diabetes mellitus: ms2t6A;
Breast cancer: wybutosine

MLASA: pseudouridine

Improper tRNA Modifica�on 
Sites Linked to Human Illness

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-

tions are linked. N1-methylguanosine, m1G; 2-dimethylguanosine, m2
2G; 5-methyluridine,

ribothymidine, m5U; 5-methylcytidine, m5C; N7-methylguanosine, m7G; 2-methylthio-N6-

threonylcarbamoyladenosine, ms2t6A; 5-taurinomethyluridine, τm5U; 5-taurinomethyl-2-

thiouridine, τm5s2U; inosine, I; MELAS, mitochondrial encephalomyopathy, lactic acidosis, and

stroke-like episodes; MERRF, myoclonus epilepsy associated with ragged red fibers; MLASA,

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

(tRNASer
AGY, Y¼U 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, 5-taurinomethyluridine (τm5U),

5-taurinomethyl-2-thiouridine (τm5s2U), and 5-formylcytidine (f5C), 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 MERRF 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

mttRNALeu(UUR) and mttRNALys 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).

mttRNALeu(UUR) from patients displaying these and several other MELAS muta-

tions lacked the expected posttranscriptional modification τm5U at the anticodon

wobble position uridine (Yasukawa et al. 2000a, b). Similarly, τm5s2U resulting

from thiolation of wobble position τm5U to τm5s2U by an additional

2-thiouridylase (Mtu1) (Umeda et al. 2005) was absent from mttRNALys tran-

scripts of MERRF patients (Yasukawa et al. 2000a, b). These results strongly

suggested that MELAS and MERRF disease mutations prevent τm5U biogenesis.

Crystal structures of an anticodon stem-loop containing τm5U interacting with a

UUA or UUG codon at the ribosomal A-site suggest that τm5U and τm5s2U at the

wobble position of mttRNALeu(UUR) and mttRNALys facilitate ribosome binding by

stabilizing the U:G wobble base pair (Kurata et al. 2008). Correspondingly, the τm5

U-deficient mttRNALeu(UUR) exhibits deficient UUG (though not UUA) decoding,

while mutant mttRNALys 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 MERRF 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 τm5U biogenesis in

mttRNALeu(UUR) and mttRNALys (the latter receiving a subsequent 2-thiolation to

form τm5s2U) (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 τm5U (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 theMTU1 (TRMU) gene for the 2-thiouridylase by which the τm5U

is further modified to τm5s2U (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 Mtu1-mediated tRNA

modification in the pathogenesis of the disease (Zeharia et al. 2009). Mtu1 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 Mtu1

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

Mtu1 mutations highlighted in acute infantile liver failure, did not prevent the

mitochondrial localization and import of Mtu1. 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 PUS1 gene, encoding pseudouridine

synthase 1 (Pus1p), 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 Ψ 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 Pus1p deficiency may result in
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disorders of tRNA aminoacylation or protein translation.While both mitochondrial

and cytoplasmic localizations of Pus1p 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 Ψ27 and Ψ55 in cytoplasmic tRNAs is known

to be lethal (Simos et al. 1996), together with the fact that several species of

mitochondrial tRNAs lack Ψ55, may render mt tRNAs less able to tolerate the

lack of Ψ27 (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- (ms2)

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 tRNA Modification and Type 2 Diabetes

Recently, a strong association was made between the tRNA modification enzyme

Cdkal1 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 cdkal1 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). Cdkal1 is responsible

for adding a unique, essential modification to human tRNALys3, which is needed to

decode lysine AAA/G codons (Wei et al. 2011; Wei and Tomizawa 2011). Thus,

an understanding of the relationship between Cdkal1 SNPs and modification of

tRNALys3 provides a unique treatment opportunity for T2D outside of the tradi-

tional focus on insulin.

Cdkal1 is a member of a superfamily of radical S-adenosyl-L-methionine (SAM)

enzymes and is a tRNA modification enzyme for the rare methylthio- (ms2-)

modification found on tRNALys3. It transfers the ms2-moiety from SAM to tRNA
Lys3, completing modification of N6-threonylcarbamoyladenosine-37 (t6A37) to

2-methylthio-t6A37 (ms2t6A37) (Fig. 4) (Arragain et al. 2010). Under normal con-

ditions, alternative splicing events located on intron 5 generate three isoforms of the

Cdkal1 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 cdkal1 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 ms2-modification to tRNALys3. Studies

conducted with bacterial homologues of Cdkal1 suggest that the ms2t6A modifica-

tion of tRNALys3 is important to prevent misreading (Arragain et al. 2010;

Fig. 4 Secondary structure

of human tRNALys3.

Positions and chemical

structures of the three

modified nucleosides in the

anticodon domain are

circled. The ms2-

modification by Cdkal1 of

ms2t6A37 is gray. The
anticodon, UUU, and the

adjacent 50-invariant U and

30-adenosine are denoted.
The missing ms2- from

t6A37 has been linked to

aberrant synthesis of

pre-proinsulin

104 K.M. Frohlich et al.



Wei et al. 2011). Together, these results suggest that SNPs in cdkal1 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. Cdkal1-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 tRNALys3 by Cdkal1

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 20-O-methyl

ribose of wobble position 34. Several studies have linked mutations of FTSJ1, 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). TRM7 acts upon positions 32 and 34 of three

tRNAs: tRNATrp, tRNALeu, and tRNAPhe (Guy et al. 2012; Towns and Begley

2012). Although the reported location of TRM7 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

NSUN2, the methyltransferase responsible for the 5-methylcytosine modification

(Squires et al. 2012), have been reported in a wide range of diseases including cases

SIGNAL PEPTIDE B-CHAIN C-PEPTIDE A-CHAIN

Lys-88

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 tRNALys3
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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 HTRM9L (Begley

et al. 2013), involved in the hypermodification of guanosine 30-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). TRMT12 is found to be commonly

overexpressed in several breast tumors (Rodriguez et al. 2007). Conversely,

HTRM9L 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 ms2t6A37 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

Post-Transcriptional Modifications of RNA: Impact on RNA Function and Human. . . 107



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

20-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 glnRS and gluRS on the single atom substitution of a U to a

2-thioU (s2U34) 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 tRNALys-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 N6-threonylcarbamoyladenosine and N6-isopentenyladenosine

(t6A37 and i6A37, respectively) at position 37, 30-adjacent to the anticodons of

specific tRNAs, require that the N6-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 (Ψ1915)

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 Ψs grouped near the 50-terminal

sequence of U2 snRNA are required for efficient pre-mRNA splicing (Donmez
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et al. 2004). The intron at the branch point A is annealed to U2 snRNA opposite the

Ψs, and the A is bound in a pocket of the spliceosomal protein p14(SF3b) (Fig. 6)

(Schellenberg et al. 2011). In contrast, some Ψs in snRNA appear to be negative

effectors of U2AF binding (Chen et al. 2010), thus regulating pre-mRNA cleavage.

Proteins that bind m6A-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

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 30-adjacent to the antico-

don. (b) U2 snRNA Ψ-facilitated recognition of mRNA branch point A of the intron. Branch point

A is within a pocket of the spliceosome protein P14. (c) Ribosome release factor RF2 may

recognize Ψ of helix 69 of the 23S rRNA, large subunit. Adapted (Dominissini 2014; Meyer

and Jaffrey 2014; Ulyanov and James 2010)
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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 tRNAPhe and human tRNALys3
UUU 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 tRNAPhe and tRNALys,

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 (ASLPheand ASLLys3
UUU) 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: Ψ, inosine (I), m6A,

6-methyl-20O-methyladenosine (m6Am), and m5C (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

Fig. 7 Total RNA content

per cell
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that can be further sequenced for the identification of A> I editing sites (Cattenoz

et al. 2013). The distinct reaction of cytidine, but not m5C, with sodium bisulfite

to deaminate cytidine to uracil allows for the detection of m5C modification sites

at single base resolution (Song et al. 2012; Booth et al. 2013). Additionally,

pseudouridine reacts with N-cyclohexyl-N0-(2-morpholinoethyl)carbodiimidemetho-

p-toluenesulphonate (CMC) to form N3-CMC-Ψ, which blocks reverse transcription
(Carlile et al. 2014; Schwartz et al. 2014).

Alternative methods for modification detection employ antibodies against mod-

ifications such as m6A 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 m6A modifications

generally fall within the consensus sequence RRACU (R¼ 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 50 and 30 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 m6A 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 Ψ, 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 λmax 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 m6A 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 lncRNAs 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

Fig. 8 Modified nucleoside

UV spectra. The X axis

represents the wavelength

range from 190 to 340 nm.

The Y axis shows

absorbance units. The

260 nm absorbance is

represented by the vertical

line and standard deviation

represented by gray shadow

(Adapted from Basanta-

Sanchez et al. 2015)
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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 lncRNAs 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 N6-methyladenosine (m6A) 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 ALKBH5, which are iron(II)- and

α-ketoglutarate-dependent dioxygenases. The reversible and dynamic methylation

exhibits significant functional roles in various biological processes. The m6A 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. m6A as a switch controls the RNA structure to

affect RNA-protein interactions for biological regulation. Meanwhile, many m6A

detection techniques were developed and applied in biology and medicine. The total

m6A 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 m6A

antibody affinity sequencing (MeRIP-seq) was developed to map the m6A site

location in a transcriptome-wide manner. The single-base resolution methods for

single gene or whole transcripts were also invented.

Keywords Epitranscriptome • N6-methyladenosine (m6A) • Methyltransferase •

Demethylase • m6A 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-

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., 5-methylcytosine (5mC) and 5-hydroxymethylcytosine (5hmC)) and histone

modifications (e.g., methylation (Me) and acetylation (Ac)) play important roles in transcriptional

gene regulation. Epitranscriptomic modification (N6-methyladenosine (m6A)) 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 RNAmodifications remain unclear. Until 2011, m6A was

discovered as the first example of the reversible RNA modification (Jia et al. 2011),

which prompted m6A as epitranscriptomic mark to study its functions in post-

transcriptional regulation. In this chapter, we summarize recent progress in the

study of m6A methylation in mRNA and discuss the newly discovered functional

roles in regulation of mRNA fate.

2 m6A RNA Methylation in Eukaryotic mRNA

The m6A 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). m6A

methylation has been shown to preferentially occur at the consensus sequence

[G/A/U][G>A]m6AC[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 m6A 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 m6A RNA methylomes showed that m6A 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 30 UTR (untranslated regions), and within long internal exons in mam-

mals (Dominissini et al. 2012; Meyer et al. 2012). In the yeast Saccharomyces
cerevisiae, m6A 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 m6A-seq results of wild-type stain with that of IME4
(orthologue of human METTL3)-deficient stain, ime4Δ/Δ, the m6A sequencing in

yeast meiosis revealed that 1308 putatively methylated sites locate within 1183

transcripts and are strongly enriched in 30 UTR (Schwartz et al. 2013). In

Arabidopsis thaliana, m6A is critical for normal plant development (Bodi

et al. 2012; Zhong et al. 2008). m6A is abundant and highly conserved across

A. thaliana accessions with 4317 m6A peaks detected within both Can-0 and

Hen-16 (Luo et al. 2014). Although most m6A peaks are shared between these

two stains, a portion of strain-specific m6A 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, m6A in these two stains of A. thaliana is enriched not
only around the stop codon and within 30-UTR but also around the start codon (Luo

et al. 2014).

The modification m6A is reversible and dynamically regulated and is essential

for eukaryotic developments. The m6A methylation determines stem cell fate by

regulating pluripotency transition toward differentiation (Batista et al. 2014; Geula

RNA Modification N6-Methyladenosine in Post-transcriptional Regulation 133



et al. 2015) and controls the speed of the circadian clock (Fustin et al. 2013). The m6

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 m6A reader

proteins.

3 m6A Writers in Eukaryotes

m6A mRNA methylation is installed during processing of the nascent pre-mRNA

by a multicomponent N6-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 m6A 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 m6A 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 METTL14,

but not METTL4, decreases mRNA m6A level in HeLa and 293FT cells (Liu

et al. 2014), which revealed that METTL14 is another active component of the m
6A 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 m6
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A. Silencing of the m6A methyltransferase complex led to an increase in the

abundance and lifetime of their m6A target transcripts, which is consistent with

the m6A-mediated mRNA decay function.

The third crucial component of the m6Amethyltransferase 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 m6A

RNA methylation (Liu et al. 2014). Compared with METTL3 and METTL14,

silence of WTAP leads to the largest decrease in m6A level in cell lines, indicating

that WTAP plays important roles in cellular m6A deposition. PAR-CLIP data also

revealed that WTAP shares a similar binding sequence to that known for m6A. The

targets of METTL3, METTL14, and WTAP identified by PAR-CLIP have a ~50%

overlap with m6A-containing transcripts, further indicating that these three com-

ponents form the core of the major cellular writer complex of m6A. As WTAP is a

splicing factor, knockdown of WTAP and METTL3 yields different isoforms of m6

A-containing transcripts (Ping et al. 2014), suggesting that the methylation could

affect splicing. In addition, the m6A methylome shows that m6A is present in

introns (Dominissini et al. 2012; Meyer et al. 2012). Together, these data indicate

Fig. 2 The chemical scheme of methylation and demethylation of m6A. The m6A modification is

installed by a methyltransferase complex of METTL3, METTL14, and WTAP and removed by

demethylases FTO and ALKBH5. FTO can oxidize m6A to N6-hydroxymethyladenosine (hm6A)

and N6-formyladenosine (f6A) sequentially; hm6A and f6A can be hydrolyzed to adenine with half-

lives of ~3 h under physiological conditions, while ALKBH5 oxidizes m6A to hm6A without

further oxidation
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that this modification is installed before splicing. Knockdown of WTAP and

METTL3 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 IME4 transcript is

blocked by antisense noncoding RNA regulator of meiosis 2 (RME2), whereas in

diploid cells, the a1-α2 complex represses the transcription of RME2 and allows

IME4 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 MUM2 to form the MIS (MUM2-IME4-SLZ1) complex in the cytoplasm and

then translocate in the nucleolus for m6A induction (Schwartz et al. 2013).

Early studies indicated that m6A 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 m6A writers may

elucidate the selectivity of m6A deposition.

4 m6A Erasers in Eukaryotes

In 2011, the discovery of the fat mass and obesity-associated (FTO) protein as

an m6A-demethylase was an important breakthrough in reigniting investigations of

m6A 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)/α-ketoglutarate (α-KG)-dependent AlkB family dioxygenases in human, and

it oxidatively demethylates N3-methylthymidine in single-stranded DNA (ssDNA)
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and N3-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 α-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

m6A in DNA and RNA in vitro (Fig. 2). Knockdown or overexpression of FTO

leads to the increase or decrease of m6A in polyA-RNA in human cell lines, which

confirmed in vivo m6A demethylation activity of FTO. FTO partially colocalizes

with nuclear speckles. These cell-based results indicated that nuclear RNA (includ-

ing mRNA, lncRNA, and possibly other types of RNA) is the main substrate of FTO

(Jia et al. 2011). A recent study found FTO can remove m6A around the splice sites

of adipogenic factor RUNX1T1 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 m6A generates two intermediates, N6-

hydroxymethyladenosine (hm6A) and N6-formyladenosine (f6A) (Fig. 2)

(Fu et al. 2013). The hm6A is a direct oxidation product of m6A, and f6A is the

further oxidized product of hm6A. Both hm6A and f6A can decompose in water to

yield the unmethylated adenine and formaldehyde (from hm6A) or formic acid

(from f6A). 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,

ALKBH5 (Zheng et al. 2013). Distinct from FTO, ALKBH5 oxidizes m6A to hm6A

without further oxidation (Fig. 2). ALKBH5 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

ALKBH5 has identified bound RNA targets (Zheng et al. 2013), and ALKBH5 was

shown to be part of the mRNA-bound proteome (Baltz et al. 2012), suggesting

ALKBH5 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 m6A demethylases demonstrate that m6A plays important functional

roles, and it is critical to balance the m6A writer/eraser activities in mammals.

So far, only FTO and ALKBH5 were discovered as m6A demethylase in

mammals. As there are many Fe(II)/α-KG-dependent dioxygenases with unknown

functions, we should not be surprised to see the discovery of more m6A

demethylases in mammals. In addition, FTO and ALKBH5 are only conserved in

vertebrates (Kurowski et al. 2003; Robbens et al. 2008). To explore m6A function

widely, it is necessary and priority to discover m6A demethylase in other organ-

isms, such as yeast and plant.
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5 m6A Readers in Eukaryotes

Analogous to epigenetic DNA and histone modifications, the reversible and

dynamic m6A plays important functional roles through the recognition of m6A-

binding proteins (readers) (Fig. 3). The YTH family proteins have been identified as

direct m6A 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 YTHDF3 in the cytoplasm and

YTHDC1 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 m6A 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 m6A-modified mRNAs to promote translation

efficiency through the interaction with translation-initiation factor (Wang

et al. 2015b). YTHDC1 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 m6A-mediated mRNA nuclear export

has been observed, and it might also affect mRNA storage (Fig. 3). However, the

mechanism and the related m6A readers remain to be investigated. Another m6A

reader protein was found as a nuclear reader heterogeneous nuclear ribonucleopro-

tein A2B1 (HNRNPA2B1), which mediates m6A-modified primary microRNA

processing and alternative splicing (Alarcon et al. 2015).

Fig. 3 The reversible m6A functions in RNA metabolism and translation. The reversible and

dynamic of m6A is controlled by m6A writers and erasers. m6A plays functional roles in mRNA

processing through the recognition of m6A reader proteins. In the cell nucleus, m6A affects mRNA

splicing and nuclear export in aid of unknown m6A readers. After mRNA is exported to the

cytoplasm, YTHDF2 can bind the m6A-containing mRNA to accelerate mRNA decay; YTHDF1

can recognize the m6A-containing mRNA to promote their translation efficiency; YTHDC1

regulates pre-mRNA alternative splicing. Other m6A reader proteins may bind the m6A-containing

mRNA to control their storage

138 G. Jia



Although the methyl group on N6 position of adenosine cannot break Watson-

Crick base pairing, m6A can destabilize the base pairing or disturb the RNA triple

base pairs or Hoogsteen pairs which rely on N6 proton as a donor. Thus, m6A could

be a switch to control the RNA structure to affect RNA-protein interactions for

biological regulation. A recent study indeed confirms that m6A 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 m6A Methylation

in Eukaryotic mRNA and the Underlying Mechanisms

6.1 m6A 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 andWolf 2009). The pluripotent stage can be further

divided into two states: a ground, naı̈ve 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 naı̈ve pluripotency modulation and tested

whether the primed EpiSCs might rely on some factors. Luckily, they found that

METTL3 is one of the crucial components for regulation of the primed cells. The

authors then separately investigated the impacts of m6A on the naı̈ve pluripotent

state (ESCs) and the primed state (EpiSCs). To resolve the role of m6A in the naı̈ve

state, heterozygous Mettl3+/� mice were generated, and homozygous Mettl3�/�

mESCs were obtained from embryos. Consistent with previous results (Batista

et al. 2014), Mettl3�/� cells showed an almost complete loss of m6A and kept at

a hypernaı̈ve 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 m6A 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 naı̈ve pluripotency and lineage priming is fine-tuned by the

relative expression of naı̈ve pluripotent factors and linage commitment factors. It

was found that 80% of transcripts of these genes are m6Amethylated. m6A contains

the function to degrade mRNA assisted by m6A reader protein YTHDF2 (Wang

et al. 2014). For both types of regulators, loss of m6A results in longer mRNA
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lifetime and increased abundance of transcripts (Batista et al. 2014; Geula

et al. 2015). For instance, in the ground naı̈ve state, pluripotency genes predomi-

nate. Deletion of m6A further amplifies the already highly expressed naı̈ve

pluripotency genes but leads to only a marginal increase in lineage commitment

transcripts, which causes cells stuck at the so-called “hypernaı̈ve” pluripotent state.

By contrast, in the primed state, where lineage commitment factors dominate, loss

of m6A further tips the balance toward lineage priming and differentiation (Geula

et al. 2015).

6.2 m6A 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 m6AmRNAmethylation sets

Fig. 4 m6A steers the balance between expression levels of pluripotency genes and of linage

commitment genes in naı̈ve and primed states. In naı̈ve cells the expression levels of pluripotency

factors are dominant, while the expression levels of linage commitment factors increases with

priming. As m6A promotes mRNA decay, the m6A methyltransferase (METTL3) depletion in

naı̈ve pluripotent cells further upregulates the already-high naı̈ve pluripotency genes to create a

“hyper” naı̈ve pluripotent states, whereas m6A 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
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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 m6A sequencing, they found many clock genes,

including Per1 and Per2, as well as clock output genes, carrying m6A modification.

The key result they found is that suppression of METTL3 delays the nuclear exit of

mature Per2 and Bmal1 mRNA. Thus, reducing m6A methylation by silencing

METTL3 led to delay mRNA nuclear export and slowed the clock. These results

reveal that m6A-mediated mRNA processing is a new point control to circadian

rhythms.

7 Detection Technology of m6A

7.1 Quantification of Total m6A Level in mRNA

The abundance of m6A has been shown to be ~0.1%–0.4% of total adenosine

residues in cellular mRNA. The total amount of m6A 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 m6A.

The femtomole sensitivity achieved by UPLC-QQQ-MS/MS makes it a quanti-

tative tool for monitoring m6A 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 m6A/A concentration ratio is calculated. In order to avoid rRNA contam-

ination, N6,6-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 m6A antibody. It is simple and easy to do by spotting mRNA on

membrane followed by a routine western blotting with m6A antibody.

2-D TLC requires isotope radioactive labeling and only detects partial m6A. m6

A is at the GAC (75%) and AAC (25%) sequence. mRNA is digested by ribonu-

clease T1, which cleaves ssRNA after guanine, to expose m6A at the 50 end. After
[γ-32P] ATP labeling, the radial-labeled m6A is cleaved by Nuclease P1 and spotted

on cellulose TLC plate to run two-dimensional chromatography.

7.2 High-Throughput m6A Sequencing

Before 2012, the transcriptome-wide distribution of m6A was unknown, until two

independent groups developed an m6A RNA immunoprecipitation method

followed by high-throughput sequencing (MeRIP-seq) to map the m6A RNA

RNA Modification N6-Methyladenosine in Post-transcriptional Regulation 141



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 m6A antibody. The eluted mRNA by m6A 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 m6A

is a widespread modification distributed in more than 7000 mRNAs and 300 non-

coding RNAs (ncRNAs), prefers to locate around stop codons and in 30 UTRs and
the long internal exons, and is highly conserved between human and mouse.

Arabidopsis m6A methylome revealed that m6A 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 m6A-sequencing (PA-m6A-seq)

(Chen et al. 2015) and m6A individual-nucleotide-resolution cross-linking and

immunoprecipitation (miCLIP) (Linder et al. 2015), improve the m6A 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

m6A-sequencing (PA-m6A-seq) efficiently improves the accuracy of the methyla-

tion site assignments and provides a ~23 nt high-resolution transcriptome-wide m6

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 m6A residues to achieve a single-base

resolution using some specific m6A antibody (Linder et al. 2015). The main

drawback is miCLIP relies on the property of m6A antibody and ultraviolet cross-

linking efficiency.

7.3 Map m6A Site with Single-Base Resolution

The antibody-based m6A profiling could not provide precise m6A position and the

fraction of the modification at each specific site. Till now, two methods have been

developed to determine the percentage of m6A 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 m6A position and modification fraction in mRNA and

long noncoding RNA (lncRNA) (Liu et al. 2013). The second method identifies m6

A site in rRNA using Bst DNA polymerase-catalyzed primer extension (Wang

et al. 2015a). m6A is found to hinder RNA- and DNA-directed DNA synthesis of

Bst DNA polymerase under specific conditions.
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8 Conclusions and Future Prospects

The reversible mRNA m6A modification is emerging as critical landmark of

posttranscriptional gene regulation. mRNA is divided into two portions with and

without m6A methylation; consequently, mRNA processing is sorted into two

tracks. m6A 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 m6A methyltransferase components, demethylases and readers

have been identified, a thorough understanding of their functions remains. For

example, how does the writer complex select m6A deposition? What is the molec-

ular mechanism and relationship between demethylase enzyme function and human

disease? And how does m6A affect nuclear export and other RNA metabolism

steps? Beyond the known factors, identifying and characterizing more m6A 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 m6

A. The ability to perform transcriptome-wide profiling of m6A 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-20-deoxyguanine
(8-OHdG) 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

H. Kasai (*) • K. Kawai

Department of Environmental Oncology, Institute of Industrial Ecological Sciences,

University of Occupational and Environmental Health, Japan, Fukuoka, Japan

e-mail: h-kasai@med.uoeh-u.ac.jp; kkawai@med.uoeh-u.ac.jp

© Springer International Publishing Switzerland 2016

S. Jurga et al. (eds.), Modified Nucleic Acids in Biology and Medicine, RNA
Technologies, DOI 10.1007/978-3-319-34175-0_7

147

mailto:h-kasai@med.uoeh-u.ac.jp
mailto:kkawai@med.uoeh-u.ac.jp


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-oxodG • 8-OHGuo • 8-

OHGua • DNA damage • Oxidative stress • Biomarker

Abbreviations

8-OHdG 8-Hydroxy-20-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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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 (8-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,

Fig. 1 Formation of

8-OHGua and its tautomeric

change
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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 Å (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

pair caused by 8-OHGua
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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-20-deoxyguanosine is a simple, clear, and suitable

name as a systematic nomenclature. In fact, 60–70% 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 ß-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

Table 1 The number of published reports with 8-OHdG in the title

Keywords 1983–2000a 2001–2010b 2011–2015c Total(a+b+c)

8-Hydroxy-20-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-Oxo-7,8-dihydro-2-
0-deoxyguanosine (E)

32 90 43 165

8-Oxo-7,8-dihydrodeoxyguanosine

(F)

3 1 1 5

8-Oxo-20-deoxyguanosine (G) 45 73 18 136

7,8-Dihydro-8-oxo-2-
0-deoxyguanosine (H)

15 15 3 33

7,8-Dihydro-8-oxodeoxyguanosine

(I)

0 7 1 8

8-Oxodeoxyguanosine (J) 17 23 1 41

8-oxodG (K) 7 22 15 44

8-oxo-dG (L) 4 16 11 31

(E) or (F) or (G) or (H) or (I) or (J) or

(K) or (L)

123 247 93 463

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

papers overlap
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(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), 30-methyl-4-dimethylaminoazobenzene

(Hirano et al. 2000), ferric nitrotriacetate (Fe-NTA) (Yamaguchi et al. 1996),

potassium bromate (KBrO3) (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.

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 γ-Rays % &
Arsenite % &

Animal organ Chromium (VI) % &
Cadmium (GSH depletion) % &
Diesel exhaust particles % &
Ethanol (Nutrition-deficient) % %
30-Me-4-DAB % %
Fe-NTA % %
Asbestos % %
KBrO3 % %

Human leukocyte Cigarette smoking % %
Physical exercise & %
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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-OHdG 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

Chemicals or

occupation

Ratio to

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,

rat

Lung HPLC-ECD Yamaguchi

et al. (1999)

1.7 Human White

blood cell

DNA

Marczynski

et al. (2000)

PAHs % Human Urine LC-MS/MS Li

et al. (2015)

1.19 Human Urine HPLC-ECD Harri

et al. (2005)

1.63 Human White

blood cell

DNA

HPLC-ECD Marczynski

et al. (2009)

Refractory

materials

1.54 Human White

blood cell

DNA

HPLC-ECD ibid.

Carbon electrodes 3.23 Human White

blood cell

DNA

HPLC-ECD ibid.

Converter workers 1.26 Human White

blood cell

DNA

HPLC-ECD ibid.

PAH,

anthraquinone

% Human Urine ELISA Wei

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)

% 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 % Human Urine Guo

et al. (2014)

Top 1.20

Side 1.53

Human Urine HPLC-ECD Nguyen

et al. (2014)

% Human Urine LC-MS/MS Chao

et al. (2008)

Coke production 1.4 Human White

blood cell

DNA

HPLC-ECD Marczynski

et al. (2009)

(continued)
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Table 3 (continued)

Chemicals or

occupation

Ratio to

control Species Sample Method Reference

Coke plant,

policeman, taxi

driver

% Human Urine Capillary

electrophorasis-

ECD

Zhang

et al. (2013)

Bottom ash treat-

ment plant, fly ash

treatment plant

1.46 Human Urine ELISA Liu

et al. (2008)

Diesel exhaust

emission inspector

>3 Human Urine ELISA Wei

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,

garagemen

2.59 Human Urine HPLC-ECD Bagryantseva

et al. (2010)

Long distance bus

driver

Adjusted

OR¼ 9.4

Human Urine ELISA Han

et al. (2010)

Traffic policeman % Human Leukocyte

DNA

HPLC-ECD Arayasiri

et al. (2010)

Subway workers 1.07

( p¼ 0.038)

Human Urine ELISA Mehrdad

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

firefighter

% Human Urine ELISA Gaughan

et al. (2014)

Temple workers,

incense smoke

% Human Leukocyte

DNA

HPLC-ECD Navasumrit

et al. (2008)

Benzene % 8-OHdG,

8-OHGuo,

8-OHGua

Human Urine LC-MS/MS Manini

et al. (2010)

1.25–8.00 Human Leukocyte

DNA

HPLC-ECD Liu

et al. (1996)

% Human Urine HPLC-ECD Nilsson

et al. (1996)

% 8-OHdG,

8-OHGuo

Human Urine MS Andreoli

et al. (2012)

Styrene exposed

workers

1.03–1.23 Human Urine LC-MS/MS Manini

et al. (2009)

Styrene 1.47 Human Peripheral

blood

DNA

HPLC-ECD Marczynski

et al. (1997)

Gas station atten-

dant, taxi driver

% Human Urine ELISA Goeethel

et al. (2014)

(continued)
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Table 3 (continued)

Chemicals or

occupation

Ratio to

control Species Sample Method Reference

Ethylbenzene 4.21 Human Urine ELISA Chang

et al. (2011)

Di-(2-ethylhexyl)

phthalate plastic

recycling

1.27 Human Urine HPLC-ECD Wang

et al. (2011)

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 % Human Urine LC-MS/MS Hossain

et al. (2014)

Environmental

tobacco smoke

% Human Plasma LC-MS/MS Chiang

et al. (2012)

Hexavalent chro-

mium

electroplating

worker

1.64 Human Urine ELISA Zhang

et al. (2011)

Chromium 1.57 Human Urine HPLC-ECD Kuo

et al. (2003)

Chromate % 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 % Human Urine LC-MS/MS Engstrom

et al. (2010)

As, Cd, Ni, Se % Human Urine ELISA Lin

et al. (2012)

Nickel-cadmium 1.05–2.55

8-OHGua

Human Urine HPLC-ECD Yoshioka

et al. (2008)

Manufacturing

surgical instru-

ment (nickel)

r¼ 0.41,

p< 0.0001

Human Urine ELISA Sughis

et al. (2012)

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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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

Table 3 (continued)

Chemicals or

occupation

Ratio to

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

nanoparticle

% Rat Blood Chuang

et al. (2014)

Nanoparticles

from photocopiers

% Human Urine Khatri

et al. (2013)

Metal

nanoparticles

% Mouse Urine,

bone mar-

row, liver

HPLC-ECD Song

et al. (2012)

PCDD, dibenzo-

furans, etc.

3.84 Human Urine HPLC-ECD Wen

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

et al. (2011)

Trichloroethylene % Human Urine LC-MS/MS Abusoglu

et al. (2014)

Agricultural

worker

% Human Urine HPLC-ECD Kisby

et al. (2009)

Antineoplasic

drugs

1.38 Human Urine ELISA Huang

et al. (2012)

VOCs*, hair salon 7.5 Human Serum ELISA Ma

et al. (2010)

*VOCs: volatile organic compounds
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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-OHdG 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-OHdG levels in leukocyte DNA, by the induction of either

ROS-scavenging enzymes (SOD, catalase, and glutathione peroxidase) (Mena

et al. 1991) or repair enzymes [OGG1 and MTH1 (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

Habit

Ratio to

control Species Sample Method Reference

Fruit and vegetable

intake

Lower

8-OHdG

(P for trend,

0.05)

Human Urine ELISA Cocate

et al. (2014)

Light-colored vege-

table, soybean prod-

uct, rice, BMI

& Human Urine HPLC-

ECD

Irie et al. (2005)

Working hours, cig-

arette smoke

% Human Urine HPLC-

ECD

Irie et al. (2005)

Fruit, daily physical

activity, healthy

meal

& Human Urine HPLC-

ECD

Tamae

et al. (2009)

Cigarette, alcohol % Human Urine HPLC-

ECD

Tamae

et al. (2009)

Fish intake & Human Urine ELISA Muzembo

et al. (2012)

Job stress % Human Urine ELISA Inoue et al. (2009)

Age % Human Urine ELISA Sakano

et al. (2009)

BMI % 2.7% /

unit BMI &
Human Urine HPLC-

ECD

Mizoue

et al. (2007)

Smoking 1.6 Human Leukocyte

DNA

HPLC-

ECD

Asami

et al. (1996)

1.43 Human Lung HPLC-

ECD

Asami

et al. (1997)

3.34 Human Leukocyte

DNA

HPLC-

ECD

Lodovici

et al. (2005)

Environmental

smoke

1.55 Human Leukocyte

DNA

HPLC-

ECD

Lodovici

et al. (2005)

Physical activity

(subject n¼ 6,422)

& Human Urine HPLC-

ECD

Hara

et al. (in press)

2 weeks, moderate

intensity exercise

after primary therapy

0.67 Human

(colorectal

cancer)

Urine LC-MS Allgayer

et al. (2008)

Race (African

American/

caucasian)

1.3 Human Urine ELISA Huang

et al. (2000)

Regular exercise 1.16 Human Urine ELISA Huang

et al. (2000)

Wrestling exercise & Human Serum ELISA Hamurcu

et al. (2010)

Exercise 0.53 Human Leukocyte

DNA

HPLC-

ECD

Asami

et al. (1998a)

Forced exercise 1.9–2.4 Rat Heart,

lung, liver

HPLC-

ECD

Asami

et al. (1998b)

(continued)
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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 RNAmuch 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-OHdG 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 MTH1 protein, a

Table 6 (continued)

Habit

Ratio to

control Species Sample Method Reference

Ultramarathon % mid race

&post race

Human Urine HPLC-

ECD

Miyata

et al. (2008)

Sunlight OR: 4.35 Human Urine ELISA Kato et al. (2011)

UVB, 280–350 nm 1.73 Rabbit Eye HPLC-

ECD

Lodovici

et al. (2009)

UVA1, 364 nm Ar

laser

2.56 Mouse Skin HPLC-

ECD

Ikehata

et al. (2008)

UVA, 364 nm 2.7 Drosophila HPLC-

ECD

Negishi

et al. (2007)
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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 MTH1 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-OHdGTP from the Ni(II)-dGTP or Ni(II)-dGTP-His complex in the presence of

H2O2, 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 (NaI) 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 ELISAmethods, as compared to the HPLCmethods, 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

Fig. 3 8-OHdG formation

and repair in vivo
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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 3H-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 3H-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 MTH1 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).

Fig. 4 8-OHGua formation

and repair in vivo
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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 20-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 20-O-Me • Ribose methylation • Box C/D snoRNA • Fibrillarin •

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 20-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 sRNAs (archaea) or box

C/D snoRNAs (Eukarya). The guide RNAs contains two sets of conserved

sequences: boxes C and C0 (50-RUGAUGA) and boxes D and D0 (CUGA). A stretch

of nucleotides ending with the second nucleotide upstream of boxes D and D0,
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 D0 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 C0 and D0 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 D0) box. The
simultaneous pairing with

the two targets in the

drawing is speculative. (b)

Methylation of the 20-O
enforces the 30-endo
conformation of the ribose

and thereby affects the

structure of the methylated

RNA
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the 20-OH for nucleophilic attack on the neighboring phosphodiester bond. Fur-

thermore, the presence of 20-O-Me promotes 30-endo conformation of the sugar,

blocks sugar edge interactions, and changes the hydration sphere around the 20O
(Helm 2006) (Fig. 1b).

Ribosomal RNAs are particularly well studied with respect to ribose methyla-

tion. E. coli has only four 20-O-Me modifications in rRNA, and these are introduced

by stand-alone enzymes. In Archaea, the number varies considerably among spe-

cies and most are guided by sRNAs. The overwhelming number of ribose methyl-

ations in eukaryotes is guided by snoRNAs. Yeast rRNA has 55 20-O-Me and HeLa

cell rRNA a little over one hundred. The only eukaryotic organisms for which the

majority of 20-O-Me sites in rRNA have been experimentally validated are

S. cerevisiae, S. pombe, and humans represented by HeLa cells. For other organ-

isms, the assignment of 20-O-Me sites relies mostly on predictions based on the

sequence of guide RNAs. The 20-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 20-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 32PO4
� and L-

[methyl-3H]methionine. Next, the ribosomal RNAwas 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

et al. 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 HeLa 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 20-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 20-O-Me during reverse transcription (Fig. 2a;

upper panel). Although RT is not impeded by 20-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 20-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 20-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 m6
2A–m

6
2A doublet and the hypermodified m1acp3Ψ, 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 20-O-Me
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Fig. 2 Outline of methods for detection of 20-O-me at specific sites. See text for explanation. (a)

Primer extension at low dNTP (see 3.1) and after alkaline degradation (upper and middle panels;

see 3.3), qRT-PCR after primer extension at low dNTP (lower panel; see 3.2), (b) RNase H method

(see 3.4), (c) DNazyme method used as a cleavage assay and (d) in combination with labeling and

TLC analysis for quantification (see 3.5), (e) Ligation method (see 3.6), (f) Mung Bean nuclease

strategy for isolation of RNA fragments
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Fig. 2 (continued)
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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 qRT-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 30 to the 20-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 20-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 20-O-Me ribonucleotides (Inoue et al. 1987). Thus, the oligos

have a short stretch of deoxyribonucleotides flanked by 20-O-Me ribonucleotides.

Importantly, the presence of 20-O-Me in RNA protects the 30 neighboring

phosphodiester bond from cleavage by RNase H. Thus, RNA that is unmethylated

at the queried position will be cleaved whereas 20-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 20-OH at the target site and is blocked by 20-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 30 cleavage fragment was 32P-labeled at its 50 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 20-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 ofm6A (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 m5C 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 20-O-Me will also be found in mRNA similarly to

pseudouridines, m6A, and m5C. In principle, the immunoprecipitation approach

should be applicable to 20-O-Me, but so far there are no reports of antibodies

directed towards this modification.

4.1 Antibody-Based Detection of 20-O-Me

In the absence of antibodies directed towards 20-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 20-O-Me sites to single nucleotides.
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Fig. 3 Sequencing-based

methods for 20-O-Me

profiling. (a) Outline of a

hypothetical method based

on the use of modification-

specific antibodies similarly

to what has been developed

for other modifications (see

4.1), (b) RiboMeth-seq (see

4.2)
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4.2 RiboMeth-Seq

Birkedal et al. (2015) developed a profiling method (RiboMeth-seq) for 20-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 50

phosphate and 20, 30 cyclic phosphate ends. Then, cDNA is synthesized and

sequenced. The terminal nucleotides of the library fragments are recorded and

20-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 20-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) 20-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 20-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 13C-labeled 20-O-methyladenosine and guanosine added. The RNA

content was then determined by UV254nm using the guanosine standard and the

methylation level at SSU-A100 determined by MS/MS using the 20-O-
methyladenosine standard. The value obtained (68%) confirms this position to be

one of the 20-O-Me sites in yeast that are partially methylated.

5.2 Labeling with Heavy Isotopes and qMS (SILAC-qMS
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 14N- and 15N-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 CD3-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-13C10 50-triphosphate, cytidine-13C9 50-triphosphate,
or uridine-13C9 50-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
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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 20-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-qMS. The quantification of modifications is absolute in

comparison to an unmodified standard in SILNAS and relative to the reference in

SILAC-qMS. Unfortunately, the two methods cannot be compared directly because

they were applied to different organisms.

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

Ideally, robust methods should be available for determination of 20-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

et al. 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 50 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 20-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 20-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 20-O-Me could be applied to precipitate methylated RNA prior to profiling.

The incentive for development and optimization of methods for profiling of

20-O-Me is high. After the discoveries of m5C, m6A, and pseudouridines in

mRNAs, 20-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-

lian cells.
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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 ApnAs 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 Ap4A.

Keywords ApnAs: diadenosine oligophosphates • Ap3A: diadenosine

triphosphate • Ap4A: 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 Ap4A

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 μM (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. coliAp4A 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 Ap4A 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, Ap3A, 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 ApnAs 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 (50)-pentaphospho-(500)-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
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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 Ap5A or Ap4A. 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 Ap4A degradation, show

dramatically increased sensitivity to killing by heat and do not grow at 43 �C
(Johnstone and Farr 1991). Preliminary data suggest that Ap4A increases the

Lys-U

Mammalian cells E. coli 

A B

(inactive)

p207S 
tRNA charging 

Asymmetric
Ap4A Hydrolase 

Symmetrical

Ap4A Hydrolase
ATP & AMP

alpha & beta  ADP

Immune Induction

LysRS

Ap4A

Heat 
Shock

Lys-S Lys-U

Normal growth 
conditions

Lys-S

Fig. 1 (a) KARS-Ap4A pathway in mammalian cells, in which immune induction results in

KARS phosphorylation at Serine 207, enabling KARS to produce Ap4A. The degradation of Ap4A

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 Ap4A hydrolase to the alpha and beta

forms of adenosine diphosphate (ADP)
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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

β-adrenergic stimulation of the ventricles in both humans and animals, Ap4A exerts

negative isotropic effects via stimulation of A1-adenosine receptors. For example,

in guinea pig and human cardiac preparations, Ap4A concentrations between 0.1

and 100 μM reduced the force of contraction by ~ 36.5%. On the other hand, Ap4A

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 (mKATP channel). When 80 μM Ap4A

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 Ap4A on the rate heart were reversed by adding 100 μM
5-hydroxydecanoic acid, a selective mKATP 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 c from

the mitochondria to the cytosol thus activating apoptosis via caspase-3 (Sasaki

Diadenosine Tetraphosphate (Ap4A) in Health and Disease 211



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 Ap4A, 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

Ap4A, Ap5A, and Ap6A 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 Ap4A, Ap5A, and Ap6A 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 ApnAs 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 ApnAs 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 Ap5A or ATP,

(3) the dinucleotide receptor antagonist, Ip5I, abolished Ap5A-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 Ap5A (Ralevic and

Burnstock 1998).

The release of neurotransmitters such as gamma aminobutyric acid (GABA) is

also influenced by the release of Ap5A in rat spinal cord (Jo and Schlichter 1999).

Released Ap5A 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 Ap5A 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 Ap5A. Moreover the acti-

vation of the dinucleotide receptors A1 and A2A potentiated Ap5A response,

whereas the A3 receptor depressed Ap5A 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 Ap3A 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 Ap3A, 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 ApnAs 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 Ap3A 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 Ap3A

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, Ap3A, and Ap4A 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 Ap5A and Ap6A 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 β-cells. Stimulation of the glucose-sensitive pancre-

atic β-cells increased Ap4A 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 Ap4A directly targets pancreatic KATP channels and

antagonizes their opening. Pancreatic KATP channel subunits, Kir6.2 and SUR1,

were coexpressed in monkey kidney (COS-7) cells, and the effect of Ap4A on the

single channel behavior was examined (Jovanovic and Jovanovic 2001). Ap4A

inhibited channel opening in a concentration-dependent manner. Analysis of single

channels demonstrated that Ap4A did not change intraburst kinetic behavior of

KATP channels, but rather decreased burst duration and increased between-burst

duration. It was concluded that Ap4A 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 Ap3A and Ap4A in rat

pancreas and found that Ap4A but not Ap3A induced a 4-fold increase over the

basal value of insulin release from β-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 KATP channels

opening is yet to be determined.

8 The Role of Ap4A 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 FсεRI 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 Ap4A 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).

214 S. Boulos et al.



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

et al. 2012), in colon cancer (Wang et al. 2007) and in hepatoma (Wang et al. 2009),
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Fig. 2 Activation of the FсεRI 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 Ap4A. 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)
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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 30 untranslated regions (30UTR) 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). nSMase2,

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.

224 Y.-L. Yang



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).

Fig. 1 Release of circulating miRNAs

Thinking Small: Circulating microRNAs as Novel Biomarkers for Diagnosis. . . 225



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

mRNAmeasurement, 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.

