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Abstract

Translational control of gene expression is instrumental in the regulation of eukaryotic cellular
form and function. Neurons in particular rely on this form of control as their numerous synaptic
connections need to be independently modulated in an input-specific manner. Brain cytoplasmic
(BC) RNAs implement translational control at neuronal synapses. BC RNAs regulate protein
synthesis by interacting with elF4 translation initiation factors. Recent evidence suggests that such
regulation is required to control synaptic strength, and that dysregulation of local protein synthesis
precipitates neuronal hyperexcitability and a propensity for epileptogenic responses. A similar
phenotype results from lack of fragile X mental retardation protein (FMRP), indicating that BC
RNAs and FMRP use overlapping and convergent modes of action in neuronal translational
regulation.
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Translational control in neurons

In eukaryotes, the cellular regulation of gene expression unfolds on several levels, including
transcriptional control in the nucleus and translational control in the cytoplasm. In large and
complex cell types in particular, translational control of gene expression [1] plays an
important role in the temporal-spatial management of local protein reservoirs in subcellular
microdomains. The requirements for local control are especially demanding in nerve cells.
Neurons make large numbers of synaptic connections with each other, often more than 1000
per cell. These synapses need to be independently maintained and regulated in a manner that
is specific and responsive to the physiological input that each of them receives. For this
reason, local control of translation is key to synaptic function and plasticity.

Protein-synthetic machinery (i.e. ribosomes, translation factors, tRNAs, etc.) is actively
present at postsynaptic sites, and increasing numbers of mMRNAS have been reported to be
selectively delivered to such sites [2—-4]. Dendritic mRNAs are diverse, encoding synapto-
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dendritic proteins such as cytoskeletal components, receptors, and kinases, among others [3,
4]. The intimate juxtaposition of MRNAs and translational machinery at the synapse
necessitates effective mechanisms to ensure that translation of such mRNAs is tightly
controlled. Inappropriate or premature synthesis of local proteins can result in excessive
strengthening of synapses, which in turn can cause neuronal hyperexcitability and, at the
network level, a propensity for epileptogenic responses. To maintain an appropriately
balanced neuronal excitability, it is therefore critically important that translational regulators
are in place at the synapse to implement temporal-spatial control of local protein synthesis.
Several such regulators have now been identified, prominent among them the fragile X
mental retardation protein (FMRP, see glossary), micoRNAs (miRNAs), and BC (brain
cytoplasmic) RNAs.

This review discusses the significance of translational control in brain function, and it
highlights recent advances in our understanding of regulatory BC RNAs in such
mechanisms. We do not cover neuronal miRNAs as they have been discussed extensively in
recent years [5-10].

Functional absence of FMRP, the protein product of the FMR1 gene, causes the fragile X
syndrome (FXS) [11, 12]. Lack of FMRP is typically the consequence of CGG triplet repeat
expansions in the 5° UTR of the FMR1 gene. Transcriptional silencing is induced once the
repeat length exceeds 200 units [11, 13]. FXS is characterized by intellectual disability,
often in conjunction with epileptic and autistic phenotypes [11, 13].

FMREP is a negative regulator of translation although this function is subject to modulation
by phosphorylation. How FMRP represses translation has been a subject of debate. While
some reports associate FMRP with the initiation phase of translation [14-18], data to
indicate that FMRP targets translating polyribosomes [19-22] are consistent with a
regulatory role at a later step, such as elongation or termination. This notion is also
supported by recent data showing that FMRP binds to protein-coding regions of target
mRNAs and stalls translocating ribosomes [23]. In view of the combined evidence, it cannot
be ruled out that FMRP employs multi-modal repression mechanisms, possibly targeting
translation via initiation, via postinitiation steps (e.g. elongation), or via combinations of
these.

