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Abstract

Posttranscriptionally modified nucleosides in RNA play integral roles in
the cellular control of biological information that is encoded in DNA. The
modifications of RNA span all three phylogenetic domains (Archaea, Bacte-
ria, and Eukarya) and are pervasive across RNA types, including messenger
RNA (mRNA), transfer RNA (tRINA), ribosomal RNA (rRNA), and (less
frequently) small nuclear RNA (snRNA) and microRNA (miRNA). Nu-
cleotide modifications are also one of the most evolutionarily conserved
properties of RNAs, and the sites of modification are under strong selective
pressure. However, many of these modifications, as well as their prevalence
and impact, have only recently been discovered. Here, we examine both
labile and permanent modifications, from simple methylation to complex
transcript alteration (RNA editing and intron retention); detail the models
for their processing; and highlight remaining questions in the field of the
epitranscriptome.
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1. INTRODUCTION

Although nucleic acids were first discovered by Friedrich Miescher in 1869, whether the molec-
ular substrate that stored hereditary information was RNA, DNA, or proteins was hotly debated
until the 1940s and 1950s (27). Notably, RNA fell out of favor early because of its rapid turnover,
instability, and perceived lack of the complexity that would be needed to represent all of life.
Eventually, DNA was identified as the molecular basis for genetic inheritance, overcoming the
previously favored protein-based theories. Yet it was clear that RNA had a central role in in-
formation transfer from DNA to protein, was an integral component of cellular dynamics, and
even had autonomously functioning molecules. Indeed, RNA came in many forms that interacted
with proteins and DNA, thus serving as a ubiquitous mediator of the information and transfer of
states and functions within the cell. Owing to RINA’s universal presence in biological information
transfer—including in viruses that encode all of their instructions only in RNA—some scientists
proposed ideas about an “RINA world” that may have existed before DNA became the predom-
inant form of nucleic acid storage, in which primordial molecules on an early Earth could have
been the fuel for the formation of complex life (115).

However, the techniques for characterizing RNA were limited until the 1970s. Eventually,
reverse transcriptase was discovered and used to copy RNA into cDNA, making a more stable
molecule that was easier to study. This led to the surprising discovery about adenoviruses in 1977
that showed that RNAs are not simple, linear copies of their genomic template DNA—instead,
these molecules are sometimes reordered, or spliced, to create alternative isoforms of the original
transcript (21). This introduced the concept that the RNAs encoded by DNA could be modified
after being transcribed and opened up a large potential universe of posttranscriptional modifi-
cations. These data also thoroughly refuted the “one gene, one enzyme” hypothesis previously
thought to represent the complexity of specific gene products (7). Thus, with better techniques,
scientists began to unravel the complexity of RNA.

Similarly, the impact of methylation and other epigenetic-like modifications of RNA was not
revealed until the 1960s and 1970s. The methylation of DNA was discovered in 1925 (54), but the
methylation of RNA was not discovered until 1968, and even then, little was known aboutits precise
role and subcellular localization (49, 50). However, recent work (discussed below) has shown that
many variations of RNA occur, some of which directly impact the nucleotide content or ordering
of the transcripts and others of which are epi-modifications of the bases, similar to the epigenetic
modifications of DNA and histones that serve as regulators for the information encoded in DNA.
These dynamic RNA epi-modifications, collectively called the epitranscriptome, are pervasive,
conserved, and critical for many aspects of biology, including germline development, cellular
signaling, and circadian rhythm control. Interestingly, these modifications may impact as many as
~16,000 human genes (91), and thus far they have been observed in almost all species, but their
genome-wide prevalence has been discerned only in the past few years. Indeed, there are a total
of 110 known RNA modifications across the three domains of life, but the roles and activities of
the majority of them remain unknown.

Thus, to generate a complete picture of RNA modifications and their roles, we here review
all known modifications and divide them into two main types: reversible and nonreversible. Some
modifications, such as RNA editing, splicing, 5" capping, and transcript-content modification (such
as intron retention), are unidirectional and presumed to be nonreversible. Conversely, smaller-
scale changes, such as ribose methylation and hydroxylation, are plastic and reversible, and these
modifications serve a key role in regulating RNA function. Some enzymes that mediate this process
of epitranscriptomic state reversal are already known, and an active field of research has begun to
identify the rest of the binding partners of RNA that can modify their substrates. This expansive
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catalog of reversible and nonreversible RNA modifications shows how RNA has moved from a
transient intermediary of biological information to an active, pivotal regulator of cellular function.
Indeed, the joint coordination of modifications along the transcriptome—epitranscriptome axis,
much like the interplay of the genome and epigenome, now represents an essential component of
the standard model of cellular and molecular biology.

2. REVERSIBLE mRNA MODIFICATIONS

We first examine RNA modifications that have been shown to be reversible or are likely reversible
and that essentially comprise epitranscriptomic-type changes that do not fundamentally alter the
nucleobase, thus maintaining the information content of the RNA (A, C, G, and U). Changes
between purines and pyrimidines can be as simple as four atoms (e.g., a methyl group) or can
sometimes be quite dramatic, including a doubling or tripling of the molecular mass of these
RNAs (e.g., N®-glycinylcarbamoyladenosine). These bases can be cataloged as a set of regulatory
steps akin to DNA base modifications or histone modifications in epigenetics, insofar as they are
plastic and often reversible, but their specific manifestation and control have key roles in basic
aspects of gene regulation and cellular states.

2.1. RNA Modification Types

To date, 110 types of RNA nucleotide modifications have been documented, spanning RNA
types including messenger RNA (mRNA), transfer RNA (tRNA), ribosomal RNA (rRNA),
transfer-messenger RNA (tmRNA), small nuclear RNA (snRINA), and chromosomal RNA, many
of which are currently well cataloged at the RNA Modification Database (http://mods.rna.
albany.edu/mods) (12). These modifications not only mark and regulate these transcripts, but
also diversify and extend the proteins’ functionality from the annotated genes (12, 25, 26, 67). This
includes 12 types of modifications from eukaryotic mRNA (12, 25, 26, 67), where the methylation
and modifications of all four main types of ribonucleotides (A, C, T, and U) enable flexible devia-
tion from the simple genetic code in DNA. Notably, there are other, rarer modifications present
in inosines and 7-deazaguanosines, but we focus here on the more recent discoveries in mRNA
modifications that have shown a profound effect on biological systems.

