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Abstract

In this short review, we highlight recent findings in the emerging field of epitranscriptomic 

mechanisms and discuss their potential role in neural plasticity, learning and memory. These 

include the influence of RNA modifications on activity-induced RNA structure states, RNA 

editing and RNA localization, and how qualitative state changes in RNA increase the functional 

diversity and information-carrying capacity of RNA molecules. We predict that RNA 

modifications may be just as important for synaptic plasticity and memory as quantitative changes 

in transcript and protein abundance, but with the added advantage of not being required to signal 

back to the nucleus, and therefore better suited to be coordinated with the temporal dynamics of 

learning.
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Introduction

In recent years, rapid advances in next generation sequencing and their convergence with 

new chemogenetic RNA labeling techniques has led to an unprecedented level of 

understanding of RNA biology and the emergence of a new field called “epitranscriptomics” 

(Zhao et al., 2017; Song and Yi, 2017). Epitranscriptomic mechanisms are defined as the 

ensemble of functionally relevant changes to RNA that serve to influence the complexity of 

information processing mediated by RNA, and which move beyond the classic boundaries of 

a linear DNA-RNA-protein continuum. Given the extraordinary diversity of their functional 

influence at all levels of RNA metabolism, it is perhaps unsurprising that post-transcriptional 

RNA modifications have now been implicated in neural plasticity, learning, and memory 

(Hess et al., 2013; Walters et al., 2017; Widagdo et al., 2016). What defines this as a 

breakthrough moment in contemporary neuroscience, however, is the emerging appreciation 

that RNA modifications may be essential for neurons to adapt in real-time and in an 

experience-dependent manner, with the added advantage of exerting their effects without the 
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need to signal back to the nucleus as is the case with activity-dependent Ca2+ signalling that 

is commonly associated with plasticity, transcription and memory formation (Flavell and 

Greenberg, 2008), and in some instances, effectively bypassing the requirement for a linear 

relationship between mRNA and protein levels in the brain.

RNA modifications can influence the ‘what’, ‘where’, ‘when’, ‘why’ and ‘how’ a specific 

RNA will become functionally relevant in a neuron. For example, RNA modification can 

directly influence the rate of mRNA translation and decay (Wang et al., 2015; Zhou et al., 
2015; Choi et al., 2016; Du et al., 2016; Mauer et al., 2017; Slobodin et al., 2017) although 

there is some debate as to whether these effects are benefical or detrimental for overall RNA 

function. RNA modification also directs the dynamic switching of long noncoding RNA 

(lncRNA) structure states that control their interaction with RNA binding proteins (RBPs), a 

process which is fundamental for non-coding RNA-directed epigenetic regulation of gene 

expression (Shafik et al., 2016; Spitale et al., 2015; Liu et al., 2015; Patel et al., 2016). 

Perhaps most importantly, RNA modifications may also promote the localization of RNAs 

into specific cellular compartments, including the synapse where they could be selectively 

modified. Indeed, it has recently been shown that enzymes required for regulating RNA 

methylation are present at the synapse (Walters et al, 2017). This may be particularly 

important for mediating rapid effects on plasticity at individual synapses, such as that which 

occurs during learning and in the formation of memory.

We predict that the cell-type-specific and context-dependent functional state of RNA will 

soon be considered just as important as traditional measures of RNA abundance or activity-

induced RNA expression patterns for understanding the role of RNA in the network of 

molecular mechanisms underlying learning and memory. The purpose of this short review is 

to introduce the neuroscience community to the field of epitranscriptomics, and to provide a 

few suggestions as to where the continued discovery and functional characterization of novel 

mechanisms of RNA metabolism may lead.

RNA modifications

It has long been known that the covalent modification of DNA has profound effects on its 

structure and function. Likewise, RNA is also subject to covalent modification as an 

important epigenetic regulatory mechanism (Liu & Pan, 2016; Roundtree et al., 2017; Zhao 

et al., 2017). RNA modifications, however, are much more diverse than those that occur on 

DNA, with more than 100 identified to date (Machnicka et al., 2012). Additionally, specific 

RNA modifications are targeted to different functional classes of RNA, including ribosomal 

RNA (rRNA), transfer RNA (tRNA), messenger RNA (mRNA) and long non-coding RNA 

(lncRNA). This complexity represents a highly-sophisticated layer of control over RNA 

function and translation that appears to be involved in the fine-tuning of transcriptomic 

responses to the environment. Although we are only just beginning to understand the 

importance of this dimension of RNA function (Frye et al., 2016), several of the most 

prevalent RNA marks have been profiled, alongside basic characterization of the proteins 

which read, write and erase them (Table 1). Several of these comparatively well understood 

