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The application of next-generation-sequencing based methods has recently allowed
the sequence-specific occurrence of RNA modifications to be investigated in
transcriptome-wide settings. This has led to the emergence of a new field of molecular
genetics research termed “epitranscriptomics.” Investigations have shown that these
modifications can exert control over protein synthesis via various mechanisms, and
particularly when occurring on messenger RNAs, can be dynamically regulated. Here,
we propose that RNA modifications may be a critical regulator over the spatiotemporal
control of protein-synthesis in neurons, which is supported by our finding that the
RNA methylase NSun2 colocalizes with the translational-repressor FMRP at neuronal
dendrites. We also observe that NSun2 commonly methylates mRNAs which encode
components of the postsynaptic proteome, and further find that NSun2 and FMRP likely
share a common subset of mMRNA targets which include those that are known to be
translated at dendrites in an activity-dependent manner. We consider potential roles for
RNA modifications in space- time- and activity-dependent regulation of protein synthesis
in neuronal physiology, with a particular focus on synaptic plasticity modulation.

Keywords: epitranscriptome, epitranscriptomics, RNA methylation, synaptic plasticity, autism spectrum
disorders, Intellectual Disability, NSun2, FMRP (FMR1)

EPITRANSCRIPTOMICS: A SLEEPING GIANT OF FUNDAMENTAL
MOLECULAR GENETICS RESEARCH

The existence of covalent modifications that occur on DNA as well as those that occur on RNA
molecules have been known about for well over half a century (He, 2010). Whilst only a very
limited number of types of modification of DNA are known to exist, at least 130 types of RNA
modification can occur, and indeed the frequency of modifications per base is also estimated to be
much higher for various RNA biotypes, than for those occurring on the genome (Machnicka et al.,
2013). But whereas molecular and biological investigations defining the form and function of the
epigenome has excelled over the decades, research characterizing modifications occurring in the
transcriptome had remained relatively dormant and this was largely due to technical limitations
which hindered our ability to investigate the sequence-specific occurrence of these in any sufficient
detail. A crucial event in the field was the demonstration that at least some of these modifications
are reversible, thus suggesting that they may be dynamically controlled during the regulation of
important biological processes (Jia et al., 2011). More recently, via various novel methodologies,
researchers have managed to employ next-generation-sequencing based approaches to identify
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RNA modification sites in the transcriptome in sequence-
specific contexts; this has included methyl-6-adenosine (m6A)
modifications mainly found in mRNAs where it is enriched
around stop codons (Dominissini et al., 2012; Meyer et al,
2012), methyl-5-cytosine (m5C) modifications present in tRNAs,
mRNAs and a variety of ncRNAs (Squires et al., 2012; Hussain
et al,, 2013b; Khoddami and Cairns, 2013), pseudouridylations
present in various ncRNAs and a number of mRNAs (Carlile
et al, 2014; Schwartz et al., 2014), and very recently N°,2’-O-
dimethyladenosine (m6Am) modifications present at the 5" ends
of some mRNAs (Linder et al., 2015). These key studies provided
detailed transcriptomic RNA modification maps for the first time
and have laid the foundations for further investigations to probe
their mechanistic relevance in detail. Such studies may mark the
dawn of a fledgling field of molecular genetics research coined
“epitranscriptomics” (Saletore et al., 2012; Hussain et al., 2013¢;
Rinn and Ule, 2014).

Previous clues indicating the biological relevance of RNA
modifications came from studies which investigated the function
of enzymes that catalyze their deposition. This has been
particularly noteworthy for m6A and m5C methylations which
are currently the most well studied type of internal RNA
modification. For m6A methylation, a complex which includes
the METTL3 and METTLI14 proteins, catalyzes the methyl
transfer (Bokar et al., 1997; Liu et al., 2014) and is required
for proper yeast meiosis (Clancy et al, 2002) and for plant
and Drosophila development (Zhong et al, 2008; Hongay
and Orr-Weaver, 2011). m5C modifications are catalyzed by
methylases which in vertebrates include seven members of the
NSun family (NSun1-NSun7) and the Dnmt2 enzyme. Of these
RNA mb5C-associated enzymes only Dnmt2 and NSun2, have
been characterized in sufficient detail in higher eukaryotes.
When Dnmt2 is deleted in flies, a reduced viability under
stress conditions is observed (Schaefer et al., 2010). Mice
lacking functional NSun2, display impaired differentiation in
skin (Blanco etal., 2011), reduced fertility in males (Hussain et al.,
2013a) and neurodevelopmental phenotypes (Blanco et al., 2014).
Indeed, human patients lacking NSun2 are characterized by
intellectual disability as well as other neurodevelopmental deficits
(Abbasi-Moheb et al., 2012; Khan et al., 2012; Martinez et al.,
2012; Fahiminiya et al., 2014; Komara et al., 2015). In addition,
the expression of NSun2 is found to be enriched in the brain and
dynamically regulated during early neural development in mice
(Chi and Delgado-Olguin, 2013) further suggesting a particularly
important role for this enzyme in neural function. For a more
detailed overview of characterized RNA modification enzymes,
the reader is referred to Blanco and Frye (2014) for an excellent
review.

THE EPITRANSCRIPTOME IN
MODULATING PROTEIN SYNTHESIS

As indicated above, the epitranscriptome constitutes a huge
number of diverse components, only four of which (m6A,
m5C, pseudouridine, m6Am) have been characterized in the
detail required to reliably investigate their biological roles. The

modifications can occur on various types of non-coding as
well as coding RNA, but so far investigations into function
of modifications have overwhelmingly suggested multiple roles
in the modulation of some aspect of protein-synthesis control
(Tuorto et al., 2012; Hussain et al., 2013b,c; Blanco et al., 2014;
Fu et al, 2014; Wang et al, 2014a, 2015), and some of the
biological roles have been established to include regulation of
circadian rhythms in hypothalamic suprachiasmatic nucleus in
mouse brain (Fustin et al., 2013), as well as in the control of
embryonic stem cell differentiation in studies utilizing cultured
mouse embryonic stem cells (Wang et al., 2014b). Importantly, it
also appears that these modifications, especially when occurring
on mRNAs, can be dynamically regulated (Jia et al., 2011;
Dominissini et al., 2012; Meyer et al., 2012; Hussain et al., 2013c;
Carlile et al., 2014; Schwartz et al., 2014), and indicates the
existence of enzymes that can both “write” and “erase” marks,
in addition to specialized RNA-binding effector proteins that can
“read” them (Fu et al., 2014). Such studies are especially welcome
in our understanding of fundamental aspects of molecular
genetics, as transcriptomic investigations have demonstrated that
mRNA translation levels correlate quite poorly, and seemingly
haphazardly, with cellular mRNA levels (Ingolia et al., 2009,
2011; Ingolia, 2014). A mechanistic role for dynamic m6 A mRNA
modifications and associated reader proteins in such discordance
was recently demonstrated in somewhat spectacular fashion by
the Chuan He laboratory (Wang et al, 2015). The authors
showed that in addition to promoting interaction with the
YTHFD2 RNA-binding protein, m6A modifications in mRNAs
also promoted the interaction with a related reader, YTHFDI.
Whereas binding of YTHFD2 accelerates mRNA decay, binding
of YTHEDI significantly speeds up the rate of translation in
HeLa cells; and thus by enhancing binding of the YTHFD
readers, translation occurs acutely from m6A-modified mRNAs
during a time-limited window. RNA modifications thus appear
to offer layers of control that might enable regulated protein
synthesis to occur in a space- time- and signal-dependent
manner, thus allowing for highly dynamic modes of mRNA
translation to participate directly in complex cellular functions.
A rather exciting possibility worth investigating is whether such
mechanisms may also occur in neurons, where the acute and
dynamic control of mRNA translation takes on specialized roles
(Holt and Schuman, 2013). Indeed it has been shown that
deletion of the FTO gene in mice, which is an m6A eraser,
results in an impairment of dopamine receptor control of
neuronal activity and behavioral responses (Hess et al., 2013),
thus suggesting important roles for this type of RNA modification
in the mammalian brain.