Table 1 Advantages and disadvantages of the three main methods to quantify circulating

miRNAs

Advantages Disadvantages

qPCR Simple

Inexpensive

Widely available measurements of

very small quantities

Discovery tool

Method easily influenced by critical

factors

Inefficient on a genomic scale

Inadequate as a validation tool

Microarray Standardized genome-wide assay

High throughput

Require more starting material

Develop probe develop probes and

hybridization conditions

Low reproducibility

Low sensitivity and specificity

NGS Precise

Repeatable

High throughput

Not rely on the design of primers or

probes

Not hindered by variability

Identify novel miRNAs

Expensive

Laborious

Immature computational analysis

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

Fig. 2 Timeline of major progresses in the roles of circulating miRNAs in cancer
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Fig. 3 Strategy for the detection and identification of circulating miRNA biomarkers
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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

Fig. 4 Potential applications of circulating miRNAs in breast cancer. PDCD4 programmed cell

death 4; uPAR urokinase plasminogen activator surface receptor; PTEN phosphatase and tensin

homolog; TPM1 tropomyosin 1; HOXD10 homeobox D10
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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 Fermı́n

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-qPCR), 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 (n¼ 26) and

downregulated (n¼ 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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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 M0 controls. In BC patients, the

changes in the levels of miR10b (P¼ 0.01), miR34a (P¼ 0.003), and miR155

(P¼ 0.002) were correlated with the presence of overt metastases. Within the

Table 2 Results of circulating miRNAs in breast cancer diagnosis

miRNA

Sample

types Expression References

miR-195, let-7a Blood-

derived

miRNA

Upregulated Heneghan et al. (2010)

miR-10b, miR-125b, miR-145,

miR-155, miR-191, miR-382

Serum

miRNA

Upregulated Mar-Aguilar et al. (2013)

miR-21 Serum

miRNA

Upregulated Asaga et al. (2011),

Mar-Aguilar et al. (2013)

miR-181a Serum

miRNA

Downregulated Guo and Zhang (2012)

miR-34a, miR-93, miR-373 Serum

miRNA

Upregulated Eichelser et al. (2013)

miR-30a Plasma

miRNA

Downregulated Zeng et al. (2013)

miR-155, miR-19a, miR-181b,

miR-24

Serum

miRNA

Upregulated Sochor et al. (2014)

miR-148b, miR-376c, miR-409-

3p, miR-801

Plasma

miRNA

Upregulated Cuk et al. (2013)

miR-16, miR-25, miR-222,

miR-324-3p

Serum

miRNA

Upregulated Hu et al. (2012)

miR-21, miR-146a Plasma

miRNA

Upregulated Kumar et al. (2013)

miR-29a, miR-21 Serum

miRNA

Upregulated Wu et al. (2011)

miR-16, miR-21, miR-451,

miR-145

Plasma

miRNA

Upregulated

Downregulated

Ng et al. (2013)

Let-7c, miR-589 Plasma

miRNA

Downregulated

Upregulated

Zhao et al. (2010)

miR-10b, miR-155 Serum

miRNA

Upregulated Wang et al. (2012)

miR-484 Serum

miRNA

Upregulated Zearo et al. (2014)

miR-1260 Blood-

derived

miRNA

Upregulated Park et al. (2014)

miR-148b, miR-133a Plasma

miRNA

Upregulated Shen et al. (2014)

miR486 Serum

miRNA

Downregulated Chen et al. (2014)
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M0-cohort, patients at advanced tumor stages (pT3 to 4) had significantly more

miR34a (P¼ 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

HER2 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 M0 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 M0 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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analyses, high levels of miR-202 significantly correlated with poor overall survival

(P¼ 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

Table 3 Results of circulating miRNAs in breast cancer prognosis

miRNA

Sample

types Expression Cohort References

miR-10b

miR-34a

miR-155

Serum

miRNA

Upregulated

Downregulated

MI versus M0 Roth

et al. (2010)

miR-155

miR-125b

Serum

miRNA

Upregulated Stage III versus Stage II Wang

et al. (2012)

miR-17

miR-155

Serum

miRNA

Downregulated MI versus M0 Eichelser

et al. (2013)

miR-122 Serum

miRNA

Upregulated Stage II-III versus inflam-

matory BC

Wu et al. (2012)

miR-21 Serum

miRNA

Upregulated Stage IV versus Stage I, II,

or III

Asaga

et al. (2011)

miR-10b

miR-373

Plasma

miRNA

Upregulated MI versus M0 Chen

et al. (2013)

miR-202 Serum

miRNA

Upregulated MI versus M0 Joosse

et al. (2014)

M0—patients with localized breast cancer. M1—patients with metastatic breast cancer
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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.

HER2 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 ( p¼ 0.0091) and

after ( p¼ 0.037) chemotherapy with overall survival of the patients could be

detected, independent of type of anti-HER2 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

ERα (+) 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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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

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

miR-122

Yes Trastuzumab resistance Upregulated

Downregulated

Wu et al. (2012)

miR-210 Yes Trastuzumab resistance Upregulated Ephrin-

A3

E2F3

RAD52

FGFR1

Jung

et al. (2012)

miR-221 Yes Taxane and

anthracycline resistance

Upregulated Zhao

et al. (2011)

miR-19a

miR-205

Yes Epirubicin and pacli-

taxel resistance

Upregulated Li et al. (2014)

miR-21

miR-210

miR-373

Yes Trastuzumab or

lapatinib resistance

Upregulated Muller

et al. (2014)

miR-34a

miR-122

Yes Upregulated Mar-Aguilar

et al. (2013)

NAC Neoadjuvant chemotherapy
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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 (AONs), 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 •

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 AONs 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 AONs 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

AONs 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.

AONs 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 DNAmolecule (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 AONs, 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

At least 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 50 or 30 splice
site (50SS/30SS), 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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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 20-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).

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 +
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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 20 Position
of the Ribose

Modifications of the ribose ring at 20 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 20 sugar modifications are 20-O-methyl (20OMe) and 20-O-
methoxyethyl (20MOE), 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). 20OMe, 20MOE, and their PS analogs (20OMe-PS and 20MOE-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 AONs, 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 20OMe-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 20-oxygen of ribose with the

40-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 AONs 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 C50 and C30 (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 20OMe-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 20OMe

and 20MOE-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 exonucleases and

improve binding to RNA at the same time reducing the possibility of toxic

off-target effects associated with phosphorothioates. 20-Modified residues including

20MOE have been used as gap surrounding nucleotides (Keiser et al. 2015, Wheeler

et al. 2012). Potent antisense effects have also been obtained with administration of

tcDNA and LNA gapmers (Renneberg et al. 2002; Stein et al. 2010).

4 AON-Based Splicing Regulation in Therapeutic

Treatment of DMD and SMA

Splice-switching oligonucleotides were first described in the context of the human

beta-globin pre-mRNA (Dominski and Kole 1993). Since then, numerous studies

have followed, including those in which modified AONs were used to treat DMD

and SMA (Fig. 2).

Fig. 2 Therapeutic strategies based on steric blocking or RNA target degradation with modified

AONs. The figure color codes and abbreviations are as follows: red, AON analogs; green, exons;
orange, expanded repeats; brown, ribosome; 30/50SS, 30/50 splice site; ESE/ISE, exonic/intronic
splicing enhancer; ESS/ISS, exonic/intronic splicing silencer; SNP, single nucleotide

polymorphism
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4.1 Duchenne Muscular Dystrophy (DMD)

4.1.1 Clinical, Genetic, and Molecular Features of DMD

DMD is an X-linked disease that affects 1/5000 boys (Mendell and Lloyd-Puryear

2013). The most evident feature of the disease is the progressive musculature

disability underlined by loss of myofibers and their replacement with adipocytes,

as well as extensive fibrosis. DMD is usually diagnosed in 3–5-year-old boys. In

their teens, the extent of muscle fiber loss is so vast that the patients are forced to

use a wheelchair, and in their twenties, a ventilator system to aid with the breathing.

Up until now, the disease is incurable, and although treatment with anti-

inflammatory-acting corticosteroids aids to alleviate the symptoms, the disease

irreversibly leads to premature death due to respiratory or cardiac failure. Years

of research showed that dystrophin at the sarcolemma assembles a multimeric

dystrophin glycoprotein complex that transmits forces between the extracellular

matrix and the cytoskeleton (Le Rumeur et al. 2010). Absence of dystrophin causes

contraction-induced damage of myofibers leading to protease activation, calcium

inflows, and altered calcium homeostasis. Typically, myofiber damage induces

activation of stem cells of muscle, particularly satellite cells, which leads to

regeneration of myofibers. In DMD, this process is highly inefficient, causing

replacement of myofibers with fibro-adipose tissue. Shadowing progressive mus-

cular dystrophy, DMD patients also suffer from cognitive deficits and psychiatric

symptoms that are interlinked to specific dystrophin functions in the brain

(Perronnet and Vaillend 2010).

The advance in understanding the molecular alterations that trigger the disease

has been possible through the use of animal models. Mdx mouse, the most fre-

quently used animal model of DMD, has a spontaneous nonsense mutation in exon

23 of the DMD gene that leads to lack of dystrophin expression. Since the discovery

of the original mdx mouse, multiple other variants have been generated (McGreevy

et al. 2015). However, after a period of extensive fiber degeneration and regener-

ation, the progress of the muscle disease is somehow halted and the mice do not

show extensive pathology. Because of their relatively mild phenotype, scientists

generated another mouse model, which, in addition to dystrophin, lacks also

utrophin, a protein that to some extent can compensate for the lack of dystrophin.

The double knockout mouse shows very severe and progressive muscular dystrophy

and dies prematurely, usually within 20 weeks (McGreevy et al. 2015). Canine

models of the disease have also been extensively used in the experimental therapy

of DMD, including the golden retriever with muscular dystrophy (GRMD) and the

beagle with canine X-linked muscular dystrophy (CXMD) that harbor a mutation in

the splice acceptor site of exon 7 leading to its skipping and generation of a

premature stop codon in exon 8 (McGreevy et al. 2015). Importantly, muscular

dystrophy observed in canine models closely resembles that of DMD patients.

Mutations in the DMD gene generally lead to changes in the open reading frame

or substitutions that generate a stop codon. As a result, patients lack dystrophin
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protein, with the exception of a small number of so-called revertant fibers, in which

an open reading frame is restored due to spontaneous exon skipping. A fraction of

deletions do not change the open reading frame, and shorter but still partially

functional dystrophins, usually containing unaltered N- and C-terminal portions,

are expressed. As a consequence, the patients suffer from a much milder form of

DMD, called Becker muscular dystrophy (BMD). Based on this principle, multiple

viral vectors carrying micro- and mini-dystrophins have been generated (Konieczny

et al. 2013). Similarly, modified AONs can be used to exclude exons containing

nonsense mutations and to restore the dystrophin reading frame. Sometimes the

latter can only be achieved with exclusion of more than one exon. AON-based

therapy that force single exon skipping could be theoretically applied to 35% of all

DMD patients and this number can be further increased to approximately 90%

when taking into the account the possibility of multiple exon skipping events

(Aartsma-Rus et al. 2009; Yokota et al. 2009b). As approximately 45% mutations

in the DMD gene accumulate in a hot spot region encoding the middle part of

dystrophin that covers exons 45–55, multi-exon strategy targeting this specific

region would be particularly beneficial (Béroud et al. 2007).

4.1.2 Modified AONs in Therapy of DMD

Initial studies employed AONs carrying a 20OMe-PS modification to induce DMD
exon exclusion in cultured cells. Exon skipping was achieved first in cultured mdx
muscle cells following masking of exon 23 splice sites (Dunckley et al. 1998;

Wilton et al. 1999). AON analogs directed to a polypurine-rich sequence within

exon 46 also efficiently skipped the exon and restored dystrophin expression in up

to 82% myotubes differentiated from DMD patients’ primary myoblasts carrying

deletions in exon 45 (van Deutekom et al. 2001). Similar strategy was applied to

muscle cells isolated from other patients, which resulted in efficient exclusions of

exons 19, 44, 49, 50, 53, and 51 (Aartsma-Rus et al. 2003; Takeshima et al. 2001).

Cell culture studies were followed by delivery of AON analogs to animals, first by

local, i.e., intramuscular, and then by systemic injections through the vasculature.

Becker-like dystrophin was expressed in muscles from mdx mice following intra-

muscular delivery of a 25-mer 20OMe complementary to the 50 splice site in intron

23 (Mann et al. 2001). Importantly, oligo-treated muscles showed the presence of

dystrophin at the sarcolemma of myofibers for several weeks, were able to properly

assemble the dystrophin glycoprotein complex, and displayed improved muscle

force generation without immune response following AON re-administration

(Lu et al. 2003). Subsequent direct comparison of 20OMe-PS with 20MOE-PS and

either unmodified or peptide-conjugated PNAs injected intramuscularly into mdx
mice revealed that the latter molecules might have a higher therapeutic potential

(Yang et al. 2013; Yin et al. 2008a).

Animal studies demonstrated that systemic delivery of AON analogs to skeletal

muscles can also be successful as shown upon repeated injections of mdxmice with

a 20-mer 20OMe-PS along with a delivery vehicle, a block copolymer, or a 25-mer
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PMO (Alter et al. 2006; Lu et al. 2005). Particularly, seven weekly intravenous

injections of PMO restored dystrophin localization at the sarcolemma of more than

70% fibers in hind leg muscles (Lu et al. 2005). In comparison, systemic delivery of

a 25-mer PNA by three weekly injections at 15 mg/kg induced exclusion at the level

of 10% without any phenotypic improvement (Yin et al. 2010a). The PMO

treatment was also well tolerated in mdx mice injected biweekly with doses up to

1.5 g/kg in a long-term study (Wu et al. 2011), and following delivery of three

PMOs targeting exons 6–9 in CXMD dogs that induced multiple exon skipping

(Yokota et al. 2009a). Unfortunately, neither of the PMO treatments resulted in

satisfactory dystrophin expression in the heart (Lu et al. 2003; 2005; Wu

et al. 2011), limiting their therapeutic potential.

In contrast to PMOs, their derivatives conjugated with arginine-rich peptides

(PPMOs) upon systemic delivery to mdx mice at a single dose of 25–30 mg/kg

resulted in almost normal dystrophin levels in skeletal muscles and approximately

50% in the heart, improving not only muscle strength but also cardiac function

(Jearawiriyapaisarn et al. 2008; Wu et al. 2008; Yin et al. 2009; Yin et al. 2008b).

Subsequent studies showed, however, high levels of acute toxicity of PPMOs. Mice

deaths were observed at doses above 30 mg/kg, with the dose of 120 mg/kg killing

80% of injected animals (Wu et al. 2012). PPMOs were toxic also for nonhuman

primates, in which AVI-5038 targeting human exon 50 caused tubular degeneration

after four weekly injections at a dose of 9 mg/kg (Moulton and Moulton 2010).

Subsequently established protocol for repeated nontoxic PPMO injection required

lower doses of approximately 6 mg/kg (Wu et al. 2012; Yin et al. 2010b). Applied

biweekly for a year, these amounts induced protein expression up to 50% in

skeletal muscles and below 5% in the heart (Wu et al. 2012). A new series of

PPMOs, called Pips, characterized by a central hydrophobic motif flanked by

arginine-rich domains, has been extensively tested in the Wood lab (Betts

et al. 2012; 2015; Yin et al. 2011). In one of the most recent study, several

10 mg/kg systemic injections restored dystrophin protein levels up to 100% in

skeletal muscles and 28% in the heart and prevented cardiomyopathy in a forced

exercised mdx mice with no apparent toxicity (Betts et al. 2015). Five biweekly

intravenous injections at a dose of 6 mg/kg of another PMO conjugate, so-called

vivo-PMO, in which modified nucleotides are bound to dendrimeric octa-

guanidines, resulted in expression of dystrophin in nearly all mdx myofibers and

more than 40% of cardiomyocytes, which corresponded to 50 and 10% of normal

dystrophin levels on Western blot, respectively (Wu et al. 2009). Vivo-PMOs were

also tested in excision of exons 45–55 in exon 52-deficient mdx mice (Aoki

et al. 2012; Echigoya et al. 2015) and showed a therapeutic potential in CXMD

dogs in which three intramuscularly delivered oligo targeting exons 6–9 led to the

presence of dystrophin in 75% of myofibers. Importantly, the vivo-PMOs resulted

in a better therapeutic outcome compared to unmodified PMOs (Yokota

et al. 2012).

A recent study tested systemic potency of a 15-nt-long tcDNA-PS in exon

23 skipping in mdx mice compared to a 20-mer 20OMe and a 25-mer unmodified

PMO (Goyenvalle et al. 2015). Following 12 weekly injections, 200 mg/kg each,
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tcDNA-PS treatment revealed superior dystrophin expression compared to other

chemistries, 20–30% in the majority of tested skeletal muscles, 50% in the

diaphragm, and 40% in the heart. The mice also showed dystrophin expression in

the central nervous system, ranging from 2 to 4% depending on the brain region.

Surprisingly, the treatment not only improved striated muscle function but also

corrected behavioral phenotype typical of mdx mice. Mild toxicity, comparable to

that of 20OMe-PS, was associated with tcDNA administration (Goyenvalle

et al. 2015).

Two AON-based drugs against DMD are currently competing in clinical trials,

drisapersen (PRO051, kyndrisa; Prosensa/BioMarin), a 20OMe-PS-modified oligo,

and eteplirsen (AVI-4658; Sarepta Therapeutics), a PMO-based analog. Both AON

analogs induce skipping of exon 51 that could theoretically restore dystrophin

expression in approximately 13% of DMD patients by binding to the same

sequence, with eteplirsen covering 10 more, 30 in total, nucleotides. Although

their single intramuscular injections to patients’ muscles induced extensive dystro-

phin expression (Kinali et al. 2009; van Deutekom et al. 2007), systemic delivery

has met some challenges (Cirak et al. 2011; Goemans et al. 2011; Mendell

et al. 2013; Voit et al. 2014). Nevertheless, both drugs are currently under review

by the FDA’s advisory panel.

4.2 Spinal Muscular Atrophy (SMA)

4.2.1 Clinical, Genetic, and Molecular Features of SMA

SMA is an autosomal recessive neurodegenerative disorder with an incidence ratio

of up to 1/6000 live births (Hamilton and Gillingwater 2013; Viollet and Melki

2013). The disease results from the absence of survival motor neuron (SMN)

protein, which leads to progressive degeneration of spinal cord alpha-motor neu-

rons, responsible for innervation of muscle fibers. The symptoms of the disease

usually manifest as muscle weakness, muscular atrophy, and paralysis. In the most

severe form, the SMA type I, the disease leads to early infant death, with children

rarely living beyond 2 years of age. The role of SMN protein is still elusive. SMN

has been shown to have important roles in motor neurons and neuromuscular

junctions (Fallini et al. 2012). However, restoration of SMN levels in neuronal

cells only partially ameliorates the phenotype of SMA mice, with additional

abnormalities appearing in other tissues, including skeletal and cardiac muscles

(Hamilton and Gillingwater 2013). Strikingly, the most recent report showed that

increasing SMN expression exclusively in peripheral tissues was sufficient to

rescue motor neurons and extend survival rates of the severely affected SMA

mouse model (Hua et al. 2015).

Typically, individuals have two almost indistinguishable genes, SMN1 and

SMN2, which differ in 11 nucleotide substitutions but have the same coding

sequence. More than 90% of SMN1 mature transcripts contain exon 7, which is
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required for production of a functional SMN protein. In SMN2, on the other hand, a
translationally silent C to T transition in exon 7 leads to preferential exclusion of

exon 7. The mutation inactivates an ESE that serves as a binding site for an essential

sequence-specific splicing factor, SF2/ASF (Cartegni and Krainer 2002), and/or

creates a de novo ESS that induces binding of a splicing inhibitor hnRNP-A1

(Kashima et al. 2007). Only about 10% of SMN2 mature transcripts contain exon

7. The remaining mRNAs, depleted of exon 7, translate into a very unstable protein

isoform showing low level of activity (Le et al. 2005).

Mutations in SMN1 leading to loss of SMN1 protein expression result in SMA.

Variability in the disease phenotype is a consequence of (i) small amounts of exon

7-containing SMN2 product and (ii) the fact that SMN2 is subject to copy number

variation (usually 1–4). In the most severe SMA form, only 1 or 2 SMN2 copies are
present (Viollet and Melki 2013). Several mouse models of SMA have been

generated, including SMN knockout mice carrying different copy numbers of the

human SMN2 gene and correspondingly mild or severe disease phenotype

(Bogdanik et al. 2015; Hamilton and Gillingwater 2013). These SMA mouse

models show a range of pathologies that consist of motor neuron loss as well as

abnormalities in other organs (Hamilton and Gillingwater 2013). No large animal

models of SMA exist as they lack the SMN2 gene.

4.2.2 Modified AONs in Therapy of SMA

Therapeutic strategies for SMA are based on the protective role of SMN2 full-

length protein, whose expression can be increased by forcing exon 7 inclusion to the

mature mRNA. Initiated by the early study showing that C/T transition in SMN2
exon 7 might affect SF2/ASF interaction with pre-mRNA (Cartegni and Krainer

2002), Cartegni and Krainer targeted a PNA-modified AON complementary to the

disrupted region, coupled to a peptide mimicking the natural domain of SF2/ASF,

which resulted in efficient exon 7 inclusion in in vitro tests (Cartegni and Krainer

2003). In a subsequent study, an alternative bifunctional molecule, a 20OMe AON

carrying an oligo tail with binding sites for SF2/ASF, rescued incorporation of

SMN2 exon 7 in patients’ fibroblasts (Skordis et al. 2003). In both cases, adminis-

tered molecules also blocked the putative binding site for the negative regulator of

splicing, hnRNP-A1.

Administration of AONs carrying alkyl modifications at the 20 position of the

ribose sugar allowed for identification of a couple of ISSs important for splicing of

SMN2 exon 7 (Hua et al. 2008; Miyajima et al. 2002; Singh et al. 2006). Particu-

larly, screening of proximal parts of introns flanking exon 7 using an AON-tiling

method resulted in identification of cis-acting inhibitory elements, including two

weak tandem hnRNP-A1/A2 motifs (Hua et al. 2008). Both elements can be

simultaneously and efficiently masked with a single AON, as shown, e.g., with a

systemic treatment of an SMA mouse model with a 20MOE-PS. Four weekly

injections at 25 mg/kg resulted in approximately 90, 75, and 45% inclusion rates

of SMN2 exon 7 in the liver, kidney, and skeletal muscles, respectively. The site
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consisting of hnRNP-A1/A2 binding motifs, named ISS-N1, was also targeted in

the following studies (Hua et al. 2010; 2011; 2015; Passini et al. 2011; Porensky

et al. 2012; Zhou et al. 2013). Intracerebroventricular infusion of an 18-nt-long

10–27 20MOE-PS into adult mice for 7 days at 50 μg/day increased SMN2 exon

7 inclusion in spinal cord motor neurons to approximately 85%, with the treatment

lasting for several months (Hua et al. 2010). Interestingly, a direct comparison of

10–27 20MOE-PS with a 20-mer 20OMe-PS showed that the latter is less potent and

more toxic (Hua et al. 2010; Williams et al. 2009). Injection of neonatal mice with

10–27 20MOE-PS led to various results depending on the route of administration.

20 μg intracerebroventricular delivery increased SMAmouse viability from median

10 to 16 days, while systemic administration (two 50 μg subcutaneous injections) or
combined treatment extended survival rates to 108 and 173 days, respectively (Hua

et al. 2011). The authors attributed these results to nonessential role of SMN in the

central nervous system (CNS), which was also confirmed by subsequent studies.

Particularly, systemic treatment of newborn mice with 10–27 20MOE-PS,

paralleled by administration of a decoy oligo that neutralized the 10–27 20MOE-

PS action in the CNS, showed that exclusive restoration of SMN2 exon 7 in

peripheral tissues improves the motor function and extends survival rates of SMA

mice. The most recent study also showed that systemic delivery of a 20MOE-PS

targeted to ISS-N1 at the adolescence or adulthood can be therapeutic in a mildly

affected SMA mouse model (Bogdanik et al. 2015).

PMO chemistry has also been utilized in the treatment of SMA.

Intracerebroventricular delivery of a 20-mer PMO against ISS-N1 into newborn

mice increased survival rates of mice from 15 to 100 days (Porensky et al. 2012). In

a following study, researchers compared efficiency of SMN exon 7 inclusion upon

delivery of PMOs with various lengths (Zhou et al. 2013). The longest PMO tested,

a 25-mer, was found the most efficient in patients’ fibroblasts and in injected mice.

Intracerebroventricular single injection of 40 mg/kg resulted in an average survival

of 85.5 days, while mice administered systemically once with 40 mg/kg PMO were

viable for more than 93 days. Interestingly, systemic injection increased markedly

SMN2 exon 7 inclusion in the brain, spinal cord, and liver but not in skeletal

muscles or the heart, showing efficient PMO crossing through the blood–brain

barrier in neonatal mice. Furthermore, 25-mer vivo-PMOs at 10 mg/kg were tested

systemically; however, they failed to improve the exon 7 inclusion rates in mice

compared to unmodified PMO and induced toxicity following

intracerebroventricular injection. At 10 mg/kg vivo-PMO injection to the CNS,

all pups died overnight. Decreasing the dose to 2 mg/kg prevented the lethality but

no significantly extended survival rates were observed.

The feasibility of the 10–27 20MOE-PS delivery was tested by intrathecal and

intracerebroventricular delivery to nonhuman primates and showed robust

immunostaining of 10–27 20MOE-PS in all regions of the spinal cord, somewhat

more pronounced following intrathecal administration (Passini et al. 2011). Fol-

lowing encouraging data, 10–27 20MOE-PS, also known as IONIS-SMNRx, has

entered clinical trials that are being carried out by Ionis Pharmaceuticals (formerly

Isis Pharmaceuticals), in which infants and children are treated by intrathecal

administration.
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5 Steric Blocking and Degradation of Toxic Repeats

with Modified AONs

Therapeutic approach with modified AONs for DMD and SMA is solely based on

splicing alterations. For DM and HD, two different strategies can be utilized, based

either on steric blocking of toxic repeats or targeted degradation of the mutated

allele (Fig. 2).

5.1 Myotonic Dystrophy (DM)

5.1.1 Clinical, Genetic, and Molecular Features of DM

Myotonic dystrophies (DM) comprise a group of NMDs inherited in an autosomal

dominant manner, in which the underlying mutation constitutes an expansion of

unstable noncoding microsatellite repeats which are transcribed into RNA, but not

translated into protein. The major pathogenic effect of expanded RNA is seques-

tration of distinct binding proteins and disruption of several alternative pre-mRNA

splicing processes. Such RNA gain of function, or RNA dominance, results in a

severe cellular toxicity leading to a wide range of phenotypic alterations. The

clinical features of the disease were first identified over a 100 years ago, and DM

is today recognized as the most prevalent form of adult-onset muscular dystrophy,

affecting roughly 1/8000 live births (Ashizawa and Harper 2006; Cho and Tapscott

2007). The majority of DM symptoms are connected primarily to, but not restricted

to, the progressive muscle pathology. Although the two types of DM, type 1 (DM1)

and type 2 (DM2), are caused by mutations in two different genes, both have

distinct yet largely overlapping clinical features (Cho and Tapscott 2007). The

most prominent features of DM include myotonia and muscle wasting and atrophy;

however, DM is in principle a complex and slowly progressing multisystem

disorder that apart from muscle may affect distinct tissues body-wide and demon-

strate a striking clinical heterogeneity (Thornton 2014).

In DM1, the mutation is attributed to the expansion of a trinucleotide CTG repeat

within the 30UTR of the DMPK gene (Cho and Tapscott 2007). In normal individ-

uals, CTG repeat alleles range from 5 to 37, while DM1-affected individuals have

from fifty to hundreds or even several thousand repeats. Age-dependent and tissue-

specific somatic mosaicism of the repeats is often observed in DM patients due to

instability of the repeats and their strong bias towards expansion over time (Cho and

Tapscott 2007). Notably, the length of the expansion is strongly correlated to

patients’ age at onset as well as the severity of the disease. Infants with severe

congenital DM1, as well as their mothers, have on average a greater amplification

of the CTG repeat than is seen in the non-congenital (childhood-onset or adult-

onset) DM1 population. In addition, there is evidence for anticipation in DM1, in

Modified Antisense Oligonucleotides and Their Analogs in Therapy of. . . 257



which successive generations inherit increasing disease severity with decreasing

age of onset (Ashizawa and Harper 2006; Cho and Tapscott 2007).

RNA dominance, or gain of function by the mutant noncoding RNA, is consid-

ered a major player in the molecular pathogenesis of DM. Once transcribed into

RNA, the expanded repeats (CUGexp) tend to fold into thermodynamically stable

hairpin structures, so-called toxic RNAs, which are not exported to the cytoplasm,

but instead are retained in the nuclei of diseased cells, where they accumulate as

discrete clumps or “foci” (Cho and Tapscott 2007; Maga~na and Cisneros 2011;

Wheeler and Thornton 2007). Importantly, the causal role of toxic RNA was

supported by experiments with several distinct transgenic mouse models expressing

CUGexp either in the natural context of DMPK, or when inserted in an unrelated

transcript (Gomes-Pereira et al. 2011). For example, the most widely used HSALR

mice reproduce cardinal biochemical and clinical features of DM1 by expression of

~250 CTG repeats in the 30UTR of the human skeletal actin transgene (Mankodi

et al. 2000). The CUGexp-containing toxic RNAs bind with high affinity and

sequester much of the available cellular pool of several CUG-binding proteins

including, among others, crucial alternative splicing regulators from the muscle

blind-like protein family (MBNL), MBNL1-3 (Fardaei et al. 2002; Jiang

et al. 2004; Mankodi et al. 2001; Miller et al. 2000). Experimental data also

indicates inappropriate activation of the PKC pathway as a possible mechanism

leading to abnormal hyperphosphorylation and stabilization of another splicing

regulator CUG-binding protein 1/Elav-like family member 1 (CUGBP1) in DM1

tissues (Kuyumcu-Martinez et al. 2007). MBNLs and CUGBP1 proteins antago-

nistically regulate hundreds of splicing events (Wang et al. 2015), and when their

normal function is compromised by the toxic RNA, the splicing patterns become

consistent with a loss of MBNL1 and a gain of CUGBP1 function (Ho et al. 2004;

Lin et al. 2006; Philips et al. 1998). Misregulation of a subset of developmentally

regulated alternative splicing events that are controlled by these proteins shifts the

splicing in DM1 from adult to the embryonic pattern and results in expression of

splice products that are developmentally inappropriate for a particular tissue

(Osborne and Thornton 2006). Summarizing, altered localization, regulation, and

function of splicing regulatory proteins in DM result in impaired alternative

splicing of hundreds of target pre-mRNAs, which ultimately lead to a wide range

of clinical manifestations of the disease.

5.1.2 Modified AONs in Therapy of DM

As of today, there is still no cure for DM and patients’ therapy is limited to

symptomatic treatment and supportive care. Several distinct intermediates of the

disease may constitute possible points of therapeutic intervention (Maga~na and

Cisneros 2011); however, the vast majority of current experimental therapeutics

targets DM “downstream” of the mutant DMPK allele, i.e., at the level of the toxic

RNA or RNA–protein complex, which constitute the core of the disease. Such is the

case with rationally designed small chemical compounds “neutralizing” the toxic
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CUGexp hairpins by virtue of high-affinity binding and spatial hindrance, hence

preventing MBNL proteins’ entrapment in the nuclear foci and spliceopathy

(Konieczny et al. 2015). An alternative approach is based on an antisense strategy,

for example, using chemically modified antisense oligonucleotides (AON) or

expressed antisense RNAs, designed to either neutralize toxic RNA by steric

blocking of RNA–MBNL interaction or reduce the expression of mutant DMPK
transcripts by distinct molecular pathways. Both approaches presume that the final

effect would be the release of MBNLs from pathogenic sequestration by CUGexp

that would boost the pool of proteins available for natural pre-mRNA targets and

hence correct the DM spliceopathy (Gao and Cooper 2013; Gomes-Pereira

et al. 2011; Konieczny et al. 2015; Maga~na and Cisneros 2011; Mulders

et al. 2010; Wheeler and Thornton 2007).

In overview, two major AON-based strategies have been developed to target

DM: (i) splice-switching AONs targeting DM-related aberrant transcripts in an

effort to restore their normal alternative splicing and (ii) AONs designed to either

eliminate/degrade the toxic CUGexp RNA or inhibit the toxic RNA–protein inter-

action in an effort to block the sequestration of splicing regulatory proteins. The

latter strategy is much more prevalent owing to the fact that it targets the disease

more upstream, i.e., at the level of the RNA triggering the disease, while wide-

ranging elimination of DM-related splicing defects using splice-switching AONs

would require targeting of at least several transcripts and many repeated rounds of

injections. Nevertheless, splice-switching AONs may be very effective in reversing

cardinal features of DM, as demonstrated in a study with a PMO-based AON which

was designed to target Clc-1 pre-mRNA whose abnormal alternative splicing in

DM triggers myotonia (Wheeler et al. 2007). By targeting the AON to 30 splice site
of exon 7a and suppressing its inclusion into mature transcript, the authors were

able to reverse the Clc-1 spliceopathy and eliminate myotonic discharges in two

distinct mouse models of DM, the HSALR mice and the Mbnl1 knockout mice

(Kanadia et al. 2003; Wheeler et al. 2007).

In contrast, the feasibility of the second AON-based strategy to bind CUGexp

RNA in an effort to either block protein sequestration or degrade the toxic RNA, or

otherwise modify its metabolism, was shown in cellular and animal DM models by

several independent studies using oligomers with distinct length and chemical

modifications, but with a common trinucleotide CAG repeat motif. To this end,

much data is available on therapeutic AONs able to degrade toxic RNA, while only

two therapeutic AONs were described so far in the literature that efficiently bind

CUG repeat RNA in vivo and preclude MBNL sequestration without inducing

significant degradation of the toxic RNA, namely, a 25-mer morpholino CAG25

(Wheeler et al. 2009) and short, 8- or 10-unit all-LNAs (Wojtkowiak-Szlachcic

et al. 2015). Local intramuscular injection/electroporation of CAG25 was used to

target the CUGexpRNA in an HSALR mouse model of DM1, leading to reversal of

Clcn1 splicing defects and elimination of myotonia (Wheeler et al. 2009). PMOs

are not recognized by RNase-H, yet CAG25 caused a 50% reduction of CUG

repeat RNA, presumably by releasing RNA from foci and enhancing its

degradation indirectly via other mechanisms. More recently, CAG25 was modified
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by attaching it to a cell-penetrating peptide in order to improve its uptake by

muscle fibers, increase its effectiveness, and allow for systemic delivery (Leger

et al. 2013). Indeed, intravenous injection of such peptide-linked morpholino

(PPMO) into HSALR mice was able to neutralize or eliminate several cardinal

features of DM like myotonia, MBNL1 sequestration, and aberrant RNA splicing

(Leger et al. 2013). Likewise, alternative splicing abnormalities of MBNL-sensitive

exons and myotonic discharges in skeletal muscles of HSALR mice were mitigated

upon local intramuscular injection of short, ten-nucleotide-long LNA targeting

CUG repeat motif which inhibited RNA–protein interaction without strong induc-

tion of targeted transcript degradation (Wojtkowiak-Szlachcic et al. 2015).

More data is available on experimental AON-based therapeutics that exert their

effect via degradation of toxic RNA in patients’ DM1 cells as well as in mouse

models. In overview, efficient degradation of CUGexp transcripts can be achieved

by short, chemically modified gapmer-based AONs compatible with RNase-H-

dependent cleavage (Lee et al. 2012; Nakamori et al. 2011; Pandey et al. 2015;

Wheeler et al. 2012) or inducing CUGexp degradation via other unknown mecha-

nisms (Gonzalez-Barriga et al. 2013; Mulders et al. 2009). In vivo administration of

PS58, a modified 20OMe-PS-CAG7 AON (a 21-mer oligonucleotide with a 20-O-
methyl-phosphorothioate modification along the entire backbone, composed of

CAG repeated sequence) into muscle of two distinct DM1 mouse models caused,

for example, a significant reduction in toxic RNA levels in conjunction with a

partial shift in aberrant splicing pattern of several transcripts (Mulders et al. 2009).

Importantly, in DM1 mouse models as well as in DM1 patient cells, PS58 prefer-

entially silenced the DMPK transcripts with expanded repeats, leaving the normal-

sized allele intact. Chemistry of 20OMe-PS-CAG7 AON is incompatible with

RNase-H, and the mechanism underlying the silencing phenomenon as well as

selectivity towards expanded transcripts is not entirely clear. A follow-up study

confirmed that degradation of long DMPK transcripts induced by PS58-type AONs

is indeed an RNase-H-independent process and does not involve oligo-intrinsic

RNase-H activity nor interfere with splicing of DMPK transcripts (Gonzalez-

Barriga et al. 2013). The same study further analyzed a comprehensive collection

of (CUG)n-directed DNA and RNA-based triplet repeat (CAG)n AONs differing in

length and chemistry, including modifications like 20OMe-PS, PS alone, ENA

(20-O,40-C-ethylene-bridged nucleic acid), and PMO (coupled to octa-guanidine

dendrimer, so-called VivoPorter). Results clearly demonstrated that for a significant

reduction of expanded DMPK mRNAs, a minimal length of five CAG triplets was

required and, importantly, the nature of chemical modification strongly influenced

the silencing capacity of tested AONs. Briefly, among DNA-based (CAG)n AONs,

only PS-modified and PS gapmer with 20OMe wings were able to silence expanded

hDMPK mRNA by ~50 and 80%, respectively, leaving the endogenous mouse

Dmpk mRNA intact, while pure DNA-based AON did not show any silencing

activity as it was quickly degraded inside cells. ENA-modified AONs appeared

not effective, probably due to lack of nuclear internalization and concentration in

vesicle-like structures and, as a consequence, inability to reach muscle cell nuclei,

where most expanded (CUG)n transcripts reside. AONs with 20OMe-PS
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modifications were the most efficient, and similarly, PMO-type AONs significantly

reduced hDMPK without affecting endogenous murine Dmpk (Gonzalez-Barriga

et al. 2013).

Degradation of toxic RNA via RNase-H-compatible AONs is another strategy

that exploits the nuclear retention phenomenon to gain a therapeutic advantage,

while posing less risk of off-target effects by avoiding other CUG repetitive

sequences. Recently, chimeric LNA/20MOE-PS-(CAG)n gapmers containing an

RNase-H-compatible PS-DNA fragment with CAG repeat sequences and additional

LNA or 20MOE modifications that convey increased affinity to RNA and render

them resistant to nucleases were shown to selectively knockdown expanded CUG

transcripts in cell culture and in a DM1 mouse model (Lee et al. 2012). Interest-

ingly, lowering the dose of intramuscularly injected/electroporated 14-nt-long

LNA/20MOE-PS-(CAG)n gapmer from 2 to 0.5 μg resulted in a reversal of splicing

defects even without reduction of toxic RNA, suggesting that this particular AON

may also work through other RNase-H-independent mechanisms to affect down-

stream splicing events or, as the authors speculated, through displacement of

MBNL1 from the hairpins. In addition, this work also indicated that combining

AONs that help release CUG transcripts from nuclear foci, such as PMOs, with

20MOE-gapmers that target the CUGs for degradation, can have a synergistic effect

at certain concentrations and enhance the knockdown effect. Though local admin-

istration used in these studies restricts the systemic distribution of therapeutic

AONs and thus is less clinically applicable, there are reports of AONs capable of

exerting a systemic effect. For example, a chemically modified antisense oligomer

termed “5-10-5 20MOE gapmer” has been developed recently, containing a PS

backbone and 20MOEmodification of 5 residues at the 50 and 30 ends, separated by a
central gap of ten DNA nucleotides to support RNase-H activity (Wheeler

et al. 2012). Upon systemic delivery via subcutaneous injection into interscapular

region of an HSALR mouse model (8 injections—25 mg/kg 2�weekly), this AON

targeted specific sequences within the human skeletal actin transgene and resulted

in a very efficient (by as much as ~80%) and long-term silencing of nuclear-

retained transcripts with expanded repeats. Knockdown of toxic RNA persisted

up to 31 weeks post last injection, and in the case of one of the tested oligomers,

even ~ 50% reduction was still observed 1 year after last injection. Furthermore,

this AON corrected the alternative splicing of four MBNL1-dependent exons and

reduced myotonic discharges in hind limb muscles of HSALR mice. Recently, a

novel gapmer-based AON referred to as “ISIS 486178” has been developed, which

targets mouse, monkey, and human DMPK mRNA and shows potent activity when

administered systemically by subcutaneous injection (Pandey et al. 2015). The

central ten nucleotides are deoxynucleotide sugars with a phosphorothioate back-

bone, flanked by three nucleotides at the 50 and 30 ends containing a 20-40constrained
ethyl (cEt) modifications that allow for significantly increased RNA binding affinity

and in vivo potency relative to those modified with other 20 chemistries (“3–10–3

gapmer” design). This cEt-modified AON inhibitedDMPK transcript expression by

about 80% in several cell lines and substantially eliminated RNA foci in patient-

derived DM1 myoblast cells. Moreover, reduction of DMPK mRNA levels in a
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DM1 mouse model as well as in monkeys after subcutaneous injection of ISIS

486178 was sustained for several weeks after cessation of dosing (Pandey

et al. 2015). Another study tested PS-LNA-based (CAG)n oligonucleotides,

namely, RNase-H compatible 4-10-4 DNA/LNA gapmer (with a central stretch of

ten DNA monomers flanked by four LNA nucleotides on either end) and RNase-H

incompatible DNA/LNA mixmer of the same length (with eight LNA nucleotides

interspersed throughout the AON) (Nakamori et al. 2011). Interestingly, both types

of anti-CUG AONs, the gapmer and the mixmer, had a similar capacity to reduce

CUGexp transcripts and a comparable ability to suppress CTG repeat instability in

DM1 cell and murine model.

As a final point, previous clinical trials have only tested drugs aimed at relieving

particular symptoms of DM such as muscle stiffness and myotonia (mexiletine—

currently in Phase 2 clinical trials) or insulin resistance (SomatoKine/iPlex—

recombinant insulin-like growth factor 1). However, owing to recent developments

in antisense-based technology, the first clinical trial tackling the expanded RNA

using AON is currently underway. IONIS-DMPK-2.5Rx, developed by Ionis Phar-

maceuticals in cooperation with Biogen, is presently evaluated in a Phase 1/2

clinical study in approximately 36 adult DM1 patients in a randomized, placebo-

controlled, dose-escalation study. IONIS-DMPK-2.5Rx is a 20MOE gapmer, com-

prising 20MOE modifications at both ends to maximize biostability and a central

gap of ten unmodified nucleotides to support RNase-H activity (Wheeler

et al. 2012). This drug is designed to reduce the expression of mutant DMPK

RNA by targeting sequences outside the CUG expansion region, and currently, it

is the only AON-based drug for DM in clinical trials.

5.2 Huntington’s Disease (HD)

5.2.1 Clinical, Genetic, and Molecular Features of HD

Huntington’s disease (HD) is an adult-onset neurodegenerative disorder with prev-

alence of about 1 in 20,000 worldwide (Kumar et al. 2015). The symptoms start on

average at the age of 38, although the onset can vary from the age of 2 to

85 (Karadima et al. 2012; Zielonka et al. 2014). Clinically, HD manifests itself

with involuntary movements, chorea, dystonia, and cognitive deficits, which relate

to degeneration of small projecting neurons in the striatum and, at later time points,

cortical atrophy (Kay et al. 2014; Vonsattel et al. 2011). HD is caused by an

expansion of CAG trinucleotides in exon 1 of HTT gene (also known as IT15).
Typically, patients have more than 35 repeats on one HTT allele; however, indi-

viduals with 27–35 repeats may transmit larger CAG expansions to their children.

The size of CAG repeats correlates with the onset of the disease, with the juvenile

form starting with more than 60 repeats, and the largest observed number of

trinucleotides reaching above 120. Translation of expanded repeats that encode
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glutamines is essential for HD pathology and, unlike in DM, the protein not the

RNA constitutes the main origin of cellular toxicity.

Huntingtin protein (HTT) is mainly expressed in the brain and testes localizing

to various cellular structures, including the nucleus, ER, Golgi apparatus, and

endosomes (Kumar et al. 2015; Zielonka et al. 2014). Although the exact role of

HTT is still elusive, multiple roles have been indicated, based on hundreds of its

binding partners. Some of the HTT’s functions include regulation of gene tran-

scription, intracellular signaling, trafficking, and endocytosis. It is also unclear how

expansion of glutamines in mutant HTT (mtHTT) might lead to toxicity in HD

(Yu et al. 2014). On one hand, complete loss of HTT in full knockout mice leads to

early lethality and heterozygous mice show abnormalities in the brain as well as

behavioral alterations, and on the other, the amounts of mtHTT protein correspond

with the severity of HD phenotype, which indicates that the larger isoform,

containing an increased number of glutamines, gains new detrimental functions.

The gain-of-function hypothesis is also supported by experiments showing that loss

of HTT in adult mice and rhesus monkeys is well tolerated (Boudreau et al. 2009;

Grondin et al. 2012).

As HTT has numerous functions that might be important for long-term neuronal

function, successful therapy against HD should employ allele-specific elimination

of the mtHTT transcript or translation inhibition of the mutated protein. Both

approaches can be tackled with modified AONs. Elimination of the mtHTT
mRNA can be achieved by targeting DNA-PS AONs or gapmers to either CAG

repeats or sequences containing single nucleotide polymorphisms (SNPs) linked to

expanded trinucleotide repeats. Conversely, translation inhibition is utilized with

fully modified AONs binding to CAG repeats that sterically block formation of the

ribosomal complex. Therapeutic efficacy of AONs is generally tested in two

transgenic mouse models, YAC128 and BACHD that in addition to the intrinsic

HTT express human full-length mtHTT (Ehrnhoefer et al. 2009). Both HD mouse

models show progressive motor abnormalities followed by striatal and cortical

atrophy.

5.2.2 Modified AONs in Therapy of HD

Potential application of AON analogs towards HD was first shown by targeting a

fragment of the first exon of HTT with PS-modified AONs in NT2N neurons

(Nellemann et al. 2000). Selective knockdown of the mutant protein was achieved

next in HD patient’s fibroblast cells and cultured striatal neurons derived from

YAC128 mice with the use of PNA and LNA oligomers targeting directly CAG

repeat sequence, but not other regions of HTTmRNA (Hu et al. 2009). To allow for

AON uptake, PNAs were conjugated to a peptide, and LNAs were delivered with

lipids. Interestingly, as short as 13-nt-long PNAs with CTG repeat sequence were

effective. No significant decrease in the amount of mRNA upon delivery of PNAs

and LNAs was observed, suggesting that the major therapeutic effect is due to

inhibition of translation. Importantly, both tested AON analogs not only
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discriminated between mutant and normal HTT variants but also did not affect

expression of other CAG-containing mRNAs.

A spectrum of other AON analogs directed against CAG repeats were shown to

selectively inhibit expression of mtHTT protein in a subsequent study (Gagnon

et al. 2010). Those included LNAs, 20MOEs, and RNase-H-activating gapmers. The

comparison showed that the most effective AON analogs reduced mtHTT through

steric interaction rather than transcript degradation, with, e.g., LNA gapmers

showing relatively high toxicity compared to the fully modified LNAs, presumably

due to inhibition of other CAG repeat-containing genes. Importantly, allele-specific

inhibition of toxic mRNA was compatible with PS-modified AONs favorably used

in in vivo studies due to their increased stability against nucleases and better

cellular uptake. In a subsequent study comparing various therapeutic strategies

directed at mtHTT transcript, PMOs and PNAs binding to CAG repeats showed

relatively high allele selectivity in fibroblasts from affected individuals, decreasing

the mtHTT and normal HTT protein isoforms to approximately 25 and 70% of

control levels, respectively (Fiszer et al. 2012).