FMRP has been reported to interact physically with BC1 RNA and to control translation of
FMRP target mRNAs via this interaction [15, 24]. However, these claims could not be
independently corroborated by other groups [25, 26]. A further report [27] found that FMRP
bound BC1 RNA in vitro with an estimated equilibrium dissociation constant of Kp = 25
nM but stated that FMRP bound tRNA with the same affinity, and that similar results were
obtained with single-stranded DNA oligodeoxynucleotides of 56-98 nt in length. It would
appear that the observed in vitro interactions between FMRP and BC1 RNA are entirely
unspecific.

Using high-throughput sequencing of RNAs isolated by crosslinking immunoprecipitation
(HITS-CLIP), Darnell et al. [23] identified 842 FMRP target transcripts, among them some
previously reported dendritic mMRNASs (e.g. CaMKlla mRNA, MAP2 mRNA) as well as
well as novel FMRP targets that encode proteins involved in synaptic function and
plasticity. Notably, the list of FMRP target transcripts also includes a substantial number of
autism candidate gene products, supporting a functional link between loss of FMRP and
autistic manifestations [23].
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The collective evidence has identified FMRP as a reversible repressor of translation that
targets a large number of neuronal MRNAs. Although the mechanism of action continues to
be debated, the data suggest that translational control by FMRP is an important determinant
of brain function.

It has become increasingly clear over the past decade that molecular control of cellular form
and function is often performed by regulatory RNAs [10, 28-30]. Protein-coding genes
make up less than 2% of the human genome [30, 31]. By contrast, a major part of the rest of
the genome is transcribed in various cell types [28, 32]. During evolution, non-protein-
coding elements have steadily increased their presence in genomes, accounting for about
10% of genomic content in some prokaryotes but more than 90% in mammals (Figure 1)
[33]. At the same time, protein-coding genomic content has remained rather constant at a
level below 40 Mb (Figure 1). It is assumed that many non-protein-coding elements are
transcribed into RNAs with regulatory functions, and that the need for such cellular
regulators has increased with growing organismal complexity during phylogenetic
development [33].

The mammalian central nervous system is unsurpassed in terms of complexity, and neuronal
regulatory RNAs are being identified at an accelerating pace. Here we focus on neuronal
regulatory RNAs that are in the small RNA category, i.e. in a size range of up to 400
nucleotides. We define 400 nucleotides as the cutoff between small (or short) RNAs and
long RNAs (i.e. SRNAs and IRNAs, respectively) [10]. This definition is consistent with
established terminology (see glossary) such as SnRNA for small nuclear RNA (e.g. 7SK
RNA), snoRNA for small nucleolar RNA (e.g. U3 RNA), and scRNA for small cytoplasmic
RNA (e.g. SRP RNA), with the three examples given each measuring about 300 nucleotides
in size.

BC RNAs comprise a small family of ScCRNAs. Prototypical BC1 RNA is a 152-nucleotide
ScCRNA that is expressed in rodent neurons where it is located in synapto-dendritic domains
[29, 34]. A second, shorter species (BC2 RNA, about 100 nucleotides) has been detected in
rodent brains but has not been functionally characterized [34, 35]. BC200 RNA, a 200-
nucleotide SCRNA expressed in primate nervous systems [36, 37], is an analog rather than an
ortholog (see glossary) of rodent BC1 RNA. The BC1 RNA and BC200 RNA genes were
each generated by retroposition (Box 1) but are of different evolutionary pedigree: whereas
the former is a phylogenetic descendant of tRNAAI, the latter derives from SRP RNA [38-
40]. To the extent this has been examined, mature BC RNAs are collinear with their genes
and do not undergo co-or posttranscriptional modification [38, 40, 41].

Box 1
Retroposition

Retroposition (also known as retrotransposition) is an RNA-based mechanism that in the
course of phylogenetic development has had a profound impact in shaping eukaryotic
genomes [82-85]. In a retroposition event, a cellular transcript is reverse-transcribed into
multiple DNA elements that are in turn inserted into genomic DNA (Figure I). Whereas
somatic retroposition has been implicated in organismal development and disease,
heritable retroposition requires that these mechanisms occur in the germline [82]. A
typical retroposition event proceeds through the stages of DNA cleavage at the genomic
locus of integration, annealing of a template RNA molecule, reverse transcription, and
gap closure with associated target site duplication (Figure I) [84]. Especially with RNA
molecules that constitute efficient templates for reverse transcription, the number of
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insertions can be high, and it is estimated that about 45% of the human genome has been
generated by retroposition events [83]. Because of mutational neutralization, more
ancient retroposons are difficult to detect. Nevertheless, this process is ancient, and it has
been estimated [86] and recently confirmed [87] that about two thirds (and by
extrapolation almost the entire human genome [86]) has been generated by RNA-to-DNA
conversion.