ACTIVITY-DEPENDENT PROTEIN
SYNTHESIS IN NEURONAL DENDRITES: A
BRIEF HISTORY

External signal-dependent spatiotemporal protein synthesis
is thought to play roles in crucial aspects of neuronal
function with important implications for neurodevelopment
and neurophysiology (Sutton and Schuman, 2006; Holt and
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Schuman, 2013; Jung et al., 2014). The first indications that
protein synthesis may occur locally within neuronal dendrites
came from the observations that mRNA (Bodian, 1965) as well
polyribosomes (Steward and Levy, 1982) were located within
them. Later studies were also able to demonstrate the presence
of tRNAs, ribosomal proteins, and translation initiation and
elongation factors within dendrites making it likely that they
contained the full complement of factors for autonomous protein
synthesis. This was confirmed by experiments showing that
protein synthesis was able to occur in dendrites that had been
severed from the cell body in culture (Torre and Steward,
1992) as well as in brain slices (Kang and Schuman, 1996),
and importantly that this protein synthesis could be stimulated
in response to neuronal activity (Weiler and Greenough, 1991,
1993; Feig and Lipton, 1993; Aakalu et al,, 2001). Further, it
was also shown that certain mRNAs could be transported to
dendrites in response to synaptic activity, and it appears that the
type of input-stimulus regulated by particular receptor mediated
pathways can influence which mRNA subsets are transported to
them (Tongiorgi et al., 1997; Tiruchinapalli et al., 2003; Antar
etal., 2004), as well as which mRNAs are translated once they are
there (Gong et al., 2006; Wang et al., 2009; Sarkar et al., 2010).

Although activity-dependent dendritic protein synthesis may
regulate multiple aspects of neuronal physiology, much of
our knowledge indicates a large role in the maintenance of
long-lasting synaptic changes in dendrites such as Long-Term-
Potentiation (LTP) as well Long-Term-Depression (LTD; Kang
and Schuman, 1996; Huber et al., 2000; Raymond et al., 2000).
Synaptic plasticity is associated with changes in postsynaptic
receptor and ion channel density (Ju et al., 2004; Sutton et al.,
2004, 2006; Raab-Graham et al., 2006) as well as dendritic
spine morphology and changes in the numbers of synaptic
connections (Engert and Bonhoeffer, 1999; Cruz-Martin et al,,
2010). Studies that have attempted to investigate the identity
of proteins that may be locally synthesized to mediate such
processes have found that subsets of mRNAs located at dendrites
commonly include those encoding synaptic signaling proteins,
postsynaptic receptor subunits; ion channels; postsynaptic
scaffolding proteins, cytoskeletal proteins, as well as translation
factors (Tang and Schuman, 2002; Sutton and Schuman, 2006).
However, mechanistic insights into the molecular processes
occurring within neurons and specifically within post-synaptic
compartments required to regulate and execute the induction of
such post-synaptic changes, as well as the processes via which
they are maintained in the long-term, are still very much the
subject of active inquiry.

MOLECULAR MECHANISMS OF
DENDRITIC PROTEIN SYNTHESIS AND
SYNAPTIC PLASTICITY

It has been shown that some mRNAs can be packaged into
ribonucleoprotein (RNP) complexes which can then be actively
transported on microtubules along dendrites. Such RNPs are
known to include the Fragile-X mental retardation protein,
FMRP (discussed further below), the Zip-code Binding Protein

1, (ZBP1), and the cytoplasmic polyadenylation binding protein
(CPEB). ZBP1 and CPEB have been shown to bind to 3’UTR
elements in the beta-actin and MAP2 mRNAs respectively, in
order to target their transport along dendrites (Ross et al., 1997;
Eom et al., 2003; Huang et al., 2003). In fact, several sequence
elements that are present in mRNA 3'UTRs that are targeted by
various dendritic transport factors have been identified, and in
some cases a single 3'UTR can contain several targeting elements,
thus suggesting a complex mode of signaling that may allow for
stimulus-specific mechanisms of transport (Tang and Schuman,
2002). The mechanisms via which specific stimuli can actually
signal to the cell body for subsets of mRNAs to be transported
and to modulate synaptic plasticity are however, currently poorly
defined (Swanger and Bassell, 2013).

In the postsynaptic compartment, NMDA- and mGlu-
receptor-mediated signaling regulate the activity of mTOR and
ERK1/2 intracellular signaling pathways, which can activate
general mechanisms of translation in dendrites by influencing the
assembly of translation initiation factors; these are thought to be
key mechanisms in the regulation of various forms of synaptic
plasticity (Bramham and Wells, 2007). An additional important
pathway involves activation of the BDNF receptor, TrkB, which
can induce and maintain LTP in a protein-synthesis dependent
manner (Figurov et al., 1996; Panja and Bramham, 2014). Indeed,
it was recently shown that LTP consolidation in the dentate
gyrus of rodents requires long-term BDNF-TrkB signaling in
vivo (Panja et al, 2014). The study further demonstrated
that long-term TrkB signaling leads to sustained activation of
the MAP kinase-interacting kinase (MNK) signaling pathway
which promotes both early-stage translation and also late-
stage translation phases required for LTP consolidation. Thus,
whereas our knowledge of the mechanisms that can regulate
dendritic translation is improving, the molecular mechanisms
via which specific stimuli can turn on the local translation of
particular mRNAs required for synaptic modulation are not
well-characterized, but they likely rely upon yet to be defined
multiple distinct intracellular signaling pathways and molecular
mechanisms (Swanger and Bassell, 2013).

THE TRANSLATION-REPRESSOR FMRP IN
SYNAPTIC PLASTICITY

FMRP deserves special consideration because it has been
extensively studied and is associated with neurological disease,
but because it also offers crucial insight into the molecular
mechanisms via which stimulus-dependent translation may be
turned on and off to regulate synaptic plasticity (Sidorov et al.,
2013). FMRP is known to be a component of RNPs that transport
at least some mRNAs to dendrites, and it may play an active
role in this process. It has mainly been characterized, however
as an mRNA binding protein which represses translation, and it
likely participates in delivering mRNAs in their translationally-
silent form to dendrites (Bagni and Greenough, 2005; Santoro
et al., 2012). A study which used a high-stringency screen for
mRNA interaction partners of FMRP identified 842 targets in the
mouse brain and also showed that FMRP represses translation by
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halting the progression of ribosomes along the mRNA (Darnell
et al,, 2011). Upon the relevant synaptic stimulation, FMRP may
dissociate from mRNAs, or lose its repression-capability via some
other means, leading to translational re-activation (Santoro et al.,
2012).

FMRP has been shown to be important for modulating
synaptic plasticity, with a critical role in the modulation of
LTD in the hippocampus and the cerebellum (Huber et al,
2002; Koekkoek et al., 2005). Important roles for FMRP in
LTP modulation have also been described. It has been shown
for example that activation of the BDNF-TrkB-MNK axis that
regulates LTP via the early-stage translation activation phase
is mechanistically mediated via triggering the release of the
CYFIP1/FMRP repressor complex from the 5'cap of mRNAs
(Panja et al., 2014). However, the exact mechanism via which
FMRP selects its mRNA targets is not clearly defined; for
example, Darnell et al. (2011) failed to identify any common
sequence or structural motifs in their subset of identified mRNA
targets. Similarly the molecular mechanisms by which FMRP de-
repression of translation occurs is still being investigated; and
mechanisms uncovered so far include the phosphorylation status
of FMRP (Ceman et al.,, 2003), the regulation of its interaction
with a neuronal ncRNA, BC1 (Zalfa et al., 2003), as well as
interactions with microRNAs (Ishizuka et al., 2002; Jin et al.,
2004).