Researchers identified a number of SNPs associated with expanded CAG repeats

that allowed for selective downregulation of the mtHTT transcript (Warby

et al. 2009). 20MOE-PS gapmers binding to an SNP efficiently silenced mtHTT

expression in patient’s fibroblasts and in primary neurons from mouse models of

HD (Carroll et al. 2011). Furthermore, the authors showed that intraparenchymal

delivery of 20MOE-PS gapmer analogs with S-constrained ethyl motifs to the

BACHD mouse strain can selectively lower mtHTT protein to 47%. In the follow-

ing study, a marked decrease of the mutant protein in brains of YAC128 and

BACHD mice following intracerebroventricular 2-week infusion with 50 μg/day
gapmers carrying 20MOE-PS chemistry was achieved (Kordasiewicz et al. 2012).

Importantly, lowered mtHTT content was accompanied by sustained reversal of

motor deficits that persisted for at least 12 months, despite the mutant protein

restoration to initial levels 9 months after the treatment. Surprisingly, a similar

phenotype was obtained upon reduction of the total HTT (the human mtHTT and

the murine wild-type form) in the BACHD mouse model. Based on these data, as

well as the fact that infusion of AONs at a dose of 4 mg/day for 21 days into rhesus

monkeys’ brains also effectively lowered huntingtin expression in many brain

regions, the first clinical trial for treatment of HD was initiated, with the use of a

nonselective 20MOE-PS gapmer (IONIS-HTTRX) targeting total HTT (Keiser

et al. 2015).

Although the experiments showed that reduction of both mutant and wild-type

HTT is therapeutic in rodents, the outcome of a long-term decrease of the wild-type

form in humans is unpredictable. Based on this principle, enhanced single nucleo-

tide discrimination of RNase-H was achieved by positional incorporation of chem-

ical modifications within AONs (Østergaard et al. 2013). This strategy limited

RNase-H-mediated cleavage of the nontargeted transcript and resulted in a near-

complete silencing of mtHTT with no significant suppression of the normal form in

patient’s cells and a humanized mouse model of HD carrying only human HTT
alleles (Southwell et al. 2013).
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6 Future Perspectives

Over the recent years, studies exploring the therapeutic application of chemically

modified AONs have moved from in vitro and cell culture-based experiments to

mouse and large animal studies. Currently, several of the selected molecules are

being tested in clinical trials. For DMD and HD, however, only a limited number of

patients can benefit from a treatment with a single AON, and thus, clinical trials

combining several AONs in one therapeutic treatment will presumably follow. In

DMD, this would require, e.g., several AONs targeting exons 45–55 (Béroud

et al. 2007). In HD, CAG repeat targeting AON analogs could presumably be

only used in juvenile forms of HD characterized by longer expansions. Other HD

patients might be more amenable for therapy with AONs targeting SNPs (Kay

et al. 2014), in which at least three different SNPs will have to be targeted to

achieve selective treatment in more than 80% of HD patients (Warby et al. 2009).

The pursuit of clinically relevant AON treatments targeting NMDs is still ongoing.
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Abstract Abasic sites in DNA arise from spontaneous damage and, if left

unrepaired, contribute to mutations. Dedicated pathways have evolved to repair

abasic DNA; however, the biological implications and cellular fate of RNA

possessing these lesions are not well characterized. In this chapter, we review

advances in the area of RNA depurination, which produces the dominant form of

abasic RNA in vivo. We discuss the biochemistry of RNA depurination, the varied

impacts of cellular and viral RNA depurination, and the numerous methods avail-

able for detecting abasic RNA. Given the abundance of RNA in cells and the

relative stability of abasic RNA compared with DNA, depurinated RNA likely
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has physiological significance. Recent work suggests a link between RNA

depurination and some age-related diseases as well as downstream signalling

pathways that induce apoptosis. In addition, pathogens with RNA genomes are

influenced by depurination. For example, abasic sites of HIV-1 RNA may contrib-

ute to adaptation by mutation and recombination. Therefore, effects of RNA

depurination have medical relevance that warrants continued study.

Keywords Abasic RNA • Glycosidase • Ribotoxic stress response • Ribosome-

inactivating protein • RNA depurination • Translation inhibition • Virus resistance

1 Introduction

An abasic site, which is the lack of a purine or pyrimidine base in a nucleic acid,

arises from spontaneous damage and is also produced as an intermediate during the

process of DNA repair. It is estimated that over 10,000 apurinic sites in DNA are

generated in a cell daily (Lindahl and Nyberg 1972). It has long been known that

abasic lesions in DNA are readily repaired through the concerted action of several

enzymes. However, little is known about the biology of abasic RNA, the most

intriguing question being whether such RNA is degraded or repaired. Compared to

DNA, RNA is thought to be rather expendable—it has a short half-life, exists as

many copies, and any errors in sequence are not permanently detrimental to the cell.

Still, there are important biological consequences of abasic lesions in RNA mole-

cules. This review summarizes what is known about RNA depurination, including

active areas of research and remaining questions in the field. We begin with the

biochemistry of RNA depurination, followed by a discussion of the effects of

cellular and viral RNA depurination, and finally, we summarize available methods

of detecting abasic RNA.

2 Biochemistry of RNA Depurination

2.1 The Mechanism of Depurination

Depurination is the chemical process of removing an adenine or guanine base from

DNA or RNA. Depicted in Fig. 1, the reaction involves hydrolysis of the β-N-
glycosidic bond between the ribose (or deoxyribose) sugar and nitrogenous base.

Depurination begins with protonation of the purine base at any of the N3 or N7

positions (1), which forms a positive charge on the ring structure and destabilizes

the N-glycosidic bond (Zoltewicz et al. 1970; Shapiro and Danzig 1972; An

274 K.A. Jobst et al.



et al. 2014) (2). This leads to β-elimination of the base and generation of a (deoxy)

ribofuranosyl oxocarbenium ion intermediate (Zoltewicz et al. 1970; Chen

et al. 2000) (3). Finally, hydrolysis is completed with the formation of a (deoxy)

ribofuranose hemiacetal through nucleophilic attack of water at the C10 position (4).
Whether the nucleoside substrate is RNA or DNA has a significant effect on the

rate of depurination. The hydroxyl group of RNA generates a negative dipole that

stabilizes the C-N glycosidic bond, making it more difficult to eliminate the

nitrogenous base (Venner 1964; Kochetkov and Budovskii 1972). Additionally,

purine nucleosides tend to hydrolyze faster than pyrimidine derivatives (Venner

1964; An et al. 2014) because purines have the capacity to become diprotonated,

which further destabilizes the N-glycosidic bond (Lindahl and Nyberg 1972). In

addition, dual ring purines delocalize positive charge more effectively than single-

ring pyrimidines due to the number of contributing resonance structures. The rates

of base hydrolysis under acidic conditions are shown in Table 1.

The reaction rates indicate that 2-deoxyribosyl derivatives are hydrolyzed

100–1000 times faster than ribosyl derivatives, and purine derivatives are hydro-

lyzed 100–1000 times faster than pyrimidine derivatives. Depurination is enhanced

by decreasing the pH to favor protonated forms of the nitrogenous base (Zoltewicz

et al. 1970; Hevesi et al. 1972). The resultant positive charge or positive dipole on

the base withdraws electron density from the N-glycosidic bond, thus weakening

it. In a similar fashion, depurination is enhanced by modifying the nucleoside with

alkylating agents that permanently induce a positive charge on the nitrogenous

base (Brookes and Lawley 1961; Zoltewicz et al. 1970; Gates 2010). As shown in

Fig. 2, simple alkylating agents such as dimethyl sulfate and methylnitrosourea,

Table 1 Kinetic parameters

of acid hydrolysis of

nucleosides at pH 1 and

37 �C. k1 is the velocity of

hydrolysis (of the first order).

Adapted from Venner 1964

Nucleoside k1 [Sec
�1]

20Deoxyadenosine 4.3� 10�4

20Deoxyguanosine 8.3� 10�4

20Deoxycytidine 1.1� 10�7

20Deoxyuridine <10�7

20Deoxythymidine 2� 10�8

Adenosine 3.6� 10�7

Guanosine 9.36� 10�7

Cytidine <10�9

Uridine <10�9

Fig. 1 A typical depurination reaction: acid hydrolysis of adenine from adenosine
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or nucleotide-modifying enzymes like methyltransferases (Drabløs et al. 2004),

form adducts at nucleophilic N- and O-atoms of the base. Alkylation of endocyclic

nitrogens, such as the N7 position of purines, can form a positive charge (6) that

weakens the N-glycosidic bond and enhances depurination (Zoltewicz et al. 1970;

Drabløs et al. 2004; Gates 2010).

Nucleosides can also be depurinated through free radical oxidation at the C10

position (Fig. 3). This can occur by direct hydrogen atom abstraction (9) followed

by peroxide radical formation of the C10 carbon (10). The peroxyl radical is then

ejected as a superoxide radical anion (11), leaving behind the ribofuranosyl

oxocarbenium ion (12). Water attacks the C10 position to form an acetal interme-

diate (13) which subsequently eliminates the base to generate a ribonolactone (14)

(Gates 2010). There are many initiators of free radical reactions, but those of

biological importance include hydroxyl radicals, superoxides, and reactive oxygen

or reactive nitrogen species (ROS or NOS) (Kong and Lin 2010). These radicals

stem from a number of sources, including ionizing radiation and chemical initiators,

as well as biological processes like metabolism and pathogen defense.

Fig. 2 Methylation of guanosine by dimethyl sulfate followed by hydrolysis of the N-glycosidic

bond

Fig. 3 Free radical oxidation of the nucleoside C10 and subsequent elimination of the nitrogenous

base
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2.2 Enzymes of RNA Depurination

Although there are several examples of DNA glycosylase enzymes, few RNA

specific glycosidases have been identified. The most well-known class of RNA

glycosidases is the ribosome-inactivating protein or RIP (EC 3.2.2.22) that exists in

a wide range of plants and bacteria (Stirpe and Battelli 2006). For example, ricin is a

well-studied RIP synthesized by the castor bean plant (Endo and Tsurugi 1987).

RIPs catalyze the depurination of adenine from the invariant GAGA sequence

within the sarcin/ricin loop (SRL) of the large ribosomal RNA (Endo et al. 1987;

Endo and Tsurugi 1988; Stirpe 2004). The SRL adopts a conserved hairpin structure

that recruits elongation factors eEF1 and eEF2 to the ribosome (Obrig et al. 1973).

Depurination of the SRL disrupts the binding of these factors, resulting in protein

translation inhibition at the translocation step (Obrig et al. 1973). Depurinated

ribosomes trigger a ribotoxic stress response that activates apoptosis and can

result in cell death (Jandhyala et al. 2012), as described in Sect. 2.1. In this manner,

endogenous RIPs are thought to act as defense proteins that inhibit microbial

pathogen replication. Interestingly, some RIPs also depurinate non-ribosomal

RNA substrates, most notably viral RNA, with potential applications in medicine.

The antiviral roles of RIPs are discussed in depth in Sect. 3.

With the exception of RIPs, little is known about other types of RNAglycosidases.

However, similar DNA glycosylases have been discovered that participate in base

excision repair (BER) pathways (Kim and Wilson 2011). This group of enzymes

excises damaged bases from DNA; such damage may occur from mechanisms

including deamination, alkylation, or oxidation. If left unrepaired, these lesions can

alter base-pairing interactions and lead to mutations during DNA replication.

Surprisingly, some DNA glycosylases also demonstrate activity on RNA,

suggesting that some RNA lesions may be repaired in a similar manner. One

such example is single-strand-selective monofunctional uracil-DNA glycosylase

1, or SMUG1, which removes uracil and oxidized pyrimidines from DNA

(Masaoka et al. 2003; Matsubara et al. 2004; Jobert and Nilsen 2014). SMUG1

directly interacts with an essential rRNA biogenesis enzyme, DKC1 (dyskeratosis

congenita 1), which catalyzes the isomerization of uridine to pseudouridine in

rRNA (Nakhoul et al. 2014) and is thought to be involved in rRNA surveillance

and degradation by the nuclear exosome (Hoskins and Scott Butler 2008; Jobert

et al. 2013). SMUG1 associates with 47S precursor rRNA in the nucleolus and

depletion of SMUG1 reduces levels of 28S, 18S, and 5.8S rRNAs and increases

the presence of 5-hydroxymethyl uracil (5-hmU) in rRNA (Jobert et al. 2013).

The 5-hmU glycosylase activity of SMUG1 is thought to contribute to a quality

control mechanism during rRNA biogenesis and degradation but how this may

occur is unclear (Pettersen et al. 2011). Furthermore, the origin of 5-hmU nucleo-

sides remains unknown; however it has been proposed to arise from hydrolytic

deamination products of 5-hydroxymethylcytosine, a natural modification of 18S

and 28S rRNA (Jobert et al. 2013). Although SMUG1 depyrimidates RNA, further

investigation into the crossover of DNA and RNA metabolism may reveal the

existence of novel RNA purine glycosidases and additional roles of abasic RNA.
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2.3 Reactivity of an Abasic Site

After depurination, the resulting hemiacetal (15) is the predominant form of an

abasic site. However, as illustrated in Fig. 4, a small percentage (~1%) isomerizes

into a straight chain aldehyde (16) (Manoharan et al. 1989).

As shown in Fig. 5, the aldehyde isoform is sensitive to β-elimination of the

C30 phosphate under mildly basic conditions (17), resulting in strand cleavage

(18) (Suzuki et al. 1994; Lhomme et al. 1999). The aldehyde group is also

reactive with hydrazine or other weak amine bases like spermine, aniline, or

N,N-dimethylethylenediamine, which form a Schiff base (21) and promote

β-elimination of the C30 phosphate (22) (Kochetkov and Budovskii 1972). Subse-

quent δ-elimination can occur under strong alkaline conditions, resulting in the

formation of an enol (19) at the C50 and C40 position that eventually tautomerizes to

the ketone (20) (Kochetkov and Budovskii 1972). Under physiological conditions,

the δ-elimination reaction is slow in comparison to β-elimination (Bailly and Verly

1988a, b), but δ-elimination is thought to occur following β-elimination of abasic

Fig. 4 Isomers of abasic sites: left is the hemiacetal form and right is the aldehydic form. R is OH

or H for RNA or DNA, respectively

Fig. 5 β-elimination and subsequent δ-elimination of an abasic nucleotide. Schiff base formation

enhances the β-elimination reaction
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sites during DNA repair (Bailly et al. 1989; Morland et al. 2002). Interestingly,

abasic RNA was found to be 153 times more resistant to β-elimination than abasic

DNA (K€upfer and Leumann 2007), indicating that depurinated RNA may persist in

the cell longer than depurinated DNA. The stability of abasic RNA may have

interesting biological consequences when investigating long lived RNAs like

rRNA, tRNA, or even viral RNA (K€upfer and Leumann 2007). For example, an

abasic site may alter the structure of an RNA molecule and its cellular interactions.

Abasic RNA can also be a substrate for enzymatic RNA cleavage. RNA abasic

lyase, or RAlyase, is an enzyme isolated from monocot plants such as wheat and

rice and is thought to be involved in apoptosis (Sawasaki et al. 2008). This enzyme

cleaves the phosphodiester bond at the 30 end of an abasic site and acts in conjunc-

tion with RIPs that depurinate the SRL (Ozawa et al. 2003). It has been suggested

that elongation factors bind weakly to depurinated ribosomes, which would allow

viruses to maintain their replication in infected cells (Ozawa et al. 2003). RAlyase

cleavage of RIP-induced depurination would abolish the binding of elongation

factors and strengthen virus resistance in the plant.

2.4 Section Summary

Abasic sites in DNA are considered mutagenic because they lack coding informa-

tion and are susceptible to 30 strand cleavage. As a result, dedicated repair pathways
exist to maintain the integrity of the genetic code. An increasing body of evidence

reveals that some DNA repair enzymes also function on RNA, suggesting the

existence of new RNA surveillance and/or repair mechanisms. Unlike DNA,

single-stranded RNA lacks a complementary strand to utilize as a template, so

repair of an mRNA transcript may result in mutations. Given that both long-lived

(rRNA and tRNA) and short-lived (mRNA) species are more abundant than DNA,

and abasic RNA is more stable than abasic DNA, depurinated RNA must be

prevalent in a cell. Nevertheless, how the cell detects and manages abasic RNA is

not well understood. It is conceivable that RNA depurination could represent an

additional layer of gene regulation. For example, depurination may allow dynamic

structural changes to mediate environmental response and facilitate new interac-

tions. Further studies on the biological relevance of abasic RNA will improve our

understanding of this common but poorly characterized nucleic acid modification.

3 Effect of Depurination on Cellular and Viral RNA

Removal of purine bases occurs to several types of cellular RNAs; those investi-

gated to date include rRNA, mRNA, and tRNA. A summary of these effects is

presented in Fig. 6. As discussed above, the chemical stability of abasic RNA is

significantly greater than that of DNA. Importantly, the effect of RNA depurination
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on a cell is measurable and biologically relevant even though RNA is generally a

shorter-lived molecule than DNA.

3.1 Ribosomal RNA Depurination

3.1.1 Effect on Translation

As outlined above in Sect. 2.2, depurination of rRNA occurs within the 28S at the

SRL, a conserved stem-loop region. A4324 of mammalian ribosomes is removed by

glycosidases and this activity is the defining feature of this group of enzymes (Endo

et al. 1987). Early studies characterizing the effects of glycosidases showed that

they slowed the rate of translation of cell-free ribosome mixtures. The translocation

step during elongation was primarily inhibited, due to decreased ribosome-

dependent hydrolysis of GTP by elongation factor (eEF2) (Gessner and Irvin

1980). Subsequent structural analyses of intact ribosomal subunits confirmed

eEF2 binding in close proximity to the SRL and overlap in the binding locations

of eEF1 and eEF2 (Moazed et al. 1988; Spahn et al. 2004). Though the binding of

eEF1 and aminoacyl-tRNA to the acceptor site of the ribosome is also inhibited by

depurination (Irvin et al. 1980), the large molar excess of eEF1 compared to

ribosomes means that eEF1 is not likely the rate-limiting factor during protein

synthesis (Browning et al. 1990).

The resulting inhibition of translation due to rRNA depurination is considered

the main reason for toxicity of many glycosidases and the primary way in which

they function in defense against pathogens. That is, expression of these enzymes

would either limit pathogen invasion by targeting ribosomes of the invader or cause

host cell death which would limit pathogen spread. Though several examples exist

RNA depurina�on

rRNA mRNA tRNA

Translation inhibition

Ribotoxic stress response 

Translation inhibition Translation inhibition

vRNA

Translation inhibition

Replication inhibition

Particle inhibition

Genome recombination

Unfolded protein response

Fig. 6 Effects of RNA depurination within cells. Depurination inhibits translation by decreasing

the activity of ribosomes, which may occur by base removal from rRNA or tRNA. Depurination of

mRNA/vRNA also stalls elongating ribosomes. Depurination of rRNA triggers a ribotoxic stress

response to signal this damage to the cell. Depurination of rRNA may contribute to the unfolded

protein response caused by aberrant protein synthesis. Depurination of vRNA also inhibits the

replication of viral RNA because the replicase stalls at the abasic nucleotide. Depurinated vRNA is

not packaged into particles. Finally, depurination of vRNA may enhance genome recombination
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to illustrate the correlation between rRNA depurination and defense against path-

ogens (Taylor et al. 1994; Watanabe et al. 1997), not all RIPs depurinate ribosomes

endogenous to the plant. For example, the ribosomes of Beta vulgaris, sugar beet,
are resistant to depurination by beetin, a RIP synthesized by this plant (Iglesias

et al. 2008). It is suggested that the enzyme may function to directly attack the RNA

of an invading plant virus, as beetin has been reported to depurinate tobacco mosaic

virus RNA (Iglesias 2005). The effects of viral RNA depurination by glycosidases

are described below in Sect. 3.

Glycosidases have also been studied for their anticancer effects, as incubation of

these enzymes with mammalian cells often causes apoptosis. Apoptosis has been

linked to the unfolded protein response, a cellular response activated by the

accumulation of misfolded proteins in the endoplasmic reticulum (ER) lumen

(Tesh 2012). Depending on the glycosidase and cell type, the unfolded protein

response may or may not be correlated with the depurination of rRNA. For

example, the addition of low concentrations of the glycosidase riproximin or

volkensin to HCT116 and MDA-MB231 cells induces the unfolded protein

response and is accompanied by the transcription and translation of related proteins

required for the response, despite rRNA depurination (Horrix et al. 2011). Other

studies have measured indicators of the unfolded protein response hours before

complete translation inhibition (Brigotti et al. 2002; Li et al. 2007). However, this

does not preclude the possibility that the signal to induce this response originates

from the depurinated ribosome before detectable protein translation inhibition or

that a gradual decline in the rate of translation is sensed by the endoplasmic

reticulum.

3.1.2 Ribotoxic Stress Response

The mechanism by which depurination of rRNA is communicated to the cell is

called ribotoxic stress response. This term was originally coined by Iordanov

et al. (1997) in describing the activation of jun-N-terminal kinase (JNKs) in

response to inhibition of actively translating ribosomes. Not all forms of translation

inhibition trigger the kinase cascade; for example, ricin, anisomycin, and α-sarcin
do, whereas emetine, cycloheximide, and T-2 toxin do not. Also, treatment of cells

with emetine, which stalls ribosomes in a pretranslocation state, prevented subse-

quent induction of the ribotoxic stress response. These results indicate that specific

interactions of the toxin with ribosomes are required to initiate this response, rather

than any form of translation inhibition. In addition, actively translating ribosomes

were required. Since this work, activation of p38 and ERKs has also been shown to

mediate the signal for damage at the 28S rRNA (Shifrin and Anderson 1999; Zhou

2003; Colpoys et al. 2005).

One candidate for the upstream mediator of the ribotoxic stress response is

double-stranded RNA-activated protein kinase (PKR). Damage of 28S rRNA

enhances eIF2α phosphorylation, a target of PKR (Zhou et al. 2003), and PKR

inhibitors or antisense knockdown of PKR reduces MAPKinase activation
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associated with 28S rRNA damage (Gray et al. 2008). In addition, PKR is consti-

tutively expressed and is known to associate with the ribosome (Garcia et al. 2006;

Kang and Tang 2012). PKR has two dsRNA-binding domains and binds rRNA in a

sequence-independent manner (Garcia et al. 2006), suggesting the model that

damage to 28S rRNA may prompt dimerization and autophosphorylation of already

bound PKR, which would initiate the kinase cascade (Zhou et al. 2014).

Despite the obvious inhibition of cellular translation due to rRNA depurination,

the ribotoxic stress response, through its activation of MAP kinases, upregulates the

transcription and expression of many proteins. Recent phosphoproteome analysis

showed altered levels of phosphorylation for 188 proteins, 20% of which were

involved in transcriptional regulation. Other biological processes impacted

included the cell cycle, RNA processing, and cytoskeletal organization (Pan

et al. 2013). Therefore, the cellular effects of damage to 28S rRNA are extensive.

Complementary proteome analysis of proteins associated with ribosomes following

28S rRNA damage shows a decrease in proteins involved in translation and a

concurrent compensatory increase in chaperones and proteins involved in biosyn-

thesis and cellular organization (Pan et al. 2014). Therefore, the ribosome plays a

central role in coordinating the cellular response to 28S rRNA damage through its

recruitment of proteins that mediate survival to stress.

3.2 Messenger RNA Depurination

Though rRNA is the predominant RNA of cells, mRNAs are also subject to

depurination. The demonstrated consequences of this type of damage to mRNA

are decreased translation of the message and enhanced signaling to downstream

effectors of the damage.

The effect of abasic RNA on translation has been investigated. An in vitro

translation assay comprised of a short synthetic mRNA containing an abasic

nucleotide in a predefined position of the open reading frame was 32P-labeled at

the 50 end and linked to puromycin at the 30 end. Upon in vitro translation in a cell-

free ribosome mixture, the encoded peptide chain was transferred to the puromycin,

thereby releasing it from the ribosome, and the products analyzed by gel electro-

phoresis. Results indicated that abasic nucleotides completely halted protein syn-

thesis at the site of modification (Calabretta et al. 2015). In addition, oxidation of

nucleotides also affected translation. For example, Ɛ-rC and Ɛ-rA completely

terminated peptide synthesis at the site of modification, whereas 8-oxo-rG,

8-oxo-rA, 5-HO-rC, and 5-HO-rU significantly inhibited full-length peptide syn-

thesis, leading to some abortive peptides at the site of modification (Calabretta

et al. 2015). Therefore, abasic and oxidized nucleotides inhibit mRNA translation.

Reactive oxygen species oxidize nucleic acids, leading to a loss or change in

their biological functions. DNA is largely protected from oxidative damage by

binding proteins and repair enzymes. Less is known about the nature of RNA

oxidation and it is generally accepted that RNA is less protected against reactive
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oxygen species. Growing evidence suggests that age-related diseases, such as

atherosclerosis and Parkinson and Alzheimer diseases, are correlated with elevated

levels of oxidized RNA and that oxidized RNA is a contributing factor for disease

pathogenesis (Zhang et al. 1999; Martinet et al. 2004; Lovell and Markesbery

2007). In vitro incubation of an RNA transcript with cytochrome C and hydrogen

peroxide resulted in the preferential oxidation of guanosine bases (Tanaka

et al. 2012). Moreover, these oxidized residues became depurinated, forming abasic

sites in the RNA. When cytochrome C was associated with liposomes enriched in

mitochondrial membrane lipids and incubated with RNA and hydrogen peroxide, it

cross-linked with the oxidized RNA and dissociated from the liposomes. These

experiments illustrate the possibility that oxidized RNAmay facilitate the release of

cytochrome C from mitochondrial membranes. This release would induce apoptosis

in response to oxidative damage. In this way, oxidized and depurinated RNAs may

contribute to protective signaling to promote cell death during stress.

3.3 Transfer RNA Depurination

Depurination of tRNA also occurs in cells. Yeast Phe-tRNA is subject to cleavage

in its anticodon loop by several aminoglycoside antibiotics (Kirk and Tor 1999;

Szczepanik et al. 2003). This process was thought to rely on the presence of a

hypermodified guanine residue, called wybutine, at position 37 of the tRNA chain

(Krzyzosiak et al. 1988). However, subsequent in vitro analysis has shown that it is

the removal of the base (wybutine) that renders the tRNA sensitive to cleavage

(Wrzesiński et al. 2005). The cleavage of depurinated Phe-tRNA by physiological

levels (10 μM) of the antibiotic neomycin B was 160-fold faster than

non-depurinated tRNA. It remains unknown how antibiotics cleave tRNA at the

abasic site; however, given that even very low levels (0.1 μM) of antibiotic resulted

in measurable tRNA cleavage, the process may have biological relevance. Cleaved

tRNA would not function in translation. Moreover, depurinated RNA molecules,

beyond tRNA, may be susceptible to cleavage by antibiotics as a mechanism of

antibiotic-producing organisms to damage RNA of competing cells.

3.4 Viral RNA Depurination

The genomes of RNA viruses are also subject to depurination, with consequences

for different stages of the virus life cycle. For example, the brome mosaic virus

(BMV) is a plant virus with a (+)-sense, tripartite RNA genome comprised of RNAs

1, 2, and 3 (Ahlquist 1992; Kao and Sivakumaran 2000). We have shown that PAP,

an RNA glycosidase, depurinates BMV RNA3 and inhibits replication of the viral

genome (Karran and Hudak 2008). Depending on the location of the abasic

nucleotide, the effect of this RNA damage is either to stall the viral replicase during
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synthesis of (�)-sense RNA or to prevent initiation altogether. That is, an abasic

nucleotide will prevent the advance of an elongating replicase, and if depurination

occurs at a replicase binding site, it will also prevent initiation of the enzyme.

The behavior of retroviral reverse transcriptases (RTs) at an abasic nucleotide in

an RNA template has also been investigated. Though several groups have studied

the activity of reverse transcriptases, the work we cite here was performed using a

true abasic RNA template. Three different enzymes were tested, the human immu-

nodeficiency (HIV) RT, avian myeloblastosis virus (AMV) RT, and Moloney

murine leukemia virus (MMLV), for their ability to extend a cDNA primer com-

plementary to a single-stranded RNA containing one abasic nucleotide. Trans-

lesion synthesis occurred with HIV RT, to a lesser extent with AMV RT, whereas

MMLV RT aborted DNA synthesis at the site of the missing base (K€upfer
et al. 2007). dATP was preferentially inserted by HIV RT across from the missing

base; however, there was less discrimination among the four dNTPs for incorpora-

tion across from abasic RNA compared with abasic DNA. In addition,

A-incorporation was only twofold slower than extension along an undamaged

template. The AMV RT slowed significantly when at or within one nucleotide of

the abasic site, which increased the odds that the RNase H activity of the enzyme

functioned to abort DNA synthesis by degrading the RNA template. In the case of

HIV RT, trans-lesion synthesis was faster than RNA degradation, implying that for

HIV, an abasic site in its genomic RNA may increase the possibility for mutation

and perhaps selective advantage for the virus. Therefore, the fidelity among viral

reverse transcriptases varies, and hence, the probability of genome mutation, rather

than inhibition of cDNA synthesis at an abasic site, correlates accordingly.

In addition to mutation of the HIV genome by insertion of an adenine at the site

of an abasic template nucleotide during cDNA synthesis, an abasic nucleotide in the

template RNA genome may cause viral recombination. Viral recombination,

resulting from internal strand transfer, occurs during reverse transcription (Basu

et al. 2008). The enzymatic activities of the DNA polymerase and RNase H sub-

units of the viral reverse transcriptase function at an equilibrium, with cDNA

synthesis and degradation of the RNA template at rates that maintain the stability

of the polymerase on the RNA template (Svarovskaia et al. 2000). Modifications to

either subunit that alter their respective rates of reaction have been shown to change

the probability of internal strand transfer. For example, a slower polymerase will

enhance strand transfers, whereas an inefficient RNase H will reduce their fre-

quency (Operario et al. 2006). The biological relevance of this dynamic relationship

is apparent when considering situations that cause the reverse transcriptase to stall

or slow.

Internal strand transfer was initially described as a mechanism by which HIV

could still transcribe its full genome even if one of two packaged genomic RNAs

was damaged (Smyth et al. 2012). Internal strand transfer would occur when the

reverse transcriptase is stalled at the damaged site. This stalling may be due to

strand breakage and has also been enhanced by high amounts of secondary struc-

ture, which causes the polymerase to pause (Roda et al. 2002; Gao et al. 2006). We

suggest that in addition to these possible scenarios, depurination of the RNA
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template may also enhance internal strand transfer. Even if the polymerase responds

to an abasic site by inserting an adenine, this activity decreases its rate of migration

along the template by twofold (K€upfer et al. 2007), which may be sufficient to

increase the probability of template switching.

Therefore, depurination of HIV genomic RNAwill contribute to mutation, either

by the insertion of an adenine at the site of the abasic nucleotide or by enhancing

genome recombination. Both of these events increase the diversity of viral RNA,

which may have positive or negative effects. High genetic diversity will allow the

virus to evolve quickly in response to selective pressures.

We have shown previously that co-expression of a glycosidase, along with BMV

RNA3 in yeast, which is a surrogate host for the virus, results in depurination of the

viral RNA. The depurinated RNA was associated with polysomes and caused

elongating ribosomes to stall at the missing base. The mRNA was subsequently

targeted for accelerated degradation by components of the no-go decay pathway

(Gandhi et al. 2008). Several mRNA surveillance pathways have been described

and outline how cells detect and degrade aberrant transcripts. The no-go decay

pathway occurs in cis when elongating ribosomes are confronted by substantial

RNA secondary structure, rare codons, or premature stop codons (Doma and Parker

2006). The Dom34:Hbs1 complex recognizes the stalled ribosome and recruits an

uncharacterized endonuclease to cleave the mRNA close to the stalled ribosome

(Tsuboi et al. 2012). The complex also facilitates release of the ribosome subunits

from the mRNA at the expense of ATP hydrolysis (Shoemaker and Green 2011).

The mRNA fragments are degraded at their cleaved 50 ends by Xrn1 and at their 30

ends by the exosome (Inada 2013).

In vitro incubation of BMV RNA with the glycosidase and subsequent transla-

tion in a cell-free ribosome mixture also resulted in synthesis of truncated protein,

indicative of ribosome stalling (Gandhi et al. 2008). We suggest that the

depurinated nucleotide at the wobble base of a codon in the ribosomal A-site

would interfere with tRNA base pairing and subsequent peptidyl transfer. There-

fore, depurination contributed to decreased protein product, due to both accelerated

RNA decay and translation elongation arrest.

Apart from the effect on viral enzymes, depurination of viral RNA also influ-

ences the behavior of viral structural proteins. For example, we have shown that

abasic sites on BMV RNA3 inhibit the binding of coat protein (Karran and Hudak

2011). Coat protein associates with strands of genomic viral RNA, in an incom-

pletely understood fashion, to build a viral particle. This packaging is an essential

step in the virus life cycle that prevents degradation of the genomic RNA by

nucleases and allows for transfer of the virus from one host to the next.

Depurination decreased the affinity of coat protein for binding to viral RNA, and

we attribute this decrease to change in local RNA structure and enhanced flexibility

of the viral RNA. Detection of depurinated RNA by coat protein suggests a quality

control mechanism whereby coat protein can distinguish between intact and dam-

aged RNA and only package intact RNA.
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3.5 Section Summary

The SRL of rRNA is the most conserved sequence of RNA in nature. The removal

of a base from this loop has detrimental effects on the binding and activity of

protein elongation factors. Given recent progress on the structure of ribosomal

subunits and their association with these factors, the opportunity exists for a

detailed study to examine how the depurination of a single nucleotide changes

the shape of the RNA loop and its specific contact points with eEF1 and eEF2. The

biological impact of rRNA depurination extends beyond inhibition of protein

translation, as many glycosidases also induce an ER stress response. Though the

link between rRNA depurination and the UPR leading to apoptosis has not been

mapped, we suggest that improper folding of proteins resulting from aberrant

synthesis by damaged ribosomes is what triggers the stress response. Depurination

of tRNAs can also have substantial impact on protein translation. Prokaryotes that

synthesize antibiotics capable of cleaving abasic sites in relatively long-lived

molecules such as tRNAs equip themselves with a tool to outcompete other species.

mRNAs are generally considered as ephemeral molecules, not subject to repair like

DNA, but rather degraded. However, given that the rate of cleavage of abasic RNA

is slower than its DNA counterpart, depurinated mRNAs may persist in cells long

enough to have physiological impact. For viruses whose genome is RNA, the effect

of depurination is significant and ranges from inhibition of replication and protein

translation to lack of viral particle formation. For retroviruses, depurination of

genomic RNA may also increase recombination, with the potential for enhanced

survival through favorable mutation.

4 Methods of Detecting Depurination

Several methods have been developed to determine the location as well as extent of

depurination of an RNA substrate. A diagram summarizing some of these methods

is illustrated in Fig. 7. Although these methods have been used to characterize RIP

activity, most are applicable to the detection of other sources of depurination.

Generally, methods to measure depurination fall into two categories, identifying

the presence of an abasic site or the enrichment of free adenine in solution.

4.1 Detection of an Abasic Site

4.1.1 Translation Inhibition Assay

Endo and Tsurugi (1986) were the first to discover that ricin A-chain depurinates

mammalian 28S ribosomal RNA at a specific adenine residue within the SRL. As
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described previously, depurination within this region inhibits translation at the

translocation step. Thus, the translation inhibition assay is the simplest method of

detecting depurination by a RIP. The assay can be performed two ways, the most

common of which involves treating purified ribosomes with a RIP, followed by
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Fig. 7 Methods of detecting RNA depurination. Detection can be delineated into two categories:

detecting the presence of an abasic site or the levels of free adenine. (a) Both aniline and RALyase

cleave RNA at abasic sites, allowing electrophoretic separation of products and quantitation based

on band intensity. Cleavage leaves RNA with a 50 phosphate for ligation and cloning. (b) RTs can
stall at abasic sites, generating truncated cDNA. When separated beside a sequencing ladder, the

depurinated nucleotide can be identified. Primer extension can be quantitative with the addition of

a primer that binds upstream of the depurination site. (c) Some RTs preferentially insert an adenine

opposite an abasic site. By designing qRT-PCR primers with a mismatch to the adenine, the level

of depurination can be determined by amplification of the template. (d) When a DNA oligo bearing

a cytosine opposite the abasic site binds to the RNA strand, ATMND binds to the abasic site and

fluoresces at 406 nm. (e) After passing the enzymatic mixture through a column, both fluorescently

derivatized and unmodified adenine can be passed through a variety of detectors. (f) Free adenine

can be converted to AMP or ATP by enzymes involved in adenine scavenging pathways. These

substrates are then used to drive luciferase-based chemiluminescence or a colorimetric change
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incubation with reticulocyte lysate and radio-labeled amino acids. Alternatively,

cells in culture can be treated with a RIP and grown in media containing radio-

labeled amino acids. In either approach, the amount of radioactivity incorporated

via translation is assessed, with lower radioactivity indicating a more active RIP.

The translation inhibition assay was improved with the use of substrate RNA

containing the luciferase sequence (Zhao and Haslam 2005), eliminating the need

for radioactivity. Luciferase is an enzyme that produces light in the presence of

excess D-luciferin and ATP. A greater extent of ribosome depurination results in

lower expression of the luciferase reporter, which is observed as a decrease in light

output.

The greatest disadvantage of this method is that translation inhibition is not

solely due to RIP-induced depurination; this is because RIPs can interact with

additional factors of the translation machinery, as is the case of PAP and eIF4G

(Wang and Hudak 2006). As a result, it is difficult to separate the depurination

activity of a RIP from its overall inhibitory mechanism. Therefore, although the

translation inhibition assay is often the first choice when characterizing a novel RIP,

it cannot accurately quantify depurination activity. As well, depurination of sub-

strates other than ribosomes cannot be determined.

4.1.2 Aniline Treatment

Treatment of depurinated RNA with aniline is another classic method used to detect

abasic sites. This method is based on the observation that abasic sites of nucleotides

are cleaved by the addition of various amines through a β-elimination reaction

(Burton and Petersen 1960). Electrophoresis of aniline-treated RNA through aga-

rose or acrylamide will show abasic sites as additional RNA bands when compared

with untreated RNA. Although this method suffers from poor sensitivity due to the

detection limits of intercalating dyes, aniline treatment of RNA is a straightforward

procedure that can be made semiquantitative with the addition of loading controls

and densitometry. A substitute for aniline treatment has been developed which

utilizes the enzyme RALyase (Sawasaki et al. 1999), discussed above in Sect. 2.3.

Much like aniline, RALyase cleaves the phosphodiester bond at abasic sites through

a β-elimination reaction.

4.1.3 Primer Extension

The primer extension assay was originally used to study RNA secondary structure

by detecting bases that had been chemically modified (Holmberg et al. 1994). The

assay was later applied to detect depurination of the SRL with ricin (Iordanov

et al. 1997). Due to the low detection limit of phosphor screens, primer extension is

more sensitive than the intercalating dyes used to observe aniline-treated RNA.

More importantly, this assay can identify the precise location of an abasic site. As
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discussed above, low fidelity RTs such as HIV RT read through an abasic site and

preferentially insert an adenine into the cDNA strand. However, higher fidelity RTs

like MMLV RT stall upon encountering abasic sites on an RNA template and

generate truncated cDNA products (K€upfer et al. 2007). The primer extension

method uses radio-labeled primers to generate cDNAs of an RNA template after

treatment with a RIP or other depurinating agent. With electrophoretic separation of

the cDNA products alongside a corresponding DNA sequencing reaction of the

template, the depurinated nucleotide can be identified.

A drawback of primer extension is that reverse transcriptases can also stall due to

secondary structures, generating a false signal. This can be overcome through the

addition of aniline or RALyase, which would cleave the depurinated site and

provide a definitive stopping point for the RT. While classic primer extension is

not quantitative, an improvement to the method uses a second primer upstream of

the depurination site to provide an internal reference for quantification (Parikh

et al. 2002). However, quantification using this method is based on the assumption

that the two primers bind with equal affinity to the template. While still commonly

used, primer extension is reliant on prior knowledge of the approximate location of

depurination, as this information is necessary for primer design.

A difficulty in studying non-ribosomal RNA substrates is that it is tedious to

determine the location of an abasic site. Previously in our lab, this was accom-

plished by performing a series of primer extensions along the length of a viral

genome, 200 base pairs at a time (Mansouri et al. 2009; Zhabokritsky et al. 2014).

We suggest an improvement to this method that will aid in the discovery of novel

depurination sites. Specifically, both aniline and RALyase treatment cleave RNA at

depurinated sites, leaving the upstream portion with a reactive ribose ring on its 30

end. We suggest that an RNA adapter primer be ligated to the cleaved RNA by T4

RNA ligase, followed by reverse transcription with either a gene specific primer or

a combination of poly-T/random hexamers. PCR with adapter-specific and gene-

specific primers would allow all depurinated sites to be cloned and sequenced,

alleviating the need to methodologically examine long templates with primer

extension.

4.2 Detection of Free Adenine Enrichment

4.2.1 HPLC and Mass Spectrometry

The second approach for studying depurination is to detect the release of adenine

into solution, which can be accomplished with high performance liquid chroma-

tography (HPLC). An HPLC machine operates by passing a solution through a

chromatography column, which is coupled to a detector that assays the flow-

through. In the context of measuring adenine release, the column material is

typically octadecyl carbon chain (C18)-bonded silica and the detector, a UV–vis
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spectrophotometer. An RNA substrate is incubated in the presence or absence of a

RIP, which releases adenine into solution. The reaction can be injected onto the

column directly (Chen et al. 1998), or the adenine is extracted and reacted with

chloroacetaldehyde (McCann et al. 1983) to generate a fluorescent ethano deriva-

tive that is detected fluorometrically at 254 nm (Barrio et al. 1972; Zamboni

et al. 1989). Both variations utilize a UV spectrophotometer as the detector. Mass

spectrometers are also used as detectors for adenine release and have the same

0.1–10 pmol sensitivity as fluorescence HPLC (Fabris 2000; Hines et al. 2004).

Recently, a new technology has emerged known as direct analysis in real-time

(DART) mass spectrometry. The advantage of DART-MS over traditional MS is

that samples can be analyzed under ambient conditions without radioactive or other

high-energy ionization sources (Cody et al. 2005). This technique has already been

used to measure adenine release by ricin (Bevilacqua et al. 2010). The advantage of

DART-MS over HPLC-MS is that DART does not require isotopic labeling of an

internal standard and the reaction need not be quenched. The main drawback of

HPLC and leading edge techniques like DART-MS is that both are expensive

technologies that may be inaccessible to many basic research laboratories. As

well, HPLC and MS are not yet amenable to high-throughput applications. Such

limitations need to be addressed before these techniques will be widely adopted to

study depurination.

4.2.2 Enzyme-Based Methods

Several enzymatic alternatives of measuring adenine release have been developed

and are based on the activity of adenine phosphoribosyl transferase (APRT). This

enzyme was originally isolated from the intracellular parasite Leishmania
donovani, which is auxotrophic for purines (Allen et al. 1989). In the context of

quantifying adenine release, adenine is converted to AMP by APRT, with

5-phosphorylribose 1-pyrophosphate (PRPP) as a substrate (Heisler et al. 2002).

A blend of 50 nucleotidase and pyrophosphatase liberates free phosphate ions from

AMP, driving the enzymatic activity of purine nucleoside phosphorylase (PNP) to

phosphorylase 2-amino-6- mercapto-7-methylpurine ribonucleoside (MESG), pro-

ducing a colorimetric change that is observed at 355 nm. While amenable to high-

throughput and sensitive to nanomolar concentrations of adenine, this assay relies

on enzymes that must be assembled piecemeal from commercial kits or isolated, as

is the case of APRT. Another group reduced the number of required enzymes by

coupling APRT with pyruvate orthophosphate dikinase (PPDK), which converts

AMP to ATP (Sturm and Schramm 2009). The ATP is then used as a substrate for

luciferase, which produces luminescence and AMP. Finally, AMP is recycled back

into the reaction, generating a steady signal of fluorescence for several minutes and

allowing sub-picomole detection of adenine.
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4.3 Recent Approaches

Novel approaches to detect the presence of abasic sites have also been proposed. An

interesting example is the use of a fluorescent ligand, 2-amino-5,6,7-trimethyl-1,8-

naphthyridine (ATMND) (Sato et al. 2007), which pseudo-base pairs with a cyto-

sine that has been introduced opposite of an abasic site (Tanpure et al. 2012). This is

accomplished by designing a DNA primer that is complementary to the

depurination region and has a cytosine across from the depurinated nucleotide.

Upon binding, the fluorescence of ATMND is quenched and the drop measured

spectrophotometrically. The simplest method of detecting an abasic site utilizes an

inherent property of reverse transcriptases, which can insert an AMP residue into

the nascent cDNA opposite an abasic site (Takeshita et al. 1987). By designing

qRT-PCR primers that bear a deliberate mismatch at the newly introduced adenine

residue, levels of depurination can be quantified based on amplification of a

template with an A to T mutation (Pierce et al. 2011). Both techniques have the

same disadvantage wherein the site of depurination must already be known.

4.4 Section Summary

Significant developments have been made when considering the tools available for

studying depurination. While indirect techniques like translational inhibition have

largely fallen out of use, classic methods like aniline treatment and primer exten-

sion are still employed due to their simplicity, as well as the availability and

economy of reagents. While the gold standard of quantitation and enzyme kinetics

remains HPLC and MS, enzymatic-coupled reactions may be a viable alternative if

the enzymes are made widely available. Novel methods of detecting abasic sites

chemically or through PCR have been developed; however both reveal an existing

limitation, wherein the site of depurination must already be known. Furthermore,

these methods must be shown to be reproducible by other groups. To date, primer

extension is the only method capable of detecting novel depurination sites, and we

suggest an improvement that incorporates aniline cleavage and adapter ligation.

Such a modification would allow widespread detection of abasic sites and minimize

false-positive results due to RNA secondary structure.

5 Conclusion

Here, we have reviewed the latest information describing the effects of cellular and

viral RNA depurination. Owing to its relative stability, abasic RNA likely persists

in the cell for an extended period of time. However, the fate of abasic RNA in vivo

is still being characterized. The recent discovery that a glycosylase mediating DNA
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repair also acts on RNA may indicate that specific mechanisms exist to detect and

manage abasic RNA in the cell. Whether such RNA is repaired or degraded remains

an existing question. From a wider perspective, it is unknown whether the forma-

tion of abasic RNA is a dynamic, responsive process that contributes to cellular

adaptation.