The retroposition mechanism has the potential to generate large numbers of copies,
partial copies, or variant copies of existing genes, that are inserted into novel genomic
environments. The insertion environment is therefore a crucial determinant of functional
outcome. Retroposition events can simply result in insertion mutations, in which case
they can be detrimental and cause genetic disorders [82]. However, retroposition can also
initiate genomic innovation and set the stage for the evolution of novel regulatory RNAs
[88]. This scenario is particularly relevant whenever the retroposition event originates
with an RNA polymerase I11 (Pol I11) transcript. RNA Pol 111 genes carry their promoters
in the coding regions. As a result, Pol 111 retroposons are often transcriptionally
competent, and their transcripts can therefore be recruited into novel functional roles. The
expression competence of Pol 111 retrogenes will also depend on integration site flanking
(mostly upstream) sequences that can act as additional promoter elements. It is noted in
this context that information sufficient for the tissue-specific expression of BC1 RNA is
contained within a 1.4 kb upstream region [89].

Because the generation of regulatory RNA genes via retroposition is an ongoing process
in mammalian evolution, it appears likely that retrogenes often arise in specific orders or
genera, thus bestowing selection advantages and promoting phylogenetic diversification.
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Figurel.

The retroposition mechanism. The sequence is initiated with a nicking of the first
(bottom) DNA strand by an endonuclease (step 1). The new 3" end serves as a primer for
reverse transcription of a template RNA (red, step 2) [84]. Second strand cleavage (step
3) occurs during or after reverse transcription. After integration (step 4), the hybrid RNA
is degraded, and second strand synthesis ensues (step 5). Newly synthesized DNA strands
are in green. Target site duplications (TSDs) are hallmarks of retroposons. They occur
because target site cleavage produces staggered ends, and the resulting small gaps are
filled in on both sides of the insertion, giving rise to short flanking duplications. Adapted
from Kazazian et al. [84], with permission.

BC RNA:s are thus regulatory RNAs that, in the course of mammalian phylogenetic
development, have been recruited to operate in increasingly complex neural systems. They
regulate neuronal gene expression through translational control.

BC RNAs in translational control mechanisms

BC RNAs are negative regulators of translation. The first evidence about the mechanism of
translational control (see glossary) by BC RNAs was obtained by differential internal
ribosome entry site analysis coupled with sucrose density gradient centrifugation. This work
established that BC1 RNA inhibits translation initiation (see glossary) by repressing
assembly of 48S initiation complexes [42]. Three factors that operate in the translation
initiation pathway are targeted by BC1 RNA: eukaryotic initiation factors (elFs) 4A and 4B
and poly(A) binding protein (PABP) [42—-44]. Repression is mainly achieved through
interactions with elFs 4A and 4B [44]. elF4A is an ATP-dependent RNA helicase that
unwinds double-stranded content in the 5” untranslated regions (UTRs) of mMRNAs, enabling
those mRNAs to recruit small ribosomal subunits to their start codons [45]. elF4B is a
multifunctional factor that stimulates the helicase activity of elF4A and also promotes
recruitment of the small ribosomal subunit by interacting with 18S rRNA and elF3 [45, 46].
Thus, BC1 RNA targets a rate-limiting step in eukaryotic translation initiation, the
recruitment of the small ribosomal subunit to the mRNA.