POTENTIAL ROLES FOR RNA
MODIFICATIONS IN THE MODULATION OF
SYNAPTIC FUNCTION

In this section we focus on the major aims of this perspective
article to introduce the potential roles of RNA modifications in
local protein synthesis-dependent post-synaptic signaling, and to
highlight what advantages such mechanisms may offer compared
to other already known modes of regulation.

Potential Mechanisms and Advantages

Offered by RNA Modifications

Along with RBP’s, miRNAs are also currently thought to be
important regulators of translation in synaptic function (Schratt,
2009), although practically, their low abundance in dendrites
and generally short half-life may put limitations on their
functional applicability. RNA modifications may overcome some
of these limitations, and may further allow for highly dynamic
modes of translation control via multiple mechanisms by for
example regulating methylation/demethylation events, of not
only mRNAs, but also tRNAs and rRNAs [the reader is referred
to Wang and He (2014) for an excellent recent perspective].
tRNAs in particular, but also rRNAs, are strewn with various
modifications which are potentially reversible (Chan et al., 2010;
Fu et al, 2010; Saikia et al,, 2010). It is rather tempting to
speculate that such dynamic modification events on tRNAs and
rRNAs may be a mechanism to turn general dendritic/synaptic
translation on and off i.e. by modulating interactions with other
important components of the translation machinery that are
present in dendrites or certain dendritic locations. It may further

be noteworthy in this regard that the methylation activity of
RNA methylases such as NSun2, whose targets include tRNAs,
can also be modulated by phosphorylation status (Sakita-Suto
et al., 2007), given that phosphorylation cascades are thought
to be important players in post-synaptic signaling pathways that
regulate translation.

Given the huge number of different types of RNA
modifications possible, highly complex degrees of regulation
might also be enabled with regards to regulated translation of
specific mRNAs. It is worth considering for example whether
an “epitranscriptome code” exists that may regulate complex
aspects of mRNA translation in neurons, similarly to how the
histone code may regulate complex aspects of regulated gene
transcription in important biological processes. Such a code may
for example enable the programming of dendrites of a neuron
in a precisely specified manner, and may even allow different
locations of the dendritic tree to have contrasting responses to
the same extrinsic cue. For example, if the presence of a particular
mRNA was important for post synaptic signaling in two different
locations of the post-synaptic compartment of a neuron, then
by applying a distinct pattern (or code) of modifications to the
mRNA, the two locations might be able to respond differentially
even though they are exposed to the same pre-synaptic signal.
The mechanistic aspects of such regulation may vary, but could
involve the ability of different modifications to affect recruitment
to specific dendritic/synaptic sites, the ability to differentially
recruit translation initiators/inhibitors, or the signaling of
long-term stabilization or decay of transcripts. Although, such
ideas are intriguing, especially given the observation of different
patterns of synaptic plasticity induction even in spines along a
single dendrite (Harnett et al., 2012), it will first be important
to understand mechanistically how different modifications
regulate aspects of RNA translation, and secondly whether
indeed these mechanisms occur in neurons and particularly in
dendrites/spines.

Potential Roles for the Intellectual

Disability Gene NSun2?

The NSun2 RNA methylase which catalyzes the formation of
mb5C is particularly interesting with regards to neural function,
given its roles in human intellectual disability syndromes
(Abbasi-Moheb et al., 2012; Khan et al., 2012; Martinez et al.,
2012; Fahiminiya et al., 2014; Komara et al, 2015), and in
some patients autistic features as well epileptic seizures have
been reported (Martinez et al., 2012). In addition, in Drosophila
and mouse models of NSun2-deficiency, deficits in memory and
learning are also apparent (Abbasi-Moheb et al., 2012; Blanco
et al,, 2014). Intriguingly, it has been shown that lack of NSun2
in mice leads to fragmentation of tRNAs which may trigger
stress responses and apoptosis in the brain (Blanco et al., 2014)
and also a reduction in global translation rates (Tuorto et al,
2012), although the degree to which such a mechanism might
contribute to the observed intellectual disability phenotypes
remains unknown. It has also been shown that lack of NSun2
mediated methylation of the Vault ncRNA leads to mis-
regulation of non-canonical microRNA production pathways
which can modulate the cellular levels of the transmembrane
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AMPA receptor regulatory protein CACNGS8 (Hussain et al.,
2013b) known to regulate both trafficking and channel gating
of AMPA receptors; however again, it remains unclear what
roles such mechanisms play in NSun2-deficiency neurological
phenotypes. Nonetheless, the roles of RNA modifications such as
those mediated by NSun2 in brain function clearly represents an
exciting area of future research likely to have significant impact
on our understanding of neurological disease (Satterlee et al.,
2014).

Transcriptomic investigations have indeed demonstrated that
the vast majority of NSun2 methylation targets are those involved
in some aspect of translation and include tRNAs, 5S rRNA,
RPPHI ncRNA, Vault ncRNA, and mRNA coding sequence
(Squires et al., 2012; Hussain et al., 2013b; Khoddami and
Cairns, 2013). As discussed above we are only just starting to
elucidate some of the mechanistic roles of such modifications,
and the early studies have focussed on tRNA methylation and
methylation of the Vault ncRNA (Tuorto et al.,, 2012; Hussain
et al., 2013b; Blanco et al.,, 2014). Further indications that
NSun2 may be involved in intricate mechanisms of translation
regulation are suggested by studies in testis which demonstrated
that the enzyme was a component of the chromatoid body (CB)
found in the cytoplasm of round spermatids (Hussain et al.,
2013a). This was especially interesting as the CB is known
to be a center for regulating the temporal control of mRNA
translation in a space-restricted manner during the regulation of
spermatogenesis (Kotaja and Sassone-Corsi, 2007; Nguyen Chi
et al., 2009). Taken together with the findings that NSun2 is
important for neurodevelopment, here we speculate that NSun2
may similarly play a role in spatiotemporal protein synthesis
in neurons. Indeed, given that activity-dependent post-synaptic
modulation is a key aspect of neuronal function known to rely
heavily on spatiotemporal regulation of protein synthesis, we
hypothesize that NSun2-mediated methylation may act as a point
of control in these pathways.

Some Empirical Support

In support of such a perspective, here we show that NSun2
localizes to dendrites of neurons in culture (Figure 1A), where
it was found to partially colocalize with FMRP (Figure 1B).
Quantification of dendritic puncta revealed that whereas
NSun2 displayed limited levels of colocalization with MAP2
puncta, a much more significant degree of colocalization was
observed with FMRP puncta suggesting that the observed
partial colocalization with this protein was not co-incidental
(Figures 1C,D). NSun2 was also observed in cell bodies of
neurons, where a much more moderate level of colocalization
with FMRP puncta was observed (Figure 1E) compared to in
dendrites, and also in axons where there was no appreciable
colocalization with FMRP (data not shown). By further analysing
our previously published transcriptomic data (Hussain et al,
2013b,c), we further find that the mRNA coding sequence
methylation targets of NSun2 in HEK293 cells are enriched
in those encoding translation factors as well as those of
the mTOR pathway (Figure 2A and Supplementary Table 1).
Enrichment of mTOR mRNAs as NSun2-methylation targets
is particularly interesting as it is known that these can be

translated in dendrites in an activity-dependent manner (Khan
et al., 2001; Li et al, 2010); such targets were enriched for
members of the mTORCI1 pathway in particular and included
mTOR, TCS2, and RPS6 mRNAs. We also find a very high
degree of overlap between NSun2-mRNA methylation targets
identified in HEK293 cells with members of the post-synaptic
proteome from the human neocortex (Bayés et al., 2011), and
also with FMRP-mRNA binding targets identified by HITS-
CLIP from the mouse brain (Darnell et al., 2011; Figure 2B
and Supplementary Table 1). Although HEK293 cells resemble
neuronal lineage cells (Shaw et al., 2002; Thomas and Smart,
2004), this latter finding though somewhat encouraging, should
be viewed with some caution given the distinct systems
analyzed in the different studies. Though incidentally, we
do not observe any significant overlap of components of
the presynaptic proteome in the mouse brain (Weingarten
et al., 2014) with NSun2-methylation targets (Figure 2B and
Supplementary Table 1).