RNA modifications are described below.
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Pseudouridine (Ψ)

The isomerization of uridine bases to pseudouridine (also known as pseudoU or Ψ) is the 

most abundant of all RNA modifications (Ofengand, 2002), and has recently been shown to 

occur on both mRNAs and ncRNAs in the brain and to respond dynamically to stress (Li et 
al., 2015). The accumulation of Ψ is thought to be involved in RNA structure stability and 

mRNA translation, and to promote RBP interactions (Yu & Meier, 2014); however, it 

remains to be determined whether this RNA modification is functionally relevant in the 

context of experience-dependent plasticity. An interesting hint that Ψ may be involved in the 

experience-dependent regulation of RNA states in the brain comes from observations of the 

enzymes and ncRNAs that catalyze the formation of Ψ. For example, the pseudouridine 

synthase Trub1 is highly expressed in the brain, and its target RNAs are also enriched 

relative to other tissues (Li et al., 2015, Safra et al., 2017). In a preliminary series of studies, 

we have found that Trub1 is dynamically expressed in the prefrontal cortex following fear 

conditioning, and that knockdown of this enzyme leads to altered memory (unpublished 

observation). Furthermore, small nucleolar RNAs (snoRNAs) serve as guides for the site-

directed action of other pseudouridine synthases (Ge & Yu, 2013). This class of small 

ncRNAs is also dynamically expressed in the hippocampus in response to contextual fear 

conditioning (Rogelj et al., 2013; Poplawski et al., 2016). In additional unpublished studies 

in our lab, we have also observed dynamic changes in snoRNA expression in the prefrontal 

cortex in response to cued fear conditioning, including several known to serve as guides for 

Ψ. Together, these data indicate that the mechanism by which Ψ is generated in the brain is 

dynamic and, although purely speculative this stage, suggest that Ψ-mediated post-

transcriptional regulation of RNA could be involved in learning and memory.

5-methylcytosine (m5C) and 5-hydroxymethylcytosine (hm5C)

The methylation of cytosine in RNA has been mapped in the eukaryotic transcriptome and 

has been shown to occur in both mRNA and ncRNA (Squires et al., 2012), and targets 

polyadenylated RNA in the mouse brain (Amort et al., 2017). The formation of 5-

methylcytosine (m5C) in RNA is catalyzed primarily by the RNA methyltransferase 

NSUN2, and to some extent by DNMT2 (Khoddami & Cairns, 2013, Tuorto et al., 2012). 

Mutations in NSUN2 have been implicated in intellectual disability (Abbasi-Moheb et al., 
2012), but a direct role for this protein in neural plasticity, learning and memory has yet to 

be demonstrated. Reader proteins for m5C are also being characterized. One recently 

identified 5mC reader is Aly/REF export factor (ALYREF), which directs the movement of 

mRNAs from the nucleus into the cytoplasm (Yang et al., 2017); this finding suggests a 

potential role for 5mC in marking mRNAs for localization within the cell, which is an 

important feature of synaptic plasticity.

The oxidized derivative of m5C, 5-hydroxymethylcytosine (hm5C), also accumulates within 

polyadenylated RNA, and influences translation in the Drosophila brain (Delatte et al., 
2016). This epitranscriptomic mark is present globally within RNA in different regions of 

the mouse brain, with the highest levels being found in the brainstem, hippocampus and 

cerebellum (Miao et al., 2016). In a recent study, it was discovered that hm5C in RNA can 

be converted by Tet1 to produce 5-formylcytosine (f5C) and 5-carboxylcyotsine (ca5C) in 

RNA, similar to that which occurs during active DNA demethylation (Basanta-Sanchez, 
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2017); however, little is known about the functional relevance of these rare, but potentially 

important, RNA modifications in the brain.

N6-methyladenosine (m6A) and N1-methyladenosine (m1A)

The methylation of adenosine is perhaps the most well characterized RNA modification, 

with N6-methyladenosine (m6A) having been shown to participate in a variety of biological 

processes, including translation, splicing, RNA decay, localization and structure-state 

induced changes in RBP interaction (Wang et al., 2015, Zhou et al., 2015; Lu and Pan, 2016; 

Zhou et al., 2016). This RNA modification has a preference for a particular sequence motif 

(RRm6ACH) and has been shown to accumulate at the stop codon, along the coding 

sequence and within the 3′ untranslated region (UTR) (Dominissini et al., 2012, Meyer et 
al., 2012). In the mouse brain, the level of m6A increases across the lifespan (Meyer et al., 
2012) with recent studies demonstrating an important role for the accumulation of m6A in 

learning and memory (Hess et al., 2013, Walters et al., 2017, Widagdo et al., 2016).