The known mRNA modifications are found at varying levels in genes, and each has different
functions (Figure 1). Starting at the 5’ end of the transcript, modifications include 2’-O-methylated
ribonucleotides, such as N°,2’-O-dimethyladenosine (m®Am), N¢ N 2'-O-trimethyladenosine
(m%,Am), and 3,2’-O-dimethyluridine (m*Um) (4). These modifications are often found in the 5’
untranslated region (UTR) and define the beginning of the transcripts (103). In addition, during
normal RNA processing, the 7-methylguanosine (m’G) cap is added to the 5" end of mRNA; this
cap is essential for efficient gene expression, transcript stability, and cell viability (24) and is also
a key stabilizing factor for the translation of most cellular mRNAs into proteins for eukaryotic
organisms (24). The 5’ cap can also contain N'2,7-dimethylguanosine (m*’G) in viral mRNAs (48),
and the guanosine variant N?,N2 7-trimethylguanosine (m*2?’G) has been observed in a subset
of the 5’ end of trans-spliced snRNAs. This 5" trimethylguanosine cap has been seen persistently
throughout development on small, 100-nucleotide RNAs in Caenorbabditis elegans, and these rare
RNAs are strongly associated with polysomes and may create a distinct class of trimethylguanosine-
regulated RNAs (68). Also, m®;Am and m*Um have been reported to locate at the 5 UTR of
mRNA in kinetoplastid protozoa (4). Together, these 5 modifications are important for stability,
translation priming, and mRNA expression.
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The structures of RNA modifications in eukaryote mRINA. () Adenosine mRNA modifications. () Guanosine mRNA modifications.
(¢) Cytosine mRNA modifications. (¢) Uracil mRNA modifications. (¢) Localization of mRINA modifications across the positions of
most genes. Abbreviations: ncRNA, noncoding RNA; UTR, untranslated region.
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The 3’ ends of transcripts also contain many modifications. A key feature of mature
mRNAs is the addition of a variable-length poly(A) tail at the end of each transcript, created
by polyadenylation enzymes such as polyadenylate polymerase and polyadenylate-binding protein
(35). This 3’ modification can be theoretically reversed through the use of degradation enzymes
like poly(A)-specific ribonuclease (42), but it is not currently considered one of the 110 types of
epitranscriptomic modifications. We mention it here because it is key for transcript stability and
the nuclear export of transcripts, and because it does have some dynamic states within cells and
can be notably shorter in cancer cells (72).

Other modifications can exist in all regions of transcripts, even if localization spots do occur.
Recentwhole-transcriptome studies have shown frequent methylation of many cytosine sites across
all regions of mRINAs and noncoding RNAs (94, 99), although enrichment was observed in the
5 and 3’ UTRs. Also, recent work on N ®-methyladenosine (m°A) has estimated this modification
to be the most prevalent type in mRINAs, appearing in 5" UTRs, coding DNA sequences (CDSs),
and 3’ UTRs as well as noncoding RNAs and microRNAs (miRNAs) (32, 72). Yet there is a
significant enrichment of m®A in the last CDSs of most genes, and this modification is likely to
have a widespread impact on gene expression, development, and (given the last-CDS enrichment)
protein termination (74). These recent works have spurred the development of new methods and
techniques to understand the impact of RNA methylation.

2.2. RNA Methylation and Demethylation

The methylation of RNA as m®A was first observed in the 1970s, when the abundance of m°A
was estimated to be 0.1-0.4% of total adenosine residues in cellular RNA (33, 84, 114). Mam-
malian mRNA m°A methylation sites were first found in 1984 (47), and measurements from
mass spectrophotometry have shown that m®A is the most abundant RNA modification in mam-
malian protein-coding (29) and long noncoding RNA. Yet not until 2012 were protocols for
transcriptome-wide m®A methylation detection developed and published, including methylated
RNA immunoprecipitation and sequencing (74) and m®A sequencing (32). Both of these proto-
cols enable the discovery of regions, or peaks, of m®A using antibody-enrichment methods. Both
protocols found m°A sites in all areas of transcripts but a strong enrichment in the ends of the
last CDSs of genes, as well as some evidence of a 5 UTR enrichment in some tissues, which has a
potential impact on splicing. It is currently estimated that 15,020 human genes have methylated
mRNAs, which means that the majority of human genes (based on RefSeq annotation) contain
mOA, and similar trends are seen in mice.

Although these methods revealed that most mammalian mRINAs appear to be regulated or
modified by m®A, the antibody-based methods did not enable single-base resolution of the precise
base that was modified. Rather, they gave a region that was significantly enriched compared with a
control RNA sample, and ascertainment of the exact adenosine that was modified was performed
by looking at the mode of the reads’ peak distribution in conjunction with a bioinformatics scan
for the m®A motif [G(AG)ACU]. Although these would often find the likely m°A site in the center
of a peak, the average peak width of 100 nucleotides meant that single- and multi-adenosine sites
could not be distinguished, and also complicated any validation efforts for the specific modified
adenosine.

Fortunately, recent technological and biochemical advances have now provided a way to localize
precise modified bases in RNA. Single-molecule RNA sequencing was first employed in 2012 to
study RNA base modifications, using a third-generation sequencer from Pacific Biosciences (91,
107). This method placed a reverse transcriptase in a well called a zero-mode waveguide, which
allowed the observation of cDNA synthesis in real time. From these data, Saletore et al. (91) and
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Vilfan et al. (107) have shown that the kinetic signature of the reverse transcriptase’s speed while
creating cDNA is sensitive enough to detect the presence of m°A. This work was then expanded to
reveal that structural variations of rRNAs and other RNAs could also be inferred from the kinetic
data of the reverse transcriptase in the zero-mode waveguide (107). Finally, Liu et al. (70) recently
used site-specific cleavage and radioactive labeling followed by ligation-assisted extraction and
thin-layer chromatography (SCARLET) to detect RNA modifications at single-base resolution.