Rodent BC1 RNA and primate BC200 RNA have indistinguishable translational repression
competencies and mechanisms [44]. Despite the distinct phylogenetic pedigrees of the two
RNAs, they share important common structural features. These include a tripartite structure
with a 5" stem-loop domain, a central A-rich region, and a 3 stem-loop domain [34, 36]. The
BC1 and BC200 3’ stem-loop domains feature noncanonical C-loop motifs (Box 2) that are
identical in both RNAs [44]. It is through this motif, and the adjacent A-rich region, that
BC1 and BC200 RNAs interact with elF4B and elF4A, respectively, and exert their
translational repression competence [44].

Box 2
Noncanonical RNA motifs

Noncanonical nucleotide interactions are characterized by types of hydrogen bonds that
are different from those seen in canonical (i.e. Watson-Crick, WC) interactions. In its
interactions with other nucleotides, a nucleotide base can use any of its three ‘edges’:
Watson-Crick (WC), Hoogsteen (H), and Sugar-Edge (SE) [90]. All of the 12
theoretically possible interaction types are naturally occurring in RNA (e.g. trans-H/SE,
cis-WC/SE, and others), in contrast to DNA which is typically restricted to canonical cis-
WC/WC. The geometry of noncanonical interactions and pairings, especially those
involving H and/or SE hydrogen bonding, is often such that they force RNA stem-loops
into distinct 3D architectural conformations that serve as recognition codes for
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transacting proteins [58]. Thus, except for strictly protein-coding regions, it is often the
3D structure of architectural RNA motifs, rather than nucleotide sequence per se, that is
subject to natural selection in evolution [59, 91].

Numerous types of noncanonical RNA motifs have been identified [59]. C-loop motifs
are important for BC RNA translational repression competence (Figure 1). These motifs
feature standard cis-WC/WC pairs as well as noncanonical trans-WC/H and cis-WC/SE
interactions [44, 58]. A second type of noncanonical RNA maotifs is used by BC RNAs to
encode spatial information for dendritic targeting [62]. These motifs, known as GA
motifs, feature noncanonical purinespurine interactions in which tandem GeA/A«G pairs
engage in trans-H/SE interactions. GA motifs are dimorphic in that they can assume a
straight or a kinked conformation. The latter conformation, also known as kink-turn or K-
turn, is prevalent at high divalent cation concentrations and/or when engaged with
cognate binding proteins [58, 62].

C-loop C-loop C-loop
BC1 RNA BC200 RNA Yeast rRNA

Figurel.

Noncanonical C-loop motifs. BC RNA C-loop motifs are aligned with a previously
described eukaryotic C-loop motif [58]. Canonical and non-canonical nucleotide
interactions are indicated. Base pairings are typified using the Leontis and Westhof
scheme of symbolic representations [58, 90] as follows: solid symbols, ¢/s pairing; open
symbols, frans pairing; lines, c/ss WC/WC (green and yellow boxes); solid circle-arrow,
¢is-WC/SE (blue box); open circle-square, frans-WC/H (purple box). Adapted from Eom
et al. [44], with permission. Copyright © American Society for Microbiology.

Role of metabotropic glutamate receptor (mGIluR) signaling in translational

control

In the mGIuR theory of fragile X mental retardation, Bear and colleagues [12] proposed that
FMRP functions as a repressor in translation pathways that are activated via stimulation of
group I mGIuRs (see glossary). Thus, FMRP would act as a downstream brake that balances
translational output upon activation of upstream group | mGIuR signaling. This concept has
since received significant experimental support. Group | mGluR-dependent protein synthesis
[47] is defective in Fmrl knockout (KO) animals [48, 49]. Lack of FMRP results in neuronal
hyperexcitability, manifesting in epileptogenic responses that require signaling through the
group I mGIuR — MEK-ERK (mitogen-activated protein kinase kinase/extracellular signal-
regulated kinase) pathway [50]. Correspondingly, elevated basal protein synthesis in Fmrl
KO animals depends on MEK-ERK signaling, but not Akt-mTOR signaling [51]. These data
support the notion that FMRP represses translation that operates downstream from group |
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mGIuR and MEK-ERK pathway signaling. In addition, however, FMRP has also been
implicated in upstream signaling events. Interactions between mGIuRs and Homer, a
scaffolding protein that links signaling molecules in postsynaptic densities, are reduced in
Fmrl KO mice, and the consequential downregulation of mGIuR activation of PI3K-mTOR
activity was proposed to decrease mGIluR-stimulated translation [52].