It is well-established that RNA depurination has important and varied biological

consequences, depending on the particular substrate. We have reviewed the effects

of depurination on cellular and viral RNA. rRNA depurination leads to translational

inhibition and activation of downstream responses including the unfolded protein

response and ribotoxic stress response, both of which can trigger apoptosis. A link

between depurination and the unfolded protein response has not yet been

established; we suggest that it is the improper folding of proteins resulting from

aberrant synthesis that triggers the response. Depurination of mRNA can inhibit or

abolish translation and recent evidence suggests that depurinated mRNA may

signal downstream apoptotic pathways. Less is known about depurinated tRNA,

although the existence of antibiotics that cleave abasic RNA indicates that such

damage is compromising to competitors. Depurination of viral RNA affects various

steps of the viral life cycle. Although RNA glycosidases have promising medical

applications with respect to antiviral treatments, an important limitation is that their

use could inadvertently contribute to virus resistance. Methodical studies investi-

gating the optimal threshold of RNA depurination leading to viral inhibition would

be advantageous.

To encourage continued work that focuses on the characterization of RNA

depurination, we have provided a comprehensive review of available detection

methods. Generally, these methods fall into two categories: detecting the presence

of an abasic site or the enrichment of free adenine in solution. Here, we also suggest

an improvement to the primer extension method that would enable widespread

detection of RNA depurination sites.
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Abstract RNAs form complex structures containing both single-stranded (ss) and

double-stranded (ds) regions for their diverse regulatory and catalytic functions.

The emerging RNA sequence and structure databases provide the foundation for

developing RNA-binding ligands for reprogramming RNA–RNA and RNA–pro-

tein interactions through the recognition of RNA sequence and structure. We

choose miRNA biogenesis and gene regulation pathways as examples to summarize

how chemically modified nucleic acid oligomers can be used to target specific RNA

sequences and structures through duplex and triplex formation. We discuss the

significant progress that has been made in using anti-miRNA oligonucleotides in

targeting mature miRNA by duplex formation. The strategy of targeting dsRNA by

triplex formation is relatively less explored. We summarize the recent results of

developing nucleobase and backbone modifications in peptide nucleic acids (PNAs)

to facilitate structure-specific and selective targeting of dsRNAs over ssRNA and

dsDNA at physiological conditions. We briefly discuss how sequence-specific

dsRNA-binding PNAs may be utilized to target disease-associated miRNA pre-

cursors and viral RNAs.
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1 Introduction

RNAs are involved in catalysing and/or regulating the gene expression processes at

the levels of transcription, RNA splicing and processing, and translation (Cech and

Steitz 2014). To perform the remarkably diverse biological functions, RNAs fold

into complex secondary and three-dimensional structures and are often in complex

with proteins and metabolites (Strobel and Cochrane 2007). Furthermore, RNAs

can tune their structures and functions through the dynamic and reversible chemical

modifications of the nucleobase and backbone (Ge and Yu 2013; Qi et al. 2014; Yue

et al. 2015; Zipeto et al. 2015). The recent burst of the information of sequences,

chemical modifications, and structures of the canonical and newly discovered

functional RNAs provides the foundation for unravelling the molecular mecha-

nisms of RNA biology and RNA-related diseases, including cancer and

neurodegeneration. An appreciation of the essential functions of RNA has catalysed

the development of numerous chemical probes and therapeutic ligands based on the

sequences and dynamic structures of RNA (Li and Rana 2014; Shortridge and

Varani 2015; Velagapudi et al. 2015).

Several nucleic acid oligomer-based compounds, e.g. fomivirsen, pegaptanib,

and mipomersen, have reached the clinic (Boisguérin et al. 2015; Crooke and Geary

2013; Geary et al. 2002; Gelsinger et al. 2012; Jeker and Marone 2015; Ng

et al. 2006). Many more are being evaluated in clinical trials for various applica-

tions (Li and Rana 2014; Sharma et al. 2014). Here we choose microRNAs

(miRNAs or miRs) (Lee et al. 1993; Wightman et al. 1993) as examples to

summarize how RNA sequences and structures can be probed and targeted by

using chemically modified nucleic acid oligomers (Järver et al. 2014; Jeker and

Marone 2015; Li and Rana 2014; van Rooij and Kauppinen 2014).

miRNAs serve as key players in many biological processes. Structural and

biochemical studies have provided detailed insights into the molecular mechanisms

of siRNA and miRNA biogenesis and gene regulation processes (Wilson and

Doudna 2013). Mature miRNAs are double-stranded RNAs, but only one strand

of which, usually 21–23 nucleotides (nt) in length, is functional in the RNA

interference process. miRNA genes are first transcribed as primary miRNA

(pri-miRNA) transcripts, which are processed into precursor miRNA

(pre-miRNA) in the nucleus typically catalysed by double-stranded RNA-binding

(dsRNA-binding) RNase Drosha and other protein factors. Pre-miRNAs are further

processed into mature miRNA by dsRNA-binding RNase Dicer or Argonaute in the

cytoplasm. Both pri-miRNA and pre-miRNA form stem-loop structures (hairpins).

The processed double-stranded miRNAs contain the guide strand and the passenger

300 K.M. Patil and G. Chen



strand, and are in complex with Argonaute proteins and other protein factors,

forming the miRISC (miRNA-induced silencing complex). The passenger strand

is removed from the miRISC complex by cleavage or unwinding by the miRISC

complex. The 50 side of the miRNA guide strand (residues 2–8, known as the seed

region) in miRISC is preorganized and exposed for initiating the duplex formation

with mRNA target. A miRNA–mRNA duplex formation in the miRISC complex

results in the degradation of mRNA and repression of protein expression (van Rooij

and Kauppinen 2014). The dysregulation of the miRNA levels results in many

diseases such as cancers, neurodegeneration, and cardiovascular diseases. Thus,

miRNAs may serve as biomarkers and drug targets for applications in diagnostics

and therapeutics (Jayaraj et al. 2015; Li and Rana 2014; Penna et al. 2015; van

Rooij and Kauppinen 2014).

The detailed mechanistic understanding of the miRNA biogenesis and gene

regulation pathways paves the way for developing chemical probes and therapeutic

ligands through reprogramming RNA–protein and RNA–RNA interactions in a

sequence- and structure-specific manner (Jayaraj et al. 2015; Li and Rana 2014;

van Rooij and Kauppinen 2014; Wilson and Doudna 2013). Small molecules are

being developed to influence miRNA expression and function (Bose et al. 2012;

Gumireddy et al. 2008; Velagapudi et al. 2015). Here we focus our summary on the

reported work on (i) targeting mature miRNAs using chemically modified anti-

miRNA oligonucleotides (anti-miRs) or antagomiRs through duplex formation and

(ii) developing chemically modified peptide nucleic acids (PNAs) for targeting the

double-stranded regions of pre-miRNAs or pri-miRNAs through triplex formation.

2 Targeting Mature miRNAs by Duplex Formation

Anti-miR oligonucleotides operate on the basis of sequence complementarity with

the mature miRNA guide strand and can thus compete with an mRNA target in

binding to the mature miRNA guide strand in the miRISC complex, resulting in the

inhibition of the activity of miRNAs (Fabani and Gait 2008). Duplex formation

between anti-miRs and miRNA guide strands is one of the most widely used

strategies to inhibit the function of miRNAs.

Anti-miRs are usually chemically modified nucleic acid oligomers (Fig. 1). The

chemical modifications in the artificial nucleic acids are often incorporated to

enhance (i) the duplex formation between a miRNA and an anti-miR and (ii) the

chemical stability and thus resistance against RNases including Argonaute. Most of

the reported chemical modifications in anti-miRs are on the sugar phosphate

backbone (Avitabile et al. 2014; Lennox et al. 2013; Oh et al. 2009; Simonson

and Das 2015), some of which are discussed below.

Incorporation of 20-O-methyl (20-OMe) modification into oligonucleotides is

known to improve the nuclease resistance and duplex formation stability with

ssRNA (Cummins et al. 1995; Lamond and Sproat 1993; Majlessi et al. 1998;

Verma and Eckstein 1998). In 2004, Zamore and Tuschl labs (Hutvagner
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et al. 2004; Meister et al. 2004) showed that 21-nt 20-OMe-modified oligonucleo-

tides (Fig. 1b) can be used to inhibit siRNA and miRNA activities in human cell

extract and cell culture. 20-OMe-modified oligonucleotides, however, are not fully

resistant against exonucleases. Replacement of one or more phosphate linkages by

phosphorothioate linkages (PS, Fig. 1c) improves the nuclease resistance but results

in a compromised binding affinity towards targeted miRNAs (Lennox and Behlke

2010). Optimization of the number and position of 20-OMe modification and

PS-linkage is needed to synergistically enhance the anti-miR activity (Krutzfeldt

et al. 2005).

Similar to 20-OMe, 20-O-methoxyethyl (20-OME) modification in an oligonucle-

otide stabilizes the C30-endo sugar pucker conformation. Thus, compared to the

20-OMe modification with PS-linkage, the 20-OME modification combined with

PS-linkage further improves the binding affinity of oligonucleotides with ssRNA

targets and resistance against enzymatic degradation and thus anti-miR activity

(Esau et al. 2006; Manoharan 1999). Insertion of PS-linkages into 20-F-modified

oligonucleotides in combination with other backbone modifications also enhances

the nuclease resistance and improves anti-miR activity (Davis et al. 2006; Kawasaki

et al. 1993).

Locked nucleic acid (LNA, Fig. 1d) is one of the most promising modifications

in antisense technologies. Several LNA-incorporated oligonucleotides are being

tested in clinical trials (Sharma et al. 2014). In 2005, LNA-incorporated oligonu-

cleotides were used to probe the expression and activity of miR-21 in cell culture

(Chan et al. 2005). The 23-mer LNA/20-OMe mixmer antisense oligonucleotide

was found to be more effective than those with 20-OMe analogue alone in blocking

miR-122 activity in human and rat liver cells (Fabani and Gait 2008). LNA exhibits

excellent binding affinity, nuclease resistance, and anti-miR activity when in

combination with other modifications such as 20-F or 20-OMe modifications

Fig. 1 Chemical structures of nucleic acids with unmodified and modified backbones. The letter

“B” represents the nucleobase. (a) DNA/RNA. (b) 20-O-methyl oligonucleotide (20-OMe). The

20-OME and 20-F modifications have the 20-OMe group replaced by 20-O-methoxyethyl and

20-fluorine, respectively. (c) Phosphorothioate (PS) linked RNA. (d) Locked Nucleic Acid

(LNA). (e) Phosphorodiamidate morpholino oligonucleotide (PMO). (f) Peptide nucleic acid

(PNA)
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(Kierzek et al. 2005; Lennox and Behlke 2010). Oligonucleotides are usually

delivered into cells using transfection agents or by conjugation with cell-

penetrating moieties (Chan et al. 2005; Fabani and Gait 2008; Lennox and Behlke

2010; Stein et al. 2010). It is worth noting that relatively short seed-targeting 8-mer

anti-miRs with full LNA modification and PS-linkages show uptake and activity in

cell cultures and in mouse models without using transfection agents (Obad

et al. 2011; Stein et al. 2010).

Charge-neutral phosphorodiamidate morpholino oligonucleotides (PMOs,

Fig. 1e) and peptide nucleic acids (PNAs, Fig. 1f) show promising antisense

activities in cell cultures and animal models (Ahn et al. 2002; Faria et al. 2001;

Holmes et al. 2003; Suwanmanee et al. 2002) and in clinical trials (Gambari 2014;

Sharma et al. 2014). For example, cell-penetrating peptide-PMO (CPP-PMO)

conjugates were evaluated for their exon-skipping activity in mice and are now in

clinical trials for Duchenne Muscular Dystrophy (Fletcher et al. 2007; Mendell

et al. 2013; Voit et al. 2014). In 2007, PMOs of different sequences and lengths

(21–25 mer) were shown to be able to knock down miRNA activities by targeting

mature miRNA guide strands or miRNA precursors (through duplex formation

between PMO anti-miRs and pre-miRNAs or pri-miRNAs via strand invasion)

(Kloosterman et al. 2007). Cell culture studies show comparable anti-miR-155

and thus anticancer activities for 23-mer PMO and PNA delivered through encap-

sulation in biodegradable polymer nanoparticles coated with CPP (Cheng and

Saltzman 2012).

PNA (Fig. 1f) (Nielsen and Egholm 1999) has a neutral backbone, which allows

it to bind strongly to negatively charged RNA or DNA. The achiral and flexible

backbone makes PNA to easily adopt the required conformation for strong and

sequence-specific binding to the targeted sequences and structures (Nielsen and

Egholm 1999). In addition, the relatively robust resistance towards chemical and

enzymatic degradation makes PNAs promising candidates as chemical probes and

therapeutic ligands. PNAs have been extensively applied to alter gene expression at

different levels, including transcription, RNA processing, and translation

(Oh et al. 2009; Wang and Xu 2004). For example, PNAs and CPP-PNA conjugates

have high efficiency in the inhibition of reverse transcription (Koppelhus

et al. 1997), splicing redirection (Abes et al. 2007; Cartegni and Krainer 2003;

Turner et al. 2005), inhibition of HIV-1 Tat-dependent trans-activation (Das

et al. 2012; Turner et al. 2005), and inhibition of bacterial mRNA translation

(Huang et al. 2007). PNAs, however, have relatively low water solubility and cell

permeability, which can be overcome by incorporating positively charged residues

into PNAs (see below). Significant advances have been made to facilitate the

cellular uptake of charge-neutral PMOs and PNAs by attaching small molecules,

peptides, and nanoparticles or by novel liposome formulation (Avitabile et al. 2015;

Boisguérin et al. 2015; Cheng et al. 2015; Das et al. 2012; Ma et al. 2014; Oh

et al. 2010; Riguet et al. 2004; Shiraishi and Nielsen 2014).

Numerous reports demonstrated the application of PNA anti-miRs in targeting

various miRNAs (Amato et al. 2014; Gaglione et al. 2011; Gambari 2014;

Manicardi et al. 2012; Piva et al. 2013; Torres et al. 2011b). In 2008, Fabani and
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Gait initiated the use of PNAs in blocking the function of miRNAs (Fabani and Gait

2008). The activity of the liver-specific miR-122 was shown to be inhibited by

23-mer PNA anti-miRs in human and rat liver cells. Remarkably, the anti-miR-

122 PNA shows considerable activity upon conjugation with the CPP R6-penetratin

or simply by attachment of four lysine residues (Fabani and Gait 2008). An efficient

inhibition of miR-155 function was also reported in vitro and in vivo by using a

23-mer PNA anti-miR with four lysine residues attached (Fabani et al. 2010).

The tumour microenvironment has a relatively low pH, and mouse model studies

demonstrated that tumour-targeted delivery of the same full-length 23-mer anti-

miR-155 PNA can be facilitated by attaching a peptide with a low pH-induced

transmembrane structure (Cheng et al. 2015). The presence of a free thiol group

such as a cysteine at the end of an anti-miR-122 PNA enhances its anti-miR activity

due to improved cellular uptake (Torres et al. 2012). Cell culture studies reveal that,

compared to LNA-modified anti-miRs, a 15-mer PNA anti-miR conjugated with

Tat peptide shows more effective and long-lasting anti-miR activity and is less

toxic to the cell (Oh et al. 2009). The expression of miR-210 was found to be

inhibited by 18-mer PNA anti-miRs with arginine residues attached on the PNA

backbone or N-terminus (Manicardi et al. 2012).

PNA is known to be able to invade a preexisting dsDNA or dsRNA structure.

Thus, PNA was used to invade the stem of a pre-miRNA through strand invasion,

i.e. through PNA–RNA duplex formation by displacing one of the strands in the

preexisting duplex of the pre-miRNA (Avitabile et al. 2012). Furthermore, Torres

et al. demonstrated that decoy PNAs used in Northern blot assays can improve the

detection of miRNAs upon targeting by anti-miRs (Torres et al. 2011a). Taken

together, numerous anti-miR oligonucleotides and PNAs have been developed to

successfully target mature miRNA sequences in cell cultures and in animal models

through Watson–Crick duplex formation. The results suggest that miRNAs are

excellent biomarkers and therapeutic targets, and nucleic acid oligomers are prom-

ising candidates as useful chemical probes and therapeutic ligands.

3 Targeting Pre-miRNA Duplex Regions by Triplex

Formation

miRNA biogenesis and expression are sensitive to the pre-miRNA and pri-miRNA

structures and chemical modifications (Feng et al. 2012; Li et al. 2013; Liu

et al. 2013; Starega-Roslan et al. 2011; Yang et al. 2006), suggesting that

pre-miRNA and pri-miRNA may be drug targets through the modulation of their

structures and dynamics. Small molecules and peptides/peptoids have been devel-

oped to target the RNA duplex regions of pre-miRNA and pri-miRNA (Bose

et al. 2015a; Chirayil et al. 2009; Jayaraj et al. 2015; Velagapudi et al. 2015).

Since the major groove of an RNA duplex can accommodate a third nucleic acid

strand to form a triplex structure, chemically modified triplex-forming
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oligonucleotides (TFOs) and PNAs have great potential in regulating RNA struc-

tures and interactions with proteins. For example, binding of triplex-forming PNAs

to miRNA precursors may modulate the miRNA biogenesis process involving the

actions on pri-miRNA and pre-miRNA by the RNase III type nucleases Drosha and

Dicer, respectively. The advantage of targeting miRNA precursor structures

through triplex formation is that the targeted sequences may not be limited to the

seed regions of miRNAs. Sequence-specific recognition of dsRNAs in miRNA

precursors also confers higher specificity compared to the traditional anti-miR

strategy, which only recognizes the sequence of miRNA.

RNA triplexes are often found in a complex three-dimensional architecture

essential for biologically functional RNAs (Conrad 2014; Devi et al. 2015). Natu-

rally occurring major-groove RNA triplexes are stabilized by multiple base triples

such as C+∙G-C and U∙A-U or T∙A-U (see Fig. 2), with the “∙” and “-” representing a
Hoogsteen (Nikolova et al. 2013) and a Watson–Crick pair, respectively. The main

hurdles to the strategy of targeting RNA structures through triplex formation are

that a relatively low pH is required for the stable C+∙G-C base triple formation

(monomer pKa¼ 4.5), and a stable triplex formation is often limited to a duplex

target that carries a purine-rich strand.

In addition, to target RNA duplex regions through triplex formation, chemical

modifications on the nucleobases and/or backbone are required to stabilize the

Hoogsteen base pair formation but destabilize the Watson–Crick base pair forma-

tion. PNAs were originally designed to bind sequence specifically to the major

groove of dsDNA (Nielsen et al. 1991). However, due to the fact that unmodified

bases can form both Watson–Crick and Hoogsteen base pairs, an unmodified PNA

often forms a strand invasion complex such as a PNA∙DNA–PNA triplex, duplex

invasion complex, or double duplex invasion complex (Buchardt et al. 1993; Gupta

et al. 2012; Nielsen and Egholm 1999; Panyutin et al. 2012). PNA∙DNA2 triplex

structures may form for G-C pair-rich duplexes (Hansen et al. 2009).

Here, we review the reported efforts on targeting RNA duplexes, including those

present in pre-miRNAs, by chemically modified triplex-forming PNAs without

breaking the preexisting RNA duplex structure. We summarize the initial efforts

in designing and discovering chemically modified triplex-forming PNAs to enhance

the recognition of dsRNA over ssRNA, to minimize the pH dependence of triplex

formation, to recognize dsRNAs with a purine-rich strand interrupted by a few

Fig. 2 Chemical structures of C+∙G-C and T∙A-U base triples. The letter “R” represents the sugar

phosphate backbone of RNA
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pyrimidines, and to facilitate cellular uptake for targeting the duplex regions of

miRNA precursors.

3.1 PNA Nucleobase Modifications

Toulmé and coworkers (Aupeix et al. 1999) observed weak binding between a

12-mer unmodified PNA and an HIV-1 ribosomal frameshift-inducing RNA hairpin

at pH 7.0 by gel shift assay. About one decade later, Rozners and coworkers

(Li et al. 2010) characterized a stable PNA∙RNA2 triplex formation at pH 5.5 by

biophysical methods, including UV absorbance-detected thermal melting, isother-

mal titration calorimetry (ITC), and circular dichroism (CD). The ITC data suggest

that, compared to a homologous dsDNA, a dsRNA is more favourable for binding

to a PNA to form a major-groove triplex (Li et al. 2010). In a major-groove

PNA∙RNA2 triplex (see Fig. 3e, f), the PNA strand is in a parallel orientation

relative to the purine-rich strand (N-terminus of PNA aligned to 50 end of RNA)

of the RNA duplex. It is significant that an unmodified short PNA with

all-pyrimidine sequence can selectively bind to the major groove of dsRNA over

dsDNA, which is opposite to the typical binding properties of a TFO (Devi

et al. 2015; Zhou et al. 2013) and polyamides developed by the Dervan group

(Chenoweth et al. 2013).

Fig. 3 (a-d) Proposed hydrogen bonding patterns for base triples formed between modified PNA

bases and Watson–Crick pairs. (a) iC•C-G. (b) P/Pex•C-G. (c) E•U-A. (d)M
+
•G-C. The letter “R”

represents the sugar phosphate backbone of RNA. Panels e and f show the binding of nucleobase-

modified PNA to the duplex regions of (e) pri-miR-215 and (f) pri-miR-155. FL is the fluorescein

tag along with the spacer ethylene glycol units attached to the N-terminus of the PNA (Muse

et al. 2013)
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Several modified triplex-forming PNAs have been reported (Rozners 2014). The

5-methylisocytosine (iC, see Fig. 3a) (Benner 2004) nucleobase modification was

incorporated into a triplex-forming PNA to recognize a C-G inverted base pair by

forming an iC∙C-G base triple (Zengeya et al. 2011). The 2-pyrimidinone (P, see

Fig. 3b) and its analogue (Pex, see Fig. 3b) (Buchini and Leumann 2004;

Ranasinghe et al. 2005) was incorporated into 9-mer PNAs to recognize a C-G

inversion in RNA hairpins (Gupta et al. 2011). The 3-oxo-2,3-dihydropyridazine

(E, see Fig. 3c) PNA monomer (Eldrup et al. 1997) was used to recognize a U-A

base pair in an RNA hairpin (Gupta et al. 2011). An E-incorporated PNA (NH2-

Lys-CCCCECTTC-CONH2) was shown to bind to a bacterial ribosomal A-site

RNA with a tight binding affinity (KD¼ 227 nM) at pH 6.25 (Gupta et al. 2011).

To minimize the pH dependence in major-groove triplex formation, neutral or

basic analogues of cytosine have been utilized in TFOs and PNAs to form triplexes

with a parental DNA duplex (Egholm et al. 1995; Ono et al. 1991; von Krosigk and

Benner 1995; Xiang et al. 1994; Xiang et al. 1996). A modified nucleobase

pseudoisocytosine (J) (see Fig. 4a) was tested in modified TFOs and PNAs to target

dsDNA with or without strand invasion (Ono et al. 1991) (Egholm et al. 1995;

Hansen et al. 2009; Kurakin et al. 1998; Yaroslavsky and Smolina 2013). In 2012,

Rozners and coworkers demonstrated (Zengeya et al. 2012) the recognition of

dsRNAs at physiological pH with PNAs incorporating J, or 2-aminopyridine

(abbreviated as M, see Fig.3d) (Cassidy et al. 1997; Chen and McLaughlin 2000;

Hildbrand et al. 1997; Rusling et al. 2005). The pKa values of the monomer forms

Fig. 4 (a–d) Proposed hydrogen bonding patterns for nucleobase triples and pairs involving

modified PNA J and L bases. (a) J•G-C triple. (b) L•G-C triple. (c) Watson–Crick-like G-J. (d)

Watson–Crick-like G-L. The letter “R” represents the sugar phosphate backbone of RNA. (e–g)

Triplex and duplex structures formed involving PNA. (e) A triplex formed between an L-modified

PNA and a model RNA hairpin (rHP). (f) A PNA–ssRNA in a parallel mode. The steric clash

between L and G (shown in red) destabilizes the PNA–RNA duplex formation. (g) An L-modified

PNA binds to the HIV-1 frameshift-inducing RNA hairpin (HIV-HP)
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of C, J, and M are 4.5, 9.4, and 6.7, respectively (Hildbrand et al. 1997; Kan

et al. 1999). Importantly, pri-miR-215 can be targeted by modified PNAs through

triplex formation (Fig.3e) with a relatively tight binding affinity (KD¼ 83 nM) at a

near-physiological buffer condition (Zengeya et al. 2012). The fluorescently

labelled PNAs (targeting pri-miR-155, see Fig. 3f) incorporating M and

E nucleobases along with D-lysine residues exhibit significant cellular uptake in

HEK293 cells (Muse et al. 2013).

To selectively target dsRNAs by triplex formation, a triplex-forming PNA is

required to selectively bind to dsRNA over ssRNA. Through the J∙G-C (Fig. 4a)

base triple formation, J-incorporated PNAs can bind dsDNA (in most of the cases it

forms a strand invasion complex) (Egholm et al. 1995; Hansen et al. 2009) and

dsRNA (with minimal strand invasion) at physiologically relevant pH (Zengeya

et al. 2012). However, J can recognize both the Hoogsteen face and Watson–Crick

face of a G base, resulting in formation of stable Hoogsteen J∙G and Watson–Crick-

like G-J pairs, respectively (Fig. 4a, c). Thus, J-incorporated PNAs may bind to

both dsRNA and ssRNA. To overcome this issue, in 2014 our laboratory designed

thio-pseudoisocytosine (Cao et al. 2011) PNA monomer (L) and demonstrated its

incorporation into PNAs for more selective and enhanced binding towards dsRNA

over dsDNA, ssDNA, and ssRNA, compared to J-or C-incorporated PNAs (Devi

et al. 2014). The oxygen atom of the J nucleobase is replaced by a relatively bulky

sulphur atom in an L nucleobase (Fig. 4b). The L nucleobase in a PNA has steric

repulsion with a G in a Watson–Crick-like G-L pair (Fig. 4d), but has an enhanced

van der Waals interaction (Miyata et al. 2009; Okamoto et al. 2006; Zhou

et al. 2013) in a Hoogsteen L∙G pair. Thus, L-modification is expected to stabilize

PNA∙RNA2 triplexes but destabilize PNA–RNA or PNA–DNA duplexes at phys-

iologically relevant conditions.

An 8-mer model PNA (NH2-Lys-TLTLTTTL-CONH2) forms a stable

PNA∙RNA2 triplex (Fig. 4e) at 200 mM NaCl, pH 7.5 (Tm¼ 64.1 �C) (Devi

et al. 2014). The corresponding 8-mer PNAs replacing the three L residues with

J and C show PNA∙RNA2 triplex formation with reduced thermal stability (with Tm
values of 29.9 �C and 38.8 �C, respectively). Remarkably, the Tm value for the

triplex formation for the L-incorporated 8-mer PNA (64.1 �C) is higher than a

PNA–RNA duplex formed between the unmodified PNA (NH2-Lys-TCTCTTTC-

CONH2) and the complementary ssRNA (58.1 �C). Furthermore, the corresponding

8-mer PNAs where the three C residues are replaced by J and L, respectively, show

PNA–RNA duplex formation (see Fig. 4f for an L-containing PNA–ssRNA duplex)

with reduced thermal stability (with Tm values of 43.9 �C and 27.8 �C, respectively).
Clearly, the thermal melting data suggest that a PNA–RNA duplex is destabilized

due the steric clash in a Watson–Crick-like G-L pair (Fig. 4d), which is absent in a

Watson–Crick-like G-J (Fig. 4c) or Watson–Crick G-C pair.

Importantly, gel shift assays indicate that a hexamer PNA (NH2-Lys-LLTTLL-

CONH2) binds to the stem of the HIV-1 programmed �1 ribosomal frame shift-

stimulating RNA hairpin through a stable triplex (see Fig. 4g) formation with a KD

value of 1.1 μM at 200 mM NaCl, pH 7.5 (Devi et al. 2014). The two corresponding
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6-mer PNAs, where the four L residues are replaced by J and C, respectively, show

no binding at similar conditions (Devi et al. 2014).

More recently, we demonstrated that a dsRNA with a C-G base pair (Fig. 5c) can

be recognized by a short PNA (Toh et al. 2016) incorporating an alkylguanidine

derivative of 5-methylcytosine (Q, see Fig. 5a) (Semenyuk et al. 2010). The gel

electrophoresis studies reveal that an 8-mer PNA (NH2-Lys-TLTQTTTL-CONH2)

containing L and Q modified residues is capable of binding to the targeted model

RNA hairpin with a KD of 4.4� 0.5 μM by forming a PNA•RNA2 triplex (Fig. 5c)

in a near-physiological buffer (200 mM NaCl, pH 7.5). Importantly, no appreciable

binding was observed for the 8-mer PNA upon changing the C-G base pair in the

RNA hairpin to G-C, U-A, or A-U. In addition, due to the steric clash between a

Watson–Crick-like G-Q pair (Fig. 5b), the 8-mer PNA shows no binding to a

ssRNA (Fig. 5d) or to a homologous DNA hairpin with a C-G inversion. Confocal

microscopic studies reveal that a Cy3-labelled PNA sequence with multiple

Q residues (Cy3-LysNH-TQTQTTTQ-CONH2) can pass into the HeLa cells,

suggesting that the attached guanidine groups on the PNA nucleobase can facilitate

the cellular uptake.

Taken together, the binding and cellular uptake studies reveal that it is possible

to develop selective and bioactive dsRNA-binding PNAs with nucleobase modifi-

cations with minimized binding to dsDNA and ssRNA. Cell culture and in vivo

Fig. 5 (a) Proposed hydrogen bonding pattern for a base triple formed between modified PNA

baseQ with Watson–Crick C-G pair. (b) Steric clash occurs for a Watson–Crick-like G-Q pair. (c)

An L andQ nucleobase-modified PNA binds to a model RNA hairpin with a C-G inversion (rHP).

(d) The L and Q nucleobase-modified PNA shows no binding to a ssRNA due to the steric clash

(shown in red) in Watson–Crick-like G-Q (see panel b) and G-L (see Fig. 4d) pairs
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studies are needed to see if the modified PNAs have anti-pre-miR and antiviral

activities.

3.2 PNA Backbone Modifications

The backbone of PNA can also be modified at different positions (α, β, and/or γ
position, Fig. 6a) to improve the water solubility, cellular uptake, and binding

affinity (Bose et al. 2015b; Corradini et al. 2011; Dragulescu-Andrasi et al. 2005;

Manicardi et al. 2012; Mitra and Ganesh 2012; P€uschl et al. 1998; Sacui et al. 2015;
Sahu et al. 2009; Zhou et al. 2003; Zhou et al. 2006). PNAs with guanidine-

modified backbone (Fig. 6b) have been developed to enhance the cellular uptake

(Dragulescu-Andrasi et al. 2005; Zhou et al. 2003; Zhou et al. 2006). It is worth

noting that attaching multiple arginine residues to the anti-miR-210 PNAs signif-

icantly enhances cellular uptake, biostability, and anti-miR activity (Manicardi

et al. 2012). A PNA incorporating α-alkyl guanidino-modified thymine forms a

strand invasion complex with the HIV-1 trans-activation response element (TAR)

hairpin (Gupta et al. 2012). HIV-1 TAR RNA may be a viral pre-miR (Moens

2009).

PNAs incorporating one or two benzyl-substituted thymine monomers (Fig. 6c)

show enhanced mismatch discrimination and selective binding towards dsRNA

over dsDNA (Zengeya et al. 2013). However, the benzyl modification slightly

weakens the binding strength towards dsRNA (Zengeya et al. 2013). Clearly,

PNA backbone and nucleobase modifications can improve pharmacodynamic and

pharmacokinetic properties of PNA for biological and therapeutic applications.

Fig. 6 Representative chemical structures of PNAs with (a) unmodified backbone, (b) β-modified

PNA, and (c) α-modified PNA
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4 Conclusions and Future Prospects

Clinical trials are underway in evaluating the therapeutic applications of anti-miR

oligonucleotides (Shibata et al. 2013). Miravirsen, an LNA-based anti-miR drug

candidate, shows promising results in clinical trials for targeting liver-specific

miR-122 and controlling the hepatitis C virus (HCV) infection (Gebert

et al. 2014; Lindow and Kauppinen 2012; Ottosen et al. 2015). Apart from the

cellular miRNAs, the viral miRNAs may also serve as novel antiviral therapeutic

targets (Moens 2009; Tycowski et al. 2015).

RNA structure-based design and discovery of novel chemically modified artifi-

cial nucleic acid oligomers such as LNA, PMO, and PNA will surely help further

improve their binding affinity and selectivity. In parallel, the structural and mech-

anistic studies of miRNA biogenesis and gene regulation pathways can provide the

guidelines for the design of anti-miRs (e.g. through duplex formation targeting seed

region) and anti-pre-miRs (through selective triplex formation) in the context of

complex RNA–protein structures and dynamics. Bioactivities of the nucleic acid

oligomers can be enhanced by conjugation with small molecules (e.g. guanidine,

amino sugar, and lipid), peptides, and nanoparticles (Boisguérin et al. 2015; Cheng

et al. 2015; Das et al. 2012; Ma et al. 2014; Nair et al. 2014; Oh et al. 2010; Riguet

et al. 2004; Shiraishi and Nielsen 2014; Wexselblatt et al. 2014), by novel liposome

formulation (Avitabile et al. 2015), or by simply shortening the oligomer length

(Obad et al. 2011; Stein et al. 2010). We expect that therapeutics based on the anti-

miR and anti-pre-miR or anti-pri-miR compounds will be developed in the near

future.
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Abstract Oligonucleotides are increasingly used in clinical applications.

RNA-based therapeutics include inhibitors of mRNA translation, agents of RNA

interference, ribozymes, and aptamers targeting various molecular targets. Chal-

lenges with the delivery, specificity, and stability of these therapeutics have

spawned the development of chemically modified oligonucleotides. In this chapter,

we will describe modifications improving delivery and stability of RNA molecules

in human cells. Because the most of the cell transfection methods using oligonu-

cleotide complexes with cationic lipids revealed to be toxic, specific modifications

and various conjugates have been recently developed to promote the carrier-free
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cellular uptake of therapeutic oligonucleotides. Nucleic acids (NA) are relatively

unstable in cytosol due to a plethora of nucleases; therefore, various modifications

can be introduced to design nuclease-resistant molecules. These modifications

should not interfere with the therapeutic activity and intracellular localization of

the oligonucleotides. The influence of nucleotide modifications on the siRNA

efficiency and on the anti-replicative activity of therapeutic RNA imported into

human mitochondria is discussed.

Keywords Delivery • Oligonucleotide therapeutics • Lipophilic conjugates •

Modified oligonucleotides • Mitochondrial diseases • Anti-replicative RNA

1 Introduction: Nucleic Acids’ Delivery Systems

Synthetic oligonucleotides and their conjugates are widely used in various fields of

molecular biology, nanobiotechnology, and medicine as tools for fundamental and

applied research, as well as promising drugs for diagnosis and treatment of viral and

genetic diseases, cancer, and other diseases of humans and animals (Ginn

et al. 2013; Tan et al. 2011). Development of oligonucleotides as potential thera-

peutic agents is limited by low efficiency of penetration into target cells due to their

large size, negative charge, and low stability. Many systems of gene targeting have

been developed to overcome these barriers. Delivery vectors can be divided into the

two major groups: viral and nonviral systems (Kay 2011). Each type has its own

advantages and disadvantages. Systems based on viral vectors have efficient mech-

anisms for entering the cell, escaping endosomal entrapment, and translocating

gene cargo to the nucleus. Despite of a high efficiency of targeting, several

limitations are associated with viral systems: insertional mutagenesis, immune

response to viral proteins, tumorigenesis, and cytotoxic effects (Thomas

et al. 2003; Walther and Stein 2000).

The shortcomings in viral vectors stimulated development of nonviral delivery

carriers, which can be readily synthesized and modified to facilitate biocompati-

bility. Improving of nonviral delivery systems relies on the detailed understanding

of the barriers associated with the nucleic acids targeting into cells. The successful

system for nucleic acids’ (NA) delivery should meet a number of requirements:

biocompatibility and low cytotoxicity, resistance to nuclease activity, possibility of

endosomal escape, and capability of entering the appropriate cellular compartment.

Mammalian cells internalize extracellular macromolecules by the endocytosis

leading to formation of vesicle-like structures that fuse with early endosomes

(De Haes et al. 2012). Thus, the efficacy of transfection and the expected effect

depend on both the ability of a carrier to efficiently deliver the NA cargo with

minimal toxicity and its potential to overcome the endosomal compartmentalization

(Huotari and Helenius 2011). To facilitate NA escape into the cytosol, various

compounds have been used in combination with the delivery vectors.
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Endosomolytic agents vary in type (natural or synthetic compounds) as well as in

their mechanisms of action, which include the endosomal membrane destabilization

(TAT HIV, KALA, or GALA peptides), pore formation (e.g., listeriolysin O toxin

produced by Listeria monocytogenes, gp41HIV protein), and endosomal disruption

via the “proton sponge” mechanism (e.g., PEI, ammonium chloride, chloroquine,

methylamine) (Varkouhi et al. 2011).

Nonviral delivery systems can be carrier-mediated or carrier-free. The carrier-

mediated NA targeting systems can be further subdivided into the three main

groups:

(a) Polymeric systems, in which NA form complex with a polymer through charge

interactions between the positive groups of the polymer and the negatively

charged NA (Oliveira et al. 2015)

(b) Lipidic systems, in which cationic lipids interact with negatively charged NA

and condensate or encapsulate them (Balazs and Godbey 2011)

(c) Inorganic carriers involving various materials such as gold nanoparticles, silica,

and carbon nanotubes, which can bind NA through different mechanisms (Dizaj

et al. 2014)

In this chapter we will describe another approach for delivery of oligonucleo-

tides, which consists in conjugation of NA molecules with targeting ligands.

2 Carrier-Free Targeting Systems

2.1 Nucleic Acids’ Conjugation with Targeting Ligands

The transporting molecule should be capable of binding to the cell surface or to

specific receptors on it and inducing endocytosis (Juliano et al. 2013). The ligand

molecule can be attached to NA directly or through a linker. Depending on the type

of oligonucleotide and its purpose, the linker can be connected via the 20-, 30-, or
50-terminus, the C5 atom of pyrimidine bases, the C8 atom of adenine, the exocyclic

amino group of guanine, or an internucleoside phosphate (Winkler 2013). Conju-

gated NA cargo needs additional chemical modifications shielding it from nucle-

ases (see Sect. 3 for details). For most carrier-free systems, the endosomal escape is

passive, which reduces the efficiency of transfection; thus, there is a necessity to use

additional compounds to promote the release of oligonucleotides from endosomes

before they are degraded and recycled. However, the simplicity of design and the

small size, in comparison with nanoparticles, ensure a lower toxicity and a better

biodistribution of NA conjugates. Carriers with sizes larger than 5 nm can only be

used for NA delivery to certain types of tumors and to normal tissues with

fenestrated endothelia, such as the liver and spleen, whereas conjugates can also

reach many other types of tissues (Juliano et al. 2009).
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Various delivery systems through covalent attachment of addressing ligands to

the NA cargo have been developed: carbohydrate–NA conjugates, peptide–NA

conjugates, antibody–NA conjugates (Uckun et al. 2013), aptamer conjugates,

and lipid–NA conjugates. Here, we will briefly characterize the main types of

conjugates and provide a more detailed analysis of lipophilic molecules.

2.2 Conjugates with Carbohydrates

It had been demonstrated that the asialoglycoprotein receptor located on the surface

of hepatocytes can bind diverse chemotherapeutic agents, including galactose

glycoproteins, and helps their internalization by endocytosis (Stockert 1995). This

permitted the use of carbohydrate-based vectors for addressed NA delivery. For

instance, 50-glycoconjugates of oligonucleotides have demonstrated excellent cell-

type specificity and cellular uptake in the nanomolar concentration range (Biessen

et al. 1999). Triantennary N-acetyl galactosamine conjugates (Fig. 1) facilitate the

targeted delivery of siRNAs and antisense oligonucleotides to hepatocytes in vivo

(Nair et al. 2014; Prakash et al. 2014).

2.3 Conjugates with Peptides and Aptamers

Peptides used for NA delivery can be divided into the two classes. The first group

includes cell-targeting peptides, specific ligands for surface receptors

overexpressed in diseased cells (Juliano et al. 2013; McGuire et al. 2014; Vives

et al. 2008). For instance, bombesin peptide (a ligand for the gastrin-releasing

peptide receptor) and a specific peptide for the IGF1R receptor overexpressed in

Fig. 1 Triantennary N-acetyl galactosamine-nucleic acid conjugate
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breast cancer were conjugated with an siRNA and an antisense oligonucleotide,

respectively, for targeted delivery (Cesarone et al. 2007; Ming et al. 2010). The

second group comprises the cell-penetrating peptides (CPPs). These peptides are

short, amphiphilic, and enriched with the basic amino acids. CPPs can enter cells by

two ways, either via endocytosis through electrostatic interactions with negatively

charged glycosaminoglycans, similar to cationic polymers (Juliano et al. 2008), or

through membrane translocation. The choice of the entry pathway is dependent on

the CPP sequence, concentration, and the temperature (Boisguerin et al. 2015).

CPPs can also promote the endosomal escape.

Aptamers are small nucleic acids that fold into a well-defined structure, which

determines their affinity and specificity for target molecules. They can be selected

from pools of randomized sequences by SELEX (Systematic Evolution of Ligands

by Exponential Enrichment) approach (Tuerk and Gold 1990). Aptamers can be

evolved to bind small molecules but also nucleic acids, carbohydrates, and soluble

or membrane proteins. For instance, so-called escort aptamers recognize cell

surface receptors specific for the certain cell type and can be used for the targeted

delivery of therapeutic agents. One of the most known aptamers of this type is the

20-F-RNA aptamer against prostate-specific membrane antigene (PSMA). After

binding to its target, the anti-PSMA aptamer can be internalized; therefore, this

escort aptamer is widely used now as a delivery vehicle for a number of antitumor

drugs, including siRNAs and shRNAs. A comprehensive overview of the therapeu-

tic nucleic acids delivery strategies using aptamers can be found in recently

published reviews (Aaldering et al. 2015; Davydova et al. 2011; Ming and Laing

2015; Tan et al. 2011; Zhou and Rossi 2011).

2.4 Lipid-Containing Conjugates

One of the most popular methods of delivery of conjugated oligonucleotides is the

use of lipids. Various lipophilic molecules have been conjugated to oligonucleo-

tides, including phospholipids, fatty acids, bile acids (e.g., cholic acid), cholesterol,

and fat-soluble vitamins (as α-tocopherol, folic acid) (Bhat et al. 1999; Guzaev et al.
2002; Raouane et al. 2012). The structures of these compounds are shown in Fig. 2.

Among those, cholesterol, studied by various groups for the past 25 years since the

pioneering work of Letsinger et al. (1989), is by far the most extensively charac-

terized addressing agent.

Cholesterol is an essential lipid of cell membranes of many eukaryotes, which

make it attractive for delivery of various therapeutic molecules. Intravenous admin-

istration of cholesterol-containing siRNA conjugates resulted in significant levels

of their accumulation in liver, heart, kidney, adipose, and lung tissues (Soutschek

et al. 2004). In another study, accumulation of a cholesterol-conjugated siRNA in

brain cells upon intrastriatal injection has been demonstrated (DiFiglia et al. 2007).

These and other studies show that cholesterol conjugation significantly improves

delivery of NA. Cellular uptake of cholesterol-conjugated oligonucleotides in vivo
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depends on the complex formation between the conjugates and the high-density or

low-density lipoproteins circulating in the bloodstream. Binding of the complexes

to the lipoprotein receptors leads to the uptake of the conjugates by the various

tissues (Wolfrum et al. 2007).

Conjugates of oligonucleotides with cholesterol have been developed by many

research groups, wherein attachment to an oligonucleotide was performed mainly

through either the 50- or the 30-termini. Cholesterol can be attached through the

unique hydroxyl group of the steroid either directly (MacKellar et al. 1992; Seo

et al. 2006) or via various aliphatic linkers. Examples of linear linkers are molecules

based on diamines (Letsinger et al. 1989), amino alcohols with various lengths of

aliphatic chain (Lorenz et al. 2004; Petrova et al. 2011), and polyethylene glycol

(Kubo et al. 2007) (Fig. 3).

Another approach to the synthesis of cholesterol-conjugated oligonucleotides is

introducing the steroid residue at the 50- or 30-terminus of the oligonucleotide chain

through branched linkers containing several reactive groups. The compounds used

Fig. 2 Various lipophilic molecules used for conjugation with oligonucleotides
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as the branched linkers include glycerol (Ueno et al. 2008; Vu et al. 1993),

2-aminobutyl-1,3-propanediol (Rump et al. 1998), L-hydroxyproline (Manoharan

et al. 2005; Reed et al. 1991), lysine (Stetsenko and Gait 2001), serine (Chaltin

et al. 2005), and serinol (Manoharan et al. 2005) (Fig. 4).

A cholesterol residue may negatively affect the therapeutic effect by anchoring

the NA cargo to the lipid bilayer membrane or by reducing the efficiency of

annealing with the target molecule. To alleviate these effects, the cholesterol

residue can be conjugated to the sense chain in siRNA, or it can be added through

a cleavable arm, usually containing a disulfide bond (Boutorine and Kostina 1993;

Chen et al. 2010; Manoharan et al. 2005; Moschos et al. 2007; Oberhauser and

Wagner 1992) (Fig. 5).

The length of the linker can influence the cellular uptake; the optimal efficiency

had been achieved for the RNA chain and the cholesterol residue spaced by 6–10

methylene units (Petrova et al. 2011). After penetration of the siRNA conjugates

into cells, they affect the target gene expression, suggesting that they are able to

escape from endosomes. So far, the mechanism of their endosomal release is still

not understood, although it was hypothesized to be related to intracellular traffic of

cholesterol (Maxfield and Wustner 2013).