2.3. Epitranscriptomic Enzymes and Mediators

There are at least three enzymes that guide the process of RNA methylation and demethylation
(Figure 2). The methylation of m°A is mediated by the methyltransferase-like 3 (METTL3)
gene (Figure 2a), and its methylation mark can be oxidatively reversed by the Fe(II)- and
oxoglutarate-dependent AlkB oxygenase family (52, 61). Human METTL3 was first discovered
in HeLa cell nuclei as mRNA N°-adenosine methyltransferase (9). Recently, Liu et al. (69)
reported that METTL14 forms a stable heterodimer core complex with METTL3 and mediates
mammalian nuclear RNA N%-adenosine methylation, further revealing the complicated regu-
latory mechanisms in RNA m®A methylation. One of the oxygenases is the obesity-associated
protein alpha-ketoglutarate-dependent dioxygenase FTO (52) (Figure 2b). FTO is known to
play an important role in human obesity and energy homeostasis (22, 37, 96). It has been reported
that FT'O can oxidatively demethylate methylated uracil and thymidine in single-stranded RNA
(ssRNA) (53). Jia et al. (52) recently found that FTO is an RNA demethylase that can oxidatively
revert the m°A modification to adenosine. Human cells with FTO knocked down by small
interfering RNA (siRNA) had increased amounts of m°®A in mRNA, whereas overexpression
of FTO resulted in decreased amounts of m®A (52). The major FTO physiological substrate is
nuclear RNA, as shown by partial colocalization of FT'O with nuclear speckles (52), although
there is also evidence of cytosolic activity of FTO.

Recently, another AIkB family protein, ALKBHS (Figure 2¢), was also shown to act as a
mammalian RNA demethylase both in vitro and in vivo (61, 120). The demethylation of m®A via
ALKBHS significantly impacted mRNA export, RNA metabolism, and the assembly of mRNA
processing factors in nuclear speckles (120). Alkbh5-knockout mice showed increased mRNA m®A
levels, and more than 1,500 genes were differentially expressed, including the p53 functional
interaction network (65) and other genes that are known to regulate epigenetics. Thus, this work
on ALKBHS further showed that RNA methylation is important and that the enzymes that mediate
their effects are far reaching.

Itis highly likely that additional enzymes mediate RNA methylation or other epitranscriptomic
states. For example, there are hundreds of RNA-binding proteins predicted in the human genome
in addition to the eight in the AlkB family (ALKBH1-8). Indeed, recent work on the use of
high-throughput sequencing kinetics to measure protein binding on RINA substrates has shown
thousands of precise protein—-RNA complexes that appear across the transcriptome (45). This
work has also shown that binding, although extremely specific, functions over a wide range of
affinities that can allow for some sequence divergence and mutation of the targets. These binding
partners create a catalog of thousands of candidates that will need further examination in terms
of their downstream impact on mRNA stability, nucleotide conversion rates, cellular regulation,
and overall biological impact (69, 112).

Although the modifications of methylcytosine and hydroxylmethylcytosine have led to declara-
tions of these as the “fifth base” and “sixth base” of DNA, we note that there are other intermediates
in DNA between these states, such as formylcytosine and carboxylcytosine, that may also appear
in RNA. TET enzymes can oxidatively catalyze the formation of these intermediates (58). mRNA
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Figure 2

Epitranscriptomic enzymes and mediators. (#) METTL3. (b) FTO. (¢) ALKBHS. (d) BCDIN3D. (¢) Cross-cancer alteration summary
for METTL3, FTO, ALKBHS, and BCDIN3D (52 studies covering four genes). Abbreviations: BROAD, Broad Institute of MIT and
Harvard; CNA, copy-number alteration; GEN, Genentech; MICH, University of Michigan Medical School, Ann Arbor; MSKCC,

Memorial

Sloan-Kettering Cancer Center; SANGER, Wellcome Trust Sanger Institute; TCGA, The Cancer Genome Atlas; YALE,

Yale University.

methylation also has similar intermediate states, such as N°-hydroxylmethyladenosine (hm®A)
(38, 51) and N-formyladenosine (f°A) (39), in humans and mice. We propose that there might
be more intermediates waiting to be found (Figure 3) that can regulate mRNA methylation on
adenosine (or cytosine), such as N°-carboxyladenosine (ca’A). Potentially, hm®A, f®A, and the

proposed ca’A may modulate RNA-protein interactions (39). These modifications may serve

as independently regulated functional intermediates between modified bases in RINA, just as

the cycle
points in

of DNA modifications does for epigenetics. They can provide various stop and check
an RINA processing and regulation cycle that allows tight control of RNA function and

localization.
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Reversible adenosine methylation and demethylation in mRNA and noncoding RNA. Abbreviations: caA, N'¢-carboxyladenosine; f6A,
NS-formyladenosine; hmSA, N®-hydroxylmethyladenosine; m®A, N ®-methyladenosine.

2.4. The Impact of Epitranscriptomic Changes

Although more than 100 modifications have been cataloged, the precise impact of all of these base
modifications and their transcript localizations are still mostly unclear. For example, although m®A
has been predicted to affect protein translation and localization (90) or mRNA stability (95a, 112,
112a), the precise effects on translation rates or synthesis have not yet been shown. Also, there is
evidence that RNA methylation is the long-sought balancing mechanism to prevent RNA editing
(51), but this has been shown only in humans and mice, and RNA editing levels are extremely
variable between species. Nonetheless, there is currently evidence for at least eight putative roles
for epitranscriptomic states in RNA.

First, RNA demethylation regulates gene expression. The mRNA loss of m®A demethylase
affects gene expression. Alkbh5-knockout mice have altered gene expression in testis cells (120),
although this could be a combination of a primary and secondary impact on gene expression.
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Another intriguing aspect of this work is that the loss of RNA demethylation appeared to
impact not only downstream RNA processing genes but also epigenetic modifying genes such
as DNA methyltransferase 1 (DNMT1), Brd4, and ElI3. Thus, there is some evidence for a
joint epigenetic—epitranscriptomic regulatory feedback loop and for some degree of activity
coordination between these two regulatory layers (91).