That NSun2 may function in FMRP-regulated post-synaptic
pathways such as synaptic plasticity modulation is an intriguing
prospect since NSun2 displays highest expression in the
hippocampus of the mouse brain (Allen brain atlas) and
especially given the shared phenotypes of human patients
deficient in these genes (Komara et al., 2015 for an overview of
NSun2-deficiency syndromes). However, it will first be important
to determine the targets of NSun2 from the relevant brain
tissue, and the nature of the neurophysiological disturbance in
NSun2-deficient brains, before any mechanistic insights, such as
a potential link to the FMRP pathway, can be adequately gleaned
and pursued.

FUTURE DIRECTIONS

Advances in epitranscriptomics clearly have the potential to
offer new perspectives of important physiological processes,
particularly with regards to aspects of neuronal function where
features of RNA function appear to take on specialized roles.
A careful study into the neurological functions of the NSun2
RNA methylase may prove a seminal example. The first key
questions that need to be addressed is what the transcriptomic
RNA methylation targets in the brain are: tRNAs? rRNA?
Vault RNA? mRNAs? Other neuron-specific RNAs not yet
detected? What link, if any, can be made to characterized
pathways such as the FMRP-pathway? And then what are the
disturbances of translation at the transcriptomic level? Is there
for example a global reduction of translation? Or is there a
correlation specifically to direct mRNA methylation targets, or
those targeted by Vault RNA-derived microRNAs? Powerful and
accurate transcriptomic approaches such as miCLIP (Hussain
et al., 2013b) and nucleotide-resolution ribosomal profiling
(Ingolia et al., 2009), should have the capability to answer such
questions in a comprehensive and reliable manner. However,
such studies alone are unlikely to provide the necessary
knowledge required to gain a reliable footing on the nature of
the neurological disturbance in NSun2-defecient brains. Given
the localization of NSun2 to dendrites, and the fact that it is
a translation regulator, a role in the regulation of some aspect
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FIGURE 1 | NSun2 localizes to neuronal dendrites. The human fetal brain-derived neural stem cell line CB660 (Sun et al., 2008) was maintained in RHB-A
medium (Stem Cell Sciences, UK) supplemented with FGF2 and EGF on laminin-coated culture flasks. In order to induce differentiation, the maintenance medium was
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FIGURE 1 | Continued

replaced with neurobasal medium supplemented with N2, B27, and FGF2. FGF2 was then removed from the medium and BDNF added in a step-wise manner to
induce neuronal differentiation as previously described (Sun et al., 2008). Immunofluorescent-staining procedures and imaging using a confocal microscope were
performed as described previously (Hussain et al., 2013a). (A) In differentiated neurons, NSun2 localizes to dendrites which were specified using the dendritic marker
MAP2 (Abcam, HM-2). (B) We also find partial colocalization with FMRP (Thermo Scientific, 4G9) at dendrites. For the immuno-detection of NSun2, two previously
characterized NSun2 antibodies were used (NSun2 MetA and NSun2 MetB; Frye and Watt, 2006). The extent of NSun2/MAP2 colocalization in (C) and NSun2/FMRP
colocalization in (D) was assessed by counting the number of colocalizing/non-colocalizing synaptic puncta in dendrites. Quantifications represented are the average
from three independent immunostaining experiments, and error bars display standard deviation from the mean. (E) NSun2 also displays more modest levels of
colocalization with FMRP in cell bodies of neurons. DAPI was used as a counterstain for nuclei (right panel, blue).

526 high-stringency
mRNA methylation
targets detected in
NSun2 miCLIP: Hussain
et al. 2013b; Hussain et
al. 2013c

The methylation
sites occurred
specifically in the

B Post-synaptic proteome, Human
brain, Bayes et al. 2011
1369
Overlap 6_0
significance: Overlap
P=1.7E-6 | 241

NSun2 miCLIP,
HEK293 cells, Hussain et al.
2013b; Hussain et al. 2013c

coding sequence in
s Enriched in mRNAs encoding members of the mTOR
319 of these
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FIGURE 2 | Analysis of NSun2 mRNA methylation targets. (A) Methylation-individual-nucleotide-resolution-crosslinking-immunoprecipitation (miCLIP) was

These are enriched in mRNAs encoding translation
factors, including several involved in translation
initiation (GOterm_BPFAT, enriched category:
‘Translation’; P=3.2E-12)

pathway (Pathway_Biocarta, enriched category:
‘mTOR signalling pathway’; P=0.02)

Presynaptic proteome,
Mouse brain, Weingarten

al. 2011 et al. 2014

476

759
Overlap

significance: (—. :

P=0.98
236
NSun2 miCLIP,

HEK293 cells, Hussain et al.
2013b; Hussain et al. 2013c

previously used to determine the transcriptomic RNA methylation targets of NSun2 in HEK293 cells (Hussain et al., 2013b). Most NSun2 methylation sites occurred
within the coding sequence of MRNAs, and 319 of these were identified (Hussain et al., 2013Db,c); these are found to be enriched in MRNAs encoding translation
factors as well members of the mTOR signaling pathway. Gene Ontology analysis and calculation of P-values for enrichment was performed by the DAVID
Bioinformatics Resource. Full gene lists available in Supplementary Table 1. (B) The 319 NSun2 mRNA methylation targets from HEK293 cells were compared with
the 1461 members of the postsynaptic proteome from the human neocortex (Bayés et al., 2011), the 842 FMRP mRNA binding targets from the mouse brain (Darnell
et al., 2011), and the 485 members of the pre-synaptic proteome from the mouse brain (Weingarten et al., 2014). Full gene lists available in Supplementary Table 1.
Considering the shared expression of >90% of MRNAs between HEK293 cells and brain (Su et al., 2004), and using a conservative approximation of 10,000 protein
coding genes expressed in each (Ramskold et al., 2009), a hypergeometric test was used to calculate the significance of the degree of overlap observed between the

targets.

of translation-dependent postsynaptic function seems likely.
For this purpose, electrophysiological experiments would help
to uncover the nature of the physiological defect: is there a
mis-regulation of known forms of protein synthesis-dependent
LTP or LTD for example? Or some other aspect of local
protein-synthesis-mediated post-synaptic signaling or synaptic
formation?

Following such investigations we will be in a position
to design experiments to ascertain the mechanistic roles
of RNA methylation in post-synaptic function and disease
pathogenesis. A better understanding of the molecular pathways
that regulate synaptic plasticity may indeed have important
implications for understanding the molecular pathogenesis of

more common neurodevelopmental disorders such as autism
spectrum disorders (ASDs), where the disruption of RNA
translation-dependent synaptic plasticity pathways has already
been suggested and indicated by empirical evidence (Bear et al.,
2008; Darnell and Klann, 2013; Gkogkas et al., 2013; Santini
et al., 2013). Finally, although much of this article has focussed
on m5C modifications and NSun2, we should remember that
we are only at the beginning of the epitranscriptomics journey.
Several other RNA-modifying enzymes exist, and determining
the roles of the 100+ types of RNA modifications we know
about seems a daunting task. But they likely provide the
arena of complexity we have for long felt must exist in our
RNA world (He, 2010), and accordingly offer the opportunities
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to better understand some important aspects of neuronal
function.

ACKNOWLEDGMENTS

We thank Professor Austin Smith for kindly contributing the
CB660 neural stem cell line, and Dr Michaela Frye for the NSun2
antibodies.