A protein complex that comprises the active subunits methyltransferase-like 3 (METTL3) 

and methyltransferase-like 14 (METTL14), and the regulatory subunit Wilms’ tumor 1-

associating protein (WTAP) catalyzes the formation of m6A. Conversely, m6A is removed 

from RNA by fat mass and obesity-associated protein (FTO) and alkylation repair 

homologue protein 5 (ALKBH5). Moreover, m6A is also detected by specific readers, 

including the YTH domain family (YTHDF1, YTHDF2, and YTHDF3), which promote the 

translocation of m6A-modified RNAs to different cellular compartments for translation and 

decay (reviewed by Song & Yi, 2017). N6, 2′-O-dimethyladenosine (m6Am), which is a 

close cousin of m6A, also impacts RNA metabolism; this RNA modification promotes RNA 

stability by protecting RNA from degradation by mRNA-decapping enzyme 2 (DCP2) 

(Mauer et al., 2017). In contrast, methylation at the N1 position of adenosine (m1A) is also 

present in mRNA and lncRNA but found predominantly around the start codon, where it 

preferentially accumulates proximal to canonical and alternative translation initiation sites 

(Dominissini et al., 2016). These unique features are highly conserved between mouse and 

human cells, indicating a functional role for m1A in promoting translation.

From this evidence, it is clear that RNA modifications are essential for coordinating many 

aspects of cellular function. The grand challenge is to elucidate how they regulate 

experience-dependent gene expression in the adult brain, and to determine to what extent 

these epitranscriptomic mechanisms are involved in learning and memory. What follows is a 

brief discussion of what we believe are fruitful areas of investigation into how this might 

occur.

RNA modifications may affect activity-induced RNA structure states in the 

brain

The process of learning, and the associated neural plasticity that leads to memory formation, 

requires the ability to detect and rapidly respond to dynamic changes in the environment. At 

the level of individual neurons, these responses occur on a timescale that is faster than 

activity-induced transcription via the coordinated, activity-induced switching of internal 
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molecular states and cellular metabolism. In recent years, our understanding of experience-

dependent gene regulation and neuronal adaptation has advanced significantly with the 

recognition that the structure state of RNA can provide the modifiable context in which this 

can occur. Structurally labile RNA elements are able to react to changes in ion concentration 

and metabolite flux, which can lead to altered RBP and RNA-RNA interactions within the 

cell (Mortimer et al., 2014). For example, a stem-loop structure in the 3′UTR of brain-

derived neurotrophic factor (BDNF) mRNA is structurally responsive to calcium influx, 

thereby stabilizing this transcript in response to neuronal activity (Fukuchi & Tsuda, 2010, 

Vanevski & Xu, 2015). This structure state also promotes the interaction of BDNF mRNA 

with the RNA binding protein HuD, which has a direct impact on translation of BDNF 

(Allen et al., 2013, Vanevski & Xu, 2015). Further, an important role for the G-quadruplex 

RNA structures, which are non-canonical RNA structures organized in stacks of tetrads or 

G-quartets, in which four guanines are assembled in a planar arrangement by Hoogsteen 

hydrogen bonding. G-quadruplex RNA has been shown to be critically involved in 

mediating the localization of CamKIIα and PSD-95 to neurites, which are essential for 

synaptic plasticity (Subramian et al, 2011).

Importantly, the dynamic switching of RNA structure states in response to changes in the 

cellular environment can be influenced by RNA modification. An interesting example of 

structural lability conferred by RNA modification is the brain-enriched lncRNA MALAT1, 

which influences synaptogenesis (Bernard et al., 2010) and is found in nuclear paraspeckles 

within hippocampal neurons, implying a key role in alternative splicing. When MALAT1 

accumulates m6A modifications, its interaction with the RBP heterogeneous nuclear 

ribonucleoprotein C (HNRNPC) is enhanced, which then promotes its accumulation in 

paraspeckles (Liu et al., 2015, Zhou et al., 2016). We found that a significant number of 

lncRNAs, including MALAT1, are dynamically expressed in the adult brain in response to 

fear-related learning (Spadaro et al., 2015) and that the majority of these lncRNAs contain 

motifs for m6A and Ψ. The purpose of these modifications on neuronal lncRNAs remains to 

be determined; direct induction of an experience-dependent structure state change could 

promote the downstream influence of lncRNAs on RNA-directed epigenetic regulation in 

learning and memory, and this hypothesis warrants further investigation.