Second, RNA methylation may help regulate nuclear mRNA exit and control. ALKBHS5-
deficient cells showed increased mRINA accumulation in the cytoplasm, indicating that normal méA
methylation aids the transportation of mRNA from nuclear territory (120). The m°A methylation
also accelerated the nuclear exit of the mRINA of the mature circadian clock genes Per2 and Bmall
(40). Thus, defects in METTL3 reduce m°A methylation levels, delay nuclear RNA processing,
and slow the circadian clock, and the inverse can also happen with defects in FT'O and ALKBHS,
owing to this fine-grained control of transcript export from the nucleus.

Third, RNA methylation has been implicated as a regulator of alternative splicing. When com-
paring METTL3-silenced HepG2 cells with control cells, the methylated genes were overrepre-
sented in the genes whose constituent isoforms were differentially expressed, and differentially
spliced exons and introns were significantly enriched with m®A peaks (32). However, in terms
of spatial localization, it seems that m®A is not enriched at splice junctions in mouse brain RNA
(74). These combined data indicate that RNA methylation may not directly impact the splicing
machinery of the cell, and may instead serve to signal the choice of splicing partners in trans. There
may also be species-specific differences in the regulatory aspects, but further research is needed to
reveal the detailed mechanism of the functional role of m®A methylation in alternative splicing.

Fourth, the mRNA targets of most highly expressed miRINAs have shown a higher level of
mSA methylation, which suggests some interplay between the miRNA-regulated transcripts and
the methylation levels of those transcripts (74). Also, whereas m®A sites are enriched for the
5" ends of 3" UTRs, most miRNAs are enriched for the 3’ ends of 3" UTRs, indicating spatial
anticorrelation of the miRNA-binding sites vis-a-vis the m®A methylation sites. These data raise
the questions of how much miRNA sites might be affected by RNA methylation [5-methylcytidine
(m*C) or mA, and others] and how the methylated RNA sites in both the miRNA and the
mRNA may interact. Xhemalce et al. (118) have already shown that the maturation of miRINAs
is somewhat dependent on the methylation of the pre-miRNAs by BCDIN3D, and it is possible
that the substrate specificity of miRNA binding and efficacy are regulated by methylation and
epitranscriptomic changes.

Fifth, the methylation of m®A exerts a strong effect on mouse fertility and likely serves critical
roles in germline development and maturity. Knocking out the RNA demethylase Alkbh5 in mice
led to dysfunctional spermatogenesis, low sperm motility, smaller testicle size, and increased sperm
death, resulting in compromised male fertility (120). Also, the meiotic metaphase-stage spermato-
cytes were impaired by apoptosis because of the increased m®A mRNA in Alkbh5-deficient male
mice (120). Thus, germline development and fertilization itself are strongly affected and regulated
by RNA methylation.

Sixth, Fustin et al. (40) demonstrated that the circadian clock is highly sensitive to global m°A
methylation inhibition. These data support the model in which m®A methylation regulates RNA
processing and serves as a circadian pacesetter. This work also showed that RNA methylation
helps to determine the period and oscillatory stability of mammalian circadian clockwork and that
defects in this regulation quickly disrupt the normal processing of the timekeeping framework of
the cells. Together, these functions all point toward the epitranscriptome as a key regulator in the
cell cycle.

Seventh, mRNA modification might impact RNA-binding proteins. Di Ruscio et al. (30) re-
ported that DNMT can interact with RNA arising from the CEBPA gene locus and can play an
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important role in local DNA methylation profiles. The interaction of the RNA with DNMT1
inhibits CEBPA gene locus methylation (30). Furthermore, Marin-Béjar et al. (71) recently found
that long intergenic noncoding RNA interacts with Polycomb repressive complex 2 (PRC2) and is
required for PRC2 targeting of specific genes for H3K27 trimethylation and repression. These data
show that RNA plays an important role in regulating epigenetic modifiers. RNA methylation may
possibly modulate or switch the RNA interaction with RNA-binding proteins. Taken together,
these data further point to possible crosstalk between the epitranscriptome and epigenetics for
gene regulation.

Finally, data from The Cancer Genome Atlas (TCGA) has shown that a trend of underex-
pression of the two mRNA demethylases and overexpression of mRINA methyltransferase oc-
curs in many cancers. FTO (Figure 25) has been mostly reported as underexpressed in cancer,
including osteosarcoma (55), non-small-cell lung cancer (92), metastatic prostate cancer (104),
and human mucosa-associated lymphoid tissue (MALT) lymphoma (106), when compared with
healthy donors. ALKBHS5 (Figure 2¢) has shown decreased expression levels in osteosarcoma
(55), papillary thyroid carcinoma (46), prostate cancer (15, 104), and acute myeloid leukemia
(36). Also, METTL3 (Figure 2a) is upregulated in prostate carcinoma (14) and prostate cancer
(15, 102, 104). Cross-cancer genetic alterations of these three m°A methylation modifiers as well
as BCDIN3D (Figure 2d-e) have been detected across multiple cancer types from cBioPortal
(http://www.cbioportal.org) (13, 41). These data show that enzymes for RNA methylation, in-
cluding m®A regulation, may have a significant role in various cell and cancer types, and these
genes might potentially contribute to cancer risk and evolution via m®A methylation levels or
other RNA modifications.

3. NONREVERSIBLE mRNA MODIFICATIONS

Although small chemical side chains (e.g., -CHj) are relatively easy to modify and often exist
within a predicted range of efficiency and stoichiometry for biochemical reactions, there are other
posttranscriptional changes to RNA that are more permanent and unidirectional. Most of the
changes directly alter the information content of the targeted transcript, adding to the complexity
of the encoding by the genome and allowing far greater plasticity and diversity of the molecular
roles of these modified RNAs.