REFERENCES

Aakalu, G., Smith, W. B., Nguyen, N,, Jiang, C., and Schuman, E. M. (2001).
Dynamic visualization of local protein synthesis in hippocampal neurons.
Neuron 30, 489-502. doi: 10.1016/S0896-6273(01)00295-1

Abbasi-Moheb, L., Mertel, S., Gonsior, M., Nouri-Vahid, L., Kahrizi, K., Cirak
S., et al. (2012). Mutations in NSUN2 cause autosomal-recessive intellectual
disability. Am. J. Hum. Genet. 90, 847-855. doi: 10.1016/j.ajhg.2012.03.021

Antar, L. N., Afroz, R., Dictenberg, J. B., Carroll, R. C., and Bassell, G. J.
(2004). Metabotropic glutamate receptor activation regulates fragile x mental
retardation protein and FMR1 mRNA localization differentially in dendrites
and at synapses. J. Neurosci. 24, 2648-2655. doi: 10.1523/JNEUROSCI.0099-
04.2004

Bagni, C., and Greenough, W. T. (2005). From mRNP trafficking to spine
dysmorphogenesis: the roots of fragile X syndrome. Nat. Rev. Neurosci. 6,
376-387. doi: 10.1038/nrn1667

Bayés, A., van de Lagemaat, L. N., Collins, M. O., Croning, M. D. R, Whittle, I. R,,
Choudhary, J. S., et al. (2011). Characterization of the proteome, diseases and
evolution of the human postsynaptic density. Nat. Neurosci. 14, 19-21. doi:
10.1038/nn.2719

Bear, M. F., Dolen, G., Osterweil, E., and Nagarajan, N. (2008). Fragile
X: translation in action. Neuropsychopharmacology 33, 84-87. doi:
10.1038/sj.npp.1301610

Blanco, S., and Frye, M. (2014). Role of RNA methyltransferases in tissue renewal
and pathology. Curr. Opin. Cell Biol. 31, 1-7. doi: 10.1016/j.ceb.2014.06.006

Blanco, S., Dietmann, S., Flores, J. V., Hussain, S., Kutter, C., Humphreys,
P., et al. (2014). Aberrant methylation of tRNAs links cellular stress
to neuro-developmental disorders. EMBO J. 33, 2020-2039. doi:
10.15252/embj.201489282

Blanco, S., Kurowski, A., Nichols, J., Watt, F. M., Benitah, S. A., and Frye, M.
(2011). The RNA-methyltransferase Misu (NSun2) poises epidermal stem cells
to differentiate. PLoS Genet. 7:¢1002403. doi: 10.1371/journal.pgen.1002403

Bodian, D. (1965). A suggestive relationship of nerve cell RNA with
specific synaptic sites. Proc. Natl. Acad. Sci. US.A. 53, 418-425. doi:
10.1073/pnas.53.2.418

Bokar, J. A., Shambaugh, M. E., Polayes, D., Matera, A. G., and Rottman, F. M.
(1997). Purification and cDNA cloning of the AdoMet-binding subunit of the
human mRNA (N6-adenosine)-methyltransferase. RNA 3, 1233-1247.

Bramham, C. R., and Wells, D. G. (2007). Dendritic mRNA: transport, translation
and function. Nat. Rev. Neurosci. 8, 776-789. doi: 10.1038/nrn2150

Carlile, T. M., Rojas-Duran, M. F., Zinshteyn, B., Shin, H., Bartoli, K. M.,
and Gilbert, W. V. (2014). Pseudouridine profiling reveals regulated mRNA
pseudouridylation in yeast and human cells. Nature 515, 143-146. doi:
10.1038/nature13802

Ceman, S., O’'Donnell, W. T., Reed, M., Patton, S., Pohl, J., and Warren, S. T.
(2003). Phosphorylation influences the translation state of FMRP-associated
polyribosomes. Hum. Mol. Genet. 12, 3295-3305. doi: 10.1093/hmg/ddg350

Chan, C. T., Dyavaiah, M., DeMott, M. S., Taghizadeh, K., Dedon, P. C., and
Begley, T. J. (2010). A quantitative systems approach reveals dynamic control
of tRNA modifications during cellular stress. PLoS Genet. 6:e1001247. doi:
10.1371/journal.pgen.1001247

Chi, L., and Delgado-Olguin, P. (2013). Expression of NOL1/NOP2/sun domain
(Nsun) RNA methyltransferase family genes in early mouse embryogenesis.
Gene Expr. Patterns 13, 319-327. doi: 10.1016/j.gep.2013.06.003

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fncel.
2015.00420

Supplementary Table 1 | miCLIP-generated NSun2 mRNA-target lists,

including lists generated following DAVID Bioinformatics analysis, and
comparison with post-synaptic proteome, presynaptic proteome, and

FMRP targets.

Clancy, M. J., Shambaugh, M. E., Timpte, C. S., and Bokar, J. A. (2002).
Induction of sporulation in Saccharomyces cerevisiae leads to the formation
of N6-methyladenosine in mRNA: a potential mechanism for the activity
of the IME4 gene. Nucleic Acids Res. 30, 4509-4518. doi: 10.1093/nar/
gkf573

Cruz-Martin, A., Crespo, M., and Portera-Cailliau, C. (2010). Delayed stabilization
of dendritic spines in fragile X mice. J. Neurosci. 30, 7793-7803. doi:
10.1523/JNEUROSCI.0577-10.2010

Darnell, J. C., and Klann, E. (2013). The translation of translational control
by FMRP: therapeutic targets for FXS. Nat. Neurosci. 16, 1530-1536. doi:
10.1038/nn.3379

Darnell, J. C., Van Driesche, S. J., Zhang, C., Hung, K. Y., Mele, A, Fraser, C. E,,
etal. (2011). FMRP stalls ribosomal translocation on mRNAs linked to synaptic
function and autism. Cell 146, 247-261. doi: 10.1016/j.cell.2011.06.013

Dominissini, D., Moshitch-Moshkovitz, S., Schwartz, S., Salmon-Divon, M.,
Ungar, L., Osenberg, S., et al. (2012). Topology of the human and mouse
m®A RNA methylomes revealed by m®A-seq. Nature 485, 201-206. doi:
10.1038/naturel1112

Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes associated
with hippocampal long-term synaptic plasticity. Nature 399, 66-70. doi:
10.1038/19978

Eom, T., Antar, L. N,, Singer, R. H., and Bassell, G. J. (2003). Localization of a
B-actin messenger ribonucleoprotein complex with zipcode-binding protein
modulates the density of dendritic filopodia and filopodial synapses. J. Neurosci.
23, 10433-10444. Available online at: http://www.jneurosci.org/content/23/32/
10433.long

Fahiminiya, S., Almuriekhi, M., Nawaz, Z., Staffa, A., Lepage, P., Ali, R,
et al. (2014). Whole exome sequencing unravels disease-causing genes
in consanguineous families in Qatar. Clin. Genet. 86, 134-141. doi:
10.1111/cge.12280

Feig, S., and Lipton, P. (1993). Pairing the cholinergic agonist carbachol
with patterned Schaffer collateral stimulation initiates protein synthesis
in hippocampal CAl pyramidal cell dendrites via a muscarinic, NMDA-
dependent mechanism. J. Neurosci. 13, 1010-1021.