RNA modifications may affect activity-induced RNA editing in the brain

RNA editing is an enzymatic process by which the RNA sequence is altered after 

transcription, often by conversion of canonical bases into other nucleobases, such as 

adenosine to inosine with thousands of sites having been shown in the human brain (Sakurai 

et al, 2014). RNA editing is mediated by two major classes of enzymes: adenosine 

deaminases (ADARs) and the lesser known vertebrate-specific APOBEC family, which are 

cytidine deaminases (Li & Church, 2013, Prohaska et al., 2014). ADAR-mediated RNA 

editing involves the deamination of adenosine and its subsequent conversion to inosine, 

which is functionally similar to guanine and preferentially base-pairs with cytosine (O’Neil 

et al., 2017). Adenosine-to-inosine editing alters RNA base-pairing to itself (with potential 

effects on RNA secondary structure) and to other RNAs, including tRNAs; this can lead to 

the translation of proteins which differ in sequence despite arising from the same genomic 

locus, and may serve as an important context-specific mechanism of functional diversity 
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involved in the fine-tuning of the genomic response to rapid changes in the environment (Li 

& Church, 2013, O’Neil et al., 2017). Similarly, cytosine deamination in RNA converts a 

cytosine to uridine, which also alters the base-pairing capacity of the RNA (Prohaska et al., 
2014). Although it is increasingly recognized that RNA editing is a fundamental feature of 

neural plasticity and is involved in learning and memory (Behm & Öhman, 2016), little is 

known about how the RNA editing machinery can so efficiently select its target RNAs for 

downstream processing.

A hint as to how this might occur comes from observations of the role of deamination in 

DNA editing. For example, activation-induced cytidine deaminase (AID), originally 

characterized within the context of antibody class diversification, was recently shown to 

have a preferred affinity for methylated adenosine (Franchini et al., 2014). AID has also 

been proposed to target hydroxymethylcytosine in DNA as part of the active DNA 

demethylation pathway in the brain (Guo et al., 2011). In Trypanosoma brucei, C-to-U 

editing occurs at specific sites in tRNA that harbor a 3-methylcytosine modification (Rubio 

et al., 2017). Given that deaminases can target both DNA and RNA, it is plausible that RNA 

modification is a prerequisite for the efficient targeting of select RNAs for editing, which 

might then confer the specificity required to control RNA editing in a dynamic, experience-

dependent manner in the brain.

RNA modifications may affect activity-induced RNA localization in the brain

Local, stimulus-responsive, translation of plasticity-related genes is involved in key aspects 

of brain function, including synaptic plasticity and memory (Kang & Schuman, 1996, Miller 

et al., 2002, Wang et al., 2009). This process involves synaptic localization of ribosomes and 

their respective regulatory RNAs, as well as RNA-binding proteins such as TDP-43, and 

specific mRNAs which are subject to local synaptic translation. In fact, over 2000 

dynamically expressed mRNAs, including CamKIIα and Arc, can be found in the neuropil 

and particularly within dendrites (Cajigas et al., 2012; and reviewed by Fernandez-Moya et 
al., 2014, Rangaraju et al., 2017). The localized expression of RNA is not restricted to 

protein-coding genes; the RNA-induced silencing complex and associated microRNAs 

(including miR-9 and miR-134) are also found in dendrites and are functionally involved in 

plasticity and memory (Sambandan et al., 2017, Schratt et al., 2006). Other classes of small 

ncRNA can also occur in dendrites; the small ncRNA BC1 is involved in local translational 

control at the dendrite (Muslimov et al., 2006), and some neuronal Piwi-interacting RNAs 

(piRNAs) occur within the dendritic compartment and affect dendritic spine morphogenesis 

in mouse neurons (Lee et al., 2011).