Fig. 3 Cholesterol conjugated with oligonucleotides directly (a), through linear linkers based on

ethylenediamine (b), amino alcohols with various lengths of aliphatic chain (c), or polyethylene

glycol (d)
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Fig. 4 Cholesterol conjugated with oligonucleotides through branched linkers containing the

following compounds: (a–c) glycerol, (d) 2-aminobutyl-1,3-propanediol, (e, f) L-hydroxyproline,

(g) lysine, (h) serine, (i) serinol
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3 Modifications Improving the Stability of Nucleic Acids

After penetration in the cell and release into the cytoplasm, NA become vulnerable

to nuclease attack. This complication can be circumvented if the oligonucleotide

cargo is chemically modified to improve its stability. Chemical modifications of

nucleic acids can be classified into three distinct categories: internucleoside linkage

modifications, sugar modifications, and base modifications (the latter type can

affect the thermal stability of the duplex but is not used for NA stabilization and

is not considered here). The different types of modifications may be used within the

same molecule, depending on the desired effect. We present the structure and the

properties of the most used and promising modifications (Table 1).

Among oligonucleotide derivatives listed in Table 1, there are modifications,

which are well known and have been recommended for therapeutic use; one can

mention phosphorothioates, phosphorodiamidate morpholino oligomers (PMO),

peptide nucleic acids (PNA), and different types of 20-modified oligonucleotides

Fig. 5 Cholesterol conjugated with oligonucleotides through various cleavable linkers containing

disulfide bond
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Table 1 Chemical modifications improving nucleic acids’ stability

Modification Structure Properties References

Modification of internucleoside link

Phosphorothioate Highly resistant to

nuclease cleavage;

decreases the duplex

stability; binds to

serum albumin;

toxic

Bennett and

Swayze

(2010),

Milligan

et al. (1993)

N30 !P50

Phosphorodiamidate

morpholino oligo-

mers (PMO)

Confers resistance

to nucleases;

increases Tm of

duplex by 2 �C per

residue for an RNA

target

Gryaznov

et al. (1995),

Heidenreich

et al. (1997)

Boranophosphate Confers high nucle-

ase resistance

Hall

et al. (2004)

Amide-

internucleosidic

linkage

Confers nuclease

resistance; leads to

the duplex Tm
change from �4 to

+0.9 �C per residue

for an RNA target

De

Mesmaeker

et al. (1994),

Mutisya

et al. (2014)

(continued)
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Table 1 (continued)

Modification Structure Properties References

Phosphonoacetate Confers nuclease

resistance;

uncharged;

decreases Tm of

duplex by 1.2 �C per

residue for an RNA

target

Sheehan

et al. (2003)

Morpholino Highly resistant to

nuclease cleavage;

uncharged

Summerton

and Weller

(1997)

Peptide nucleic acid

(PNA)

Highly resistant to

nuclease cleavage;

uncharged;

increases Tm of

duplex by 1 �C per

residue for a DNA

target

Shabi

et al. (2006)

SATE (S-acyl-2-

thioethyl-

phosphotriesters)

Highly resistant to

nuclease cleavage;

uncharged; revers-

ible protecting

group (cleaved off

by thioesterase in

the cytoplasm)

Meade

et al. (2014)

(continued)
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Table 1 (continued)

Modification Structure Properties References

Phosphoryl guani-

dine (PG)

Highly resistant to

nuclease cleavage;

uncharged when

fully modified

Kupryushkin

et al. (2014),

Lebedeva

et al. (2015)

Sugar modifications

20-OMe-RNA Confers nuclease

resistance; increases

the duplex stability;

decreases the innate

immune response

induction

Bennett and

Swayze

(2010)

20-OMOE-RNA Confers nuclease

resistance;

increases Tm of

duplex by 2 �C per

residue for an RNA

target

20F-RNA Confers nuclease

resistance; increases

Tm of duplex by

2.2 �C per residue

for an RNA target

Kawasaki

et al. (1993)

Locked nucleic acid

(LNA)

Confers nuclease

resistance; increases

Tm of duplex by

5.1 �C per residue

for an RNA target

and by 4 �C per res-

idue for a DNA

target

Koshkin

et al. (1998)

(continued)
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(Wickstrom 2015). Another group consists of recently developed promising

modifications of oligonucleotide structure whose potential should be studied

in details in nearest future. Such modifications include amide-internucleosidic

linkage, S-acyl-2-thioethyl-phosphotriesters (SATE), or phosphoryl guanidines

(PG) incorporated instead of parent phosphodiester moieties. The derivatives and

analogues listed in Table 1 can allow to design oligomers characterized by the

electroneutral backbone, drastically increased nuclease resistance, and, therefore,

enhanced therapeutic potential.

Modifications should be introduced with caution as they may change NA

properties, such as toxicity and binding affinity for RNA/DNA targets. For instance,

it was found that the increased amount of modified nucleotides enhanced the

stability of siRNA in the presence of serum, but reduced its silencing activity.

The targeted modification of nuclease-sensitive sites (mostly UpA, CpA, and UpG

sites) improved the stability of siRNA and prolonged the silencing effect with

minimal loss of silencing efficiency (Volkov et al. 2009). Moreover, 20-O-methyl

analogues of ribonucleotides introduced in the nuclease-sensitive sites of long

dsRNA prevented the activation of innate immunity response without the loss of

silencing efficiency and specificity (Gvozdeva et al. 2014).

4 Modifications of the Therapeutic RNA Imported into

Human Mitochondria

Defects in human mitochondrial genome can cause a wide range of clinical

disorders, mainly neuromuscular diseases. Most of deleterious mitochondrial muta-

tions are heteroplasmic, meaning that wild-type and mutated forms of mtDNA

coexist in the same cell (Pinto and Moraes 2014). Therefore, a shift in the propor-

tion between mutant- and wild-type molecules could restore mitochondrial

Table 1 (continued)

Modification Structure Properties References

Unlocked nucleic

acid (UNA)

Decreases Tm of

duplex by 5–10 �C
per residue for an

RNA target and by

7–10 �C per residue

for a DNA target

Campbell

and Wengel

(2011)

Xylo nucleic acid

(XNA)

Confers nuclease

resistance;

decreases duplex

stability

Poopeiko

et al. (2003)

X—H (DNA) or OH (RNA); B—bases: A, C, G, T, U
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functions. The anti-replicative strategy aims to induce such a shift in heteroplasmy

by mitochondrial targeting specifically designed molecules in order to inhibit

replication of mutant mtDNA. Recently, we developed mitochondrial RNA vectors

(Kolesnikova et al. 2011) that can be used to address anti-replicative

oligoribonucleotides into human mitochondria and impact heteroplasmy level.

The observed effect was however transient, probably due to a rapid degradation

of RNA molecules (Comte et al. 2013). Various chemically modified nucleotides

have then been introduced in anti-replicative oligoribonucleotides to improve their

stability, namely, nucleotides substituted at the 20-hydroxyl group with 20-OMe,

20-F, and 20-deoxy in combination with terminus capping chemistry. The most

important increase of anti-replicative molecules’ lifetime can be achieved by

using synthetic RNA–DNA chimeric molecules or by ribose 20-O-methylation

in nuclease-sensitive sites. The presence of “inverted” 30-30 thymidine at the

30-terminus and modifications of 20-OH ribose moiety did not prevent the mito-

chondrial uptake of the recombinant molecules. Nevertheless, the modified oligo-

nucleotides did not cause a significant effect on the heteroplasmy level in

transfected transmitochondrial cybrid cells bearing a pathogenic mtDNA deletion,

proving to be less efficient than nonmodified RNA molecules (Tonin et al. 2014).

One can hypothesize that the C30-endo sugar conformation and 30-30 inverted

nucleotides might be recognized by the replisome or by other mitochondrial

nucleoid proteins as nonnatural and quickly eliminated.

To decrease the toxicity of the cell transfection procedure and create an approach

of carrier-free targeting of various anti-replicative RNAs into living human cells,

we designed conjugates containing a cholesterol residue. Because cholesterol could

stall the mitochondrial import of therapeutic anti-replicative RNA due to attach-

ment to the mitochondrial membranes, we developed the protocol of chemical

synthesis of oligoribonucleotides conjugated with cholesterol residue through

cleavable covalent bonds. Conjugates containing pH-triggered hydrazone bond

(Fig. 6a) were shown to be stable during the cell transfection procedure and rapidly

cleaved in acidic endosomal cellular compartments. RNAs conjugated to choles-

terol through a hydrazone bond were characterized by efficient carrier-free cellular

uptake and partial co-localization with mitochondrial network. Moreover, the

imported oligoribonucleotide designed to target a pathogenic point mutation in

mitochondrial DNA was able to induce a decrease in the proportion of mutant

mitochondrial genomes (Dovydenko et al. 2015).

We suppose that anti-replicative RNA conjugated to cholesterol can be inter-

nalized by the endocytosis pathway (Fig. 6b). Thereafter, the hydrazone bond

between RNA and cholesterol moieties would be cleaved in the acidic conditions

of the late endosomes, and the endosomal escape can be induced by destabilization

of endosomal lipid bilayer, due to the positively charged hydrazide group which is

formed by the conjugate hydrolysis. Released RNA molecules can be partially

degraded in the cytoplasm, but still partially targeted into mitochondria due to the

presence of a structural determinant for mitochondrial import.

To improve the in vivo delivery of cholesterol-RNA conjugates, we are planning

to design and synthesize conjugated molecules containing various nucleotide and
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internucleotide bond modifications, which can improve the stability of anti-

replicative RNA moieties and promote their tissue distribution and cellular uptake.

5 Conclusion and Future Prospects

As one can deduce from the examples discussed above, there are various nucleotide

modifications that can protect RNA molecules introduced into human cells against

nucleolytic degradation. Another type of modification, the conjugation of oligonu-

cleotides to the ligands, which can be internalized into the cell by natural transport

mechanisms, is a promising approach to overcome the problem of their inefficient

delivery to target cells and tissues. Further development of the oligonucleotide

Fig. 6 Cell delivery of RNA conjugated to cholesterol through cleavable linker. (a)

Oligoribonucleotide conjugated with cholesterol residue through pH-triggered hydrazone bond.

The point of the cleavage in acidic conditions is shown by an arrow. (b) Schematic representation

of the cell delivery of RNA conjugated to cholesterol through cleavable linker. RNA is represented

by a helix; cholesterol residue is highlighted in purple. See text for the details
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modification technology will allow creating novel therapeutic molecules charac-

terized by high stability, low toxicity, and efficient delivery to various human

tissues.
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Abstract This chapter contains an elaborate overview of various methods that

have been developed for interstrand cross-linking of nucleic acids. The existing

cross-link methodologies can be subcategorized in different groups, each interest-

ing depending on the requirements of the envisaged application. An endogenous or

exogenous bifunctional compound can react with two different nucleophilic groups

on the nucleobases, resulting in fast and high-yielding cross-linking. However,

when site selectivity of the formed cross-link is desired, other approaches are

required. Therefore, a series of methodologies are at hand where functionalities

are introduced in oligonucleotide probes, which can be intrinsically reactive or can

be triggered and activated at a selected time upon target recognition. In a third class,

both strands are modified with orthogonal groups. After reaction of the introduced

functionalities, a cross-link is formed at a specific and fixed position. The chapter

ends with an overview of and outlook to present and future applications. It is thus

shown that cross-linking agents can be exploited as useful therapeutic or diagnostic

tools and have further proven their utility in the stabilization or structure elucidation

of cross-linked systems aimed at studying and understanding the repair systems in

a cell.

Keywords Nucleic acids • Oligonucleotide probes • Interstrand cross-linking •

Oligonucleotide therapeutics • Exogenous cross-linkers

1 Introduction

An interstrand cross-link (ICL), a covalent ligation between two complementary

nucleic acid strands, can be introduced by a variety of exogenous or endogenous

agents. The presence of these ICLs in DNA can prevent cell replication, transcrip-

tion, or translation. After their formation, ICL repair mechanisms are initiated

which act to repair the strands; however, due to the need for both strands to be

repaired, interstrand cross-linking agents are still genotoxic and, therefore, popular

as anticancer therapeutics (Noll et al. 2006). Due to the impact of ICLs on cell

viability, a wealth of researchers have devoted their attention to the preparation and

analysis of interstrand cross-linked duplexes, and a series of methods have been

developed to access such structures in an efficient and site-selective way. Conse-

quently, applications of cross-linkable oligonucleotides in therapeutics and nano-

technology or to study or reveal cellular pathways have been established.

Here, we present an overview of methods to achieve nucleic acid interstrand

cross-linking developed to date. We have opted for a systematic overview of

methodologies structured according to the conceptual mechanistic difference for

obtaining the interstrand cross-linked (ICL) species, as represented by the cartoon

in Fig. 1.
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In addition to endogenously present cross-linking agents (Sect. 2), reactive

bifunctional species can be externally added to duplexes to achieve ICL formation

(Sect. 3). Triggerable or activatable agents have been developed which are able to

fine-tune and augment selectivity. Furthermore, introduction of those moieties into

single-stranded probes allows targeting specific nucleic acid targets as discussed in

Sect. 4. In view of material science applications, we review methods for the

covalent connection of complementary oligonucleotides modified with matching

chemical probes (Sect. 5) or the construction and solid-phase-based incorporation

of cross-linked nucleoside building blocks (Sect. 6). Finally an overview of poten-

tial applications is given in Sect. 7. For a more in-depth discussion on mechanistic

aspects and specific applications, we would like to refer to important reviews on this

topic (Rajski and Williams 1998; Noll et al. 2006; Efimov and Fedyunin 2010). Due

to the extensive, ongoing research in this area, our aim is to provide a broad

overview of cross-linking methodology in nucleic acids, developed to date.

2 Endogenous Cross-Linking Agents

Compounds possessing double functionalities can react with two corresponding

groups positioned nearby. When these groups are present on complementary

oligonucleotide strands, a covalent bond can be formed: an interstrand cross-link.

Compounds of this type that are found naturally or generated inside the body, able

to induce ICL formation, are categorized as endogenous cross-linking agents.

Fig. 1 Schematic overview of different cross-link strategies
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2.1 α,β-Unsaturated Aldehydes

Unsaturated aldehydes such as acrolein, crotonaldehyde, and 4-hydroxynonenal act

as bifunctional alkylating agents. Upon reaction with double-stranded DNA, they

covalently cross-link the DNA in a 50-CG-30 sequence. These α,β-unsaturated
aldehydes are endogenous products which are formed by lipid peroxidation under

oxidative stress (Stone et al. 2008).

1,N2-hydroxypropano-dG (HO-PdG) adducts are formed by the reaction of a

guanine moiety with an α,β-unsaturated aldehyde moiety, through a Michael

addition followed by cyclization (Fig. 2) (Shapiro et al. 1969; Galliani and

Pantarotto 1983; Leonard and Barrio 1984). This HO-PdG can subsequently form

a cross-link with a guanine situated on the complementary strand of a neighboring

CG or GC base pair (Stone et al. 2008).

Due to these cross-linking properties, crotonaldehyde is classified as genotoxic

and acrolein is carcinogenic in rats and mutagenic (Cohen et al. 1992; Czerny

et al. 1998; Kawanishi et al. 1998). Both acrolein and crotonaldehyde have been

shown to be taken up exogenously from cigarette smoke (Facchinetti et al. 2007)

and automobile exhaust gases (Nishikawa et al. 1987).

2.2 Nitric Oxide

Nitric oxide is formed endogenously during nitric oxide synthase-catalyzed oxida-

tion of L-arginine, and its metabolites can react with nucleic acids (Berka

et al. 2004; Beda and Nedospasov 2006). One of the major modifications which

is found after reaction of N2O3 with DNA is the deamination of bases with an

exocyclic amino group (A, G, and C), resulting in mutations and transitions in the

sequence. DNA interstrand cross-links, intrastrand cross-links, and DNA-protein

cross-links have been found after reaction with nitrous acid (Shapiro et al. 1977;

Fig. 2 Examples of α, β-unsaturated aldehydes and their cross-link formation
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Suzuki et al. 2000). However, G-G cross-links (Fig. 3) are also formed after

reaction with endogenous nitric oxide in aerobic conditions (Caulfield et al. 2003;

Beda and Nedospasov 2007).

Inspired by this natural toxicity of nitrous acid, a solid-phase synthesis route was

developed for the production of nitrous acid cross-linked DNA by Hopkins

et al. (Harwood et al. 1999b).

2.3 Formaldehyde

Formaldehyde is a widely used carcinogenic chemical and is present in cigarette

smoke, automobile exhaust gases, and smog (Swenberg et al. 2013). Next to this

exogenous occurrence of formaldehyde, it also has many endogenous sources

(metabolite of amino acids, lipid peroxidation, metabolite of methanol, demethyl-

ation with P450). Formaldehyde can react with the nucleophilic groups present on

amino acids (mainly lysine, cysteine, and tryptophan) (Klockenbusch et al. 2012)

and on nucleotides (mainly dG) (Swenberg et al. 2013). Upon further reaction of the

formed adducts, cross-linked adducts can be formed, however, mainly

encompassing DNA-protein, RNA-protein, and protein-protein cross-links rather

than DNA interstrand cross-links. As a result, formaldehyde treatment is routinely

used in chromatin immunoprecipitation (ChIP) to investigate the interaction

between proteins and DNA (Orlando et al. 1997).

2.4 Pyrimidine Dimers

Under influence of UV light, pyrimidine CC and TT dimers can be formed in DNA.

Due to the presence of sufficiently energetic UVB radiation in sunlight, photo-

chemically induced [2 + 2] dimerization of pyrimidines can be initiated. When a CC

dimer is mispaired to two adenines, a CC to TT mutation is introduced in replication

of the dimer (Goodsell 2001). These mutations are most often found in the p53

tumor suppressor gene in skin cancers. UVA is also photo-carcinogenic and is

Fig. 3 G-G cross-link formed after nitric oxide treatment
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involved in photoaging but is only weakly absorbed by DNA and proteins. Exam-

ples of DNA photoproducts, other than the most commonly occurring pyrimidine

dimers that are directly induced by UV light, are pyrimidine-pyrimidone photo-

products and Dewar valence isomers (El-Yazbi and Loppnow 2014).

2.5 Abasic Sites

Abasic sites are prevalent lesions lacking a nucleobase on the 10-position of the

sugar moiety (Greenberg 2014). They are formed as an intermediate during DNA

repair and are produced in every cell 2000–10,000 times per day (Lindahl 1993).

Abasic sites lack hydrogen bonding, causing destabilization of the duplex structure

and imparting an electrophilic character to them. The reactivity of these lesions can

be accredited to the formation of an aldehyde moiety, present only in a minor

amount (1%) through the equilibrium between the closed and open ring form. This

aldehyde is then available to react with the N2-position of dG to form an interstrand

cross-link (Fig. 4) (Dutta et al. 2007; Johnson et al. 2013; Catalano et al. 2015). The

interstrand cross-link is generally only formed when the abasic site follows a C in

the sequence (50-C-abasic-30). Very recently, however, it has been shown that

adenine was also able to attack the aldehyde, resulting in interstrand cross-link

formation (Price et al. 2014).

Inspired by the natural reactivity of these abasic sites, the group of Gates

recently developed a high-yielding synthetic route to cross-linked duplexes. Here,

two complementary non-modified oligonucleotide strands are post-synthetically

modified, one to yield an abasic site and the other an N4-amino-20-deoxycytidine.
Attack of the exocyclic amine functionality of this modified cytidine moiety on the

abasic site yields the formation of an ICL (Gamboa Varela and Gates 2015). An

alternative approach taken by Komatsu and co-workers exploits the formation of

two abasic sites on opposite positions of complementary strands. When adding a

Fig. 4 Interstrand cross-link formation with abasic sites
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bifunctional aminooxy derivative, reaction with both abasic sites leads to the

formation of an ICL (Ichikawa et al. 2012).

3 Exogenous Cross-Linking Agents

In the following, an overview of exogenously added agents which cause cross-

linking is discussed. Often, these agents can be or have been applied as chemother-

apeutics as it has been shown that such cross-linking treatment can interfere with

cell replication and ultimately cause cell death (Rajski and Williams 1998).

3.1 Inherently Reactive, Non-Triggerable Reagents

3.1.1 Nitrogen Mustards and Derivatives

Nitrogen mustards comprise reactive agents characterized by the presence of

chloroethyl side chains on a nitrogen (Fig. 5a). By intramolecular alkylation the

chloroethyl group is transformed into a reactive aziridinium ion, susceptible to

nucleophilic attack of the N7 of a guanine residue. Formation of a second

aziridinium ion can then occur, which is capable of reacting with a guanine of the

complementary strand, thus forming an interstrand cross-link (Fig. 5b) (Brookes

and Lawley 1961).

Mustard gases were used as a toxin in the First World War and have since been

found to possess chemotherapeutic properties. The use of mustine as an anticancer

agent was first proposed in 1946 (Gilman and Philips 1946) and is still used in

chemotherapy today. Some other important nitrogen mustards which are used as

drugs are presented in Fig. 5a.

Fig. 5 (a) Some important nitrogen mustards and (b) their general mechanism of interstrand

cross-link formation
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3.1.2 Chloroethylating Agents

Unlike the alkylating agents discussed above, chloroethylating agents introduce

only a small ethylene linkage between two bases. Initially, a single base of the DNA

strand is modified with a chloroethyl group, and although mechanistic uncertainties

exist, it is widely assumed that, upon internal cyclization, interstrand cross-linking

then occurs, involving a base of the opposite DNA strand as represented in Fig. 6.

3.1.3 Nitrosoureas

Chloroethylnitrosoureas or methylnitrosoureas are commonly used to treat brain

tumors. These agents can form an interstrand cross-link in a CGWatson-Crick base

pair (see Fig. 6) (Fischhaber et al. 1999). The chemical structures of the most

important nitrosoureas are presented in Fig. 7. N,N0-Bis(2-chloroethyl)-nitrosourea
(BCNU) or carmustine is a drug approved to treat brain cancer, multiple myeloma,

and lymphoma.

Fig. 6 Proposed mechanism of interstrand cross-linking through reaction with a chloroethylating

agent

Fig. 7 Some examples of nitrosoureas
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3.1.4 Triazene Derivatives

Triazenes consist of an amine directly connected to an azo group (R1R2N-N¼NR3).

Triazenes are known to alkylate the N7- or O6-position of a guanosine. Forma-

tion of N7-chloroethylguanosine can lead to formation of a GG intrastrand cross-

link, whereas O6-chloroethylguanosine can generate a CG interstrand cross-link

(Tong and Ludlum 1981; Smith et al. 1996). Two commonly used triazene

chemotherapeutics are temozolomide and dacarbazine (Fig. 8). Both drugs act

through methylation of the guanosine of DNA at N7 or O6, thus resulting in

apoptosis without interstrand cross-link formation (Sanada et al. 2007).

3.1.5 Epoxides

Epoxides are capable of reacting with DNA and follow a mechanism similar to the

nitrogen mustards (Millard and White 1993). Introduction of an interstrand cross-

link in a 50-GC-30 or 50-CG-30 sequence is realized through a reaction with the N7-

position of guanosine. Diepoxybutane is the most simple epoxide cross-linking

agent (Fig. 9). Carzinophilin, also called azinomycin B, is a more complex chemo-

therapeutic agent combining an epoxide and a strained aziridine for reaction with

DNA.

Fig. 9 Interstrand cross-link formation with epoxides and the structure of carzinophilin

Fig. 8 Some important triazene structures
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3.1.6 Cisplatin and Other Transition Metal Complexes

Cisplatin was the first transition metal complex to be used as a chemotherapeutic

agent in 1979 and is used to date to treat various cancers (e.g., bladder cancer,

cervical cancer, ovarian cancer, and testicular cancer, among others). It is capable

of forming both intrastrand and interstrand cross-links (50-GC-30). The chloride

atoms can be displaced by water, followed by nucleotide binding at the N7-position

of guanine (Reishus and Martin 1961). The stereoisomer, transplatin, also shows

toxicity but has no antitumor activity. To diminish the side effects of cisplatin

chemotherapy, various derivatives have been developed and approved, the most

important of which are presented in Fig. 10.

3.2 Triggerable Exogenous Cross-Linking Agents
with Masked Reactive Functionality

A series of exogenous cross-linking agents is known that are not inherently reactive

but can be triggered by an external activation signal such as UV irradiation,

oxidation, or reduction, unlocking their reactivity toward DNA. Due to the possi-

bility to induce the reactivity of these agents, a certain selectivity can be introduced.

Indeed, by activating the masked reactive group only at the location of interest,

nonspecific reactions with other moieties can be minimized.

3.2.1 Mitomycin C

Mitomycins are natural products, containing an aziridine moiety, which are isolated

from Streptomyces caespitosus. Mitomycins A and B were discovered in 1956

along with their potential antibiotic and antitumor activity (Hata et al. 1956).

Two years later, mitomycin C was also discovered which has, since 1974, become

a widely used chemotherapeutic (Wakaki et al. 1958). Cross-linking with mitomy-

cin C has been shown to barely change the duplex structure (Norman et al. 1990).

Activation by enzymatic or chemical reduction of the quinone moiety is needed to

Fig. 10 Structure of

commonly used platinum

complexes as cross-linking

agents
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induce reaction with DNA (Fig. 11). Subsequently, a cascade of reactions takes

place, ultimately leading to interstrand cross-link formation. Although the

interstrand cross-link is most abundant, the intrastrand cross-link product or the

monoadduct can also be formed (Tomasz 1995). Modifications of these mitomycins

have been considered for the development of more selective or efficient cross-

linkers. Among these, dimers of mitomycin-like structures have been proven to

impart regioselectivity (Paz et al. 2004).

3.2.2 Psoralens

Psoralens are natural products of the furocoumarin family, structurally related to the

coumarins. The most common psoralens are presented in Fig. 12. Due to their flat

tricyclic structure, they can intercalate in dsDNA and upon activation by UV

irradiation produce a cross-link by a [2 + 2] cycloaddition between two thymine

moieties in a 50-TA-30 or a 50-AT-30 region. Psoralen-induced cross-linking can be

reversible by tuning the wavelength of irradiation (Decout and Lhomme 1992).

Fig. 11 Cross-link formation with mitomycin C

Fig. 12 Some important psoralen structures and their cross-link formation
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4 Cross-Linkable Oligonucleotide Probes

Introduction of reactive moieties within the oligonucleotide sequence through the

synthesis of unnatural nucleotides allows the formation of cross-links between

complementary pairs. In the following section, various approaches to this method-

ology are presented, classified according to various chemical reactivities.

4.1 Oligonucleotide Probes with Intrinsic SN2 Reactivity

4.1.1 Oligonucleotides Modified with Halogenated Building Blocks

The presence of a halomethyl moiety within an oligonucleotide creates an electro-

philic center sensitive to nucleophilic attack. Coleman and co-workers developed a

method for modifying an oligonucleotide sequence with 4-thio-20-deoxyuridine.
After reacting this moiety with a bifunctional electrophilic group containing an

α-halo carbonyl function, an electrophilic center is generated. Various building

blocks were synthesized (Coleman and Kesicki 1995; Coleman and Pires 1997), of

which a selection is presented in Fig. 13.

After hybridization of the modified sequence with a complementary strand, an

SN2 nucleophilic attack of the N7-position of a guanine base, present on the

complementary strand, on the α-halocarbonyl moiety, leads to the formation of an

interstrand cross-link. Cross-linking not only involves the guanine directly opposite

the modified building block, but other guanine moieties present on the complemen-

tary strand have also been shown to be involved in ICL formation. This lack

of selectivity, next to the ICL yield, was shown to depend on the bifunctional linker

used and the exact oligonucleotide sequence.

Incorporation of a chloroethyl-modified thymine base in an oligonucleotide

sequence was described by Schärer et al. (Alzeer and Schärer 2006). The proposed

mechanistic pathway, as presented in Fig. 14, is initiated by an intramolecular SN2

reaction, forming a cationic species which can react with the O6-position of a

complementary guanine base, leading to ICL formation. In order to obtain a

triggerable system, Luedtke et al. introduced a O6-(2-chloroethyl)guanine moiety,

modified with a photolabile ortho-nitrobenzyloxycarbonyl group present on the N2

Fig. 13 Selection of

building blocks developed

by Coleman and co-workers

for cross-linking of

oligonucleotides
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nitrogen. Upon UV irradiation, the protecting group is cleaved, allowing the

nitrogen to undergo an intramolecular SN2 reaction (Hentschel et al. 2012).

4.1.2 Oligonucleotides Modified with Strained Ring Systems

Oligonucleotides modified with an electrophilic moiety in the form of strained ring

systems or heterocycles are capable of inducing interstrand cross-links, through

attack of nucleophilic sites present on the opposite strand. It was shown that cross-

linking to the opposite strand occurred when 5-methyl-cytosine (Fig. 15a) was

modified with an aziridine ring (Webb and Matteucci 1986a, b). Incorporation of

a more complex strained ring system has also been demonstrated by conjugating an

oligonucleotide sequence with a cyclopropapyrroloindole unit which contains an

electrophilic cyclopropyl moiety. After hybridization with the complementary

strand, nucleophilic attack of the N7-position of an adenosine moiety leads to the

formation of a cross-link (Fig. 15b) (Lukhtanov et al. 1996, 1997).

The previously described alkylating properties of mitomycin C also resulted in

the exploration of its conjugation ability to an oligonucleotide sequence to improve

sequence selectivity. Tomasz and co-workers incorporated a mitomycin derivative

at the 50-end of a synthetic oligonucleotide sequence by attack of a nearby 2-amino

group of guanine, present in the minor groove. Reduction of the mitomycin by

NADPH cytochrome C reductase or NADH cytochrome C reductase (vide supra)

resulted in successful ICL formation with complementary strands (Maruenda and

Tomasz 1996).

Fig. 15 (a) 5-Methyl cytidine modified with an aziridine moiety, (b) reaction of the N7-position of

an adenine base with the cyclopropyl unit on a cyclopropapyrroloindole

Fig. 14 Reaction of chloroethyl thymine with a complementary guanine base leading to ICL

formation
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4.2 Hybridization-Activated Oligonucleotide Probes

4.2.1 Oligonucleotides Modified with Phenylsulfide/Phenylsulfoxide

Nucleotides

The group of Sasaki reported on the synthesis of phenylsulfide derivatives of

purines and their incorporation in oligonucleotide sequences. Such derivatives

have been shown to selectively form cross-links with an opposite cytosine present

on the hybridized complementary strand (Nagatsugi et al. 1999; Kawasaki

et al. 2005). These modified sequences were activated by oxidation to the

corresponding phenylsulfoxide. Hybridization with the complementary strand stim-

ulates elimination of the phenylsulfoxide and formation of the 2-amino-6-

vinylpurine moiety, which readily reacts with the opposite base, showing selectivity

for cytosine (Fig. 16). It was further shown that this vinyl methodology was

applicable in RNA chemistry. A 4-vinylated thymine and a 4-vinylated deoxyuracil

were designed, and, after incorporation into a DNA sequence, cross-linking to the

complementary RNA sequence was observed. Preference for cross-linking to an

opposite uracil base in case of the modified thymine (and competitive cross-linking

to flanking adenine bases when present as neighboring bases of the uracil moiety)

and virtually complete selectivity for a uracil base in case of the modified

deoxyuracil was observed.

Furthermore, Nagatsugi and co-workers described the synthesis and incorpora-

tion of 6-vinylpurine in an oligonucleotide sequence, demonstrating that removal of

the 2-amino group of the purine moiety enabled faster cross-linking (Imoto

et al. 2012). Recently, the same group synthesized a novel nucleobase, a

2-amino-6-(1-ethylthiovinyl) purine, which could be oxidized using the biologi-

cally relevant hydrogen peroxide and FeCl2, forming an ICL with a complementary

RNA sequence (Kusano et al. 2014).

Fig. 16 After hybridization, the phenylsulfoxide group is converted to a vinyl analogue after

which reaction with a complementary cytosine leads to cross-link formation
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4.3 Photo-Activatable Oligonucleotide Probes

4.3.1 Oligonucleotides Modified with Halogenated Building Blocks

Inspired by the applicability of 5-brominated deoxyuridine as a radiosensitizing

agent in cells, the group of Hunting investigated the effect of this moiety on the

formation of interstrand cross-links between oligonucleotides. After irradiation of

this halogenated nucleoside with UV or γ-irradiation, a very reactive σ-radical is
formed (Fig. 17), which was observed to react with the complementary strand when

present in a bulge region, resulting in the formation of an ICL (Cecchini et al. 2005;

Dextraze et al. 2009). To our knowledge, the exact structure of the formed cross-

link has not yet been specified.

The group of Greenberg demonstrated that the elimination of hydrogen bonding

to the complementary base, through replacement of the uridine by a substituted

phenyl functionality, made ICL formation possible in regions that lacked the bulge

area (Hou and Greenberg 2014). The different aryl halide building blocks are

presented in Fig. 18. Cross-linking to all four complementary bases was observed

in competition with cross-linking to flanking thymidine bases. The obtained ICL

yields were dependent on the substitution pattern of the building block and the

method of activation (i.e., UV or γ-irradiation).

4.3.2 Oligonucleotides Modified with Phenyl Selenium Nucleotides

When cells are subjected to oxidative stress, various sorts of DNA lesions can arise,

including the formation of a 5-(20-deoxyuracil) methyl radical. The group of

Fig. 17 Irradiation of 50-brominated deoxyuridine leads to the formation of a very reactive

σ-radical

Fig. 18 Aryl halide building blocks, designed by the group of Greenberg, for cross-linking of

oligonucleotides
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Greenberg showed that this lesion could induce an ICL with the complementary

hybridized strand by reaction with an opposite adenine base. A phenyl selenide

nucleotide precursor was used for the synthetic in situ generation of this radical

moiety (Fig. 19). Additionally, also cross-linking to a guanine was achieved by

modification of 5-methyl-20-deoxycytidine to the phenyl selenide analogue (Peng

et al. 2008). Alternative activation methods for these precursors were also described

including UV irradiation and thermal activation in the presence of glutathione,

oxygen, and azo initiator (Hong and Greenberg 2005a). Non-radical pathways for

the formation of ICLs after the incorporation of phenyl selenium nucleotides have

also been demonstrated, by oxidation with hydrogen peroxide, singlet oxygen, or

NaIO4 (Hong and Greenberg 2005b; Hong et al. 2006a, b).

Greenberg’s phenyl selenide strategy was further shown to be applicable for

RNA cross-linking after incorporation of a phenyl selenide modified 5-methyl

uridine in an RNA sequence (Sloane and Greenberg 2014).

4.3.3 Oligonucleotides Modified with Derivatives Reacting Through

[2 + 2] Cycloaddition

As described above, psoralens have been widely used as externally added cross-

linking agents. Yet, when sequence selectivity is required, incorporation of the

psoralen derivative into an oligonucleotide sequence allows limiting the reaction to

cross-link formation between the modified strand and its complement. The group of

Essigmann successfully synthesized a psoralen-modified thymine moiety which

was then incorporated into an oligonucleotide sequence and proven to selectively

form an ICL with the complementary strand (Kobertz and Essigmann 1997). Miller

and co-workers reported on the attachment of a psoralen derivative to the 50-end of

an oligodeoxynucleotide methylphosphonate sequence and demonstrated its cross-

linking abilities to DNA sequences (Lee et al. 1988) and RNA sequences (Kean

et al. 1988). Furthermore, Murakami and co-workers described the synthesis of a

psoralen-derivatized 20-O-adenosine moiety and, through internal incorporation

into a phosphorothioate sequence, were able to selectively cross-link a comple-

mentary uridine base in an RNA sequence upon UV irradiation (Higuchi et al. 2007,

2009).

Another methodology which utilizes a [2 + 2] cycloaddition reaction as a tool for

oligonucleotide cross-linking was described by the group of Fujimoto. Here, a

3-cyanovinylcarbazole nucleoside was incorporated in an oligonucleotide

sequence, and reversible cross-linking was observed through irradiation at different

Fig. 19 Phenyl selenium cross-linking strategy for cross-linking to adenine

354 E. Gyssels et al.



wavelengths of light. Initially, fast and efficient cross-linking was observed with a

pyrimidine base on the complementary strand upon irradiation at 366 nm (Fig. 20a).

Subsequent irradiation at 312 nm was shown to break the cross-link, reforming the

original single strands (Yoshimura and Fujimoto 2008; Sakamoto et al. 2015a, b).

They also extended their method to cross-linking of RNA (Yoshimura et al. 2009).

Editing the RNA sequence was demonstrated, after cross-linking to a cytosine, by

the reverse reaction which led to substitution of this cytosine with a uracil base

(Fujimoto et al. 2010).

Recently, Peng et al. described the incorporation of a coumarin moiety in an

oligonucleotide sequence (Fig. 20b). Cross-linking was observed when irradiating

the duplex with 350 nm, inducing a [2 + 2] cycloaddition with thymine (and in much

lesser extent with cytosine and adenosine) present on the complementary strand. By

irradiating the duplex at 254 nm, complete reversibility was observed (Haque

et al. 2014; Sun et al. 2014).

4.3.4 Oligonucleotides Modified with a Furan Moiety

Inspired by the natural toxicity of furan in the human body, our group established an

efficient cross-link methodology through incorporation of a furan moiety in an

oligonucleotide sequence (Stevens and Madder 2009; Jawalekar et al. 2011; Op de

Beeck and Madder 2011). After oxidation of the furan group, a reactive keto-enal is

formed which is prone to react with an exocyclic amine present on the opposite base

and directed in the major groove, leading to ICL formation. This indicates cytidine

and adenine as cross-linking partners. Oxidation of the furan unit can be achieved

by using N-bromosuccinimide or singlet oxygen (Op De Beeck and Madder 2012),

which is generated by irradiation of a photosensitizer with a characteristic wave-

length of the visible spectrum (Fig. 21).

Various furan building blocks were synthesized (Fig. 22) and evaluated for their

cross-link abilities. ICL yields were shown to depend upon the furan moiety used.

In addition to cross-linking DNA, the furan methodology shown can be extended

to the field of RNA. It was shown that incorporation of a furan moiety in a 20-OMe

RNA sequence lead to cross-link formation to a target unmodified RNA sequence

(Carrette et al. 2014).

Fig. 20 (a) [2 + 2] cycloaddition with 3-cyanovinylcarbazole-modified DNA, (b) [2 + 2] cyclo-

addition with coumarin-modified DNA
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5 Cross-Linking Between Two Complementary Modified

Oligonucleotides

Modification of two complementary bases in the oligonucleotide strands can result

in formation of a cross-link through simple and well-established chemical

reactions.

5.1 Disulfide Formation

Modification with sulfide derivatives, of two positions opposite one another on

complementary oligonucleotide strands, can lead to disulfide bond formation upon

oxidation, leading to the formation of a stable cross-linked duplex (Fig. 23).

The sulfide moiety can be incorporated during oligonucleotide synthesis provid-

ing a sulfide-modified nucleoside which can be displayed at a given position. This

Fig. 22 Various furan building blocks developed for oligonucleotide cross-linking

Fig. 21 Oxidation of the furan unit followed by nucleophilic attack of exocyclic amine with the

formation of an ICL
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was described by the group of Jones who showed internal incorporation of sulfide-

linked (deoxy)guanine nucleosides in DNA and RNA sequences (Xiaorong

et al. 2009). Glick et al. incorporated various sulfide-modified thymine residues

with the ability to form cross-links upon oxidation by air when situated at the

50-strand end and the 30-end of the complementary sequence in an oligonucleotide

duplex (Osborne et al. 1996; Glick 1998). Additionally, Hatano and co-workers

described the internal incorporation of a building block containing a sulfide group

directly attached to the sugar ring. Stable cross-links were observed that were

reversible under reducing conditions (Hatano et al. 2004, 2012).

5.2 Click Chemistry

A well-known click reaction is the copper-mediated reaction between azide and

alkyne functionalities. Due to advantages such as efficiency and regioselectivity,

this click methodology has been utilized for many applications, and it has also been

found to be useful for forming nucleic acid interstrand cross-links. This technique

involves the modification of one strand with an azide function, while the opposite

base on the complementary strand holds the alkyne derivative. Copper is then used

to catalyze the formation of a stable triazole function, yielding an interstrand cross-

link (Fig. 24) (Kocalka et al. 2008). An alternative approach was taken by the group

of Seela to use this click chemistry. They modified both oligonucleotides with an

alkyne function and added an external bifunctional azide moiety (Pujari

et al. 2010). They have subsequently used this methodology to form cross-links

in various DNA configurations showing the versatility of the approach (Xiong and

Seela 2011, 2012; Pujari and Seela 2012, 2013; Ingale and Seela 2013; Pujari

et al. 2014).

Due to the high toxicity of copper, developing a method which has no need for

copper catalysis is of interest for biological applications. The group of Bertozzi

initially determined that a ring-strained alkyne, in most cases cyclooctyn, with

electron withdrawing substituents, can from triazole compounds with azides even in

Fig. 23 Schematic

representation of cross-

linking of oligonucleotides

by disulfide bond formation
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the absence of a copper catalyst (Baskin et al. 2007). This method has been

demonstrated in DNA cross-links by the group of Seela and the group of Brown

(Gerrard et al. 2012; Shelbourne et al. 2012). Another alternative reaction occurs

between an azide and a nitrile oxide, which is electronically similar to the nitrile,

and was demonstrated by Heaney in collaboration with our group (Singh

et al. 2009, 2012).

5.3 [2 + 2] Photocycloaddition Reactions

As previously described in Sect. 4.3, photo-activatable oligonucleotide probes have

been used for the cross-linking of DNA strands through modification of one strand

and reaction with a base pair on the other strand. The group of Asanuma have

chosen to modify both DNA strands with stilbene derivatives which become active

under light irradiation of 340 nm to undergo photocycloaddition reactions (Kashida

et al. 2013; Doi et al. 2015).

5.4 Adding an External Reagent to Two Modified
Oligonucleotides

Introduction of electrophilic moieties in oligonucleotide sequences allows forma-

tion of reactive centers which are susceptible to nucleophilic attack. Schärer

et al. developed a methodology using this theory, in which two aldehyde precursors

were introduced on opposite strands. The corresponding aldehydes were formed

upon oxidation, after which an external bifunctional compound was added, cova-

lently bonding these two moieties together and leading to the formation of an ICL

(Angelov et al. 2009; Mukherjee et al. 2014).

Fig. 24 Schematic

representation of cross-

linking of oligonucleotides

using click chemistry
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6 Solid-Phase ICL Synthesis

To obtain insight into the characteristics of ICLs formed by treatment of DNA with

nitrous acid, Hopkins and Sigurdsson developed an approach for the stepwise

generation of cross-linked duplexes (Harwood et al. 1999a). Here, cross-links

were introduced during solid-phase synthesis, which was done following two

strategies. The first approach introduced a cross-linked phosphoramidite during

elongation of an oligonucleotide chain. When the synthesis proceeded, both the

original and the introduced nucleosides were extended simultaneously toward the

50-end, forming an identical base pair sequence. After end capping of these growing

sequences, elongation of the 30-end of the introduced chain, preceded by its

deprotection, was completed (Fig. 25a). The second strategy involved introduction

of coupled phosphoramidites simultaneously on two growing oligonucleotide

chains, both attached to solid support (Fig. 25b).

These strategies were applied by the group of Kishi for synthesis of various

duplexes (Li et al. 2001). The cross-link, which was represented by a G-T or A-T

coupled base pair, was introduced internally, at the terminus of a duplex, or by

covalently coupling an internal position of the oligonucleotide chain with the 30-end
of its complement.

To obtain insight in the repair mechanism active upon application of various

chemotherapeutics, the group of Miller, Noronha, and Wilds synthesized different

cross-linked duplexes relevant in this context. By introducing a C-C (Noll

et al. 2001; Noronha et al. 2002) or a T-T cross-link (Wilds et al. 2004), a system

is formed which resembles the lesions found after treatment with mechloretamine.

Alternatively, a G-G cross-link resembles the lesions upon treatment with

hepsulfam (Wilds et al. 2006).

7 Applications

A wide variety of techniques for cross-link formation has been presented here, and

this results from the diverse array of possible applications for this procedure.

Subject to the application, cross-link yield, selectivity, instant reactivity or reactiv-

ity on demand, and cross-link trigger are all factors which can be optimized by

Fig. 25 Solid-phase ICL synthesis. (a) First strategy, (b) second strategy
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making use of different cross-linking methodologies. The cross-link method of

choice can be tuned in order to meet the requirements of the application.

In order to emphasize the importance of cross-linking, a short overview of the

different applications is given in what follows.

7.1 Study Model for DNA Repair Mechanisms

As described above, nucleic acid cross-links in cells are a key cause of DNA

damage, formed under the influence of certain endo- and exogenous agents.

These highly toxic lesions prevent DNA replication which can ultimately lead to

cell apoptosis (Schärer 2003). In addition to this, DNA mutations and

rearrangements can also result from cross-link formation, with the possibility of

tumor growth as a consequence (Dronkert and Kanaar 2001). Therefore, organisms

have found a way to protect themselves in the form of DNA repair enzymes. Yet,

whereas this repair is essential in healthy cells, it can compromise the effect of

chemotherapeutics of cancer cells, where cell death is the main goal (Chaney and

Sancar 1996). Therefore, elucidation of the repair mechanism of these lesions is of

great importance to improve the quality of certain chemotherapeutics, where

resistance of the cancerous cells to the treatment is interfering with the desired

therapeutic effect (Guainazzi and Scharer 2010). Due to the high complexity of the

repair of these lesions in mammalian cells, the exact working mechanism is of

much interest. Therefore, there is a need for high accessibility of well-defined cross-

linked oligonucleotide duplexes.

7.2 Nanotechnology

The high specificity with which an oligonucleotide sequence recognizes its comple-

ment contributes to the applicability in the field of nanotechnology. Indeed, this

specificity guides the assembly of DNA strands to a highly controlled nanoconstruct.

DNA origami constructs were first introduced by Seeman in 1982 and were further

developed by Rothemund (Seeman 1982; Rothemund 2006). The use of long single-

stranded DNA was combined with many short sequences to make folded constructs.