Figurov, A., Pozzo-Miller, L. D., Olafsson, P., Wang, T. and Lu, B.
(1996). Regulation of synaptic responses to high-frequency stimulation and
LTP by neurotrophins in the hippocampus. Nature 381, 706-709. doi:
10.1038/381706a0

Frye, M., and Watt, F. M. (2006). The RNA methyltransferase Misu (NSun2)
mediates Myc-induced proliferation and is upregulated in tumors. Curr. Biol.
16, 971-981. doi: 10.1016/j.cub.2006.04.027

Fu, Y., Dai, Q, Zhang, W., Ren, J, Pan, T, and He, C. (2010). The
AlkB domain of mammalian ABHS8 catalyzes hydroxylation of 5-
methoxycarbonylmethyluridine at the wobble position of tRNA. Angew.
Chem. Int. Ed. Engl. 49, 8885-8888. doi: 10.1002/anie.201001242

Fu, Y., Dominissini, D., Rechavi, G., and He, C. (2014). Gene expression regulation
mediated through reversible m®A RNA methylation. Nat. Rev. Genet. 15,
293-306. doi: 10.1038/nrg3724

Fustin, J.-M., Doi, M., Yamaguchi, Y., Hida, H., Nishimura, S., Yoshida, M., et al.
(2013). RNA-methylation-dependent RNA processing controls the speed of the
circadian clock. Cell 155, 793-806. doi: 10.1016/j.cell.2013.10.026

Gkogkas, C. G., Khoutorsky, A., Ran, I., Rampakakis, E., Nevarko, T., Weatherill,
D. B, et al. (2013). Autism-related deficits via dysregulated eIF4E-dependent
translational control. Nature 493, 371-377. doi: 10.1038/nature11628

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2015 | Volume 9 | Article 420


http://journal.frontiersin.org/article/10.3389/fncel.2015.00420
http://www.jneurosci.org/content/23/32/10433.long
http://www.jneurosci.org/content/23/32/10433.long
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Hussain and Bashir

RNA modifications in synaptic plasticity

Gong, R, Park, C. S., Abbassi, N. R,, and Tang, S. J. (2006). Roles of glutamate
receptors and the mammalian target of rapamycin (mTOR) signaling
pathway in activity-dependent dendritic protein synthesis in hippocampal
neurons. J. Biol. Chem. 281, 18802-18815. doi: 10.1074/jbc.M5125
24200

Harnett, M. T., Makara, J. K., Spruston, N., Kath, W. L., and Magee, J. C. (2012).
Synaptic amplification by dendritic spines enhances input cooperativity. Nature
491, 599-602. doi: 10.1038/nature11554

He, C. (2010). Grand challenge commentary: RNA epigenetics? Nat. Chem. Biol. 6,
863-865. doi: 10.1038/nchembio.482

Hess, M. E., Hess, S., Meyer, K. D., Verhagen, L. A. W., Koch, L., Bronneke, H. S.,
et al. (2013). The fat mass and obesity associated gene (Fto) regulates activity
of the dopaminergic midbrain circuitry. Nat. Neurosci. 16, 1042-1048. doi:
10.1038/nn.3449

Holt, C. E., and Schuman, E. M. (2013). The central dogma decentralized: new
perspectives on RNA function and local translation in neurons. Neuron 80,
648-657. doi: 10.1016/j.neuron.2013.10.036

Hongay, C. F., and Orr-Weaver, T. L. (2011). Drosophila Inducer of Meiosis 4
(IME4) is required for Notch signaling during oogenesis. Proc. Natl. Acad. Sci.
U.S.A. 108, 14855-14860. doi: 10.1073/pnas.1111577108

Huang, Y. S., Carson, J. H., Barbarese, E., and Richter, J. D. (2003). Facilitation
of dendritic mRNA transport by CPEB. Genes Dev. 17, 638-653. doi:
10.1101/gad.1053003

Huber, K. M., Gallagher, S. M., Warren, S. T., and Bear, M. F. (2002). Altered
synaptic plasticity in a mouse model of fragile X mental retardation. Proc. Natl.
Acad. Sci. U.S.A. 99, 7746-7750. doi: 10.1073/pnas.122205699

Huber, K. M., Kayser, M. S., and Bear, M. F. (2000). Role for rapid dendritic
protein synthesis in hippocampal mGluR-dependent long-term depression.
Science 288, 1254-1257. doi: 10.1126/science.288.5469.1254

Hussain, S., Aleksic, J., Blanco, S., Dietmann, S., and Frye, M. (2013c).
Characterizing 5-methylcytosine in the mammalian epitranscriptome. Genome
Biol. 14, 215. doi: 10.1186/gb4143

Hussain, S., Sajini, A. A., Blanco, S., Dietmann, S., Lombard, P., Sugimot, Y., et al.
(2013b). NSun2-mediated cytosine-5 methylation of vault noncoding RNA
determines its processing into regulatory small RNAs. Cell Rep. 4, 255-261. doi:
10.1016/j.celrep.2013.06.029

Hussain, S., Tuorto, F., Menon, S., Blanco, S., Cox, C., Flores, J. V., et al. (2013a).
The mouse cytosine-5 RNA methyltransferase NSun2 is a component of the
chromatoid body and required for testis differentiation. Mol. Cell. Biol. 33,
1561-1570. doi: 10.1128/MCB.01523-12

Ingolia, N. T. (2014). Ribosome profiling: new views of translation, from single
codons to genome scale. Nat. Rev. Genet. 15, 205-213. doi: 10.1038/nrg3645

Ingolia, N. T., Ghaemmaghami, S., Newman, J. R,, and Weissman, J. S. (2009).
Genome-wide analysis in vivo of translation with nucleotide resolution using
ribosome profiling. Science 324, 218-223. doi: 10.1126/science.1168978

Ingolia, N. T., Lareau, L. F., and Weissman, J. S. (2011). Ribosome profiling
of mouse embryonic stem cells reveals the complexity and dynamics
of mammalian proteomes. Cell 147, 789-802. doi: 10.1016/j.cell.2011.
10.002

Ishizuka, A., Siomi, M. C., and Siomi, H. (2002). A Drosophila fragile X protein
interacts with components of RNAi and ribosomal proteins. Genes Dev. 16,
2497-2508. doi: 10.1101/gad.1022002

Jia, G., Fu, Y., Zhao, X,, Dai, Q., Zheng, G., Yang, Y., et al. (2011). N°©-
methyladenosine in nuclear RNA is a major substrate of the obesity-associated
FTO. Nat. Chem. Biol. 7, 885-887. doi: 10.1038/nchembio.687

Jin, P., Zarnescu, D. C., Ceman, S., Nakamoto, M., Mowrey, J., Jongens, T. A,
et al. (2004). Biochemical and genetic interaction between the fragile X mental
retardation protein and the microRNA pathway. Nat. Neurosci. 7, 113-117. doi:
10.1038/nn1174

Ju, W., Moroshita, W., Tsui, J., Gaietta, G., Deerinck, T. J., Adams, S. R., et al.
(2004). Activity-dependent regulation of dendritic synthesis and trafficking
AMPA receptors. Nat. Neurosci. 7, 244-253. doi: 10.1038/nn1189

Jung, H., Gkogkas, C. G., Sonenberg, N., and Holt, C. E. (2014). Remote
control of gene function by local translation. Cell 157, 26-40. doi:
10.1016/j.cell.2014.03.005

Kang, H., and Schuman, E. M. (1996). A requirement for local protein synthesis
in neurotrophin-induced synaptic plasticity. Science 273, 1402-1406. doi:
10.1126/science.273.5280.1402

Khan, A., Pepio, A. M., and Sossin, W. S. (2001). Serotonin activates S6 kinase in a
rapamycin-sensitive manner in Aplysia synaptosomes. J. Neurosci. 21, 382-391.
Available online at: http://www.jneurosci.org/content/21/2/382.long

Khan, M. A,, Rafig, M. A,, Noor, A., Hussain, S., Flores, J. V., Rupp, V., et al.
(2012). Mutation in NSUN2, which encodes an RNA methyltransferase, causes
autosomal-recessive intellectual disability. Am. J. Hum. Genet. 90, 856-863. doi:
10.1016/j.ajhg.2012.03.023

Khoddami, V., and Cairns, B. R. (2013). Identification of direct targets and
modified bases of RNA cytosine methyltransferases. Nat. Biotechnol. 31,
458-464. doi: 10.1038/nbt.2566

Koekkoek, S. K., Yamaguchi, K., Milojkovic, B. A., Dortland, B. R., Ruigrok, T. J.,
Maex, R, et al. (2005). Deletion of FMR1 inPurkinje cells enhances parallel fiber
LTD, enlarges spines, and attenuates cerebellar eyelid conditioning in Fragile X
syndrome. Neuron 47, 339-352. doi: 10.1016/j.neuron.2005.07.005