In many respects, the phenotypic consequences of a lack of BC1 RNA are very similar to
those of a lack of FMRP. BC1 KO animals exhibit neuronal hyperexcitability, as evidenced
by a predisposition for prolonged epileptiform discharges, exaggerated cortical oscillations
in the gamma frequency range, and a susceptibility to convulsive seizures upon auditory
stimulation [53]. These phenotypic manifestations require activation of group I mGIuRs and
MEK-ERK signaling, indicating that BC1 RNA targets translation pathways that depend on
such signaling. The close correspondence between the BC1 KO and the Fmrl KO
phenotypes prompted the generation of double KO (dKO) animals that lack both BC1 RNA
and FMRP. These animals exhibit the same phenotypic manifestations as the single KO
(sKO) animals, however in significantly more severe forms [54]. Hyperexcitability is
exacerbated in dKO neurons, as evidenced by epileptiform discharges that materialize
earlier and occur with higher frequency and longer duration, as compared with respective
sKO neurons. Spatial learning, which is only mildly affected in BC1 and Fmrl sKO animals
[54, 55], is severely impaired in dKO animals [54]. The dKO phenotypic features indicate
that the contributions of the BC1 and FMRP translation repression mechanisms are modular-
additive.

The close phenotypic resemblance of the respective animal models strongly suggests that the
two repression systems cooperate functionally, although not physically, to generate
significantly overlapping translational output profiles. Recent work has identified a
comprehensive set of FMRP target MRNAs [23]; analogous work with BC1 RNA should
establish the extent of overlap. A possible scenario to explain their functional convergence is
that BC RNAs and FMRP act in series along the translation pathway (Figure 2). It is
expected, however, that the functional convergence of the BC RNA and FMRP translational
control mechanisms is less than complete because it is possible that (i) the respective
complements of target MRNAs overlap only partially, and that (ii) FMRP is multifunctional
and performs roles in addition to repression of translation [52, 56]. An in-depth
understanding of the nature and extent of functional convergence might ultimately also
provide a basis for designing substitution approaches, for example remedying a lack of
FMRP by increasing BC RNA expression.

RNA transport

The targeted delivery of RNAs (including mRNAS, tRNAs, and regulatory RNAS) to
synapto-dendritic domains is a prerequisite for local protein synthetic competence and a
determinant of its specificity. The number of mRNAs that are locally available at a given
synapse is physically limited [57], and the makeup of this mRNA reservoir is a key
underlying factor in the plastic modulation of synaptic strength. It is for this reason
important that we understand the mechanisms of dendritic RNA transport, and the nature of
the spatial codes that RNAs use to specify their intracellular destination sites.

Several RNA localization pathways have been described in eukaryotic cells, including the
Staufen, the zipcode binding protein (ZBP), and the heterogeneous nuclear
ribonucleoprotein (hnRNP, see glossary) A2 pathways. In neurons, dendritically targeted
RNAs include mRNAs and regulatory RNAs such as miRNAs and BC RNAs (Figure 3).
However, common principles in neuronal RNA transport have been slow to emerge.
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Contributing to the problem has been our limited understanding of functional RNA
architecture.