Yet, due to the electrostatic character of the bonds holding the DNA helices together,

working temperatures had to remain under 55�C to prevent melting of the DNA

duplexes and thus damage to the material (Castro et al. 2011). To expand the

applicability of the DNA composing materials, a higher temperature resistance is

required. It was shown that the introduction of a cross-link between the DNA strands

could improve the temperature stability of the DNA-based materials (Lundberg

et al. 2010; Rajendran et al. 2011; Tagawa et al. 2011; Nakamura and Fujimoto

2014). Furthermore by making use of a cross-link, another nucleic acid strand or

other moiety can be conjugated onto the nanomaterial at a specific position.
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7.3 Secondary and Tertiary Structural Information

Cross-linking can be used for the structural elucidation of 3D folding of nucleic

acid structures. RNA, for example, forms numerous secondary and tertiary struc-

tures (e.g., helices, hairpins, loops, etc.). These can be analyzed using classical

methods such as X-ray crystallography or NMR; however, the results from these

studies are difficult to interpret because many of the structures involved are formed

in a reversible fashion. The close proximity between certain functional groups can

be proven through cross-links which also helps in revealing the secondary and

tertiary structures. Furthermore, an installed cross-link helps in stabilizing and

rendering formation of these structures irreversible so that further analysis is

possible (Harris and Christian 2009). One example is the discovery of a

DNA-RNA hybrid-type G-quadruplex through fixation of the structure by making

use of the copper-based cycloaddition cross-linking between the 50-end and the

30-end of the sequence (Xu et al. 2009). A second example involves the use of

platinum(II) cross-linking to a phosphorothioate substitution in the hammerhead

ribozyme (HHRz) (Chapman and DeRose 2012).

7.4 Cross-Linking as a Tool for Therapeutics

Applications in the cellular environment are more challenging due to numerous

requirements resulting from the complex mixture in which cross-linking needs to

occur. Due to the fact that the cross-link target is a natural sequence, evidently only

small exogenous agents or oligonucleotide probes, in which the reactive function-

ality is present in a single strand, can be applied. To improve the selectivity in this

context, it is beneficial that the reactivity of the used probe can be triggered,

preferably with a non-detrimental activation method. Additionally, cell stability

and cell permeability are also factors of importance when applying the technique in

a cellular context.

7.4.1 Chemotherapeutics

As previously discussed, many cross-linking agents with intrinsic reactivity are

used as chemotherapeutics. After the Second World War, autopsies made clear that

sulfur mustard had specifically attacked the white blood cells, and it was hypoth-

esized that this could help in the treatment of leukemia. At present, a long list of

chemotherapeutic agents is used to cure or treat cancer; however, the cross-linking

agents, especially bifunctional alkylating agents and platinum-based agents, repre-

sent a large proportion of this list. It is not our intention to list them all here, but the

most important chemotherapeutic cross-linking agents (e.g., cyclophosphamide,

mustine, melphalan, cisplatin, oxaliplatin, etc.) are discussed in Sect. 3. The

Interstrand Cross-Linking of Nucleic Acids: From History to Recent and. . . 361



major disadvantage of chemotherapeutics is the lack of selectivity resulting in a

debilitating number of side effects for all these drugs. To circumvent these side

effects, the fields of antisense therapy, decoy DNA, and RNA interference have

been developed to create therapeutics with more selectivity.

7.4.2 Antisense

The working principle behind the majority of therapeutics is an interaction with the

proteins that play a key role in certain diseases. Antisense therapeutics, on the other

hand, reduce protein expression by interfering with the translation of mRNA

sequencing that codes for this specific protein. Although discussion about the

specific mechanisms of action is still ongoing, two types of working principle can

be described (Dias and Stein 2002). The first mechanism exploits the function of the

RNAse H endonucleases. After hybridization of the synthetic DNA with the mRNA

strand, the formed DNA-RNA duplex is recognized by RNase H which selectively

hydrolyzes the RNA sequence, preventing its translation. Both mipomersen and

fomivirsen are antisense therapeutics, approved by the FDA, which induce degra-

dation of the specific mRNA by recruiting RNAse H. The second mechanistic

pathway involves sterical blocking of the mRNA sequence, rendering it unavailable

for splicing or binding of the ribosome, and in this way the production pathway of

the corresponding protein is blocked. By introducing a covalent bond between the

mRNA sequence and its externally added complement, a more rigid and sustainable

blocking motif can be formed, thus improving the potential of the antisense

technology. Indeed, Sasaki and co-workers demonstrated that their vinyl purine

methodology was applicable in the antisense methodology. They synthesized

PEG-conjugated analogues of sulfide-protected 2-amino-6-alkyl purine, comple-

mentary to the firefly luciferase mRNA sequence. Intracellular application of these

modified strands led to successful inhibition of luciferase fluorescence. They also

proved that more inhibition was obtained when cross-linking was applied than

when using the non-modified antisense sequence (Ali et al. 2006). The group of

Fujimoto successfully demonstrated the possibility of reducing GFP (green fluo-

rescent protein) expression in HeLa cells, by the use of photo-activatable

phosphorothioate oligonucleotides modified with a 3-cyanovinylcarbazole nucleo-

side, complementary to a specified region in the mRNA sequence coding for this

protein. They showed a diminished fluorescence after UV irradiation of the probe-

containing cells, proving a reduced GFP concentration (Sakamoto et al. 2014).

7.4.3 Transcription Factor Decoy Oligonucleotides

An important step in the transcription of genes is the binding of transcription factors

(TFs) to their binding motifs located on several positions near the transcription

initiation site. The binding of these TFs and their mutual interactions have a high

influence on the expression of the gene to its corresponding proteins. Therefore,
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they have become a relevant target for therapeutic applications. By introducing

“decoy” DNA, a short duplex sequence containing the binding motif of the tran-

scription factor, into the cell, competition arises between the binding motif located

on the gene and on the decoy DNA, resulting in suppression of TF gene binding.

Yet, an important limitation of the transcription factor decoy is the stability of the

decoy DNA in cellular context due to the presence of nucleases. By introducing a

cross-link between the strands in the decoy duplex or by closing the decoy duplex

on both sides rendering a cyclic decoy or dumbbell, a higher stability toward

endonucleases can be achieved (Gao et al. 1994; Murakami et al. 2001). When

this is utilized, successful inhibition of protein expression can be observed (Amoah-

Apraku et al. 2000; Murakami et al. 2001). Furthermore, work carried out by

El-Sagheer and Brown illustrated the use of dumbbell DNA, cyclized using the

copper-catalyzed azide-alkyne cycloaddition reaction, for targeting transcription

factors. This cyclic decoy has greater stability toward degradation in comparison

with the noncyclic hairpin and shows smooth cell uptake (El-Sagheer et al. 2008;

El-Sagheer and Brown 2008, 2012).

7.4.4 RNA Interference

Interference with mRNA can occur by other means than the antisense strategy as a

tool to prevent its translation. Endogenously, this is done in the process of RNA

interference through natural RNA molecules which inhibit or stimulate gene

expression. These processes and mechanisms are still to be fully revealed; however,

it is known that both microRNA (miRNA) and small interfering RNA (siRNA) can

downregulate protein translation from mRNA by binding to the RNA-induced

silencing complex (RISC) (Ipsaro and Joshua-Tor 2015). Upregulation however

is also possible by targeting promoter regions. Artificial siRNA or anti-miRNA can

be delivered into the cell to interfere with this posttranscriptional gene expression

(Chabot et al. 2015). This is an emerging field since the discovery of RNA

interference was first described by Fire and Mello (Fire et al. 1998). Cross-linking

can be useful in this field, as was demonstrated by the use of a psoralen-modified

oligonucleotide which inhibits the RISC function better than the similar non-

psoralen-modified analogue suggesting that cross-linking indeed is useful for reg-

ulation of RNA interference (Matsuyama et al. 2014).
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Abstract DNA is continuously exposed to various damaging conditions (oxidizing

agents, UV, ionizing radiations, or endogenous species) that produce strand breaks,

cross-links, or damaged nucleotides. In most cases, several kinds of DNA damages

are simultaneously produced, often in low yield. Consequently, this hampered

isolation and study of a well-defined damaged oligonucleotide (ODN). In order to

get deeper insights into biological properties of a given lesion, chemistry enables

preparation of large quantity of ODN containing a single and site-specifically

located lesion. In addition, chemistry allows fine-tuning of lesions properties:

influence of stereochemistry or of the neighboring nucleobase.

This book chapter will emphasize on the methods aimed to chemical introduc-

tion of damaged nucleotides into a synthetic ODN. Phosphoramidite chemistry will

be highlighted as it enables high-yielding, automatable and user-friendly site-

specific incorporation of the DNA lesions.

Keywords Nucleic acids • DNA lesions • Oligonucleotide • Phosphoramidite

1 Introduction

Chemical introduction of damaged nucleobase by phosphoramidite approach was

previously reviewed (Butenandt 1999; Iwai 2006), and nomenclature rules were

recently suggested for clarity purposes (Cooke et al. 2010; Cadet et al. 2012).The

aim of this review is to recall earlier reported methods and focus on new synthetic

advances. Biochemical investigation of the lesions will not be detailed.

Two main chemical pathways toward damaged ODN are known: (1) the

pioneering approach based on post-synthetic generation of damage in an ODN or

(2) the synthetic incorporation of a suitably protected damaged nucleotide into the

target ODN.

The post-synthetic methods consisted in submitting a short ODN containing a

single sensitive target nucleobase to the exogenous conditions (UV, γ-irradiation,
chemicals, etc.) known to transform it. Damaged ODN had then to be purified

following extensive and tedious separative methods. Although simple, this method

is restricted to short ODN and will not be extensively discussed. Finally, some

mixed methods are based on the incorporation of a reactive nucleoside during

elongation, followed by ODN post-synthetic modification.
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So far, the phosphoramidite approach is the most appropriate method for site-

specific incorporation of a lesion within an ODN irrespective of its length and

sequence context.

A common feature shared by an impressive number of lesions is their base

sensitivity, either due to facile epimerization or to the presence of groups sensitive

to β-elimination. Unfortunately, usual final step at the end of ODN synthesis

requires harsh alkaline conditions (30% aqueous solution, 55 �C for 16 h for

dG-containing ODN). An important breakthrough was achieved with the develop-

ment of the commercially available “pac phosphoramidite” 1–3 (Fig. 1) (Virta

2009) based on a new set of protecting groups removable in mild conditions

(methanolic 50 mM K2CO3 for 4 h at RT or concentrated ammonia for 2 h at

RT). Phosphoramidites 1–3 were then commonly used for synthesis of lesion-

containing ODNs.

2 Abasic Sites

2.1 “True” Abasic Site (4, 5, Ap)

This lesion is mainly present as hemiacetal 4 (99%) in equilibrium with unstable

aldehyde 5 (1%) prone to strand breakage at physiological pH and lower via a

β-elimination reaction. To overcome this instability, Ap site was first chemically

incorporated in ODN as a stable analogue lacking the 10-hydroxyl group using 6a or
6b, as a suitably protected aldehyde precursor 7 or as a protected hemiacetalic

derivative 8 and 9 (Fig. 2).

The phosphoramidite of the stable tetrahydrofuran analogue 6a (Eritja

et al. 1987) was the first to be synthesized with a methyl group for transient

protection of the PIII atom. The more user-friendly cyanoethyl derivative 6b (Iyer

et al. 1990) was next developed and is still commercially available. Stable ana-

logues have also been synthesized for determining the structural feature of the Ap

site (Huang and Greenberg 2008).

Synthesis of the “true” abasic site 4 is more challenging due to its intrinsic

instability. Earlier post-synthetic methods relied on heat deglycosylation of a short

oligomer containing a single acid-sensitive nucleobase/pyrimidine (Iocono
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Fig. 1 Ultrasensitive phosphoramidites. 2 and 3 are protected with pac (phenoxyacetic) groups
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et al. 1990), 8-alkylthiopurine (Laayoun et al. 1994), or 1-deazaguanine (Kojima

et al. 2005). Direct incorporation of suitably protected precursors of abasic site was

performed by using 8 (Groebke and Leumann 1990) or 9 (Péoc’h et al. 1991). In the
former strategy, 10-hydroxy group was protected as a tBDMS derivative and

released under mild acidic conditions. In the second strategy: the 10-hydroxy was

protected with a photosensitive o-nitrobenzyl group derivative. The

phosphoramidite 9 was introduced during ODN elongation, and the free Ap site

was released quantitatively after UV illumination of the purified ODN.

A more sophisticated procedure was also described (Coleman and Pires 1999): a

dG-containing target ODN was hybridized with a complementary strand bearing a

bromoacetyl residue opposite a guanine residue. Upon hybridization, N7 position of

the target dG was alkylated and became more prone to depurination.

A further improvement was carried out by the introduction of the aldehydic form

of the abasic site 5 with a phosphoramidite precursor 7 introduced as a tBDMS

protected triol (Shishkina and Johnson 2000). Unmasking was performed by DMT

removal and triol desilylation by aqueous AcOH, followed by periodate treatment

(glycol oxidation) and spontaneous ring closure.

The more recent works on Ap site chemistry focused on synthesis of its RNA

counterpart (Trzupek and Sheppard 2005; K€upfer and Leumann 2005, 2007). These

teams used photolabile precursors such as 10.

2.2 The 4-Dioxo-2-Phosphorylbutane Lesion (11, 12, DOB)

The DOB precursor 15 was obtained as a mixture of four isomers. The hydroxyl

groups in 10 and 40 positions were protected as photolabile nitroveratrol derivatives
(Kodama and Greenberg 2005; Guan et al. 2010) (Fig. 3).

Interestingly, when opposite dA in a duplex, DOB reacts with exocyclic amino

group to form interstrand cross-link by formation of a pyrrolidine tether (Guan and

Greenberg 2009, 2011). A DOB-dA cross-linked analogue was introduced by

phosphoramidite chemistry following either normal or reverse phosphoramidite.

Authors elegantly obtained an isomerically pure cross-linked duplex (Ghosh and

Greenberg 2014).
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Fig. 2 (1) Equilibrium between hemiacetal (4) and aldehyde (5) forms of Ap site; (2) structures of

the phosphoramidite derivatives of the stable Ap site analogues (6a and 6b) of the protected

aldehyde (7) or of the hemiacetal (8 and 9); (3) phosphoramidite of RNA abasic site 10
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2.3 C40-Oxidized Abasic Site (13, 14, C4-AP)

Chemical incorporation of C4-AP site (13, 14) was performed in 2003 using a

modified phosphoramidite (Kim et al. 2003). The 50-alcohol in phosphoramidite 16
(and in the upcoming phosphoramidites) was silylated and the 10- and 40-hydroxyl
groups protected by the photolabile nitroveratryl group. Stable analogues were

synthesized following similar strategies (Kim et al. 2005).

Other approaches relying on incorporation of a caged precursor of the

C40-oxidized abasic site were described (Aso et al. 2006; Usui et al. 2008).

2.4 The 20-Deoxyribonolactone Lesion (17, 1-AP)

Post-synthetic light-triggered generation of deoxyribonolactone 17 was achieved

by illumination of an ODN containing a 7-nitroindole ring as a nucleobase analogue

18. Under UV illumination the nitro group leads to radical H-abstraction at the 10

position. The resulting radical reacts with water leading to the expected

ribonolactone and free 7-nitrosoindole as by-product (Kotera et al. 1998). Other

strategies, all relying on a key photochemical reaction to produce radical interme-

diates, were reported, either using 3-deaza-3-nitro-20-deoxyadenosine 19 (Berthet

et al. 2009; Crey-Desbiolles and Kotera 2006), 2-nitrotoluene 20a or 2-nitroveratrol
20b as sacrificial base analogue (Zheng and Sheppard 2004; Lenox et al. 2001), or

21 (Tronche et al. 1998) or 5-halouridine (Tashiro et al. 2008) for H10 radical
generation (Fig. 4).

2.5 The Erythrose Lesion (25, C2-AP)

Erythrose lesion 25 was incorporated in an ODN as a protected triol

phosphoramidite 22. The aldehyde function was released by post-synthetic mild

oxidation of the glycol moiety 24 (Kim et al. 2004) (Fig. 5).
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(3) phosphoramidite derivatives for the introduction of the DOB lesion (15), or the C4-AP lesion

(16)
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3 Oxidized Purines

3.1 7,8-Dihydro-8-oxo-20-Deoxyguanosine (8-OxodG)

Phosphoramidite 31 was prepared from 20-deoxyguanosine (dG) after bromination

of the 8-position, followed by substitution by a benzyloxy group and its hydroge-

nation (Einolf et al. 1998). Substitution of the bromine atom (26 to 27) is the

bottleneck of the reaction (28% yield and large amount of by-products). Increasing

the BnOH/DMSO ratio from 1:3 to 3:2 led to an 80% yield and easier purification

(Nampalli and Kumar 2000).

Direct incorporation of 8-oxodG by phosphoramidite chemistry was achieved in

1992 using 31. Importantly, mercaptoethanol had to be added in the deprotection

mixture as 8-oxoG is sensitive to aerial oxidation (60% degradation yield was

reported in the absence of reducing agent) (Bodepudi et al. 1992) (Fig. 6).

Other biologically relevant 8-oxopurines were also reported: N2-alkyl 8-oxoG
(Kannan and Burrows 2011), 2-amino, 8-oxopurine (namely, 8-oxoG lacking the

6-oxo group) (Cadena-Amaro et al. 2005), and the 6O methyl derivative

(Varaprasad et al. 1996).

Synthesis of 8-oxoA with a 70% yield relied on a similar strategy for the

8-position oxidation (Bodepudi et al. 1992). The direct conversion of the 8-bromo

derivative into 8-oxoA was further reported with a 95% yield (Chatgilialoglu

et al. 2006).

The phosphoramidite derivatives of the putative (4R) and (4S) diastereoisomers of

4-hydroxy-8-oxodG (formally 4,8-dihydro-4-hydroxy-8-oxo-20-deoxyguanosine)
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Fig. 5 Structures of the C2-AP lesion 25. (a) Oligonucleotide elongation, (b) NMP/Et3N/

Et3N∙3HF, 65 �C, 3 h, (c) NaIO4, pH¼ 6, 30 min, RT
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were also synthesized. This lesion was supposed to arise from 8-oxodG oxidation by

singlet oxygen (1O2). Key step of the synthesis was a 30 h photosensitized oxidation

of an oxygen-saturated aqueous solution of dG yielding ca. 45% of the expected

diastereoisomer pair (Romieu et al. 1999a). Further studies revealed that the right

structure was a spiranic compound 127 (vide infra) (Adam et al. 2002).

3.2 The 2,6-Diamino-4-Hydroxy-5-Formamidopyrimidine
Lesion (32, Fapy-dG) and 4,6-Diamino-5-
Formamidopyrimidine (Fapy-dA) Lesions

Fapy-dG was incorporated by phosphoramidite chemistry as a lesion-containing

dimer (Haraguchi and Greenberg 2001). An important structural feature of the

Fapy-dG nucleoside is the easy conversion between furanoid and pyranoid isomers

and their fast epimerization. As this conversion cannot happen when Fapy-dG is

embedded in an oligonucleotidic scaffold (50-alcohol being linked to a phosphate

residue), the chosen chemical pathway relied on direct incorporation of a suitably

protected dinucleotide. On the other hand, facile epimerization at the C10 position
precludes the need to design stereospecific synthetic pathway (Fig. 7).

The nitro Fapy-dG precursor 34 was used as a racemic mixture and coupled with

33 to afford a Fapy-dG-T dimer 35. Internucleotidic phosphate was protected as a

methyl triester as the classical β-cyanoethyl group did not withstand the subsequent
transformations. Finally, the formamido moiety in 37 was obtained through reduc-

tion of the nitro group 35 and formylation of the resulting amino group 36.
Phosphoramidite 38 was incorporated with a 70% yield using a reverse strategy

(i.e., chain elongation from 50 to 30 end). Pivalic anhydride/lutidine mixture was

used for capping step (usual acetylation conditions lead to deformylation). Four

years later, the same authors presented a new dimer phosphoramidite 39 which was
incorporated by the usual 30 to 50 chain elongation (Jiang et al. 2005). Improvements

Fig. 6 Synthesis of 8-oxodG phosphoramidite 31. (a) Br2, H2O, 0
�C; (b) BnONa, DMSO, 65 �C,

24 h; (c) i-Me3SiCl, pyr.; ii-isobutyric anhydride, RT, 4 h.; iii-NH3 (aq), 15 min, 0 �C; (d) H2

(60 psi), Pd/C, n-BuOH/H2O, 55
�C, 12 h; (e) DMTrCl, pyr., 0 �C! RT, 15 min; (f) (iPr)2NP(Cl)

OCH2CH2CN, TEA, CH2Cl2, 20 min, RT
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of the synthesis of the nitro Fapy-dG precursor were also reported (Haraguchi

et al. 2002).

A post-synthetic generation of Fapy-dG was described: nitro phosphoramidite

40 was incorporated in a short trinucleotide (TXT), which was in turn submitted

to the reduction and formylation steps. Formylation was performed using

N-formylimidazole. No over-formylation was reported (Lukin et al. 2011).

New syntheses of the α and β anomers of Fapy-dG as well as the RNA

counterpart (Fapy-G) were reported (Burgdorf and Carell 2002). Fapy-dGTP was

also prepared and its incorporation by DNA polymerase appeared to be roughly

1000 times less effective than normal dGTP (Imoto et al. 2006). A close analogue,

Me-Fapy-dG, was also synthesized. This lesion is supposed to arise from N7
alkylation of dG followed by imidazole ring opening (Christov et al. 2008).

3.3 The Imidazolone (41, dIz) and Oxazolone Lesions (42, dZ)

The dIz 41 and dZ 4 lesions (Fig. 8) were first isolated and characterized after UV

illumination of an aqueous solution of 20-deoxyguanosine in the presence of

riboflavin as photosensitizer. Deoxyguanosine is partially converted into the dIz

lesion 41 which in turn is quantitatively converted into dZ 42. Unfortunately, a
rapid degradation into guanidine was observed at pH¼ 10 for dZ and dIZ (Cadet

et al. 1994) as well as for the dinucleotide d(TpIz) (Buchko et al. 1995). This

instability precluded their chemical incorporation in ODN.

First attempt to obtain dIZ and dZ lesions was achieved post-synthetically by

illumination of a single-G-containing ODN in aerated aqueous solution in the

presence of riboflavin (Kino and Sugiyama 2001; Gasparutto et al. 1998).

Fig. 7 (1) Structure of the Fapy-dG lesion 32, (2) synthesis of the phosphoramidite 38 for the

introduction of the Fapy-dG lesion, (a) i-tetrazole, ii-tBuOOH; (b) H2, Pd/C, MeOH; (c) H(C¼O)

OAc, pyr., THF; (d) Bu4N
þ, F�, AcOH, THF; (e) (iPr)2NP(Cl)OCH2CH2CN, TEA, CH2Cl2,

20 min, RT. (3) Phosphoramidite 39 and 40
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ODN containing the dIZ lesion was obtained as the major photoproduct, but

spontaneous hydrolysis of the dIZ lesion in neutral conditions leads to a final

15 to 38% yield.

Direct chemical incorporation of dZ or dIz by phosphoramidite chemistry has

not been reported. However, a stabilized dZ lesion analogue was post-synthetically

obtained by illumination of an ODN containing the 10C-carbanucleoside of

8-oxodG (Mueller et al. 2008).

3.4 The Cyanuric Acid Lesion (43)

Cyanuric acid lesion (Fig. 8) is not alkali-labile. Its incorporation in an ODN was

performed by automated synthesis using phosphoramidite precursor 43. The

β-anomer was purified by silica gel chromatography at the nucleoside step

(Gasparutto et al. 1999).

4 Damaged Pyrimidine: Oxidized and Reduced Ring
(Fig. 9)

4.1 The 5,6-Dihydrothymine Lesion (dDHT, 44)

The poor stability of dDHT 44 in concentrated ammonia at RT is the main

bottleneck for successful chemical incorporation of this lesion in synthetic ODN

(a less than 2 h alkaline treatment is recommended). The first incorporation of 51
was achieved in a synthetic poly(dT) (Molko et al. 1985), and its incorporation in an

ODN containing the four nucleobases could be achieved using the pac protecting

groups (Schulhof et al. 1988). Synthesis of 51 started from rhodium-catalyzed

hydrogenation of the thymine double bond yielding the 5S isomer as a major

product.
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Fig. 8 Structures of the (1) dIZ, dZ and (2) cyanuric lesions. (a) Irradiation of a riboflavin aerated

aqueous solution; (b) H2O, pH ¼ 7, RT, 20 h
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4.2 The 5,6-Dihydroxythymine Lesion (Tg, 45)

Chemical synthesis of Tg 45 was achieved by incorporation of 52. This

phosphoramidite was obtained by osmylation of the thymine double bond leading

to the formation of both cis isomers. The synthesis was pursued only on the major

5R, 6S isomer obtained in a 6:1 ratio. Both 5- and 6-hydroxy groups were protected

as TBDMS ether, and chain elongation was performed using pac groups for the

exocyclic amines protection. Finally, diol was freed by a fluoride treatment (Iwai

2000). Synthesis of the other main diastereoisomer 5S, 6R was undertaken after

chromatographic separation of both isomers. Interestingly, tertiary alcohol in posi-

tion 5 did not need to be protected (Iwai 2001). A strong improvement of the

synthesis of 52 was obtained by using ionic liquid as a cosolvent for the osmylation

reaction (Shimizu et al. 2006). Under such conditions, the 5S, 6R isomer is

predominantly obtained in a 1:2 mixture. Diastereoisomeric mixture was also

incorporated in synthetic oligomers following a close chemical pathway: 5- and

6-hydroxyl groups were protected as levulinyl ester (Gasparutto et al. 2005).

4.3 The 5-Hydroxy-5,6-Dihydrothymine Lesion (46)

This lesion does not withstand the usual final alkaline cleavage. A precursor 53
protected by allyloxy and allyloxycarbonyl groups was designed. Final ODN was

linked to the support by a photocleavable tether. After chain elongation, the

deprotection and release of the free oligomer were achieved by Pd(0) treatment

and photoillumination (Bernadou et al. 1994). However, amino groups’

Fig. 9 (1) Structures of the main thymine lesions (44–50) and (2) corresponding

phosphoramidites 51–54
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deprotection appeared to be incomplete (up to four allyl remaining residues).

Moreover, illumination step precluded the use of ODN containing contiguous

thymine in the sequence (Greenberg and Matray 1997).The design of

phosphoramidite 54 based on acetyl protection of the 5-hydroxy group and the

use of pac protecting groups circumvented these drawbacks (Sambandam and

Greenberg 1999).

4.4 The 5-Methylhydantoin Lesions (5-OH-dHyd 47) and 5-
Hydroxy, 5-Methylhydantoin (HMH 48)

The 5-OH-dHyd 47 lesion is the major decomposition product of ozone-mediated

oxidation of 20-deoxycytidine. Its phosphoramidite derivative was prepared in 2001

as a racemic mixture. The key step is the direct conversion of dC into 47 derivative
by ozonolysis, followed by 50-DMT protection (28% yield, two steps) and protec-

tion of the secondary alcohol in position 5 as a levulinic ester (Muller et al. 2001).

This lesion appeared to be more alkali-labile than its methylated counterpart HMH

48 produced by ionizing radiation. Thymine was converted in one step into HMH

by reaction with a KMnO4/Pb(OAc)4 aqueous solution in 35–41% yield (Guy

et al. 1993). The resulting HMH derivatives were obtained as a racemic mixture

and converted into phosphoramidite without protection of the tertiary 5-hydroxy

group. Although HMH lesion is prone to C10 racemization, its alkali lability occurs

only at high temperature, and it could be inserted in ODN by using pac strategy

(Gasparutto et al. 2000).

4.5 The Ribosylformamide (49) and Ribosylurea (Ur, 50)
Lesions

The ribosylformamide lesion 49 is often produced along with the Ur lesion 50
during oxidation of thymine. It is neither alkali-labile nor prone to anomerization,

but it exists as cis and trans forms in a 3:7 ratio supposed to display different

hybridization properties once embedded into DNA; lesion 49 was easily introduced
by phosphoramidite chemistry (Baillet and Behr 1995).

A post-synthetic procedure was reported starting from oligomer containing a Tg

lesion 45. Overnight mild oxidation with sodium periodate leads to the expected

lesion 49-containing ODN in a 43% yield (Toga et al. 2009).

The phosphoramidite synthon of ribosylurea was obtained by KMnO4/Pb(OAc)4
double bond oxidation of a suitably protected thymine derivative leading to a

mixture containing urea derivative (16%) and N-formylurea (18%). The urea

moiety was inserted in synthetic oligomer without protection using pac strategy

(Guy et al. 1990). Others claimed that the oxidation step is poorly reproducible and
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proposed a two-step strategy: firstly permanganate-mediated oxidation of T into

alkali-labile thymidine glycol derivative and secondly degradation into a 3:1 ratio

of α- and β-ribosylurea isomers in sodium hydroxide solution in a 57% yield

(Dubey et al. 2001).

5 Pyrimidine Dimers

5.1 Cyclobutane Pyrimidine Dimer (CPD, 55)

CPD 55 results from photocross-linking of two contiguous thymines. Earlier syn-

thesis of this damage was based on direct UV illumination of a short oligomer

(Kemmink et al. 1987) affording CPD-containing oligomer in 20–30% yield with

cis-syn stereochemistry. This method is still of synthetic importance and was

employed for generating TpC and TpMeC CPD-containing oligomers (Song

et al. 2012) as well as CPD-containing ODN with thiophosphate internucleotidic

bond (Othuka et al. 1992) (Fig. 10).

First, chemical incorporation of a cis-syn-cyclobutane dimer into synthetic

oligomer by phosphoramidite 58 was reported in 1987 (Taylor et al. 1987). The

key step was the photoillumination of a TpT dimer 56a leading to a mixture of four

column-separable compounds displaying RP or SP isomerism and cis-syn or trans-
syn stereochemistry. The most abundant (27%) cis-syn isomer 57 was purified and

Fig. 10 (1) CPD lesion 55, (2) synthesis of cis-syn phosphoramidite 58, (a) hν, (b) i-DMTrCl,

pyr., ii-TBAF, THF, AcOH; (3) CPD phosphoramidites 59, 60a,b and 62, support 61 and

analogues 63a,b
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converted to a ready-to-use phosphoramidite 58. Incorporation of 58 into a tetramer

was achieved in a 50% yield. Although C3-N4 bond of the imide moiety of CPD is

known to rapidly hydrolyze under alkaline conditions, CPD lesion withstands final

ammonolysis conditions (Blackburn and Davies 1965). An intractable mixture was

obtained when performing photoillumination of 56b. Trityl group was claimed to

be detrimental to [2þ2] cycloaddition (Taylor et al. 1987) although others reported

opposite results (Nadji et al. 1992). Levulinate derivative 56c was also successfully
used (30% conversion) (Ortiz Mayo et al. 2003).

Phosphoramidite 59 was obtained after tedious chromatography steps from

trans-syn stereoisomer (Taylor and Brockie 1988). More user-friendly derivatives

60a and, especially, 60b (Kosmoski and Smerdon 1999) were further developed

with an internucleotidic phosphate group protected as a β-cyanoethyl derivative
(Tommasi et al. 1996; Murata et al. 1990). Others reported that this group is not

compatible with photoillumination (Yamamoto et al. 2014). The resulting

CPD-containing oligomer was deprotected in concentrated ammonia at 55 �C for

5 h. A phosphorodithioate analogue (Murata et al. 1990) and a [3-15N]-labeled

CPD-containing ODN (Bdour et al. 2006) were also synthesized following this

approach.

Synthesis of a d(TpU) CPD phosphoramidite 62 was also described (Takasawa

et al. 2004) and appeared to be more alkali-sensitive than its TpT counterpart (Ortiz

Mayo et al. 2003). Successful incorporation of TpC CPD lesion analogue by

phosphoramidite approach was achieved following similar chemical pathway.

Surprisingly, illumination of the TpC dimer leads to the trans-syn CPD as the

major product, and cytosine moiety is rapidly converted into U by deamination

(Cannistraro and Taylor 2009). Consequently, the authors introduced cytosine as its

N4-methylated counterpart. The electron-donating ability of the methyl group is

supposed to reduce its hydrolysis susceptibility (Yamamoto et al. 2014).

A TpT dimer analogue phosphoramidite 63a with a transient phthalate

internucleotidic linkage was devised to unravel the influence of the natural

phosphodiester bond (Nadji et al. 1992). Ester bonds of the phthalate tether were

hydrolyzed during the final deprotection. A formacetal dimer 63b was also devised

to introduce isostere analogue of UpU CPD-containing lesion (Butenandt

et al. 1998). Although CPD-containing oligomers can be successfully synthesized

by this approach, large excess of phosphoramidite was required, and little was said

on incorporation yields. To extend the usefulness of these phosphoramidite building

blocks, the solid support 61 was synthesized and ODNs were further extended

firstly chemically (from the 50 end) and then enzymatically (Ordoukhanian and

Taylor 1997).
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5.2 The (6-4)-Photoproducts (64) and the Dewar Photolesion
(65)

The synthesis and incorporation of the T-(6-4)-T photoproduct phosphoramidite 70
were achieved in 1996 (Iwai et al. 1996). A suitably modified TpT dimer 66was UV
illuminated to form the (6-4)-photoproduct 67 in a 16% yield. Attempts to protect

the tertiary alcohol in 67 with acetic anhydride only lead to N3-acetylation.
Consequently, the tertiary alcohol in 68 was left unprotected. The T-(6-4)-T

photoproduct revealed to be stable in AcOH 80% RT and in concentrated ammonia

but only at RT. In harsh alkaline conditions, it decomposed by hydrolysis of the N3

and C4 bond of the 50-pyrimidine component (Higurashi et al. 2003) by subsequent

hydrolysis of the glycosidic bond of the 30 moiety (Arichi et al. 2012) and by

deamination (Lin et al. 2014). Consequently, the pac protection scheme was used to

assemble the T-(6-4)-T photoproduct-containing ODN. Several slower-eluting

by-products were observed after deprotection, suggesting that branching occurred

by over-phosphitylation of the imide N3 atom of the (6-4) moiety. The expected

oligomer was isolated as the major product by switching from tetrazole to

benzimidazolium triflate as activator thus dramatically enhancing the O-
vs. N-phosphitylation (Iwai et al. 1999). The T-(6-4)-C photoproduct lesion was

also incorporated using the phosphoramidite 71 (Mizukoshi et al. 1998) synthesized

by irradiation of the TpC dimer in a 3.9% yield. The T-(6-4)-C lesion being alkali-

sensitive, the pac strategy was required. However, capping steps after incorporation

of 71 were omitted to avoid acylation of the tertiary amine. Similarly to what was

noticed for CPD syntheses, the 50-DMTr group was reported to be unstable when

irradiated at 254 nm. Consequently, it was removed prior to photoillumination and

reintroduced after.

The thio analogue 72 was also reported and successfully incorporated in ODN

(Matus et al. 2003), although the chosen protecting group for the thiol moiety did

not fulfill all the synthetic requirement for incorporation in ODN (Guérineau

et al. 2004). The phosphoramidite of the Dewar lesion 73 was also prepared with

an unprotected tertiary alcohol and was incorporated in synthetic ODN. The use of

benzimidazolium triflate as activator instead of the usual tetrazaole leads to the

formation of lower amount of branched oligomers. This lesion is compatible with

the ultramild deprotection conditions, although small amount of by-product forma-

tion was reported after ammonia deprotection (Yamamoto et al. 2006) (Fig. 11).

5.3 The Spore Photoproduct (SP, 74)

Spore photoproduct dimer synthesis was achieved in 1995. The key step is the

bromine substitution in 75a by protected hydrogenated thymine unit 75b affording

the SP dimer isomers 76 in 1:1.2 ratio (Kim et al. 1995). Synthesis was further

improved (Chandra et al. 2009) and analogues were developed for crystallographic
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(Lin et al. 2011) or enzymatic studies (Friedel et al. 2006). Incorporation of SP

analogues was next achieved with phosphoramidite lacking the internucleotidic

phosphate bond 78 (B€urckst€ummer and Carell 2008).

The chemical incorporation of the “true” SP lesion was recently achieved

(Fig. 12, phosphoramidites 81a,b) (Jian and Li 2013). Coupling of both thymidine

units 75a and 75b by SN reaction afforded the R and S isomers 76 in 28 and 23%

yields, respectively. After RP-HPLC separation of the biologically relevant

R isomer, the 30 and 50 alcohols of both thymine units were bridged by a o-
chlorophenyl phosphate triester link (80). However, incorporation of the resulting

amidite 81a into growing ODN chain proceeded poorly (15% yield). The phos-

phate chlorophenyl group was thus converted into the less bulky and more reactive

(90% yield) methyl ester (phosphoramidite 81b).

Fig. 11 (1) Structures of the (6-4)-photoproduct 64 and the Dewar photolesion 65, (2) synthesis of
the phosphoramidite derivative of the (6-4)-photoproduct 70: (a) UV254 nm irradiation, (b) DMTrCl,

pyr., (c) N2H4∙H2O, pyr./AcOH, (d) (iPr)2NP(Cl)OCH2CH2CN, DIEA. (3) Phosphoramidites 71, 72
and 73
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6 Cyclonucleosides

The cyclonucleoside lesions (e.g., cyclo-dA 82) are formed by ionizing radiation

following a radical process. Synthesis of (50S)-cyclo-dA phosphoramidite 91
(Romieu et al. 1998) is depicted in Fig. 13. The suitable protected adenosine

derivative was turned into thioether 83, which was converted in 51% yield in

anhydronucleoside 84 after illumination at 254 nm. The 30-position in 85 was

then easily protected. The chirality of the 50-position was further introduced by an

oxidation/reduction sequence. Steric hindrance led to the sole formation of the 50S
isomer 87. The phosphoramidite 91 was stable and conveniently incorporated in

synthetic oligomers. The synthesis of the phosphoramidite derivative of (50S)-
cyclo-dG was performed following similar chemical pathway (Romieu

et al. 1999b). The configuration at the 50-position could be inverted by either

Mitsunobu reaction (Chatgilialoglu et al. 2014) or Corey’s method (Romieu

et al. 1999b) leading to 50R derivatives of cyclo-dA and cyclo-dG. An alternative

strategy was developed relying on 50 ! 30 elongation by incorporating the reverse

phosphoramidite 98 whose 30 position was protected by silyl ether and further

deprotected by 1 M TBAF (Brooks et al. 2000).

Synthesis of suitably protected cyclopyrimidine was more difficult because of

the alkali lability of the hydrogenated pyrimidine and the formation of three chiral

centers at the 50, 5, and 6 positions. Moreover, rapid epimerization at position

5 precludes the need to incorporate a single 5R or 5S isomer. Cyclothymidine 93
was obtained as a mixture of both (50S, 5R, 6S) and (50S, 5S, 6S) isomers in a 2.7:1

Fig. 12 (1) Synthesis of phosphoramidite 81a (a) LDA, THF, �78 �C; (b) HF- pyr., �20 �C,
MeCN; (c) DMTrCl, pyr.; (d) o-ClC6H4POCl2, 1,2,4-triazole, THF, pyr.; (e) i-TBAF, THF; ii-1-

mesitylene-sulfonyl-3-nitrotriazole, pyr.; (f) (iPr)2NP(Cl)OCH2CH2CN, DIEA; (2) spore photo-

product 74
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ratio by intramolecular radical reaction of the aldehydic derivative 92. The hindered
50-secondary alcohol 93 appeared to be reluctant to tritylation, and the incorpora-

tion of the less bulky levulinate group was retained instead in phosphoramidite 94
(Romieu et al. 1999c). After ODN synthesis, the levulinate group was removed by

hydrazine treatment. Reaction of the unprotected 50-secondary alcohol with the next
upcoming phosphoramidite required extended coupling time (Romieu et al. 1999a).

The preparation and incorporation of (50S,6S)-cyclo-5,6-dihydro-20-deoxyuridine
phosphoramidite 95 was also reported (Muller et al. 2000). Alternative introduction

of cyclo-dA (phosphoramidite 97) and unnatural cyclo-dU derivative using a

different protection scheme was also reported (Yueh et al. 2012).

Recently, the cyclo-dA phosphoramidite synthesis has been improved by

photoillumination of a 8-bromopurine derivative affording 54% of the expected

cyclonucleoside in a 3:7 50S/50R ratio (Chatgilialoglu et al. 2014). Following a

similar chemical pathway, the synthesis of the nonnatural cyclo-(5-hydroxy-5,6-

dihydrouridine) phosphoramidite 96 was also reported (Muller et al. 2002).

7 Intrastrand Cross-Link

In order to achieve incorporation of a site-specific intrastrand cross-link, the alkali-

sensitive photoactivable nucleoside phosphoramidite 99a was devised (Fig. 14).

Once embedded in oligomer 100, and under UV exposure, the modified nucleobase

Fig. 13 (1) Structure of the cyclo-dA lesion 82; (2) synthesis of phosphoramidite 91. (a) TsCl,
pyr., �20 �C; (b) PhSH, MeONa, MeOH, reflux; (c) 254 nm irradiation, (EtO)3P, MeCN;

(d) tBuMe2SiCl, imidazole, DMF; (e) SeO2, dioxane, reflux, 30 min; (f) NaBH4, MeOH;

(g) DMTrCl, pyr.; (h) TBAF, THF; (i) (iPr)2NP(Cl)OCH2CH2CN, DIEA; (3) synthesis of

phosphoramidites 94–96, (a) Dess-Martin periodinane, (b) Bu3SnH, AIBN, benzene,

(c) levulinic acid, DCC, DMAP; (d) TEA∙3HF, THF; (e) (iPr)2NP(Cl)OCH2CH2CN, DIEA.

(4) Structures of phosphoramidites 97–98
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yielded a highly reactive radical 101 prone to cross-link with adjacent nucleobase in
deaerated aqueous conditions. The d(T^G) and d(G^T) (102) lesions were post-

synthetically generated (Bellon et al. 2006)as well as the d(A^T) and d(T^A)

(Bellon et al. 2002).

Similarly, post-synthetic UV illumination of the ODN prepared from selenium-

containing nucleoside 99b led to interstrand cross-link (Hong and Greenberg 2005;

Sloane and Greenberg 2014). UV irradiation of 5-bromo-dU/dC containing ODN

produced U/C^G and A^U/C lesions (Zeng and Wang 2006; Hong and Wang

2005).

8 Strand-Break Lesions

One major lesion is the 50-aldehyde formation 103 (Fig. 15). An important feature

of this lesion is its versatility as it exists under several forms (A, T, G, C lesions).

The thymine derivative was obtained by multistep synthesis. A suitably protected

diol moiety 104 was incorporated in synthetic oligomers. The aldehyde function

was released by post-synthetic periodate oxidation (Kodama and Greenberg 2005;

Jung et al. 2011). A more universal method was devised later. After chain elonga-

tion, the 50 unprotected alcohol 105 was mildly oxidized whatever the sequence

context (106) (Sallamand et al. 2012) and protected as a N,N0-
diphenylethylenediamine derivative 107. Subsequent ammonolysis, purification,

and aldehyde deprotection with usual AcOH 80% RT 5 min treatment yield the

expected 50-aldehyde-containing ODN (Lartia and Constant 2015). Other strand-

break lesion, DOB 11, is described in Sect. 2.2.

9 Small Molecules Adducts

DNA is a known target for numerous pollutants widely present in the environment

and their metabolites (polycyclic aromatic hydrocarbons, aromatic amines, drugs,

aldehyde).
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9.1 Polycyclic Aromatic Hydrocarbon (PAH) Adducts

Many adducts of PAH metabolites with purine have been reported so far and have

been introduced into synthetic oligomers using phosphoramidite chemistry

(Fig. 16). This is the case for adenosine adducts of benzo[a]pyrene 109 (Johnson

et al. 2002; Ling et al. 2004; Yagi et al. 2007), 1-methylpyrene (Lee et al. 1990),

and phenanthrene 111 (Lakshman et al. 1992a, b), as well as guanosine adducts of

benzo[a]pyrene 112 (Kroth et al. 2001; Johnson et al. 2002; Yagi et al. 2007), benzo
[c]phenanthrene 113 (Kroth et al. 2001), fluorene (Zhou et al. 1994; Bonala

et al. 2005), naphthalene (Bonala et al. 2005), pyrene (Lee et al. 1990; Kirouac

et al. 2013), nitropyrene (Colis et al. 2009), and cyclopenta[c,d]pyrene 114 (Yagi

et al. 2007). Some were incorporated using H-phosphonate chemistry (Iyer

et al. 2007). Another strategy relied on the incorporation of a fluorinated purine

followed by post-synthetic displacement of the fluorine atom by an aminated PAH

derivatives (Kim et al. 1992).

Fig. 16 (1) Some phosphoramidites used for chemical incorporation of nucleobase-PAH and

(2) nucleobase-amine adducts lesions 115 and 116

Fig. 15 Generation of the aldehyde lesion 103 by phosphoramidite approach (left) or by post-

synthetic approach (right, B ¼ A, T, G or C). Gray ball: CPG support
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9.2 Aromatic Amines Adducts

Arylamine metabolites constitute a known class of reactive carcinogenic chemicals

leading to formation of 8-arylaminated purines 115 as well as their N-acetyl counter-
parts 116 (Fig. 16). Phosphoramidite derivatives of aniline, p-methylaniline, p-
cyanoaniline, 3,5-dimethylaniline, p-anisidine, 4-aminobiphenyl, and

2-aminofluorene (B€oge et al. 2007, 2008) and their N-acetyl counterparts (Zhou and

Romano 1993; Gillet and Schärer 2002; Gillet et al. 2005; B€oge et al. 2006; Szombati

et al. 2012; Kr€uger and Meier 2013) were synthesized and incorporated during chain

elongation of synthetic ODNs. Alkylamination of the position 8 was performed by

Buchwald-Hartwig amination of the corresponding 8-bromoderivative by aromatic

amines. No further reactions took place on the resulting secondary amine. The final

ODN had to be deprotected in hot ammonia in the presence of β-mercaptoethanol to

avoid oxidative side reactions. N-acetyl derivatives are alkali-labile, and mild

deprotection conditions such as 5%methanolic DIEA at 55 �C for 14 h were required

(Szombati et al. 2012). Others used the pac strategy (Gillet et al. 2005) or unusual

exocyclic amines protecting groups such as Fmoc (Zhou and Romano 1993). A post-

synthetic method, relying on Suzuki coupling of 8-bromoguanine-containing ODN,

was reported (Omumi et al. 2011).

9.3 Aldehyde Adducts

The phosphoramidite derivative 117 of the adduct formed by the reaction of

malondialdehyde with dG was synthesized by enzymatic transribosylation and

incorporated in synthetic oligomers (Schnetz-Boutaud et al. 2000). Adducts formed

with dA and dC were further reported (Wang et al. 2004), but their high alkali

lability precludes their incorporation by phosphoramidite chemistry. Post-synthetic

incorporation was then achieved for site-specific incorporation of nucleobase

damaged by α,β-insaturated aldehydes (Wang et al. 2006; Maddukuri et al. 2010).