3.1. RNA Editing Types and Prevalence

RNA editing is a posttranscriptional process that modifies the primary RNA and miRNA tran-
scripts, thus creating new information in the RNA that is not encoded directly in the DNA. RNA
editing was first discovered in trypanosome mitochondrial mRNA in 1986 (8). The mitochondrial
cytochrome oxidase subunit II gene in trypanosomes contains a frameshift at amino acid 170 that
is not encoded in the DNA (8). The first mammalian nucleus-encoded mRNA editing was found
in intestinal mRNA (85). This editing introduces a single C-to-T base difference from DNA and
results in a translational stop at codon 2153 (85). Since then, RNA editing events have been found
in tRNA (64), mRNA (85), rRNA (28), and miRNA (20, 43).

3.1.1. RNA editing types and prevalence. The primary canonical type of RNA editing is the
conversion of adenosine into inosine (A-to-I editing) (6, 108), after which the newly formed
inosine is recognized by the translational machinery as guanine. Another type is the conversion of
cytosine into uracil (C-to-U editing), which is mediated by the members of the cytidine deaminase
(AID/APOBEC) family of proteins (18, 23). The canonical mammalian RNA editing includes the
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prevalent A-to-I editing and the rare C-to-U editing, but the existence of noncanonical RNA
editing types has been proposed, even though validation rates are low (65).

A-to-I conversion is the most common form of editing and is mediated by the ADAR protein and
its isoforms (ADAR1-3 in humans) (5, 87). Data from human cell lines have shown that the RNA
editing events in coding sequences are far less frequent than those in noncoding sequences such as
UTRs and introns (86). In exonic RNA editing in Drosophila, the gene expression increases with the
number of edited sites in the transcript, which is not the case in intronic RNA editing (100). Other
work in Drosophila has shown that the coding-type RNA editing that does occur takes place more
often in the genes that have more isoforms per gene. However, editing is likely a consequence rather
than a cause of splicing complexity, because this trend does not change in ADAR-null mutants
compared with the wild type (100). These enrichments of editing sites in noncoding areas are
likely due to the danger of RINA editing in protein-coding regions, which potentially leads to
nonsynonymous amino acid substitutions, alternative splicing, and nuclear retention of mRNA.
RNA editing in non-protein-coding regions may lead to alterations of miRNA seed regions (77)
or regulatory changes, but both types of editing are established and utilized by cells.

Multiple large-scale RNA sequencing projects have revealed widespread RINA editing sites in
the human transcriptome. The majority of sites are A-to-I editing, and other types of editing have
very low validation rates, owing to either false positives or cellular rarity (or both). A much smaller
number of editing sites were detected in miRINAs, but some were still found, which suggested
a potential link between RNA editing and miRNA-mediated regulation (82). Wang et al. (110)
recently identified more than 60,000 A-to-I editing sites (~10,000 of which were known and
~50,000 of which were novel) and several thousand genes whose expression levels are influenced
by ADARs. Also, the Encyclopedia of DNA Elements (ENCODE) project examined RNA editing
events in whole-transcriptome sequencing data from 15 human cell lines, which provided a great
resource to study editing events. This analysis confirmed that only a small fraction of RNA editing
events occur in protein-coding sequence (79). It also showed that lymphoblastoid cell lines have
more diversified RNA editing events than brain cell lines (79). The Database of RNA Editing
(DARNED; http://beamish.ucc.ie), which catalogs all RNA editing events, has been widely
used for comparisons of known and novel A-to-I editing sites (59, 60). RNA editing events are
also prevalent in human Alu repeats, with some estimates indicating that as many as 97% of
Alus undergo some editing (86). The Rigorously Annotated Database of A-to-I RNA Editing
(RADAR,; http://www.rnaedit.com) also has a catalog of manually curated annotations on A-to-
I RNA editing for humans, mice (Mus musculus), and fruit flies (Drosophila melanogaster) (86). For
humans, only 2,411 out of 1,379,403 annotated A-to-I editing sites are in protein-coding sequence
(86). Combining these curated and confirmed RNA editing sites will be helpful to navigate putative
RNA editing events as they are discovered.

3.1.2. Regulation of RNA editing. RNA editing is under heavy regulatory influence to maintain
an optimal degree of editing for normal biological function (98). The specificity of editing and
the extent of the editing performed by ADARs are usually determined by local primary sequence
and secondary structural imperfections in duplex RNA or other variations of RNA secondary
structure. Tertiary structural elements determine the specificity and extent of mRNA editing
(88), and accessing RNA in three-dimensional structures is the means by which ADARs function
best.

Regulation of alternative splicing by RNA editing was first reported for ADAR2 in 1999, in a
study showing that ADAR2 modulates its own alternative splicing by editing at 3’ splicing junctions
(89). Up to 80% of all Adar2 pre-mRNAs extracted from whole rat brain are self-edited and subse-
quently alternatively spliced (89). However, the CTD domain of RNA polymerase Il is required for
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efficient editing (63), which means that ADAR2 does require partners for ideal function. Finally,
the inhibition of editing at alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor GluA2 Q/R sites closely correlates with intronic editing efficiency, which is linked to
splicing efficiency. Edited GluA2 Q/R mRNA shows higher splicing efficiency (83), indicating
that the editing efficacy and specificity are under fairly tight control through these cofactors.

In addition, A-to-I RNA editing has the capacity to tune protein function in response to
external stimuli such as temperature, spatial localization, and ionic gradients. The AMPA receptor
GluA2 R/G RNA editing site is cell-type specific and dynamically regulated in CA1 hippocampal
neurons. These changes are bidirectional and reversible and correlate with levels of the editase
Adar2. R/G editing is dynamically regulated by neuronal activity, which is linked to Ca’* influx (3).
Another example of A-to-I RNA editing responding to the external stimuli was discovered in the
K* channels from polar octopuses (extensively edited) when compared with tropical species (mostly
unedited). This creates protein functional diversity with greatly accelerated gating kinetics by
destabilizing the open state of delayed rectifier K* channel genes upon adaptation on temperature
(44), showing the remarkable plasticity and sensitivity of RNA editing.