In recent years, major advances in the field of RNA biology have led to a growing
appreciation of the significance of RNA architectural motifs in RNA functionality [58-60].
Specifically, the collective work highlights the role of noncanonical nucleotide interactions
as structural determinants of RNA motifs (Box 2) [58, 59]. Noncanonical motifs of the GA
type (see glossary) are requisite for the dendritic delivery of BC RNAs [61, 62]. BC1 and
BC200 RNAs contain analogous GA motifs in their 5" stem-loop domains. An unpaired U
residue (U22, located directly adjacent to the GA motif) is also required for the dendritic
delivery of BC1 RNA [61]. The BC RNA transport motifs interact with hnRNP A2 [62], a
previously identified RNA transport factor (Figure 3) [63]. Noncanonical motif features are
essential as conversion to standard Watson-Crick (WC) pairing abolishes both hnRNP A2
binding and dendritic delivery [62]. hnRNP A2 has also been shown to bind to an A2
response element (A2RE), an RNA element that is found in various localized mMRNAs [63,
64] and that is contained within the GA motif structure. Structural data will be needed to
establish the precise contributions of single-stranded, double-stranded, and noncanonical
content that underlie recognition by hnRNP A2. A second potential transport factor, Pura,
binds to the transport-specifying 5° domains of BC1 and BC200 RNAs [65, 66], but its role
in dendritic delivery of BC RNAS remains to be established.

As mentioned before, CGG repeats in excess of 200 units in the 5° UTR of the FMR1 gene
(known as full mutation) trigger transcriptional silencing, thus causing FXS. In contrast,
CGG repeats that have expanded into a rage of about 55 to 200 units (known as
premutation) are transcribed as part of FMR1 mRNA. They cause various disorders
including the fragile X-associated tremor/ataxia syndrome (FXTAS) which is characterized
by cognitive decline and motor disorders at advanced age [13]. The premutation, alleles of
which are carried by approximately 1:250-810 males and 1:130-250 females [67], also
causes neurodevelopmental deficits including cognitive impairment, seizure activity, autism-
spectrum disorder (ASD), and symptoms that resemble mild fragile X syndrome [13].
Premutation FMR1 mRNA is expressed at significantly elevated levels [68], and it is
assumed that expanded repeats give rise to RNA toxicity via a dominant gain-of-function
mechanism [13]. CGG repeat RNA interacts with cellular factors, and it is likely that
premutation FMR1 mRNA sequesters specific factors and makes them unavailable to
perform their normal functions. Several CGG-interacting factors have been identified [13,
69], among them hnRNP A2 which is colocalized with premutation FMR1 mRNA in
cellular inclusions that are characteristic of FXTAS [70].

CGG repeats form stable stem-loops that feature noncanonical GG pairs [71, 72]. Given
that hnRNP A2 binds to the noncanonical targeting motif of BC RNAs [62] and to CGG
repeat RNA [69, 73], it was conceivable that these two types of RNA might engage in a
molecular competition for the common cellular resource hnRNP A2. Such competition was
indeed observed. CGG repeat RNA, used at repeat lengths and intracellular concentrations
that corresponded to those in human premutation cells [68], compete directly with BC1
RNA for binding to hnRNP A2, resulting in reduced dendritic transport [62]. The data
suggest that impairments in intracellular RNA localization mechanisms can result in disease.
In addition, other cellular factors (including Pura, Sam68) have been identified as
interacting with expanded CGG repeat RNA [69, 74, 75]. CGG premutation phenotypic
manifestations might thus result from competitive interactions of expanded CGG repeat
RNA with multiple cellular target factors.

The BC1 and BC200 RNA genes trace their origins to retroposition events (Box 1), and both
genes in turn have given rise to retroposed elements in the rodent and primate genomes,
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respectively [38, 40, 76]. In the well-studied case of BC1 retroposition, so-called 1D
elements have been disseminated in rodent genomes. These elements are derived from, and
are hence identical or similar to, the 5" BC1 domain [76]. It was therefore conceivable that
some of these elements, when inserted into a host MRNA gene and transcribed in neurons,
would confer dendritic targeting competence to that mMRNA. Recent evidence indicates that
this is indeed the case. Buckley et al. [77] reported that ID element retroposons can reside in
introns that are retained in cytoplasmic transcripts, and that such 1D elements confer
dendritic targeting competence to their host MRNAs. This work underscores the impact of
retroposition in the genomic dissemination of RNA targeting codes during the course of
phylogenetic development.