Komara, M., Al-Shamsi, A. M., Ben-Salem, S., Ali, B. R., and Al-Gazali, L. (2015).
A novel single-nucleotide deletion (c.1020delA) in NSUN2 causes intellectual
disability in an emirati child. J. Mol. Neurosci. 57,393-399. doi: 10.1007/s12031-
015-0592-8

Kotaja, N., and Sassone-Corsi, P. (2007). The chromatoid body: a germ-cell-
specific RNA-processing centre. Nat. Rev. Mol. Cell Biol. 8, 85-90. doi:
10.1038/nrm2081

Li, N,, Lee, B, Liu, R. J., Banasr, M., Dwyer, J. M., Iwata, M., et al. (2010).
mTOR-dependent synapse formation underlies the rapid antidepressant effects
of NMDA antagonists. Science 329, 959-964. doi: 10.1126/science.1190287

Linder, B., Grozhik, A. V., Olarerin-George, A. O., Meydan, C., Mason, C.
E., and Jaffrey, S. R. (2015). Single-nucleotide-resolution mapping of m6A
and m6Am throughout the transcriptome. Nat. Methods 12, 767-772. doi:
10.1038/nmeth.3453

Liu, J., Yue, Y., Han, D., Wang, X,, Fu, Y., Zhang, L., et al. (2014). A METTL3-
METTL14 complex mediates mammalian nuclear RNA Né6-adenosine
methylation. Nat. Chem. Biol. 10, 93-95. doi: 10.1038/nchembio.1432

Machnicka, M. A., Milanowska, K., Osman Oglou, O., Purta, E., Kurkowska,
M., Olchowik, A., et al. (2013). MODOMICS: a database of RNA
modification pathways-2013 update. Nucleic Acids Res. 41, D262-D267. doi:
10.1093/nar/gks1007

Martinez, F. J., Lee, J. H., Lee, J. E., Blanco, S., Nickerson, E., Gabriel, S., et al.
(2012). Whole exome sequencing identifies a splicing mutation in NSUN2
as a cause of a Dubowitz-like syndrome. J. Med. Genet. 49, 380-385. doi:
10.1136/jmedgenet-2011-100686

Meyer, K. D., Saletore, Y., Zumbo, P., Elemento, O., Mason, C. E., and
Jaffrey, S. R. (2012). Comprehensive analysis of mRNA methylation reveals
enrichment in 3’ UTRs and near stop codons. Cell 149, 1635-1646. doi:
10.1016/j.cell.2012.05.003

Nguyen Chi, M., Chalmel, F., Agius, E., Vanzo, N., Khabar, K. S., Jégou
B., et al. (2009). Temporally regulated traffic of HuR and its associated
ARE-containing mRNAs from the chromatoid body to polysomes during
mouse spermatogenesis. PLoS ONE 4:e4900. doi: 10.1371/journal.pone.
0004900

Panja, D., Kenney, ]. W., D’Andrea, L., Zalfa, F., Vedeler, A., Wibrand, K, et al.
(2014). Two-stage translational control of dentate gyrus LTP consolidation is
mediated by sustained BDNF-TrkB signaling to MNK. Cell Rep. 9, 1430-1445.
doi: 10.1016/j.celrep.2014.10.016

Panja, D., and Bramham, C. R. (2014). BDNF mechanisms in late LTP formation:
a synthesis and breakdown. Neuropharmacology 76 (Pt C):664-676. doi:
10.1016/j.neuropharm.2013.06.024

Raab-Graham, K. F., Haddick, P. C, Jan, Y. N, and Jan, L. Y. (2006).
Activity- and mTOR-dependent suppression of Kvl.l1 channel mRNA
translation in dendrites. Science 314, 144-148. doi: 10.1126/science.
1131693

Ramskold, D., Wang, E. T., Burge, C. B., and Sandberg, R. (2009). An abundance
of ubiquitously expressed genes revealed by tissue transcriptome sequence data.
PLoS Comput. Biol. 5:1000598. doi: 10.1371/journal.pcbi. 1000598

Raymond, C. R,, Thompson, V. L., Tate, W. P., and Abraham, W. C. (2000).
Metabotropic glutamate receptors trigger homosynaptic protein synthesis to
prolong long-term potentiation. J. Neurosci. 20, 969-976. Available online at:
http://www.jneurosci.org/content/20/3/969.short

Rinn, J. L., and Ule, J. (2014). Oming in on RNA-protein interactions. Genome
Biol. 15, 401. doi: 10.1186/gb4158

Frontiers in Cellular Neuroscience | www.frontiersin.org

October 2015 | Volume 9 | Article 420


http://www.jneurosci.org/content/21/2/382.long
http://www.jneurosci.org/content/20/3/969.short
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Hussain and Bashir

RNA modifications in synaptic plasticity

Ross, A. F., Oleynikov, Y., Kislauskis, E. H., Taneja, K. L., and Singer, R. H. (1997).
Characterization of a beta-actin mRNA zipcode-binding protein. Mol. Cell.
Biol. 17, 2158-2165. doi: 10.1128/MCB.17.4.2158

Saikia, M., Fu, Y., Pavon-Eternod, M., He, C., and Pan, T. (2010). Genomewide
analysis of N1-methyl-adenosine modification in human tRNAs. RNA 16,
1317-1327. doi: 10.1261/rna.2057810

Sakita-Suto, S., Kanda, A., Suzuki, F., Sato, S., Takata, T., and Tatsuka, M.
(2007). Aurora-B regulates RNA methyltransferase NSUN2. Mol. Biol. Cell. 18,
1107-1117. doi: 10.1091/mbc.E06-11-1021

Saletore, Y., Meyer, K., Korlach, J., Vilfan, I. D., Jaffrey, S., and Mason, C. E.
(2012). The birth of the epitranscriptome: deciphering the function of RNA
modifications. Genome Biol. 13, 175. doi: 10.1186/gb-2012-13-10-175

Santini, E., Huynh, T. N, MacAskill, A. F., Carter, A. G., Pierre, P,
Ruggero, D., et al. (2013). Exaggerated translation causes synaptic and
behavioural aberrations associated with autism. Nature 493, 411-415. doi:
10.1038/nature11782

Santoro, M. R,, Bray, S. M., and Warren, S. T. (2012). Molecular mechanisms of
fragile X syndrome: a twenty-year perspective. Annu. Rev. Pathol. 7, 219-245.
doi: 10.1146/annurev-pathol-011811-132457

Sarkar, S. N., Smith, L. T., Logan, S. M., and Simpkins, J. W. (2010). Estrogen
induced activation of extracellular signal-regulated kinase signaling triggers
dendritic resident mRNA translation. Neuroscience 170, 1080-1085. doi:
10.1016/j.neuroscience.2010.07.035

Satterlee, J. S., Basanta-Sanchez, M., Blanco, S., Li, J. B., Meyer, K., Pollock, J., et al.
(2014). Novel RNA modifications in the nervous system: form and function.
J. Neurosci. 34, 15170-15177. doi: 10.1523/JNEUROSCI.3236-14.2014

Schaefer, M., Pollex, T., Hanna, K., Tuorto, F., Meusburger, M., Helm, M., et al.
(2010). RNA methylation by Dnmt2 protects transfer RNAs against stress-
induced cleavage. Genes Dev. 24, 1590-1595. doi: 10.1101/gad.586710

Schratt, G. (2009). microRNAs at the synapse. Nat. Rev. Neurosci. 10, 842-849. doi:
10.1038/nrn2763

Schwartz, S., Bernstein, D. A., Mumbach, M. R., Jovanovic, M., Herbst, R. H.,
Ledén-Ricardo, B. X., et al. (2014). Transcriptome-wide mapping reveals
widespread dynamic-regulated pseudouridylation of ncRNA and mRNA. Cell
159, 148-162. doi: 10.1016/j.cell.2014.08.028

Shaw, G. S., Morse, M., and Ararat, F. L. (2002). Graham preferential
transformation of human neuronal cells by human adenoviruses and the origin
of HEK 293 cells. FASEB J. 16, 869-871. doi: 10.1096/1j.01-0995fje

Sidorov, M. S., Auerbach, B. D., and Bear, M. F. (2013). Fragile X mental
retardation protein and synaptic plasticity. Mol. Brain 6:15. doi: 10.1186/1756-
6606-6-15

Squires, J. E., Patel, H. R., Nousch, M., Sibbritt, T., Humphreys, D. T., Parker, B. J.,
etal. (2012). Widespread occurrence of 5-methylcytosine in human coding and
non-coding RNA. Nucleic Acids Res. 40, 5023-5033. doi: 10.1093/nar/gks144

Steward, O., and Levy, W. B. (1982). Preferential localization of polyribosomes
under the base of dendritic spines in granule cells of the dentate gyrus.
J. Neurosci. 2, 284-291.