Briefly, a 2-fluoropurine phosphoramidite derivative was incorporated in ODN 118.
After deprotection (0.1 M NaOH, 10 h, RT), ODN 118 was reacted with an amino

derivative containing a diol precursor of aldehyde function, leading to the expected

adduct. In some cases (synthesis of 120), further reaction was required (Fig. 17).
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Following similar strategies, other damages provoked by methylglyoxal (Cao

et al. 2007), acrolein, crotonaldehyde, trans-4-hydroxy-nonenal 119 (Wang

et al. 2003), or even styrene (DeCorte et al. 1996) could be introduced at site-

specific positions.

9.4 Dietary Mutagen Adducts

Overcooking of meat produces a variety of mutagenic compounds. These com-

pounds share common structural features: extended polycyclic core, endocyclic

nitrogen atoms, and reactive exocyclic amines. Some phosphoramidite derivatives

of nucleobases adducts formed with these complex heterocyclic amines were

synthesized and incorporated in ODNs: 2-amino-3-methylimidazo[4,5-f]quinolone
(Fig. 18, IQ, 121) (Elmquist et al. 2004; Stover et al. 2006), 2-amino-1-methyl-6-

phenylimidazo[4,5-b]pyridine (PhIP) (Bonala et al. 2006; Stover and Rizzo 2007),

and 2-amino-3,8-dimethylimidazo[4,5-f]quinoxaline (MeIQx) (Takamura-Enya

et al. 2006).

9.5 Miscellaneous Adducts

The benzene metabolite p-benzoquinone is known to react with DNA nucleobases.

The phosphoramidite derivatives of such adducts with dC (122), dA (Chenna and

Singer 1995), and dG (Chenna et al. 2008) were synthesized and incorporated in

synthetic ODN.
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DNA is also a target for numerous alkylating antitumor agents. Phosphoramidite

derivatives of nitrogen mustard (Christov et al. 2014), tamoxifen 123 (Santosh

Laxmi et al. 2002), mitomycin C (Champeil et al. 2008), or 1,3-bis(2-chloroethyl)

nitrosourea (Maruenda et al. 1998) adducts have been prepared and incorporated

in ODN.

Some pollutants, such as dimethylhydrazine or N-methyl-N-nitrosourea,
encountered in the environment are known to be methylating agents. Consequently,

various methylated nucleobases have been synthesized and incorporated in ODNs.

Position 8 of purines being the most reactive, synthetic effort focused on the design

of the corresponding phosphoramidite (Virgilio et al. 2005) or triphosphate

(Cahová et al. 2008) derivatives. Similarly, derivatives of O4-alkyl dT (Vyle

et al. 1998) and O6-alkyl dG (Smith et al. 1990) have been synthesized and

incorporated in DNA by phosphoramidite chemistry using pac protecting groups.

Ethenoadenosines are fluorescent nucleobase adducts produced by vinyl chlo-

ride alkylation. Incorporation by phosphoramidite 124 was reported in 1994

(Srivastava et al. 1994). Recently, post-synthetic conversion of dA into etheno-

dA was performed through hybridization of the target strand with a reactive strand

bearing an acetaldehyde precursor (Egloff et al. 2015).

Last but not the least, the carboxymethylation of nucleobase by known carcino-

genic N-nitroso metabolites was also investigated. The phosphoramidite derivatives

of dC alkylated in N4 125 as well as dA in N6 126 (Wang and Wang 2010) thymine

alkylated in N3 or O4 (Wang and Wang 2009; Xu and Swann 1990) and guanine

alkylated in O6 (Xu 2000) position have been prepared and incorporated. In this

case, the ester moiety is hydrolyzed by NaOH 0.4 M prior to usual ammonolysis

(Wang and Wang 2010).

10 Conclusion

Numerous other lesions have been reported so far. However, their successful

chemical incorporation in synthetic DNA has not been reported yet (Fig. 19).

Spiroiminodihydantoin (127, dSp), for example, is a photoproduct of dG oxida-

tion (Adam et al. 1996). Its chemical structure was first wrongly assigned to be a

4-hydroxyderivative of 8-oxoG (cf. Sect. 3.1). NMR experiments further
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demonstrated its spiranic skeleton (Adam et al. 2002). 5-Carboxamido-5-

formamido-2-iminohydantoin 128 was recently reported to be formed under

X-ray irradiation of dG (Alshykhly et al. 2015). Guanidinoformimine 129 (dGfg)

is a lesion produced after decarboxylation of the open form of oxazolone lesion

(dZ) (Stathis et al. 2012). Isodialuric acid lesion 130 (Iso-4-ohHyd) is formed by

oxidation of 5-hydroxy-uracil (Simon et al. 2006). Similarly, the [2þ2] cycloaddi-

tion photoproduct of thymine with adenosine was first reported in 1983 (Bose

et al. 1983; Zhao et al. 1995) as well as its main degradation product 131 (Perrier

et al. 2006). In all cases, the lack of straightforward chemical synthesis toward site-

specific incorporation of these lesions is a major bottleneck to get further insights

into their biological implication.

Phosphoramidite derivatives of the first discovered DNA lesions are now com-

mercially available and routinely incorporated in synthetic ODN. Undoubtedly,

chemists will provide in the near future new synthetic tools to access these

demanding lesions as well as the ones to be discovered.
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Abstract Visualization of biomolecules is one of the straightforward ways to

elucidate the physical properties of individual molecules and their reaction pro-

cesses. Atomic force microscopy (AFM) enables direct imaging of biomolecules in

the physiological environment. Because AFM visualizes the molecules at

nanometer-scale spatial resolution, a versatile observation scaffold should be
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required for the precise imaging of molecules in the reactions. The emergence of

DNA origami technology allows the precise placement of target molecules in the

designed nanostructures and enables molecules to be detected at the single-

molecule level. The DNA origami is applied for visualizing the detailed motions

of target molecules in the reaction using high-speed AFM (HS-AFM), which

enables the analysis of dynamic motions of biomolecules in a subsecond time

resolution.

In this review article, I describe the combination of the DNA origami system and

HS-AFM for imaging various biochemical reactions including enzyme reactions

and DNA structural changes. For observation of the enzyme reactions including the

DNA methylation, base-excision repair, recombination, and transcription, the sub-

strate DNA strands were placed in DNA nanostructures and their reactions were

observed by HS-AFM. In addition, DNA structural changes including

G-quadruplex formation and disruption, the hybridization and dehybridization of

photoresponsive oligonucleotides, B–Z transition, and G-quadruplex/i-motif for-

mation were visualized using this observation system. The stepwise movement of

mobile DNA molecule along the DNA track was visualized on the DNA origami

surface. Furthermore, the dynamic assembly/disassembly of photoresponsive DNA

origami structures and formation of micrometer-sized DNA origami assemblies

were directly visualized on the lipid bilayer. Catalytic reactions and RNA interac-

tions were imaged by HS-AFM. These target-orientated observation systems should

contribute to the detailed analysis of biomolecule motions in real time and at

molecular resolution.

Keywords DNA nanotechnology • DNA origami • Single-molecule observation •

High-speed atomic force microscopy • DNA nanodevice

1 Introduction

Direct imaging of target biomolecules is one of the straightforward ways to study

physical properties of molecules in various phenomena involved in living systems.

Single-molecule imaging using a probe microscope is a practical approach for

investigating the motions of biomolecules during reactions. Atomic force micros-

copy (AFM) enables the direct observation of biomolecules at nanoscale spatial

resolution, and the imaging can be performed under the physiological conditions.

To facilitate the observation of single biomolecules, a versatile observation scaffold

is needed for the precise analysis of interactions and reactions (Torring et al. 2011;

Rajendran et al. 2012; Endo et al. 2013). Based on well-established DNA nano-

technology, DNA origami (Rothemund 2006), a new DNA self-assembly system,

has recently been developed for the construction of a wide variety of

two-dimensional and three-dimensional nanostructures (Fig. 1). DNA origami can
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be used as scaffolds for incorporation of various functional molecules and

nanoparticles at desired positions. The DNA origami system is also expanded for

single-molecule detection of target molecules and for the analysis of single chem-

ical reactions, which are imaged by AFM (Rajendran et al. 2012; Torring

et al. 2011). The various states of individual molecules can be imaged on the

DNA origami surface if the DNA nanostructures are used as a scaffold for AFM

observation. Therefore, the detailed dynamics of the molecules can also be visual-

ized if the single-molecule imaging is performed on the DNA origami nanostruc-

ture. In the past decade, visualization of molecular movement during biological

reactions in a subsecond time scale has been achieved using high-speed AFM

(HS-AFM) (Ando et al. 2001; Ando and Kodera 2012; Uchihashi et al. 2012;

Rajendran et al. 2014). The HS-AFM realizes imaging at 5–20 frames/s rate

(depending on the scanning dimension and the number of data points), which

enables imaging of the dynamic movements of biomolecules in real time at

molecular resolution (Walters et al. 1996; Schitter et al. 2007). Combining the

DNA origami system and HS-AFM, the dynamic movement of mobile molecules

can be imaged when the substrate double-stranded DNA (dsDNA) is attached to the

robust origami structure. The DNA origami system can be expanded to visualize the

dynamic movement of various biochemical reactions including enzymatic reac-

tions, DNA structural changes, DNA photoreactions, DNA catalytic reactions, and

RNA interactions at the single-molecule level (Rajendran et al. 2012; Endo

et al. 2010a). In addition, the lipid bilayer was used to expand the HS-AFM imaging

for direct observation of the dynamic formation of DNA origami assemblies. Using

the designed DNA origami scaffolds and improving the HS-AFM imaging tech-

nique, these observation systems can be extensively used to elucidate the physical

properties of individual molecules involved in various biological and nonbiological

phenomena.

Fig. 1 DNA origami structures. (a) Assembly of DNA origami structure by annealing single-

stranded long DNA and complementary short DNA strands (staples). (b) Various 2D structures

including rectangle, star shape, and smile mark can be designed and constructed by DNA origami

methods
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2 Direct Single-Molecule Observation of Enzymes
in the DNA Nanostructure

To directly observe the dynamic motions of the enzymes interacting with a sub-

strate dsDNA, several studies have been performed using HS-AFM (Crampton

et al. 2007; Gilmore et al. 2009; Suzuki et al. 2011). In these former studies, it

was difficult to obtain a homogeneous dsDNA substrate because the dsDNA forms

various random shapes. To overcome this problem, we created an observation

scaffold based on the DNA origami structure carrying substrate dsDNAs. We

designed and prepared a DNA origami scaffold called a “DNA frame” for this

purpose. This robust DNA frame can accommodate two different dsDNA fragments

in its cavity (ca. 40 nm� 40 nm) to control physical properties such as the tensions

of incorporated dsDNAs (Fig. 2) (Endo et al. 2010a).

2.1 DNA Methylation

DNA-modifying enzymes often require the bending of specific DNA strands to

facilitate reactions. DNA methylation enzyme EcoRI methyltransferase (M.EcoRI)
bends dsDNA by 55–59�, enabling the methyl-transfer reaction to proceed

Fig. 2 Regulation of the methylation with M.EcoRI in the DNA origami frame and HS-AFM

images of M.EcoRI movement. (a) DNA frame structure designed to incorporate two different

dsDNAs, tense 64 bp dsDNA and relaxed 74 bp dsDNA, which contain a specific sequence for M.

EcoRI at the center. (b) HS-AFM images of M.EcoRI moving on the 64 bp dsDNA in the DNA

frame. Successive AFM images were taken at a scanning rate of 1.0 frame/s. (c) Quantification of

DNA methylation in the DNA frame. When methylation occurs, the target sequence is protected

from the subsequent cleavage by restriction enzyme EcoRI, resulting in amplification of the target

sequence by PCR. The graphs show the quantification of methylation of the target site in 64 bp and

74 bp dsDNA by real-time PCR amplification
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(Youngblood and Reich 2006). To examine the DNA bending effect on methylation

with M.EcoRI, two different lengths of dsDNA fragments, 64 base pair (bp) (short-

strand) and 74 bp (long-strand) dsDNA, were incorporated into the DNA frame

structure (Endo et al. 2010a). Because the length between connectors in the DNA

frame cavity is 64 bp, 64 bp dsDNA fits to the DNA frame as a tense form in which

its conformational flexibility should be suppressed, while the 74 bp dsDNA is more

relaxed, allowing the local dsDNA bending. The dynamic movements of the

dsDNAs and the formation of M.EcoRI complexes with dsDNAs were observed

by HS-AFM (Fig. 2b). After treatment of the dsDNAs in the DNA frame with M.

EcoRI and subsequent digestion with restriction enzyme EcoRI, AFM analysis

revealed that the 74 bp dsDNA was less effectively cleaved compared with the

64mer dsDNA. This indicates that the methylation occurred preferentially in the

relaxed 74 bp dsDNA rather than in the tense 64 bp dsDNA. Biochemical analysis

of the methylation to the target sequence was performed using real-time PCR. After

methylation with M.EcoRI and subsequent EcoRI digestion, the 74 bp dsDNA

substrate in the DNA frame was efficiently amplified, indicating that the preferen-

tial methylation occurred in the target sequence of the 74 bp dsDNA (Fig. 2c).

These results suggest the importance of structural flexibility for the bending of

dsDNA during the methyl-transfer reaction with M.EcoRI. Therefore, DNA meth-

ylation required the bending and can be regulated using the tension-controlled

dsDNAs constructed in the DNA frame.

2.2 DNA Base-Excision Repair

DNA repair is an indispensable biological function to preserve genetic information

from mutations such as transversion during replication (David et al. 2007). DNA

base-excision repair enzymes 8-oxoguanine glycosylase (hOGG1) and T4 pyrimi-

dine dimer glycosylase (PDG) were employed for the analysis of repair reactions in

the DNA frame (Endo et al. 2010b). These enzymes have glycosylase/AP lyase

activity, which removes damaged nucleobases and cleaves the DNA strand. Repair

enzymes often require local structural changes in the target DNA strands, such as

DNA bending, for the reaction to proceed (Nash et al. 1996; Vassylyev and

Morikawa 1997). hOGG1 bends dsDNA about 70� to flip out the oxoG base to

proceed the reaction (Bruner et al. 2000). PDG also bends the double helix by 60� to
flip out the 30-side of adenine in the opposite strand of the thymine dimer

(Morikawa et al. 1992; Vassylyev et al. 1995). Various dsDNAs containing a

damaged base were incorporated into a DNA frame as dsDNA cassettes, and the

repair reactions were analyzed at the single-molecule level. To examine the struc-

tural effect on glycosylase/AP lyase activity including cleavage of the DNA strand

and the trapping of reaction intermediates, two different lengths of substrate

dsDNAs, tense 64 bp and relaxed 74 bp dsDNAs, were incorporated to the DNA

frame. The enzymes more favorably cleaved the relaxed dsDNA and were cova-

lently trapped after NaBH4 reduction compared with the tense dsDNA. In addition,
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enzyme movement and the DNA repair reaction were directly observed on the DNA

frame using HS-AFM. The DNA frame system serves to analyze the detailed repair

process by directly observing the events involved in DNA repair reaction such as

binding, sliding, catalytic reaction, and dissociation.

2.3 DNA Recombination

DNA recombination plays an important role including the generation of genetic

diversity and mediating DNA integration into the host genome (Grindley

et al. 2006). Cre recombinase recognizes the 34 bp loxP sequence and forms a

synaptic complex with two loxP dsDNAs as a tetramer form (Guo et al. 1997; Van

Duyne 2001). Here, substrate dsDNAs with the loxP sequence were placed in the

DNA frame, and the recombination events were analyzed at the single-molecule

level (Fig. 3) (Suzuki et al. 2014b).

Fig. 3 Regulation and single-molecule observation of Cre-mediated recombination in the DNA

frame. (a) Crystal structure of the Cre tetramer bound to the Holliday junction intermediate (PDB:

3CRX). (b) Substrate dsDNAs having the loxP sequence in the antiparallel orientation were placed

onto the DNA frame. In the recombination, the Cre tetramer forms a synaptic complex and

subsequently generates a recombinant product, which is easily identified by the topological

arrangement of two dsDNAs as different loop structures and cross shape. (c) AFM image of the

substrate in the DNA frame after incubation with Cre. The Cre–DNA complex, starting substrate,

and recombinant product are indicated by orange, green, and blue arrows, respectively. (d) Time-

course analysis of the formation of the Cre–DNA complex and recombinant product. (e) Synaptic
complex structure with the Cre tetramer and two dsDNAs. HS-AFM images of the dissociation of

the Cre tetramer from the dsDNAs into four Cre monomers and the appearance of a recombinant

product. Successive AFM images were taken at a scanning rate of 1.0 frame/s
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The DNA frame can control the orientation of two loxP sequences in the

antiparallel and parallel arrangements. First, recombination was directly observed

using the antiparallel arrangement placed in the DNA frame (Fig. 3b). Cre performs

two-step cleavage/strand exchange reactions to form the Holliday junction

(HJ) intermediate and the subsequent recombinant product. After incubation with

Cre, the Cre–DNA complex and recombinant products were clearly observed in the

DNA frame, showing that recombination occurred even using the substrates placed

in the nanospace (Fig. 3c). In the reaction time course, the Cre–DNA complex

formed first, followed by the recombinant product (Fig. 3d). During observation of

the Cre–DNA complex by HS-AFM, the tetrameric Cre that formed the synaptic

complex dissociated into four monomers, and the recombinant product simulta-

neously appeared (Fig. 3e). In the parallel arrangement, the Cre–loxP complex

formed, while the recombinant product was not observed.

The DNA scaffold can also control the angle of the HJ and impose structural

stress. To regulate the direction of recombination, the HJ intermediates crossing at

90� and 60� were prepared using different DNA frames (Suzuki et al. 2014b). By

adjusting the directions of the loxP sequences, the HJ intermediates crossing at 90�

were resolved to give products in a usual fashion (Guo et al. 1999; Gopaul

et al. 1998). On the other hand, the reaction with HJ intermediates crossing at 60�

changed the formation of the resolution products by different proportions. There-

fore, the structural stress imposed on the HJ intermediates in the DNA frame can

regulate the direction of recombination. The desired geometric arrangements of the

substrate dsDNAs using the DNA frames are valuable for studying recombination

events, which are controlled by the orientation of substrate dsDNAs and the angle

of HJ intermediates. The HJ-containing DNA frame was used for the observation of

the resolution of HJ by RecU resolvase (Suzuki et al. 2014a). The resolved products

were observed in the DNA frame, indicating that the HJ in the DNA frame can also

be a substrate for the resolvase.

2.4 Transcription

Transcription, including the RNA synthesis by RNA polymerase (RNAP), is one of

the most important common biological phenomena in the living system. Transcrip-

tion involves a series of the RNAP behaviors, including binding to double-stranded

DNA (dsDNA), sliding along the dsDNA, RNA synthesis, and dissociation from

the dsDNA.We directly observed the sliding of RNAP and transcription by creating

the direct observation system with a template dsDNA (1.0 kbp) containing the T7

promoter which was attached to the designed DNA nanostructure (Fig. 4) (Endo

et al. 2012a).

For the preparation of the observation system, a 400 nm-sized rectangular DNA

origami scaffold was designed, and a PCR-amplified template dsDNA was incor-

porated between the connection sites in the DNA scaffold via corresponding staple

strands attached to its ends (Fig. 4a). The purified template dsDNA-attached
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scaffold was observed in the buffer solution using HS-AFM. From the successive

AFM images, the DNA scaffold part was tightly fixed on the mica surface; on the

other hand, the template dsDNA chain moved flexibly. Most of the dsDNA chain

was visualized by HS-AFM, because the template dsDNA was connected to the

robust DNA nanoscaffold at the two positions.

To observe the sliding of RNAP, RNAP was added to the template dsDNA-

attached scaffold. Successive images of RNAP sliding on the template dsDNA were

obtained. From the analysis of the shape of the template dsDNA and the position of

RNAP, RNAP moved in the area where the template dsDNA was also mobile

(Fig. 4b). The one-dimensional diffusion coefficient (D¼<Δl2>/2t) obtained from
the analysis of the AFM images was 5.1� 0.7� 10–12 cm2/s. Next, the direct

observation of transcription including RNA synthesis was examined in the template

dsDNA-attached scaffold (Fig. 4c,d). In the presence of NTPs, the target transcript

was synthesized from the template dsDNA-attached scaffold. From the HS-AFM

images, the RNAP movement from the promoter region and dissociation from the

template dsDNA were observed. In a series of the reactions, single RNAP appeared

around the promoter region (time¼ 2 s). The RNAP started to move downstream on

Fig. 4 AFM observation of the movement and reaction of RNA polymerase using the DNA

nanoscaffold. (a) Structure of a template dsDNA-attached scaffold and transcription by addition of

RNAP and NTP. (b) Successive AFM images of RNAP sliding along the template dsDNA

attached to the scaffold. (c) The traces of RNAP movement on the template dsDNA during

transcription. (d) HS-AFM image of RNAP in transcription
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the template dsDNA, with some unclear AFM scanning traces (time ¼ 4–10 s), and

continued to move to the middle of the template dsDNA. The RNAP finally

dissociated from the dsDNA. In the expanded image (time ¼ 6 s), the unclear

AFM scanning trace would be the image of the RNA transcript synthesized by

RNAP. The speed of the RNAP movement in the transcription was not constant

during the time scale of the AFM measurement, because of the contact of template

dsDNA to the mica surface.

We also successfully visualized transcription including RNAP sliding and RNA

synthesis using a template dsDNA-attached nanoscaffold and HS-AFM. The obser-

vation system can be used for observation of a wide variety of events with

DNA-binding proteins and enzymes that move along dsDNA during the reaction.

A combination of the DNA origami nanoscaffold and HS-AFM is an intelligent

system for observing enzyme reactions and relevant events including complex

formation, catalysis, and dissociation at the single-molecule resolution.

3 Direct Observation of DNA Structural Changes
in the DNA Nanostructure

Structural variations and conformational changes in the DNA involved in living

systems are closely linked to the regulation of their biological functions, such as

gene expression (Bacolla and Wells 2004, 2009). The DNA frame system allows

the introduction of various dsDNAs with unrestricted sequences for observation of

reactions, and DNA frames can also control the physical properties of dsDNAs such

as the tensions and rotations of dsDNAs. Here, the DNA frame system is applied for

the visualization of DNA structural changes: (1) formation/disruption of the

G-quadruplex, (2) formation/dissociation of dsDNA into GQ/i-motif structures,

(3) hybridization/dissociation of photoresponsive duplex, and (4) helical rotation

in the B–Z transition.

3.1 G-Quadruplex Formation and Disruption

In the field of structural and molecular biology, G-quadruplex (GQ), a four-stranded

helix structure, is of great interest because of its structural variations and biological

functions (Shirude et al. 2007). For the detection of the formation and disruption of

a GQ structure, we employed our observation system by monitoring the shape of

dsDNA chains in the DNA frame (Sannohe et al. 2010). To place the G-rich

sequences, two dsDNA chains containing single-stranded triple guanine (GGG)

overhangs at the center were prepared for the interstrand GQ formation

(Xu et al. 2008). Three G-tracts were placed in the upper dsDNA chain, whereas

the lower dsDNA chain had a single G-tract (Fig. 5a). Initially, the two dsDNA
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chains introduced did not contact each other. In the presence of K+, the two dsDNA

chains in the DNA frame clearly showed an X-shaped structure with a 44% yield,

demonstrating the formation of an interstrand GQ. The dynamic formation of the

GQ was further examined in real time by HS-AFM. During scanning of the sample

in the presence of K+, the two dsDNA chains with G-tracks maintained a separated

state for a given period, and then they suddenly formed the X-shaped structure

(Fig. 5b). In a similar fashion, the disruption of the preformed GQ was directly

observed in the absence of K+. The X-shape remained unchanged for a while, and

then it reverted to the separated state during AFM scanning.

Furthermore, four DNA strands containing various G-tracts were assembled in

the DNA frame to form a synaptic G-quadruplex using the same system (Rajendran

et al. 2013a, c). Thus, the single-molecule observation of the dynamic formation

and disruption of GQ was successfully achieved by monitoring the global structural

changes of the two incorporated dsDNA chains in the DNA frame using HS-AFM.

Fig. 5 Visualization of G-quadruplex (GQ) formation using the structural change of two dsDNA

chains placed in the DNA frame. (a) In the presence of KCl, the separated state changes to the

X-shape by connection at the center of two dsDNA chains via GQ formation. (b) HS-AFM images

for the formation of an X-shape structure by the association of two dsDNA chains via GQ

formation. Four successive AFM images were taken at a scanning rate of 0.2 frames/s
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3.2 Hybridization and Dissociation of Photoresponsive
Oligonucleotides

The direct observation of hybridization and dissociation of a single duplex DNA at

molecular resolution is quite challenging. The dynamic hybridization and dissoci-

ation of single DNA strands were examined on the DNA origami scaffold using

fluorescence microscopy by tracking fluorescence-labeled DNA strands (Jungmann

et al. 2010). AFM-based single-molecule imaging can visualize whole

nanostructures by directly monitoring the shape of DNA strands. Photoresponsive

DNAs containing azobenzene moieties were employed to observe the hybridization

and dissociation of duplex DNA (Asanuma et al. 2007; Liang et al. 2009). A pair of

photoresponsive DNAs was connected to the individual dsDNA chains, which were

then placed in the cavity of the DNA frame (Fig. 6a) (Endo et al. 2012b). The

photoresponsive domain can hybridize with the corresponding counterpart in the

trans-form of the azobenzene moiety and dissociate in the cis-form UV irradiation

(Liang et al. 2009). The dissociated DNAs in the cis-form hybridize again upon

visible light (Vis) irradiation (Liang et al. 2009). Two dsDNA chains possessing

photoresponsive domains at the center were placed in the cavity of the DNA frame.

The hybridized photoresponsive duplex in the center of the supporting dsDNA

chains in the DNA frame was clearly visualized (Fig. 6b). Using this origami

system, hybridization and dissociation can be identified by the global structural

change of the two supporting dsDNA chains as an X-shape and as a separated shape

in the DNA frame, respectively. Hybridization and dissociation were observed

directly using HS-AFM. The dissociation of the two dsDNA chains in contact at

the center (X-shape) was imaged during UV irradiation. The contact of the two

separated dsDNA chains in the center was then imaged again during Vis irradiation

(Fig. 6c). Successive switching of dissociation and hybridization of the

photoresponsive domains was visualized at the single-molecule level by observing

the global change of two dsDNA chains, the X-shape and the separated shape, in the

DNA frame.

We also incorporated two switching motifs, a pair of photoresponsive DNAs and

another pair of G-telomeric repeats for GQ, which were incorporated together into

three parallel dsDNAs assembled in the DNA frame with six connectors (Yang

et al. 2014). Photoirradiation and K+ were used as input stimuli to switch the

interactions among three dsDNAs in a logical manner. Cascading transformation

from photoinduced dissociation to G-quadruplex formation in bulk solution was

achieved successfully. In addition, a series of dual-switching configuration conver-

sions were also observed in a single DNA frame.
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3.3 B–Z Transition in the Equilibrium State

A right-handed B-form dsDNA containing the CG repeat sequence is known to

transit to the left-handed Z-form structure by increasing the salt concentration

(Jovin et al. 1987). A nanomechanical device employing the rotation of the B–Z

transition was created on the DNA nanostructure, and the rotation of the nanostruc-

ture was investigated by FRET (Mao et al. 1999). Using our observation system, a

rotary motion of the B–Z conformational transition of double-helix DNA was

directly visualized in the DNA frame structure (Rajendran et al. 2013b). To

visualize the B–Z transition, a dsDNA with a 5-methyl-CG six-repeat sequence

Fig. 6 Direct observation of the hybridization and dissociation of a pair of photoresponsive

DNAs. (a) Single-molecule observation system. In the trans-form of an azobenzene moiety, two

photoresponsive domains hybridize to form a duplex. In the cis-form induced by UV irradiation,

the two domains dissociate. Two dsDNA chains containing photoresponsive DNAs were placed in

the DNA frame structure to observe the dissociation and hybridization after UV and Vis irradia-

tion, respectively. Two different dsDNA chains containing different photoresponsive DNAs were

connected between the specific sites in the DNA frame via the corresponding overhanging

ssDNAs. (b) AFM image of the photoresponsive duplex supported by two dsDNA chains in the

DNA frame (orange arrow). (c) Photoswitching activity of photoresponsive DNAs in the DNA

frame. The repeating dissociation and hybridization were visualized by HS-AFM during alterna-

tive UV/Vis photoirradiation. The distance between the centers of two dsDNA chains was plotted.

The appearance of an X-shape and a separated shape is shown as an orange and blue rectangle in

the graph, respectively
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(mCG)6 and a flag marker containing three bundled dsDNAs connected by cross-

overs was introduced to the DNA frame structure (Fig. 7). The (mCG)6 repeat can

promote the formation of a Z-form even at low salt concentrations (Behe and

Felsenfeld 1981). One dsDNA with a (meCG)6 sequence and a flag was introduced

to the top as a B–Z transition system, and the other dsDNA with a random sequence

and a flag was introduced to the bottom as a control. To allow rotation during the B–

Z transition, four connectors in the DNA frame were designed to lift both dsDNAs

from the scaffold surface (Fig. 7a). In addition, for observation of the rotation of

double helix, both of the single-stranded DNA (ssDNA) linkers in the left terminal

of the dsDNA were fixed to the connector, while one ssDNA linker in the right

Fig. 7 Direct observation of B–Z transition in the DNA frame. (a) Single-molecule observation

system for B–Z transition and B- and Z-form dsDNA structures. (b) Two dsDNAs having a

(5meCG)6 sequence (B–Z system) and a random sequence (control) were introduced to the top and

bottom site in the DNA frame, respectively. For observation of the dsDNA rotation, both of the

ssDNA linkers in the left terminal of the dsDNA were fixed to the connector, while one ssDNA

linker in the right terminal was attached to the connector. The dsDNAs have a flag marker for

observation of the rotation of the dsDNA shaft during the B–Z transition. (c) HS-AFM images of

the flipping motion of the flag marker at the top site (yellow arrow). Four successive images are

presented at a scanning rate of 0.2 frames/s
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terminal was attached to the connector. When the B–Z transition occurs, the flag

marker should rotate around the dsDNA shaft, and the rotary motion should be

observed by monitoring the position of the flag. By increasing the concentration of

Mg ions, the proportion of the flag marker of the B–Z system rotated to the upper

side increased to 70%, whereas 76% of the flag in the control remained unchanged

(Fig. 7b). Further, by controlling the concentration of Mg ions, the rotation of the

flag marker of the B–Z system was imaged directly by HS-AFM under equilibrium

conditions for the B–Z transition state. The flag movement of the B–Z system was

observed during AFM scanning (Fig. 7c). The successive images also show the

height change of the flag, indicating the rotation of the flag marker around the

dsDNA shaft containing the B–Z transition system.

3.4 Topological Control of G-Quadruplex and i-Motif
Formation

Tandem G-rich repeat sequences, which form G-quadruplex (GQ) structures, are

often observed in the promoter regions (Huppert and Balasubramanian 2007). The

GQ is thought to be closely involved in biological functions such as the regulation

of gene expression and cell fate control (Siddiqui-Jain et al. 2002). Promoter

sequences such as the c-myc promoter contain the G-rich sequence, which forms

a GQ structure that is involved in the regulation of transcription (Siddiqui-Jain

et al. 2002). In the dsDNA in this region, the complementary sequence contains a

C-rich repeat sequence, which forms i-motif structure (Gehring et al. 1993). A

number of studies have reported on the formation of the GQ and/or i-motif in the

promoter regions containing GQ- and i-motif-forming sequences (Xu and Sugi-

yama 2006; Sun and Hurley 2009; Dhakal et al. 2010, 2012). The i-motif structure

is physically induced in an acidic condition because the i-motif formation requires a

hemiprotonated cytosine dimer formation (Gehring et al. 1993). The i-motif for-

mation at neutral pH has also been observed in dsDNA with negative superhelicity

(Sun and Hurley 2009) and in a molecular crowding environment (Miyoshi

et al. 2004).

We demonstrate the single-molecule operation and observation of the formation

and resolution of dsDNA containing a GQ forming and counterpart i-motif-forming

sequence in the DNA nanostructure (Endo et al. 2015b). The formation and

dissociation of the GQ/i-motif complementary sequence in the insulin-linked poly-

morphic region (ILPR) core sequence were manipulated in the DNA frame struc-

ture. The ILPR promoter region is considered to separate into the GQ and i-motif

structures in the regulation of transcription (Dhakal et al. 2012). The GQ/i-motif

sequence was introduced into the DNA frame for observation of the GQ and i-motif

formation under the various conditions. In this system, topologically controlled

dsDNA was prepared using the sequential manipulation of the interaction of DNA

strands in a series of programmed operations. Using the strand displacement and the
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addition and removal of K+, the topologically controlled GQ/i-motif dsDNA in the

DNA frame was obtained in high yield. We performed the resolution of dsDNA

containing the GQ/i-motif sequence by controlling the pH and K+ conditions which

were changed individually or together during the formation of the GQ and i-motif.

Furthermore, these structural changes were directly observed by HS-FM at the

single-molecule level. The dissociation of the dsDNA under the GQ and i-motif

formation condition was monitored by HS-AFM. The results indicate that the

dsDNA containing the GQ- and i-motif sequence is effectively dissolved when

the duplex is helically loosened in the DNA nanoscaffold.

Using the DNA origami scaffold and HS-AFM system, important DNA confor-

mational changes including G-quadruplex formation, B–Z transition, and

G-quadruplex/i-motif formation from the dsDNA were successfully imaged. In

addition, the dissociation and hybridization of photoresponsive DNA, which were

controlled by photoirradiation using different wavelengths, were directly visualized

in the origami structure. The observation system in these experiments can be used

as a general strategy for investigating various DNA structural changes and molec-

ular switches working as a single molecule. It can also be applied to the single-

molecule imaging of chemical reactions such as bond formation and cleavage.

4 Direct Observation of a Mobile DNA Nanomachine
on the DNA Origami Surface

Considering the programmability of DNA sequences and the manipulation of

association and dissociation of duplexes, DNA has been used for various molecular

machines (Bath and Turberfield 2007). DNA nanomachines such as DNA tweezers

and various walking devices have been developed by manipulating duplex forma-

tion using strand displacement (Bath and Turberfield 2007). DNA motor systems

powered by enzyme cleavage and photocleavage were designed and created on the

DNA tile, and their walking motions were directly observed by HS-AFM.

4.1 DNA Motor System Created on the DNA Origami Tile

A DNA transportation system was constructed with a mobile DNA nanomachine

moving along a designed track on the DNA origami surface (Fig. 8). The track on

the DNA scaffold was constructed to observe the multistep movement of a specific

DNA strand (Wickham et al. 2011). Multiple ssDNAs (stators) were introduced

onto the rectangular DNA origami tile as a track to hybridize a complementary

mobile DNA strand (motor strand). As shown in Fig. 8a, when a DNA motor strand

hybridizes to the specific stator strand, the stator/motor duplex is subsequently

cleaved by the nicking enzyme Nt.BbvCI, which removes the short ssDNA from the
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stator (Bath et al. 2005). The motor strand then binds to the neighboring intact stator

by branch migration and finally steps forward. The DNA tile carrying the motor

strand at the initial position was incubated with Nt.BbvCI to examine the migration

of the motor strand along the DNA motor track (Fig. 8b). The motor strand was

imaged as a single spot of the duplex on the DNA origami scaffold, which was

easily distinguished from the invisible single-stranded stators. Time-dependent

movement of the motor strand along the motor track was observed (Fig. 8c).

Furthermore, the movement of the motor strand was directly visualized by

HS-AFM. The stator/motor duplex spot showed back and forth movement along

the motor track and finally moved forward during AFM scanning. From the

kymograph analysis, the distance of the motor-strand movement corresponded to

the distance between the adjacent stators, indicating that the movement occurred

stepwise on the track (Fig. 8d).

A programmed DNA motor system was constructed using the predesigned DNA

track on the DNA origami scaffold. Using HS-AFM, the detailed motion of the

DNAmotor was directly observed and analyzed. The method was further applied to

regulate the transportation of a DNA motor on a branched motor track. In this

system, the direction of the DNA motor movement was precisely controlled by

Fig. 8 Direct observation of DNA motor movement on the DNA origami surface. (a) Mechanism

of the DNA motor movement. When a stator ssDNA (green ssDNA) forming a duplex with a DNA

motor strand (red ssDNA) is cleaved by nicking enzyme Nt.BbvCI, the motor strand moves to the

adjacent stator strand by branch migration. (b) A motor track consisting of 17 stators (green

ssDNAs) was constructed on the DNA origami surface, and the movement of the DNA motor (red

ssDNA) was examined. (c) AFM images of time-dependent movement of a DNA motor. A duplex

containing a DNA motor strand was visualized as a white dot. (d) Stepwise movement of a DNA

motor observed by HS-AFM and a kymograph and distribution of the motor positions. Scale bar

50 nm
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selectively blocking and releasing strands with predefined instructions (Wickham

et al. 2012). Related works, such as a DNA spider (Lund et al. 2010) and a

programmed assembly line (Gu et al. 2010), which also used a mobile DNA

nanomachine and DNA origami scaffold, have been reported for the construction

of a nanoscale transportation system.

4.2 Photocontrolled DNA Motor System on the DNA
Origami Tile

The DNA motor system was created using a pyrene-attached DNA strand and

disulfide-containing stator strands on the DNA origami tile. A single-stranded

DNA carrying two pyrene molecules employed as the photocontrollable DNA

motor was assembled on the DNA tile carrying four stator strands as the linear

track (You et al. 2012). The stator/motor duplex was located on the surface of DNA

tile. The excited pyrene molecules (λex¼ 350 nm) of the motor can induce the

cleavage of disulfide bond in stator strands by reduction via a photoinduced electron

transfer. The DNA motor migrating from one cleaved stator to the next intact one

on the DNA tile moved continuously until reaching the final stator during UV

irradiation. The entire walking process of the motor was determined by character-

izing the distribution ratios of stator/motor duplex at four anchorage sites on the tile

separately under different irradiation times. The observed rate constants for the

stepping of the motor were calculated from these data. Finally, the one-step

movements of the motor during UV irradiation were observed in real time using

HS-AFM. The photonic modification of DNA-based nanomachines can be used for

biological applications such as cargo transport and manual configuration change of

biomolecules in mesoscopic systems.

5 Direct Observation of Assembly and Disassembly of DNA
Origami Structures

5.1 Photocontrolled Assembly and Disassembly of DNA
Origami

The advantage for use of the photoreaction is that the target reactions can be

initiated and controlled by just irradiating the light from outside. We have observed

the single-molecule dissociation and hybridization of photoresponsive DNA strands

containing azobenzene molecules in the DNA origami scaffold using HS-AFM

(Endo et al. 2012b). The method is also applied for the assembly and disassembly of

the DNA origami nanostructures. Using the hexagonally shaped DNA origami

carrying photoresponsive DNAs, the hexagonal dimer in the initial state (trans-
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azobenzene) was dissociated into monomers (cis-azobenzene) by UV irradiation

and then reassembled to form dimer by visible light (Vis) irradiation (Fig. 9a)

(Yang et al. 2012). The assembly and disassembly are reversibly controlled by

UV/Vis irradiation in solution. The dynamic dimer formation and dissociation in

solution were examined by gel analysis (Fig. 9b) and monitored by fluorescence

quenching. The repeated assembly and disassembly of the hexagons were observed

in high yield by alternative UV/Vis irradiation. Various shapes such as linear and

ring-shaped assemblies were prepared by programming the positions of the

photoresponsive DNAs (Fig. 9c).

In addition, we observed the dynamic assembly and disassembly of

photoresponsive hexagonal origami structures using a lipid bilayer surface by

HS-AFM (Suzuki et al. 2014c). Because of the fluid property of a lipid bilayer, a

lipid bilayer can be used for the dynamic assembly of DNA origami structures on

the surface (Suzuki et al. 2015b). Cholesterol moieties were introduced to the

hexagon for interaction with the lipid. The cholesterol-modified photoresponsive

hexagon dimers were attached onto the lipid bilayer, and their diffusion was

observed by HS-AFM. When these photoresponsive hexagon dimers were exposed

to the UV light during AFM scanning, the dimer immediately dissociated into

monomers. Then visible light was irradiated to the monomers; the monomers

were associated to form dimer after the diffusion and collision. The reversible

assembly and disassembly of hexagonal origami was directly imaged on the lipid

Fig. 9 Direct observation of assembly and disassembly of photoresponsive hexagonal origami on

the lipid bilayer surface. (a) Assembly and disassembly of hexagonal origami having four

photoresponsive DNAs by UV/Vis irradiation. (b) Proportion of dimer formation and dissociation

by repeating UV/Vis irradiation. (c) Formation of ring-shape and linear assemblies and the AFM

images. (d) Observation of dynamic dimer formation and dissociation on the lipid bilayer with

UV/Vis irradiation. (e) Direct observation of dissociation of dimer with UV irradiation (left) and
assembly with Vis irradiation (right) using HS-AFM
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bilayer surface. These photocontrolled manipulations for the molecular interactions

are also expanded to the construction of the various switching devices.

5.2 Large Assembly of DNA Origami on the Lipid Bilayer

The lipid bilayer was further used to assembly the DNA origami structures into the

large defined assemblies. We demonstrate a lipid bilayer-assisted assembly to

assemble various DNA origami monomers into two-dimensional lattices (Fig. 10)

(Suzuki et al. 2015a). DNA origami structures are electrostatically adsorbed onto

the lipid bilayer in the presence of divalent cation. The origami structures were

mobile on the lipid bilayer surface and assembled into large 2D lattices with

micrometer size (Fig. 10a). Using the cross-shaped DNA origami monomer to

form lattice by π–π interaction of the blunt ends (Liu et al. 2011), the dynamic

processes including attachment and detachment of DNA origami monomers and

reorganization of lattices were visualized using HS-AFM. In addition, the

biotinylated lattices were modified with streptavidin; streptavidin binding can

also be observed by HS-AFM. Using the cross-shaped origami monomer with

ssDNA linkers at the ends to prevent the interaction, the monomers packed into

2D assemblies in a shape-fitted fashion (Fig. 10b). Other monomers including

triangular and hexagonal monomers also assembled into packed form.

Fig. 10 Direct observation of assembly of DNA origami monomer into micrometer-sized struc-

tures on the lipid bilayer surface. (a) Assembly of cross-shaped origami monomers into lattice

structures via π–π interaction of blunt ends on the lipid bilayer. AFM image of lattice structures.

(b) Packed assembly of cross-shaped origami with ssDNA linkers at the ends (left), triangular
origami (middle), and hexagonal origami in a shape-fitted fashion
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Using the lipid bilayer for the assembly surface, DNA origami can be assembled

into the predesigned 2D structures in micrometer scale. The method we developed

here involving AFM imaging of dynamic assembly processes can be used for the

precise design and preparation of the controlled micrometer-scale DNA architec-

tures with various functions.

6 Direct Observation of the Catalytic Reactions and RNA
Interactions in the DNA Nanostructures

6.1 DNAzyme

Catalytic nucleic acids (DNAzymes) attract an attention because these are applica-

ble for various catalysts to be used for amplification and switching behaviors. One

specific class of DNAzymes includes metal-ion-dependent DNAzymes that consist

of various sequences of DNAzyme and substrate part. These metal-ion-dependent

DNAzymes have been used for amplifying labels for sensing, functional compo-

nents for logic gates, and stimuli-responsive DNA switches (Liu et al. 2014, Wang

et al. 2015).

We demonstrate the single-molecule imaging of the catalytic reaction of the

Zn2+-dependent DNAzyme (Gu et al. 2013) in the DNA frame structure (Endo

et al. 2015a). The DNAzyme and a substrate strands attached to two supporting

dsDNAs were assembled into the DNA frame in two different configurations. The

reaction was monitored by observing the two configuration changes of the incor-

porated DNA strands in the DNA frame, such as H-shape to parallel configuration

and X-shape to double-loop configuration. These configuration changes were

clearly observed in accordance with the progress of the reaction. The separation

of the strands after the cleavage reaction by Zn2+-DNAzyme was also dependent on

the lengths of the dissociation domains of DNAzyme and substrate strands. The

separation of the supporting dsDNAs, induced by the cleavage of the substrate by

the DNAzyme, was directly visualized in two configurations by HS-AFM. This

nanostructure-based AFM imaging is applicable for monitoring various chemical

and biochemical catalytic reactions at the single-molecule level.

6.2 Riboswitch

Structural diversity of RNA is one of the important properties of RNA molecules,

which exhibit unique functions such as specific complex formation and catalysis. In

addition, RNA molecules uniquely form a complex through specific hairpin loops,

called a kissing complex, which enables assembly of complementary RNA loops

via Watson–Crick base pairing (Van Melckebeke et al. 2008). The kissing complex
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is widely investigated and used for the construction of RNA architectures such as

polygonal structures and three-dimensional assemblies (Grabow and Jaeger 2014;

Shukla et al. 2011). Molecular switches have also been created by combining a

kissing loop and a ligand-binding aptamer to control the interactions of RNA

molecules (Durand et al. 2014). We incorporated two kinds of RNA molecules

into a DNA origami frame and used AFM to observe their ligand-responsive

interactions at the single-molecule level (Takeuchi et al. 2015). A designed RNA

aptamer called GTPswitch was used, which has a guanosine triphosphate (GTP)-

responsive domain and can bind to the target RNA hairpin named aptakiss in the

presence of GTP (Durand et al. 2014). Shape changes of the DNA/RNA strands

were observed in the DNA origami, which are induced by the GTPswitch, into two

different shapes in the absence and presence of GTP, respectively. We also found

that the switching function in the nanospace could be improved by using a cover

strand over the kissing loop of the GTPswitch and by deleting one base from this

kissing loop. These newly designed ligand-responsive aptamers can be used for the

controlled assembly of the various DNA and RNA nanostructures.

Protein binding-induced structural change of RNA was directly observed by

HS-AFM. Ribosomal protein L7Ae binds to specific positions of three kink-turns in

a double-stranded RNA (dsRNA) to form a triangular structure (Ohno et al. 2011).