3.1.3. Biological roles of RNA editing. There are many established biological roles for RNA
editing and ADARs, spanning many species and implicated in several diseases. But, first, it is
worth noting that ADARs do have a biological role independent of editing: maintaining transcript
stability via interaction with HuR proteins in human B cells (110). However, the focus for ADARs
is often on the way they modify RNAs, and there are many places where these events have a large
impact. For example, ADARI has been implicated in the regulation of stem cell pluripotency
and maintenance through A-to-I RNA editing of Alu sequences. Also, human fibroblasts can
be reprogrammed to induced pluripotent stem cells when they downregulate their ADAR1 level,
indicating that RNA editing helps maintain lineage choices for cells. Finally, there is some evidence
of evolutionary selection pressure to drive higher rates of editing-site loss relative to gain, and
the strength of selection against editing has become increasingly stringent over the course of
angiosperm evolution (75). In mammals, however, humans are among the most edited of primates,
with almost 10 times as much editing as is seen in mice, indicating that selection pressures can
also work to increase the rates of editing (81).

Based on TCGA data, Burns et al. (11) proposed that APOBEC3B-catalyzed genomic uracil
lesions are responsible for a large proportion of both dispersed and clustered mutations in mul-
tiple distinct cancers, including bladder, cervix, lung (adenocarcinoma and squamous cell car-
cinoma), head and neck, and breast cancers. Further studies in breast cancer have shown that
APOBECS3B is an enzymatic source of mutation, and a mechanistic linkage was found between
increased APOBEC3B and inactivated TP53 in primary tumor data and cell lines (10). In addi-
tion, miRNA-mediated loss of ADAR1 by miR-17 and miR-432 in metastatic melanoma promotes
tumor growth, and these two miRNAs are frequently highly expressed in melanoma (76).

These changes in RNA editing levels can also impact cancer therapies. Nonsynonymous RINA
editing in the mRNA coding regions in these cancer genes can lead to deleterious amino acid
changes that may result in conformational changes and differences in protein functions. For ex-
ample, AZIN1 is an antizyme inhibitor, and its S367G RNA editing event can lead to a confor-
mational change that results in higher AZIN1 protein affinity for antizyme. The sequestration of
antizyme suppresses the ubiquitin-independent degradation of ornithine decarboxylase and cyclin
D1, which promotes cell proliferation and has been proposed to be a potential driver for human
hepatocellular carcinoma pathogenesis (17).

Another function of RNA editing is to mediate miRNA function. One of the prerequisites for
efficient RNA editing is double-stranded RNA (dsRNA), which is also the structure of miRNA
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during the maturation process. So far, 44 editing sites in miRINAs have been detected (82), and
a comparative whole-genome expression microarray analysis revealed that ADARI controls the
expression of more than 100 miRNAs that regulate many genes associated with the observed
phenotypes (76). This indicates that RNA editing may interfere with miRNA-mediated regulation,
in either a direct or an indirect way. The A-to-I editing of miRNA in mammalian brain increases
during development, indicating that RNA editing may influence brain maturation via the miRNA
repertoire (34).

However, precise mechanistic examples by which this regulation occurs have only recently
been elucidated. First, primary miRNA editing leads to early degradation inside the nucleus by
Tudor-SN or suppression of Dicer/TRBP cleavage. Tudor-SN has been reported to degrade
mirl42 (93, 119). Pre-miRNA editing can suppress Dicer/TRBP cleavage, which then allows for
certain primary transcripts of miR151 subject to A-to-I RNA editing. The edited precursor of
miR151 blocks the cleavage by the Dicer/TRPB complex and leads to the accumulation of edited
pre-miR-151 RNAs (57), thus attenuating its function.

Second, miRNA editing has the potential to add another layer of complexity to targets of
gene regulation pathways, especially if editing occurs within the miRNA-mRNA recognition site.
Specifically, RNA editing of miRNA seed sequences can potentially redirect their target specificity.
One case is miR-376, where the primary miR-376al is edited by ADAR?2 in normal whole brain
tissue, targets AMFR, and decreases its expression level. However, dysregulated editing in high-
grade gliomas results in the accumulation of unedited miR-376a*, which targets RAP2A. These low
levels of RAP2A and high levels of AMFR lead to glioma cell migration and invasion (31). To track
these changes, a database of predicted A-to-I-edited miRNA-binding sites has been released (miR-
EdiTar; http://microrna.osumc.edu/mireditar) (62). The database contains predicted miRINA-
binding sites that could be affected by A-to-I editing and sites that could become miRNA-binding
sites as a result of A-to-I editing.

It is also notable that editing can indirectly modify miRNA function and RNA interference
(RNAI) pathways as well. RNAI is a gene-silencing phenomenon caused by the recognition and
degradation of dsRINA, although the hindrance of a gene’s translation or transcription can also be a
means to suppress gene function. ADARI interacts with endogenous RNAi pathways such as Dicer
and the RNA-induced silencing complex (RISC), which contains the catalytic RISC component
Argonaute. The normal A-to-I RNA editing has two types of functional roles when interacting with
endogenous RNAi. The first is as an antagonist: ADARI homodimers form and edit the siRNA
precursors, leading to less siRNA and miRNA (19). The second, recently reported by Ota et al.
(78), is in the Dicer/ADAR1 heterodimer complex, which facilitates RISC loading and enhances
cleavage of miRNA and siRNA. The expression of miRNAs is globally inhibited in ADARI~/~
mouse embryos (78). Nemlich et al. (76) reported another example of ADARI regulating miRNA
expression in an RNA editing-independent manner, in which ADARI controlled Dicer expression
via let-7 at the translational level.

Large-scale studies have begun to reveal the substantial extent to which modifications of RNA
editing levels play key roles in cellular regulation. RNA editing can modify regulator miRINAs
as well as the miRNA target sites. Such editing can create partial pairing of the miRNA com-
plex to target 3’ UTR sites, which then results in deadenylation and degradation of the mRNA
(80). These mechanisms have been thoroughly characterized and compared through an analysis
of the human nuclear and cytosolic “editomes” from the ENCODE project. Specifically, Chen
(16) found that RNA editing is globally associated with the modification of miRNA regulation in
3" UTRs, whereas editing events in coding regions are rare and tend to be synonymous. The 3’
UTR editing sites significantly overlap with miRNA targets, with the outcomes including disrup-
tion of original miRNA targets (16.1%), creation of new miRNA targets (19.8%), and changes
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in miRNA targets through the destruction of the original targets and the creation of new ones
16).