A critical issue that remains to be resolved is how nascent RNAs are directed to specific 

dendritic compartments when and where they are most needed, and rendered functional in a 

temporally controlled manner (such as the adaptive local translation that occurs at individual 

synapses following learning). A recent study reported that there is abundant expression of 

the m6A demethylase FTO at the synapse, and that FTO contributes to contextual fear 

memory, potentially by influencing the local translation potential of mRNAs expressed at 

hippocampal synapses (Walters et al., 2017). A role for RNA modification in regulating 

plasticity states in the brain is in agreement with our findings demonstrating that the 
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experience-dependent transcriptome-wide accumulation of m6A is necessary for the 

formation of cued fear memory (Widagdo et al., 2016). We also observed that a significant 

number of m6A-modified neuronal transcripts encode proteins that influence synaptic 

plasticity and memory, including CamKIIα. We predict that further research will identify 

more synaptically localized proteins, which act as readers and modifiers, and that are 

essential regulators of synaptic plasticity through local control over RNA stability and 

translation mediated by m6A, m5C and other RNA modifications.

Outlook

It is becoming increasingly evident that RNA modifications may have a profound impact on 

RNA structure, RNA editing, and the localization of both coding and non-coding RNAs to 

specific subcellular compartments (Figure 1). Together, these effects vastly increase the 

functional diversity and information-carrying capacity of RNA molecules, and these 

qualitative changes may be just as important for synaptic plasticity and memory as 

quantitative changes in transcript and protein abundance. RNA modification typically does 

not require signaling back to the nucleus in order to become functional, which means these 

processes can therefore be initiated, and exert their effects, very rapidly. More than any other 

cell type, neurons must be able to respond to altered environmental inputs with extraordinary 

speed, therefore, RNA modifications represent a clear candidate for a molecular mechanism 

capable of aligning with the timing required for experience-dependent plasticity, and we 

predict that they play an integral role in controlling the organizational architecture of 

neuronal networks involved in learning and memory.

Within the past few years, the field of epitranscriptomics has benefited from rapid advances 

in technology and in our appreciation of RNA modification. However, of more than 100 

known covalent RNA modifications, very few have been profiled across the transcriptome 

and even fewer have been functionally investigated in neurons. A deeper understanding of 

all RNA modifications in the brain, including their localized patterns of accumulation in 

different cell types and regions of the brain in response to a variety of learning conditions, is 

urgently required. In order to achieve this, we must be able to directly quantify the temporal 

and spatial dynamics of RNA modifications, and elucidate how they regulate protein 

abundance and localization to drive changes in synaptic plasticity. Furthermore, in order to 

determine the functional relevance of different RNA species, structural states, and 

modifications for cognition and memory, innovative new methods for temporally precise and 

spatially restricted sequence-specific causal manipulations will be required. Fortunately, new 

methods are rapidly coming online to assist in understanding the functional role of the 

epitranscriptome (see Chen and Engel in this issue; Nainar et al., 2016, and Li, Xiong and 

Yi, 2017). Armed with new sequencing technologies, including cell-type specific and state-

dependent profiling approaches, we are ready to move beyond a linear understanding of 

inducible gene expression and plasticity in the brain, and to elucidate the qualitative nature 

of RNA and its role in cognition and memory.
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Figure 1. 
A) RNA modifications can alter the structure of RNA, which then influences its interaction 

with RNA binding proteins. This is particularly relevant for long noncoding RNAs which 

become functionalized depending on their structure state, B) RNA modifications may 

influence RNA editing as m6A is a known target for deamination (A–I conversion). This 

would result in altered protein translation driven from the same initial transcript, C) RNA 

modification on mRNA can alter its ability to be sequestered to the ribosome for translation 

or to other nuclear subcompartments for further processing (alternative splicing) or 

degradation as well as transport to the synapse. D) In each compartment of the neuron, RNA 

modifications may impact the fine-tuning of RNA function, this would be particularly 

important at activated synapses where specificity is critical plasticity, learning and memory.
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Table 1

Summary of the most well characterized epitranscriptomic mechanisms to date, each of which may play 

important roles in conferring functionality to RNA in the brain to mediate experience-dependent plasticity, 

learning and memory.

RNA modification Enzyme Function

pseudoU pseudouridine synthase (PUS 1–10) Promotes RBP interaction
RNA structure stability

mRNA translation

5mC NSUN2 RNA methyltransferase
DNMT2 RNA methyltransferase

ALYREF 5mC reader

Potentially localization

5hmC Tet1 Enriched in brain, function in RNA unknown

m6A METTL3/METTL14 (RNA methyltransferase)
FTO/ALKBH5 (RNA demethylase)

YTHDF1-3 (readers)

RNA stability
Splicing

Translation
Localization

Decay
Structure states

RBP interactions

m6Am ? RNA stability

m1A ? Translation

A to I editing ADAR/AID Alternate protein synthesis

C to U editing APOBEC Alternate protein synthesis
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