Su, A. I, Wiltshire, T., Batalov, S., Lapp, H., Ching, K. A., Block, D, et al. (2004).
A gene atlas of the mouse and human protein-encoding transcriptomes. Proc.
Natl. Acad. Sci. U.S.A. 101, 6062-6067. doi: 10.1073/pnas.0400782101

Sun, Y., Pollard, S., Conti, L, Toselli M., Biella, G., Parkin, G, et al.
(2008). Long-term tripotent differentiation capacity of human neural stem
(NS) cells in adherent culture. Mol. Cell. Neurosci. 38, 245-258. doi:
10.1016/j.mcn.2008.02.014

Sutton, M. A., and Schuman, E. M. (2006). Dendritic protein synthesis, synaptic
plasticity, and memory. Cell 127, 49-58. doi: 10.1016/j.cell.2006.09.014

Sutton, M. A,, Tto, H. T., Cressy, P., Kempf, C., Woo, J. C., and Schuman,
E. M. (2006). Miniature neurotransmission stabilizes synaptic function via
tonic suppression of local dendritic protein synthesis. Cell 125, 785-799. doi:
10.1016/j.cell.2006.03.040

Sutton, M. A., Wall, N. R,, Aakalu, G. N., and Schuman, E. M. (2004). Regulation
of dendritic protein synthesis by miniature synaptic events. Science 304,
1979-1983. doi: 10.1126/science.1096202

Swanger, S. A., and Bassell, G. J. (2013). Dendritic protein synthesis
in the normal and diseased brain. Neuroscience 232, 106-127. doi:
10.1016/j.neuroscience.2012.12.003

Tang, S. J., and Schuman, E. M. (2002). Protein synthesis in the dendrite. Philos.
Trans. R. Soc. Lond. B 357, 521-529. doi: 10.1098/rstb.2001.0887

Thomas, P., and Smart, T. G. (2004). HEK293 cell line: a vehicle for the expression
of recombinant proteins. J. Pharmacol. Toxicol. Methods 51, 187-200. doi:
10.1016/j.vascn.2004.08.014

Tiruchinapalli, D. M., Oleynikov, Y., Keli¢, S., Shenoy, S. M., Hartley, A., Stanton,
P. K, et al. (2003). Activity-dependent trafficking and dynamic localization
of zipcode binding protein 1 and B-actin mRNA in dendrites and spines of
hippocampal neurons. J. Neurosci. 23, 3251-3261. Available online at: http://
www.jneurosci.org/content/23/8/3251.long

Tongiorgi, E., Righi, M., and Cattaneo, A. (1997). Activity-dependent dendritic
targeting of BDNF and TrkB mRNAs in hippocampal neurons. J. Neurosci. 17,
9492-9505.

Torre, E. R., and Steward, O. (1992). Demonstration of local protein synthesis
within dendrites using a new cell culture system that permits the isolation
of living axons and dendrites from their cell bodies. J. Neurosci. 12,
762-772.

Tuorto, F., Liebers, R., Musch, T., Schaefer, M., Hofmann, S., Kellner, S., et al.
(2012). RNA cytosine methylation by Dnmt2 and NSun2 promotes tRNA
stability and protein synthesis. Nat. Struct. Mol. Biol. 19, 900-905. doi:
10.1038/nsmb.2357

Wang, D. O., Kim, S. M., Zhao, Y., Hwang, H., Miura, S. K., Sossin, W. S,,
et al. (2009). Synapse- and stimulus-specific local translation during long-term
neuronal plasticity. Science 324, 1536-1540. doi: 10.1126/science.1173205

Wang, X, and He, C. (2014). Dynamic RNA modifications
posttranscriptional regulation. Mol. Cell 56, 5-12. doi: 10.1016/j.molcel.
2014.09.001

Wang, X., Lu, Z., Gomez, A., Hon, G. C., Yue, Y., Han, D,, et al. (2014a). N°-
methyladenosine-dependent regulation of messenger RNA stability. Nature
505, 117-120. doi: 10.1038/nature12730

Wang, X., Zhao, B. S., Roundtree, I. A,, Lu, Z., Han, D., Ma, H,, et al. (2015).
N(6)-methyladenosine modulates messenger RNA translation efficiency. Cell
161, 1388-1399. doi: 10.1016/j.cell.2015.05.014

Wang, Y., Li, Y., Toth, J. I, Petroski, M. D., Zhang, Z., and Zhao, J.
C. (2014b). N6-methyladenosine modification destabilizes developmental
regulators in embryonic stem cells. Nat. Cell Biol. 16, 191-198. doi: 10.1038/
ncb2902

Weiler, 1. J., and Greenough, W. T. (1991). Potassium ion stimulation triggers
protein translationion synaptoneurosomal polyribosomes. Mol. Cell. Neurosci.
2, 305-314. doi: 10.1016/1044-7431(91)90060-2

Weiler, L. J., and Greenough, W. T. (1993). Metabotropic glutamate receptors
trigger postsynaptic proteins synthesis. Proc. Natl Acad. Sci. U.S.A. 90,
7168-7171. doi: 10.1073/pnas.90.15.7168

Weingarten, J., Lassek, M., Mueller, B. F., Rohmer, M., Lunger, 1., Baeumlisberger,
D., et al. (2014). The proteome of the presynaptic active zone from
mouse brain. Mol. Cell. Neurosci. 59, 106-118. doi: 10.1016/j.mcn.
2014.02.003

Zalfa, F., Giorgi, M., Primerano, B., Moro, A., Di Penta, A., Reis, S., et al.
(2003). The fragile X syndrome protein FMRP associates with BC1 RNA and
regulates the translation of specific mRNAs at synapses. Cell 112, 317-327. doi:
10.1016/50092-8674(03)00079-5

Zhong, S., Li, H., Bodi, Z., Button, J., Vespa, L., Herzog, M., et al. (2008). MTA
is an Arabidopsis messenger RNA adenosine methylase and interacts with
a homolog of a sex-specific splicing factor. Plant Cell 20, 1278-1288. doi:
10.1105/tpc.108.058883

in

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2015 Hussain and Bashir. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

10

October 2015 | Volume 9 | Article 420


http://www.jneurosci.org/content/23/8/3251.long
http://www.jneurosci.org/content/23/8/3251.long
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	The epitranscriptome in modulating spatiotemporal RNA translation in neuronal post-synaptic function
	Epitranscriptomics: A Sleeping Giant of Fundamental Molecular Genetics Research
	The Epitranscriptome in Modulating Protein Synthesis
	Activity-dependent Protein Synthesis in Neuronal Dendrites: A Brief History
	Molecular Mechanisms of Dendritic Protein Synthesis and Synaptic Plasticity
	The Translation-repressor FMRP in Synaptic Plasticity
	Potential Roles for RNA Modifications in the Modulation of Synaptic Function
	Potential Mechanisms and Advantages Offered by RNA Modifications
	Potential Roles for the Intellectual Disability Gene NSun2?
	Some Empirical Support

	Future Directions
	Acknowledgments
	Supplementary Material
	References