Beyond the global analysis of the RINA editing regulation of miRNA targeting sites, Wang
et al. (111) investigated ARHGAP26 mRNA. ADARI performs extensive A-to-I editing on the
3" UTR of ARHGAP26 that removes the repression of this mRINA’s expression caused by miR-
30b-3p and miR-357 (111). The authors found that ADAR1 expression positively correlates with
ARHGAP26 expression. Because these two miRNAs target the ARHGAP26-encoding gene and
the editing disrupts their targeting site, the authors further concluded that ARHGAP26 escapes
miRNA repression via RNA editing. Because the miRNA can regulate gene expression and either
inhibit expression/translation or repress translation (80), the catalog of regulators of RNA editing
in the context of miRNA targeting may have many components and needs further study for
clarification.

Systematic identification of edited miRNAs in humans using next-generation sequencing data
enables whole-miRNA profile editing and potentially changes of their targets (1, 2). Quantifi-
cation of A-to-I editing of miRNAs using a conventional method involves reverse-transcription
polymerase chain reaction (PCR) amplification of regions containing the editing sites followed
by subcloning of the PCR products and sequencing (56). Although it is not as precise as the sub-
cloning method, this procedure enables studies of RNA editing events in many samples (56). Also,
recent work on single-cell RNA sequencing has aroused significant interest in the field follow-
ing the rapid development of next-generation sequencing technology for sorted cells. Currently,
studies of single-cell-level transcriptome dynamics (117) can be readily accomplished with sorting
protocols or specific instruments, and a recent study in Drosophila demonstrated genome-wide
A-to-I RNA editing at the single-cell level (100). These data showed that targeted mRNAs were
regulated by editing and that their changes in editing strongly correlated with alternative splicing
(100). Also, the editing sites in Drosophila exhibited sequence-motif preferences and tended to be
concentrated within a small subset of total RNAs (100).

4. A MODEL OF RNA EDITING AND RNA METHYLATION

Powell et al. (85) suggested that RNA methylation can prevent or reduce the impact of RNA
editing, and there is substantial evidence that this “RERM” (RNA editing and RNA methylation)
regulatory pathway may guide transcript functions. ssRNA can be methylated by METTL3 and
can gain the m®A modification. On average, five adenosines per transcript are methylated in
the human transcriptome (95), and at least 15,020 genes have m®A modifications present across
humans and mice (32). This event is reversible by FTO and ALKBHS, which can oxidatively
remove methyl groups from ssRNA (52, 120). Although FTO is able to act on dsDNA and dsRNA,
it shows only 40% and 24%, respectively, of the enzyme’s 100% activity on ssRINA. Conversely,
the m°A demethylase ALKBHS has almost no detectable demethylation activity on dsRNA (120);
italso strongly prefers to target ssRINA. This provides two avenues to modify the methylation state
of transcripts, depending on whether they are in their folded state, are in their bound state, or are
nascent, single-stranded transcripts. In addition, RNA methylation blocks the majority of RNA
editing for ADAR?2, resulting in a level of activity thatis only 2% of that of normal adenosine (105).

Given these data, we propose a coordinated model that mediates the crosstalk between the two
posttranscriptional pathways of RNA editing and RNA methylation (Figure 4). RNA methylation
and the entire catalog of epitranscriptomic changes may work to prevent or accelerate RNA fold-
ing, which then may impact the ability of ADAR to reach its target. Then, once dsRNA is formed,
ADAR can be prevented from working on the methylated (or otherwise modified) adenosine site.
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A model of RNA editing and RNA methylation. Abbreviation: m®A, N%-methyladenosine.

This means that RNA methylation could impact RNA editing both before and during ADAR inter-
action, and that m®A demethylase may function as a direct or indirect regulator for RNA editing.

Moreover, these changes could also modify mRINA interactions with miRNAs. In an indirect
role, the activity of ADAR2 could be significantly reduced by miRNA methylation changes such
that no editing event would be observed. However, in the direct crosstalk model, after FTO
oxidates m°A on dsRNA (even with 24% enzyme activity), ADAR2 could convert adenosine
to inosine, which would eventually change the protein structure/function. Also, m®A could be
demethylated by FT'O or ALKHBS as an ssRNA and then form a dsRNA and be A-to-I edited by
ADAR?2. These models can apply to both miRNA and mRNA, but miRNA is more likely to be
affected by the direct model in pre-miRNA because it often interacts with molecules in the cell
as dsRNA. These models may help explain new mechanisms underlying diseases that previously
have been connected to RNA editing, such as cancer and neuronal diseases.

4.1. Splicing
Another nonreversible RNA modification is splicing. Alternative splicing was initially thought
to be a rare event, perhaps limited to viruses or only a few organisms, but it is now known to
occur in all eukaryotic organisms and likely in all multiexon genes (109). This complexity is
extremely important for variable biological function and response, particularly because of the very
large number of possible splice junctions. The vast repertoire of splicing forms is beyond the
scope of this review, and they have been well summarized elsewhere (113). However, recent deep
RNA sequencing experiments have raised questions about the upper limit of complexity for the
number of potential transcripts in the human genome, and here we address these questions with
a mathematical proof.

For each gene with # exons, the total number of possible combinations of that gene’s exons is
the sum of the combination of all possible junctions (r), creating a large total number of potential

r !
V- (Sat) -

1

splice variants (V):
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Table 1 Splicing complexity by gene size

Exons Transcript variants Splice junctions Total variants
1 1 0 1
2 3 1 4
3 7 3 11
4 15 6 26
5 31 10 57
6 63 15 120
7 127 21 247
8 255 28 502
9 511 36 1,013
10 1,023 45 2,036
50 1.13 x 10V 1,225 1.13 x 105
100 1.27 x 103 4,950 1.27 x 103
362 9.39 x 10108 65,341 9.39 x 10198

The total number of possible splice variants includes the number of variants for each iteration
preceding the current one (Table 1). For example, a gene with three exons has 7 possible
combinations for alternative splicing, including splicing out single exons for an expression event.
A gene with four exons has 8 more opportunities, summing to 15 variants total. For five exons,
the total is 31, and so on. The number of splice variants then becomes the sum of a row of Pascal’s
triangle (minus 1 because “no splice form” is not considered a splice form). Therefore, for a gene
with 7 exons, the total number of possible splice variants is 2” — 1.