Using the HS-AFM system, the stepwise binding of three L7Ae proteins to the

dsRNA to form triangular RNA–protein structure was clearly observed (Osada

et al. 2014). Similar to the structural changes and reactions on DNA molecules,

the detailed interactions and reactions of RNA–RNA and RNA–protein can be

visualized in real time at nanoscale resolution using the nucleic acid scaffolds and

HS-AFM system.

7 Conclusions

The precise placement and manipulation of target molecules are achieved in the

designed nanospace constructed by DNA origami technology. The designed

nanospace has been used to image and regulate biochemical reactions. Direct

imaging of the mobile molecular systems on DNA origami structures has been

demonstrated using the HS-AFM system. Using the advantage of DNA origami

technology, single-molecule observation systems have been developed by creating

target-oriented nanospaces and introducing target dsDNAs and RNAs for desired

observations. The method we have developed can be expanded to the general

observation of various biochemical reactions involved in gene expression and for

other biological phenomena such as replication, transcription, and translation.

Single chemical reactions such as complex formations, photoreactions, and bond

formation/cleavage can also be imaged using this system. In addition, the move-

ment of artificial mobile molecules was directly observed and manipulated in the

designed systems, and the detailed mechanism for the movement of the molecules

was investigated at the single-molecule level. The method can be applied to the
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development of nanomachines that can transport specific molecules and for the

manipulation of more complicated movements on the DNA nanostructures. The

lipid bilayer was also used to expand the HS-AFM imaging for direct observation of

the dynamic formation of DNA origami assemblies. Using the designed DNA

origami scaffolds and improving the HS-AFM imaging technique, novel nano-

sized devices for single-molecule imaging and manipulation can be created to

elucidate the physical properties of the molecules both in the biological and

nonbiological environments.
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Abstract Polymerases are known to catalyze the synthesis of long DNA/RNA

chains and play important roles in replication and translation in biological

systems. Because their enzymatic activities are versatile, they have been widely

employed for medical diagnoses and criminal investigations and also as research

tools in biological studies. To date, various polymerases have been genetically

engineered and are commercially available for selected applications that involve

various chemically modified nucleoside triphosphate analogs. For example,

dye-terminator sequencing, which made a great contribution to sequence determi-

nation in the human genome project, uses four kinds of 20,30-dideoxynucleoside-
50-triphosphate analogs that contain a fluorophore attached to the base moiety.

Concomitantly, polymerase variants that can efficiently accept those analogs as

substrates were developed. Various triphosphate analogs modified at their base/

sugar/phosphate moieties have been designed and synthesized for the development

of nucleic acid aptamers as therapeutic drugs, diagnostic agents, and molecular
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indicators. Because nucleoside analogs include xenonucleic acids (XNAs), which

have unique sugar backbones, drastic modifications in polymerase engineering are

being boldly pursued. In this chapter, we are focusing on polymerase reactions that

involve chemically modified substrates and their applications to innovative life

sciences and technologies.

Keywords Xenonucleic acid • Modified nucleoside triphosphate • Polymerase

variant

1 Introduction

While adenine (A), guanine (G), cytosine (C), and thymine/uracil (T/U) are well

known as the standard bases of DNA/RNA, modified bases can also be found in

messenger, transfer, and ribosomal RNAs (Fig. 1a). To date, more than 100 kinds of

modified bases, including 7-methyl guanine, pseudouracil, dihydrouracil, hypoxan-

thine, and large bases with amino acid adducts, have been reported (Limbach

et al. 1994). Sugar modifications, such as 20-methoxy (OMe) and 100-,3-(5-
00-phosphoryl)-ribosyl groups, have also been discovered. These modifications are

considered to stabilize the three-dimensional structures of RNAs, allowing them to

evade facile degradation by nucleases. Modified nucleotides are generally synthe-

sized by modifying enzymes, such as methyltransferases and pseudouridine

synthases, after transcription. For example, a methyltransferase initiates a nucleo-

philic attack by the thiolate (-S�) of the cysteine residue at position 375 (Cys 375)

Fig. 1 (a) Modified bases found in messenger, transfer, and ribosomal RNAs; (b) polymerase

inhibitors for antiviral drugs and antineoplastic agents
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on the C6 position of cytosine, forming a Michael addition product that activates

the C5 position of cytosine. Subsequent transfer of a methyl group from cofactor S-
adenosyl-L-methionine yields 5-methylcytidine (Boschi-Muller and Motorin 2013).

Artificially synthesized nucleoside analogs, which were actively researched and

developed from the 1960s to 1970s as polymerase inhibitors, are well known. These

analogs, which include antiviral drugs (e.g., aciclovir and ganciclovir) and antineo-

plastic agents (e.g., cytarabine and trifluridine) (Fig. 1b), are phosphorylated through

cellular metabolism and thereafter specifically inhibit polymerase activities to sup-

press virus proliferation and tumor growth (De Clercq 2001; Kufe et al. 1980). The

other typical examples are fluorescence-labeled nucleoside triphosphate analogs,

which are used in sequencing and microarray technologies for genetic research.

Similar to fluorescent labeling, the introduction of foreign substituents to confer

additional functionality, such as cell membrane permeability, nuclease resistance,

and electroconductivity, has been studied for diverse applications.

2 Kinds of Polymerases

In general, DNA polymerases can extend a poly(oligo)nucleotide strand with a

sequence complimentary to that of its template strand using nucleoside 50-
triphosphates as substrates. Some DNA polymerases have a proofreading 30 to 50

exonuclease activity. Since the time A. Kornburg discovered E. coli DNA

polymerase I, various types of DNA polymerases have been isolated from

prokaryotes, archaea, eukaryotes, and retroviruses. They are mainly classified

into the following eight evolutionary families: A, B, C, D, E, X, Y, and reverse

transcriptase (RT). For example, E. coli DNA polymerase I and mitochondrial

DNA polymerase γ belong to family A; eukaryotic DNA polymerases α, δ, ε,
and E. coli DNA polymerase II (pol II) are classified into family B; and E. coli
DNA polymerase III (pol III) is a member of family C. Avian myeloblastosis

virus (AMV) reverse transcriptase, which is an RNA-dependent DNA polymer-

ase, can be mentioned as an example of an RT.

Highly thermostable DNA polymerases show optimal activity at temperatures

around 75 �C. They are widely employed for polymerase chain reaction (PCR) to

amplify/replicate DNA target sequences. To date, various engineered polymerases

have been developed and supplied by manufacturers. One of the most popular

thermostable DNA polymerases is Taq DNA polymerase, which belongs to family

A and possesses 50 to 30 exonuclease activity, but not 30 to 50 exonuclease activity. It
was isolated by A. Chien in 1976 (before the first report of the PCR technique in

1987) from an extremely thermophilic bacterium, Thermus aquaticusYT1, that was
first discovered in the lower geyser basin of Yellowstone National Park, USA, in

1969 (Chien et al. 1976). The other examples of thermostable family A DNA

polymerases are AmpliTaq and Tth DNA polymerases. The former, which was

reported by F. C. Lawyer in 1989, is a modified form of Taq DNA polymerase

obtained by expression of the gene in an E. coli host (Lawyer et al. 1989). The
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latter, which was isolated from the extremely thermophilic bacterium Thermus
thermophilus HB8, is used for reverse transcription (RT)-PCR owing to its very

efficient RT activity in the presence of Mg2þ ion (R€uttimann et al. 1985). Mean-

while, rTth DNA polymerase, a recombinant DNA polymerase, is known to exhibit

efficient RT activity in the presence of Mn2þ ion.

Hyperthermostable DNA polymerases that belong to family B generally exhibit

excellent proofreading ability during DNA chain extension, owing to their 30 to 50

exonuclease activity. These polymerases, such as Vent polymerase from

Thermococcus litoralis, KOD from Thermococcus kodakaraensis KOD1, 9�Nm

from Thermococcus species 9�N-7, Tgo from Thermococcus gorgonarius
(Miroshnichenko et al. 1998), Deep vent from Pyrococcus species GB-D (Jannasch

et al. 1992), Pfu from Pyrococcus furiosus (Fiala and Stetter 1986), and Pwo from

Pyrococcus woesei (R€udiger et al. 1995), were obtained from hyperthermophilic

archaea found in deep ocean vents, volcanic marine mud, and solfataras on the

seashore. Owing to their higher fidelity (i.e., lower error rate) and heat stability,

compared with those of Taq, they and their variants have been well studied, and

some of them are commercially available. Vent DNA polymerase, which was

reported in 1991, was the first thermostable DNA polymerase having a 30 to 50

proofreading exonuclease activity (Mattila et al. 1991). Its D141A and E143A

variant, which was engineered to eliminate the exonuclease activity and is known

asVent(exo-) DNA polymerase, was developed to improve the yield of PCR prod-

ucts and to be applied to dideoxy sequencing reactions (Kong et al. 1993). KOD
DNA polymerase not only possesses excellent proofreading ability, with about

50-fold higher fidelity than Taq DNA polymerase, but can also elongate an oligo-

nucleotide strand with about a fivefold higher reaction rate than the other family B

DNA polymerases, such as Pfu and Deep vent DNA polymerases (Takagi

et al. 1997). The N210D variant of KOD, known as KOD(exo-) DNA polymerase,

which possesses one thousandth of the 30 to 50 exonuclease activity of KOD DNA

polymerase, has also been developed (Nishioka et al. 2001). The blend of KOD and

KOD(exo-) DNA polymerases, which is commercially available under the product

names KOD Dash or KOD XL, enables the production of long double-stranded

DNAs (~15 kbp) by PCR. KOD FX and AccuPrimePfx DNA polymerases were

developed from KOD DNA polymerase for use in hot start PCR. This is an

improved PCR technique that can evade nonspecific amplification of DNA at

lower temperatures by inactivating the polymerase with its antibody. The 9�Nm

DNA polymerase is the E143D variant of wild-type 9�N-7 DNA polymerase

(Southworth et al. 1996). This 9�Nm variant exhibits reduced 30 to 50 exonuclease
activity (0.4–5% of wild-type exonuclease activity). Therminator DNA polymer-

ase, the D141A, E143A, and A485L variant of 9�N-7 DNA polymerase, has no 30 to
50 exonuclease activity. This DNA polymerase exhibits enhanced incorporation of

modified nucleotides, that is, efficient single-base incorporation of dideoxy and

acyclonucleotides. Thus, various B family DNA polymerases have been discovered

and genetically engineered to be applied in a number of applications.

In addition to the highly thermostable and hyperthermostable DNA polymerases,

E. coliDNA polymerase I, Klenow fragment (KF), BstDNA polymerase, φ29 DNA

432 M. Kuwahara et al.



polymerase, and T7 DNA polymerase are well known. They display optimal

activity at 30–37 �C, except for Bst DNA polymerase, which has an optimal

temperature of 60–65 �C. KF is obtained as a large protein fragment by enzymatic

cleavage of E. coli DNA polymerase I using the protease subtilisin (Klenow and

Henningsen 1970). Although KF has lost its 50 to 30 exonuclease activity, it retains
its 30 to 50 exonuclease activity; furthermore, its D355A and E357A variant, known

as KF (30–50 exo-), lacks 30 to 50 exonuclease activity (Bebenek et al. 1990). Bst
DNA polymerase is the large fragment of DNA polymerase I from the thermophilic

bacterium Bacillus stearothermophilus, which is found in soil, hot springs, and

ocean sediment and is generally unable to grow at temperatures below 35 �C
(Kiefer et al. 1998). Bst DNA polymerase lacks 30 to 50 exonuclease activity, but

possesses strong strand displacement activity, which allows isothermal DNA

amplifications such as loop-mediated amplification (LAMP) and rolling circle

amplification (RCA). Meanwhile, φ29 DNA polymerase, which is derived from

the Bacillus subtilis phage phi29 (Φ29), is known to exhibit 30 to 50 proofreading
exonuclease activity and extreme processivity, in addition to strong strand displace-

ment activity (Blanco et al. 1989). Bacteriophage T7 DNA polymerase, which

belongs to family A, also possesses 30 to 50 proofreading exonuclease activity

(Grippo and Richardson 1971; Campbell et al. 1978; Adler and Modrich 1979).

This DNA polymerase is known to be a complex comprising phage-encoded gene

5 protein and E. coli host thioredoxin, which enhances the processivity of the

polymerase.

In eukaryotes, there are three main types of RNA polymerase: RNA

polymerase I, which transcribes ribosomal RNA but not 5S rRNA; RNA polymer-

ase II, which transcribes precursors of mRNA, snRNA, and microRNA; and RNA

polymerase III, which transcribes ribosomal 5S rRNA, tRNA, and other small

RNAs. Bacteriophage T7 (Davanloo et al. 1984), T3 (Majumder et al. 1979), and

SP6 (Kotani et al. 1987) RNA polymerases can be mentioned as examples of

commercially available DNA-dependent RNA polymerases. These RNA polymer-

ases bind to their cognate promoters with very high sequence specificities and

thereafter transcribe the DNA template downstream of the promoter to generate

the complimentary single-stranded RNA. Some variants of T7 RNA polymerase

have been developed to enhance the incorporation of modified nucleotides.

3 Enzymatic Synthesis of Modified Nucleotides

3.1 Base Modification

A variety of base-modified nucleotides, particularly C5-modified uridine analogs,

have been reported to date (Fig. 2). Research results have demonstrated that

nucleoside triphosphates bearing a C5-modified pyrimidine ring or a C7-modified

7-deazapurine ring can be more acceptable polymerase substrates than nucleoside
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triphosphates with substituents introduced at the other positions. Using these

modified analogs in the presence of the four natural nucleoside triphosphates

(dNTPs) allows foreign functionalities, such as fluorophores or biotin to be thinly

incorporated into nucleic acid strands that can serve as probes or capture specific

nucleotide targets. For example, in 1992, T. Ried et al. reported fluorescence in situ

hybridization (FISH) probes, which were synthesized using AmpliTaq DNA

polymerase-catalyzed PCR that incorporated dUTPs labeled with fluorescein, bio-

tin, digoxigenin, and 2,4-dinitrophenol; these modified DNA probes were used to

specifically visualize the centromeres of human chromosomes (Ried et al. 1992).

In 1998, K. Sakthivel et al. first reported the enzymatic synthesis of modified

DNAs in which foreign functionalities were densely incorporated during PCR.

They used ten different C5-modified 20-deoxyuridine-50-triphosphates (dUTPs) in
the presence of the natural dNTPs, except for thymidine-50-triphosphate (TTP)

(Sakthivel and Barbas III 1998). Four different DNA polymerases (Taq, Vent,
Pfu, and rTth) were examined. The C5-modified dUTP bearing an (E)-3-(1H-
imidazol-4-yl)acryl group was accepted as a good PCR substrate for all of these

DNA polymerases and provided the corresponding modified DNA very efficiently.

The experimental results particularly emphasized that the rigid and extended α,-
β-unsaturated arm adjacent to the imidazoyl group has a great influence on the

incorporation efficiency of the modified dUs. Furthermore, modified UTPs bearing

5-(3-aminopropyl) or 5-(2-mercaptoethyl) groups were also synthesized and

densely incorporated into RNAs with T7 RNA polymerase (Vaish et al. 2000).

Fig. 2 Base-modified nucleoside triphosphates
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Using these analogs instead of UTP, it should be possible to perform modified RNA

aptamer/ribozyme selections.

In 2001, D. M. Williams and coworkers focused on the linker length and rigidity

of substituents and systematically analyzed the substrate properties of ten different

C5-modified dUTPs in the absence of TTP during PCR catalyzed by Taq DNA

polymerase (Lee et al. 2001). The data showed that C5-modified dUTPs with linker

arms containing rigid alkynyl and trans-alkenyl groups in the vicinity of uracil base
were significantly superior to those with linker arms containing cis-alkenyl or alkyl
groups. Furthermore, they synthesized C7-modified 7-deaza-dATP analogs with

alkynyl, cis-alkenyl, and alkyl linker arms and found that the analog with the

alkynyl linker arm acts as the best substrate for PCR catalyzed by Taq DNA

polymerase (Gourlain et al. 2001). Intriguingly, using the preferred dUTP and

7-deaza-dATP analogs, modified dUs and 7-deaza-dAs could be simultaneously

incorporated during PCR. In the same year, H. Sawai et al. first demonstrated, using

PCR experiments incorporating dUTPs modified with a methylene linker at C5, that

KOD Dash DNA polymerase is one of the most promising candidates as a catalyst

for enzymatic syntheses of modified DNAs (Sawai et al. 2001). Indeed, KOD DNA

polymerase-related products (e.g., KOD XL, KOD FX, AccuPrimePfx, and KOD
Dash) are widely employed in applications involving enzymatic syntheses of

modified DNAs.

In 2002, H. A. Held et al. demonstrated that Pfu and Pwo DNA polymerases,

which are members of family B, as well as KOD DNA polymerase, can efficiently

produce modified DNAs by primer extension (PEX) and PCR, using dUTPs

modified at C5 with protected thiol groups (Held and Benner 2002). In successive

incorporations of modified dUs, family B polymerases (Pfu, Pwo, Vent, and Deep
vent) were found to be preferable to family A polymerases (Taq, Tfl, Hot Tub, and
Tth). Thereafter, M. Kuwahara et al. systematically analyzed the PCR-based syn-

thesis of modified DNA strands using C5-modified dUTPs and C5-modified dCTPs

as substrates and family A (Taq, Tth) and B [Vent(exo-),KODDash, and KOD(exo-)]
polymerases as enzymes and arrived at the same conclusion (Kuwahara

et al. 2006). Furthermore, their kinetic studies using modified primers/templates/

substrates revealed that modified group(s) adjacent to the extending terminus of the

primer can greatly reduce catalytic efficiency, which resulted in low product yields

with successive modified nucleotide incorporations.

D. M. Williams and coworkers applied the dual modification technique to

modified DNAzyme selection, using modified dU and 7-deaza-dA analogs (Sidorov

et al. 2004). Meanwhile, in 1999, D. M. Perrin et al. reported dual modification

using C5-modified dUTP and C8-modified dATP in a PEX technique catalyzed

using Sequenase Version 2.0 DNA polymerase, which is a genetically engineered

form of T7 DNA polymerase with virtually no 30 to 50 exonuclease activity (Perrin

et al. 1999; 2001). Using this technique, followed by in vitro selection, they were

the first to produce a modified DNAzyme that acted as a metal-independent

RNAase A mimic with two different functional groups (kcat¼ 0.044 min�1) (Perrin

et al. 2001). They also produced a modified DNAzyme with three different func-

tional groups (i.e., amine, imidazole, and guanidine) which had an improved kcat
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value (0.134 min�1) (Hollenstein et al. 2009). In 2003, T. Tasara et al. synthesized

C5-modified dUTPs, C5-modified dCTPs, C7-modified 7-deaza-dATPs, and

C7-modified 7-deaza-dGTPs with foreign functional groups, including biotin, Rho-

damine Green, Cyanine 5, Evoblue 30, and Gnothis Blue 3 (Tasara et al. 2003).

They examined successive incorporations of modified nucleotides in the absence of

all four natural dNTPs using PEX. A reaction using Vent(exo-) polymerase and

biotinyl dNTPs with four different bases provided a modified DNA with a 40-mer

elongated strand, in which biotinyl dNs were successively incorporated. Similarly,

in 2005, S. Jäger et al. synthesized modified dNTPs with four different bases

possessing basic, acidic, and lipophilic substituents and examined their successive

incorporations (Jäger et al. 2005). Full-length modified DNAs comprising 40-mer

elongated strands were produced by successive modified dN incorporations using

PEX catalyzed by Pwo DNA polymerase. Furthermore, these oligonucleotides,

which were modified at high density, were found to be reverse-transcribed to

natural cDNAs in a PEX procedure using Pwo DNA polymerase, four natural

dNTPs, and a GC-rich reaction buffer containing 1.5 mM dimethyl sulfoxide.

Eventually, the technical challenges in successive incorporations have encouraged

researchers to explore various applications of enzymatically synthesized

modified DNAs.

Postsynthetic derivatization is a convenient and alternative method for the

preparation of long DNA strands with high density and/or bulky modifications

(Fig. 3). In 2003, H. Sawai and coworkers reported the enzymatic synthesis of a

108-mer modified DNA containing 5-methoxycarbonylmethyl-dUs in place of

natural T using PCR and its subsequent derivatizations via amide bond formation

by ester–amide exchange reactions using amino functionalities such as tris

(2-aminoethylamine), histamine, and hexamethylenediamine (Mehedi Masud

et al. 2003). Conversion rates of the derivatizations were unfortunately not very

high, i.e., 56%, 72%, and 76%, respectively, owing to the hydrolysis of the methyl

ester that occurred during the addition reactions. Thereafter, various postsynthetic

derivatizations using different chemistries have been developed. For example,

pyranosyl sugar-modified DNA derivatized from a 300-mer precursory modified

DNA containing 5-ethynyl-dUs by Cu-catalyzed alkyne–azide cycloaddition, i.e., a

“click” reaction (Gierlich et al. 2007); biotin-modified DNA derivatized from a

35-mer precursory modified DNA containing a 7-[5-{(4-azidobutyl)amino}-5-

oxopent-1-yn-1-yl]-7-deaza-dA by Staudinger ligation using biotinylated phos-

phine (Weisbrod and Marx 2007); hydrazone-modified DNA derivatized from a

98-mer precursory modified DNA containing 5-(5-formylthiophene-2-yl)-dCs by

condensation reactions of aldehydes with arylhydrazines (Raindlová et al. 2010);

and biotin-modified DNA derivatized from a 414-mer precursory modified DNA

containing 7-vinyl-7-deaza-dAs by inverse electron demand Diels–Alder reaction

(Buβkamp et al. 2014). The precursory modified DNAs were prepared in good

yields by PCR/PEX preferably using KOD XL, Pwo, and KlenTaq DNA poly-

merases; some postsynthetic derivatizations exhibited significantly improved con-

version rates, i.e., >90%.
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3.2 Special Base Modification (Artificial Base Pairs)

Artificial base pairs have great potential for expanding the genetic information

system of life on earth. Such ambitious studies were considered to be able to pursue

the basic principles of life phenomena and origin of life as well as technological

applications.

In the late 1980s, S. A. Benner et al. first proposed expanded DNA alphabets

(Switzer et al. 1989). In 1990, they demonstrated that artificial base pair formation,

Fig. 3 Base modifications employed for postsynthetic derivatization
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i.e., isoG–isoC (Fig. 4a), which differs from standard Watson–Crick base pairs, i.e.,

A–T(U) and G–C in the pattern of hydrogen bond formation, is possible during

enzymatic DNA and RNA syntheses catalyzed by KF and T7 RNA polymerases,

respectively (Piccirilli et al. 1990). Unfortunately, the incorporation of T opposite

the enolic tautomer of isoG was also observed. To exclude the formation of the

undesirable isoG–T pairing, they used 2-thioTTP instead of TTP, in addition to the

other five triphosphate substrates, i.e., dATP, dGTP, dCTP, isoGTP, and isoCTP.

As expected, the correct incorporation of isoC at a single isoG on a 51-mer template

during PCR using KlenTaq DNA polymerase increased the value of fidelity-per-

round in PCR from approximately 93% to 98% (Sismour and Benner 2005).

Fig. 4 Artificial base pairs reported by (a) Benner’s, (b) Kool’s, (c) Romesberg’s, and (d) Hirao’s
groups
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Furthermore, in 2006, they designed a novel third base pair comprising 2-amino-

8-(20-deoxy-β-D-erythro-pentofuranosyl)-imidazo[1,2-a]-1,3,5-triazin-4(8H)-one

(dP) and 6-amino-5-nitro-3-(10-β-D-20-deoxyribofuranosyl)-2(1H)-pyridone (dZ)

(Yang et al. 2006). PCR experiments using a 51-mer template containing a single

dP residue showed high incorporation accuracies without using 2-thioTTP when

dPTP and dZTP were used with the four natural dNTPs. The estimated values for

fidelity-per-round were 94.4%, 97.5%, and 97.5%, respectively, when Taq, Vent
(exo-), and Deep vent(exo-) DNA polymerases were used (Yang et al. 2007). In the

meantime, E. T. Kool, F. E. Romesberg, and I. Hirao were independently designing

and developing their own candidates for the third base pair.

In 1998, E. T. Kool and coworkers reported a F(2,4-difluorotoluene)–Z

(4-methylbenzimidazole) base pair (Fig. 4b), which does not form hydrogen

bonds between the bases (Morales and Kool 1998). They demonstrated that effi-

ciencies for a single incorporation of the Z residue opposite the F residue on a

28-mer DNA template were 130–1900-fold greater than those of the four natural

dNs when KF (30–50 exo-) was used. Their results indicate that hydrogen bonding

is not necessary for base pair formation, and, if anything, the size and shape of

paired bases are more important to the adoption of artificial base pairs by an

oligonucleotide duplex. Indeed, thereafter, it was demonstrated that pyrene

deoxynucleoside (dPyr) as a nonpolar base analog can selectively be incorporated

opposite an abasic nucleoside (X) or a tetrahydrofuran abasic analog (ϕ) to form a

dPyr–X/ϕ pair during PEX (Matray and Kool 1999). Moreover, they developed

“yDNA” (an abbreviation of “wide DNA”), which involves benzopyrimidine

deoxynucleosides (dyT and dyC) bearing size-expanded pyrimidines, i.e., yT and

yC, designed to form yT–A and yC–G pairs (Lee and Kool 2005). They then

examined whether or not dyT and dyC can store and transfer genetic information

in vitro and in bacterial cells (Chelliserrykattil et al. 2008). The results showed that

the correct nucleotides could be inserted opposite yDNA residues in PEX using KF

(30–50 exo-) and Vent(exo-) DNA polymerases. Furthermore, the first example of an

encoding protein (GFP; green fluorescent protein) in a living organism, i.e., E. coli,
by unnatural DNA base pair architecture was exhibited in 2008.

In 1999, F. E. Romesberg and coworkers reported that a stable 7-propynyl

isocarbostyril nucleoside (dPICS) self-pair can be formed in duplex DNA

(Fig. 4c), and dPICS triphosphate can be incorporated opposite dPICS on the

template by KF (30–50 exo-) with reasonable efficiency (McMinn et al. 1999).

However, after the dPICS incorporation, synthesis proceeded inefficiently. There-

after, they determined the best pair from the 3600 (60� 60) combinations of

unnatural DNA base analogs, i.e., dSICS–dMMO2 (Leconte et al. 2008), and

subsequently achieved d5SICS–dMMO2 and d5SICS–dNaM pairs, which

exhibited the high values of 85.7–99.8% for fidelity-per-round in PCR using Taq,
Deep vent, and Phusion high-fidelity DNA polymerases (Seo et al. 2009; Malyshev

et al. 2009). Recently, they finally managed to create a semisynthetic organism with

an expanded genetic alphabet involving d5SICS–dNaM as the third base pair; the

genetically engineered organism was E. coli that expresses an algal nucleotide

triphosphate transporter, which has the efficient uptake of the triphosphates of
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d5SICS and dNaM, and thereby accurately replicates a plasmid containing

d5SICS–dNaM (Malyshev et al. 2014).

In 2000, I. Hirao and coworkers designed and synthesized 2-amino-6-(N, N-
dimethylamino)purine (denoted by x) and pyridin-2-one (denoted by y)
deoxynucleoside analogs (Fig. 4d) (Ishikawa et al. 2000). They anticipated that

the steric hindrance between the dimethyl at the N6 position of x and the 4-keto

group of T would interfere with the formation of an x–T mismatch pair and,

furthermore, that the unique pattern of hydrogen bonding between N1 and N2 on

x and N1 and O2 on y would form a stable and specific x–y base pair. In PEX, using
KF and KF (30–50 exo-), y was selectively incorporated opposite x on the template,

which unfortunately was also erroneously incorporated opposites A and G. A

ribonucleoside-50-triphosphate analog of y was also synthesized, and the single

incorporation of y opposite x in transcription was assessed using T7 RNA poly-

merase (Ohtsuki et al. 2001). As a result, y was incorporated opposite x with 95%

accuracy, while the erroneous incorporation of U opposite x was only occasionally

observed (<5% of instances). Thereafter, to improve incorporation efficiency and

selectivity, they developed 2-amino-6-(2-thienyl)purine (denoted by s) and

imidazolin-2-one (denoted by z) analogs to form s–y (Hirao et al. 2002)and s–z
base pairs, respectively, which involve the formation of two hydrogen bonds (Hirao

et al. 2004). Furthermore, the improvement of s provided the 7-(2-thienyl)-imidazo

[4,5-b]pyridine (Ds) analog and of z yielded pyrrole-2-carboxaldehyde (Pa) (Hirao

et al. 2006) and 2-nitro-4-propynylpyrrole (Px) analogs, which can form Ds–Pa and

Ds–Px base pairs, respectively (Kimoto et al. 2009). The Ds–Px base pair in

particular exhibited a high value of 99.9% for fidelity-per-round in PCR using

Deep vent DNA polymerase. Intriguingly, as models such as Kool’s and

Romesberg’s possessing the F–Z and d5SICS–dNaM pairs, these base pairs do

not involve hydrogen bonds. Using an analog bearing, i.e., a foreign functionality

via the 4-propynyl group of Px, they have recently performed selections of modified

DNA aptamers containing nucleoside analogs with the 5th base (discussed later).

3.3 Sugar Modification

In general, sugar-modified nucleic acids are called xenonucleic acids (XNAs).

XNAs containing modified sugars with 20-substituents such as methoxy (–OMe),

fluoro (–F), amino (–NH2), and azido (–N3) groups are typical examples. Moreover,

XNAs based on C20-stereoisomers such as arabinonucleic acids (ANAs) and 20-
fluoroarabinonucleic acids (FANAs) have been extensively studied. Furthermore,

XNAs containing unconventional sugars such as hexitol nucleic acids (HNAs), α-L-
threofuranosyl nucleic acids (TNAs), cyclohexenyl nucleic acids (CeNAs), and

20-O,40-C-methylene-bridged/locked nucleic acids (20,40-BNAs/LNAs; hereinafter
referred to as “LNA”) have attracted the attention of researchers as informational

biopolymer alternatives to DNA and RNA (Fig. 5).
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In the late 1990s, to incorporate 20-modified nucleotide analogs, screening of

DNA polymerases that can incorporate 20–F analogs was attempted, and Vent(exo-)
and Deep Vent(exo-) DNA polymerases were found to be efficient catalysts (Ono

et al. 1997). Moreover, the engineering of RNA polymerases was attempted. For

example, T7 RNA polymerase variants, Y639F and Y639F/H784A, which enabled

an efficient enzymatic incorporation of 20–F or 20–NH2 analogs and those of the 2
0–

OMe or 20–N3 analogs, respectively, were developed (Padilla and Sousa 1999,

2002).

In 2000, K. Vastmans et al. demonstrated that Vent(exo-) DNA polymerase can

elongate a 6-mer HNA strand on a DNA template using an HNA triphosphate

(hATP) bearing an adenine base (Vastmans et al. 2000). In 2003, J. C. Chaput

et al. examined DNA synthesis on a TNA template and TNA synthesis on a DNA

template using various DNA polymerases (Chaput and Szostak 2003). Thereafter,

they found that the Therminator DNA polymerase can polymerize TNA oligomers

that are at least 80 nt in length using the following four TNA triphosphates, i.e.,

tTTP, tGTP, tCTP, and tDTP, which bear thymine, guanine, cytosine, and

2,6-diaminopurine, respectively, as a nucleobase (Ichida et al. 2005). In 2005,

V. Kempeneers et al. reported that seven efficient successive CeNA incorporations

were possible in the DNA-dependent CeNA polymerization using a CeNA triphos-

phate (CeATP) bearing an adenine base and Vent(exo-) DNA polymerase under

conditions supplemented with 1 mM Mn2þ (Kempeneers et al. 2005). In 2007,

R. N. Veedu et al. first examined the enzymatic incorporation of LNA nucleotides

and observed that Phusion High-Fidelity DNA polymerase could accept

LNA-triphosphates bearing thymine and adenine bases and catalyze primer exten-

sion reactions to yield DNA-based LNA strands (Veedu et al. 2007). In 2008,

Fig. 5 Sugar-modified nucleoside triphosphates
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M. Kuwahara et al. first demonstrated that KOD Dash DNA polymerase was

superior to Phusion High-Fidelity DNA polymerase because of its reduced 30,50-
exonuclease activity and could be applied for the synthesis of not only LNA

but also other types of LNA, i.e., 20,40-BNACOC and 20,40-BNANC (Kuwahara

et al. 2008).

In 2012, P. Holliger et al. successfully created some XNA polymerases variants

of Tgo DNA polymerase using compartmentalized self-tagging (CST) selection,

which was performed on libraries of TgoT DNA polymerase that contained four

amino acid mutations (V93Q, D141A, E143A, and A485L) (Pinheiro et al. 2012).

For example, HNA polymerase was additionally mutated at V589A, E609K,

I610M, K659Q, E664Q, Q665P, R668K, D669Q, K671H, K674R, T676R,

A681S, L704P, and E730G. CeNA/LNA polymerase was additionally mutated at

E654Q, E658Q, K659Q, V661A, E664Q, Q665P, D669A, K671Q, T676K, and

R709K. ANA/FANA polymerase was additionally mutated atL403P, P657T,

E658Q, K659H, Y663H, E664K, D669A, K671N, and T676I. These TgoT variants

can produce the corresponding 72-mer XNA strands on a DNA template using four

XNA triphosphates with different bases (A, G, C, and T).

As examples of other types of XNAs, 40-modified analogs such as 40-
thioribonucleoside-50-triphosphates, 20-deoxy-40-thionucleoside-50-triphosphates,
and 20-deoxy-40-selenonucleoside-50-triphosphates, which have been developed

by N. Minakawa and coworkers, are mentioned (Kato et al. 2005; Kojima

et al. 2013; Tarashima et al. 2015). They have found that the first ones can be

accepted by T7 RNA polymerase, whereas the second and third ones can act as

good substrates for KOD Dash DNA polymerase.

Thus, continuous efforts in the screening and engineering of polymerases have

enabled an efficient enzymatic production of various XNAs.

3.4 Phosphate Modification

Phosphorothioate nucleotides are well-studied phosphate-modified analogs in

which one of the non-bridging α-phosphate oxygen is replaced by sulfur because

introduction of phosphorothioate linkages to oligonucleotides can enhance nuclease

resistance and antisense activity (Fig. 6). In 1968, F. Eckstein et al. first demon-

strated enzymatic incorporation of a phosphorothioate using UTPαS (mixture of

Sp- and Rp-isomers) and Escherichia coli DNA-dependent RNA polymerase

(Matzura and Eckstein 1968). Thereafter, using optically pure Sp- or Rp-ATPαS,
they discovered that the Sp-isomer could be more efficiently incorporated than the

Rp-isomer during RNA strand elongation catalyzed by E. coli DNA-dependent
RNA polymerase (Eckstein et al. 1976). In 1988, H. P. Vosberg et al. showed that

the Taq DNA polymerase-catalyzed polymerase chain reaction (PCR) with

Sp-dATPαS and dNTPs, except dATP, could efficiently amplify 310-mer double-

stranded DNA fragments that contained multiple phosphorothioates (Nakamaye

et al. 1988). The same results were also obtained when Sp-dNTPαS was used
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with a different base (G, C, or T). Other examples of non-bridging α-phosphate
oxygen substituents, phosphoroboranoate and phosphoroselenoate analogs of 20-
deoxynucleoside-50-triphosphates, have been reported. Unlike phosphorothioate

analogs, the Rp-isomer of phosphoroboranoates was preferably incorporated

using Sequenase DNA polymerase. One should note, however, that the Sp-isomer

of phosphorothioates corresponds to the Rp-isomer of phosphoroboranoates in the

configuration of the four substituents, i.e., –P2O5
3�, ¼O, nucleoside, and –SH/–

BH3�, that bond to the asymmetric phosphorus atom (Li et al. 1995; He et al. 1999).

Meanwhile, both isomers of phosphoroselenoates were equally accepted as sub-

strates by KF to produce corresponding DNA strands (Carrasco and Huang 2004).

Replacement of the bridging oxygen between α-phosphorus and the sugar 50

carbon in a dNTP by other substituents is one of the means to enzymatically

introduce chemical modifications into oligonucleotide backbones. J. L. Wolfe

et al. reported that in the presence of natural dNTPs, KF (30–50 exo-) could accept

50-amino-20,50-dideoxynucleoside-50-N-triphosphates to produce the corresponding

oligodeoxynucleotide strand in which multiple oxygen atoms in the 50-position
were replaced with imino (–NH–) groups (Wolfe et al. 2002). Similarly,

P. Herdewijn et al. demonstrated the insertion of the methyleneoxy (–CH2O–)

group at this position using 50-O-diphosphorylphosphonomethyl-20-dA with

Therminator DNA polymerase (Renders et al. 2007).

To analyze the effects of chemical modifications of the pyrophosphate moiety as

a leaving group on polymerase activities, γ-phosphate oxygen substituents, i.e.,

γ-substituted dNTPs, were examined using AMT RT and DNA polymerase α
(Alexandrova et al. 1998). Consequently, γ-substituted dNTPs with azidoethyl,

Fig. 6 Phosphate-modified nucleoside triphosphates
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aminoethyl, phenyl, or 2,4-dinitrophenyl groups could moderately be accepted only

by AMT RT, although the latter two were poorer substrates than the former two

owing to the bulkiness of the substituents. Furthermore, phosphate-modified ana-

logs in which the bridging oxygen between β- and γ-phosphorus is replaced by the

methylene (–CH2–) or dibromomethylene (–CBr2–) group were also examined. The

results indicated that these modifications are more sensitive to the action of AMT

RT than γ-substitutions.

4 Applications

4.1 DNA Sequencing

DNA sequencing methods can roughly be classified into three categories, i.e., first-,

second-, and third-generation technologies. First-generation sequencing refers to

fluorescent DNA sequencing using capillary electrophoresis, which greatly con-

tributed to the Human Genome Project, 1990–2003. Fluorescent DNA sequencing

methods, namely, the dye-primer method, which uses fluorophore-labeled primers,

and the dye-terminator method, which uses fluorophore-labeled terminators, i.e.,

four 20,30-dideoxynucleoside-50-triphosphates (ddNTPs) tagged with different fluo-

rescent dyes, were devised in the 1980s (Fig. 7). Initially, the dye-primer method,

which could provide more satisfactory long-read sequencing data, was mainly used,

and KF (30–50 exo-) and Sequenase DNA polymerase were employed as enzymes

for sequencing reactions. However, after AmpliTaq DNA polymerase FS, which

exhibits a very weak 50 to 30 exonuclease activity and readily incorporates ddNTPs,
had been developed, the dye-primer method was replaced with the dye-terminator

method.

The second-generation sequencing technologies enable massively parallel

sequencing. For example, Roche 454 sequencing technologies based on the

pyrosequencing method employ dATPαS instead of dATP because luciferase

accepts natural dATP as a substrate, giving rise to false-positive signals. As with

dATPαS, some dATP analogs with base modifications can reduce false luciferase

positives (Kajiyama et al. 2011). In pyrosequencing, KF (30–50 exo-) (Ronaghi

et al. 1996), Sequenase Version 2.0 (Gharizadeh et al. 2004) DNA polymerase, and

Bst DNA polymerase (large fragment) are used (Margulies et al. 2005). Lasergen

developed other sequencing technologies based on the cyclic reversible termina-

tion method using 30-OH unblocked nucleotides called Lightning Terminators.

These triphosphates have a terminating 2-nitrobenzyl moiety attached to

hydroxymethylated nucleobases and are efficiently incorporated by Therminator

DNA polymerase (Gardner et al. 2012) (Fig. 7).

The third-generation sequencing technologies involve single-molecule real-time

(SMRT) sequencing, which enables direct analysis of DNA/RNA extracted from
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biological samples such as cells, tissues, and organs. For example, Pacific Bio-

sciences developed an SMRT sequencing system using four modified dNTPs

consisting of a γ-phosphate with different fluorophores and a complex of φ29
DNA polymerase and an analyte DNA template. The complex is solely

immobilized at the bottom of a zero-mode waveguide, and attenuated light from

the excitation beam penetrates only the lower 20–30 nm of each waveguide to

provide a light microscope with a detection volume of only 20�21 L (Eid

et al. 2009) (Fig. 7).

Thus, development of modified triphosphates and engineered polymerases con-

tinues to greatly contribute to the advancement of sequencing technologies.

Fig. 7 Modified nucleoside triphosphates employed for DNA sequencing technologies
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4.2 Aptamer Development

To enhance nuclease resistance and improve target-binding affinities and specific-

ities, various nucleoside triphosphates have been employed for the aptamer selec-

tion process, so-called systematic evolution of ligands by exponential enrichment

(SELEX) (Tuerk and Gold 1990; Ellington and Szostak 1990). Macugen

(pegaptanib sodium injection) for the treatment of wet age-related macular degen-

eration is a typical example of RNA-based aptamers. This modified RNA aptamer

targeting vascular endothelial growth factor (VEGF) was selected from a modified

RNA library. The library was enzymatically synthesized using T7 RNA polymerase

and 20-F pyrimidine nucleoside triphosphates (U and C) as well as natural ATP and

GTP, followed by derivatizations, including post-SELEX modification, by which

all natural purine nucleotides, except for two adenosine residues, could be replaced

with 20-OMe analogs (Ruckman et al. 1998). Furthermore, the use of a T7 RNA

polymerase variant (Y639F, H784A, and K378R) enabled direct selection of

modified RNA aptamers totally replaced with 20-OMe nucleotides, which was

demonstrated with VEGF as a target (Burmeister et al. 2005). Other examples of

modified RNA aptamers created by SELEX using the corresponding triphosphate

analogs and T7 RNA polymerase are those containing 20-NH2 pyrimidine nucleo-

sides (U and C) for human neutrophil elastase (HNE) (Lin et al. 1994), those

containing 40-thioribonucleosides (A, G, C, and U) for human thrombin (Minakawa

et al. 2008), those containing 5-iodouridines (photoaptamer) for the HIV-1 Rev

protein (Jensen et al. 1995), those containing 5-(3-aminopropyl)uridines for ATP

(Vaish et al. 2003), and those containing phosphorothioates (A, G, C, and U) for

basic fibroblast growth factor (bFGF) (Jhaveri et al. 1998).

For DNA-based aptamer selection, Vent and KOD-related DNA polymerases

have mainly been used. For example, modified DNA aptamers containing

5-(1-pentynyl)-20-deoxyuridines for human thrombin (Latham et al. 1994) and

those containing 5-(3-aminopropyl)-20-deoxyuridines for ATP were obtained by

SELEX using Vent DNA polymerase (Battersby et al. 1999). Meanwhile, modified

DNA aptamers containing 5-N-(6-aminohexyl)carbamoylmethyl-20-deoxyuridines
for (R)-thalidomide(Fig. 2) (Shoji et al. 2007); those containing (E)-5-(2-(N-(2-(N6-

adeninyl)ethyl))carbamylvinyl)-20-deoxyuridines for camptothecin derivatives

(Fig. 2) (Imaizumi et al. 2013); those containing 5-tryptaminocarbonyl-20-
deoxyuridines (SOMAmers) for various protein targets such as fractalkine,

osteoprotegerin, and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)

(Fig. 2) (Gold et al. 2010); those containing the 20-deoxynucleosides bearing Ds,

i.e., one of the artificial bases from the Ds–Px base pair for VEGF and interferon-γ
(Fig. 4d) (Kimoto et al. 2013); and those containing locked nucleic acid (LNA)

nucleosides bearing thymine for human thrombin (Kasahara et al. 2013) were

obtained by SELEX using KOD-related DNA polymerases such as KOD Dash,
KOD XL, and AccuPrimePfx DNA polymerases (Fig. 5). In addition, SELEX using

TaKaRa Taq Hot Start (HS) DNA polymerase was reported to have provided

DNA-based aptamers comprised of six letters, i.e., A, G, C, T, Z (2(1H)-pyridone),
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and P (imidazo[1,2-a]-1,3,5-triazin-4(8H)-one), for HepG2 liver cancer cells

(Zhang et al. 2015).

Furthermore, selection of the following XNA aptamers has been achieved using

DNA polymerases: threose nucleic acid (TNA) aptamers for human thrombin

(Therminator DNA polymerase) (Yu et al. 2012), hexitol nucleic acid (HNA)

aptamers for hen egg lysozyme and HIV trans-activating response RNA (TgoT
variant) (Pinheiro et al. 2012), and 20-fluoroarabinonucleic acid (FANA) aptamers

for HIV-1 reverse transcriptase (TgoT variant) (Alves Ferreira-Bravo et al. 2015).

5 Conclusions and Future Outlook

Since the 1980s, various nucleoside triphosphate analogs and polymerase variants

have been developed. In the absence of the corresponding NTP(s)/dNTP(s),

it became possible to produce oligonucleotides with single, double, triple, and

quadruple substitutions with modified nucleotide(s) as research on screening

and engineering of RNA/DNA polymerases progressed. Furthermore,

oligodeoxynucleotides with expanded genetic alphabets and artificial biopolymers,

i.e., XNAs with sugar structures quite different from β-D-ribofuranose in RNA or

2-deoxy-β-D-ribofuranose in DNA, can be enzymatically synthesized. Except

for the abovementioned examples, various enzymatically synthesized polynucleo-

tides that exhibit unique properties owing to introduced modifications, e.g.,

solvatochromic (Riedl et al. 2012), viscosity-sensitive (Dziuba et al. 2015),

electroconductive (Patolsky et al. 2002), and amphiphilic functionalities (Fujita

et al. 2015), have been reported. Such artificial biopolymers will serve as sensor

materials for environmental and biological analyses and as programmable

nanocapsules for drug carriers and gene deliveries in the near future.
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Raindlová V, Pohl R, Sanda M et al (2010) Direct polymerase synthesis of reactive aldehyde-

functionalized DNA and its conjugation and staining with hydrazines. Angew Chem Int Ed

Engl 49:1064–1066

Renders M, Emmerechts G, Rozenski J et al (2007) Enzymatic synthesis of phosphonomethyl

oligonucleotides by therminator polymerase. Angew Chem Int Ed Engl 46:2501–2504

Ried T, Baldini A, Rand TC et al (1992) Simultaneous visualization of seven different DNA

probes by in situ hybridization using combinatorial fluorescence and digital imaging micros-

copy. Proc Natl Acad Sci USA 89:1388–1392
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