Interestingly, the number of potential transcripts encoded by the human genome is greater
than the current estimate of the number of atoms in the universe (Figure 5, Table 1), totaling ap-
proximately 9.4 x 10'% combinations. This comes from the simple combinatorial statistics of the
GENCODE (version 18) gene annotation set of the human genome, which contains 57,445 genes.
However, at the same time, even the gene with the largest number of exons (TTN, n = 362) gen-
erates a fairly small number of transcripts (» = 15), indicating that there are evolutionary and
functional constraints that direct the specific synthesis and regulation of very selective transcript
isoforms.

Clearly, the number of total potential transcript variants (V) is extremely high, and this is
without including variable transcription start or stop sites or alternative promoters. However, the
number of possible splice junctions for a given gene with 7 exons increases much more slowly
(Figure 5) and also is in accordance with Pascal’s mathematical series. This is a factorial addition,
where the number of times that a dual, nonreversible union (r, where here » = 2 for two exons
conjoined) is created with 2 exons is equal to

7!

ri(n—r)’
For example, for a gene with five exons,

5! 120 120 o
—_— = — = n ns,
2G6-2 2.6 12 junctions
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Splicing increases the complexity of the transcriptome encoded by the human genome. (#) Given a linear increase in the number of
exons in a transcript, the number of transcript combinations increases at a rate of 2” — 1, whereas the number of splice junctions
increases at a slower rate of z(n — 1)/2. (b) A visual representation of the combinations for a gene with three (lef?) or four (right) exons.

and for a gene with six exons,

_o = 720 = 720 = 15 junctions.
206 —-2)!  2.24 48
This can also be expressed more simply once one realizes that we are always counting a union of
only two exons (making 7 = 2). Thus,
n! n! n! n-m=1)-m=2) n-@m—=1) -2 nn-1)
Am—n 2m—-2) 2-m-2) 2-m-2  2-=-2f 2

So, for any gene with 7 exons, the number of exon junctions is n(z — 1)/2.

Because the number of splice junctions is a far more manageable number, and the large potential
transcript space is scarcely utilized, this helps demonstrate the importance of having a robust
catalog of all splice junctions rather than one of all splice variants.

4.2. Intron Retention

One other notable category of nonreversible RNA modification is intron retention. Recent ad-
vances in deep RNA sequencing have allowed an unprecedented look at the frequency and types
of intron retention, and their role in disease has also emerged. Specifically, instead of the usual
method of enriching for polyadenylated RNAs, protocols now exist that perform rRNA depletion
from the sample. This has the benefit of removing the rRNA component that constitutes the
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majority of the RNA in a cell while allowing for lower-expression and nonpolyadenylated RNA
molecules to be found. However, this also means that pre-mRNAs will be caught when samples are
prepared, including transcripts that had not yet completed splicing and processing. Finally, new
methods of capturing RNA for targeted RNA expression analysis allow the targeting of specific
types of RNA.

These protocols have enabled the discovery of a new landscape of intron retention, noncoding
RNAs, and nonpolyadenylated transcripts in normal and cancerous samples. For example, muta-
tions in histone modifiers in human kidney cancer created widespread defects in RNA processing
that resulted in significant enrichment of transcripts with intron retention (97). These data show
how RNA processing defects can help drive cancer phenotypes. In addition, Mercer et al. (73)
showed that thousands of noncoding RNAs are present below the normally detectable levels of
current expression measures and that these transcripts played roles in modifying key genes like
p53 and HOX. Wong et al. (116) recently showed that intron retention coupled with nonsense-
mediated decay is important in the regulation of normal granulocyte differentiation. Physiological
intron retention may potentially control the dynamic level of gene expression in an energetically
favorable manner prior to sustained gene translation (116). Finally, work from the Sequencing
Quality Control Consortium (101) and the Association of Biomolecular Research Facilities study
(66) on next-generation RNA sequencing has shown that these ribo-depletion methods can reveal
thousands of genes with low expression levels, but the overall agreement with traditional methods
for RNA profiling is quite high.

5. SUMMARY

Recent advances in the field of RNA sequencing and epitranscriptome characterization have
opened an entirely new layer of regulation and function to study and apply to development and
disease. This includes aspects of life as basic as cellular specification and lineage maintenance and
those as critical as circadian rhythm and germline development. Also, our TCGA summary data
clearly show that the enzymes for RNA modifications are strongly implicated in several types of
cancer and provide an exciting new avenue to study and potentially treat these diseases.

Yet much work remains in the field. Although myriad RNA modifications have been cataloged
and described, the molecular functions, cellular localizations, and biological roles of these epi-
transcriptomic changes are essentially unknown for most of the modified ribonucleotides. Also,
given the putative impact of these modifications on RNA editing, splicing, and intron retention, a
coordinated model of RNA regulation of these factors is emerging that needs to be tested. Finally,
the interplay of RNA modifications, epigenetics, and histone modifications further suggests an
expanding role of RNA regulation in the epigenome, but work on this is also at an early stage.

Nonetheless, current data support the hypothesis that a dual axis of coordinated regulation and
cellular mechanisms exists between the genome and epigenome and between the transcriptome
and epitranscriptome, because they often use similar types of substrates in their function and work
along common pathways. This returns RNA to a role as a more central mediator of information
within the cell, serving as an information carrier, modifier, and attenuator for many biological
processes. Future work will likely continue to expand the many roles of RNA and its modifications
in the basic function and regulation of the cell, and from these expanded roles, one could argue
that we are still living in an “RNA world.”
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