As a caveat, it has been observed that the 5° BC1 domain as well as ID elements, as part of
reporter RNASs expressed in transgenic animals, failed to reach dendritic domains [78]. It is
noted, however, that chronic overexpression of GA motif RNAS, as is the case in
conventional transgenic animals, can elicit anti-dSRNA cellular defense mechanisms [79,
80]. As part of anti-viral response strategies, such mechanisms are specifically triggered by
GA motifs containing tandem noncanonical GeA pairs [81]. Cellular responses directed
against GA motif dsRNA are mediated by activation of PKR which binds directly to the
motif [79-81].

The work discussed in this section again underscores the significance of noncanonical RNA
motifs. The decoding of such motifs by cognate protein factors is key to RNA functionality,
and we posit that compromised decoding can cause cellular impairments.

Concluding remarks

A fundamental conundrum in neurobiology is posed by the following consideration.
Whereas the long-term plastic modulation of synaptic strength requires changes in gene
expression, the nucleus is unlikely to “know” which specific synapses require modulation at
any given time. It is increasingly recognized that one solution to this problem is the
translational control of gene expression at local synaptic sites. This mechanism provides
neurons with the capability to synthesize synapto-dendritic proteins in a manner that is
specifically reactive to the input a given synapse receives [4]. However, it is imperative for a
cell to impose strict control over local protein synthetic capacity because excessive or
premature translation of mMRNAs available at a synapse may cause inappropriate synaptic
strengthening. Regulatory BC RNAS are representative mediators of such local control.

Mammalian genomes devote a significant percentage of their coding capacity to regulatory
RNA genes. It has been suggested that such a high level of regulatory power was
necessitated by an ever growing complexity of eukaryotic systems, as evidenced by the
ultimate example of a complex system, the human brain [33]. The question arises why
regulatory functions have increasingly been assumed by RNAs, rather than proteins, in
eukaryotic cells [31]. RNAs, possibly the most ancient of all bio-macromolecules, have
undergone a long and continuing co-evolution with RNA-interacting proteins. In the course
of this evolution, the number of RNA genes has significantly expanded as a result of
genomic retroposition events, and transcripts of such genes have become eligible for
functional recruitment (Box 1) [82-85].

With the beginning of the mammalian radiation about 65 million years ago, BC1 and BC200
RNAs were independently recruited into their novel functional roles in the rodent and
primate lineages, respectively [85]. The mechanistic mode of action of these two RNAs
appears to be identical; that is, translational repression via interaction with elFs 4A and 4B
[44]. An identical C-loop motif in the 3" domains of these RNASs is part of the structural
basis that likely underlies their functional selection by elF proteins. Thus, the two RNAs
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were independently recruited because a need had arisen for the local regulation of protein
synthesis in neurons, and because they were uniquely suited to address this need. Similarly,
the 5" domains of BC1 and BC200 RNAs contain highly similar GA motif structures that
serve as dendritic targeting codes [62]. Again, despite their separate phylogenetic ancestry,
the two RNAs have acquired convergent functional motif content that allows them to
interact with identical protein factors, in this case to mediate selective delivery to synapto-
dendritic domains. The rapid and adaptive evolution of RNA genes thus satisfies regulatory
needs that arise from increasing systems complexities.

The reliance on multiple regulators in the administration of complex systems, although
clearly vital, is not without risks. Who controls the regulators? Out-of-control regulators
could easily wreak havoc on the system they are supposed to govern. Such problems might
be caused, for instance, by inappropriate expression of regulators outside of their functional
contexts (e.g. in an inappropriate cell type). The consequences of dysregulated translation
could include inadequate growth control and malignant potential. In future research (Box 3),
aberrant control of regulatory RNAs is likely to be increasingly identified as causing cellular
dysfunction and disease.

Box 3
Outstanding questions

* How does FMRP target the translation mechanism? The mode of action used
by FMRP in the regulation of translation is not well understood. FMRP might
target the initiation phase of translation, the elongation or termination phase, or
a combination thereof. In either case, mechanisms of interaction with translation
machinery components need to be elucidated.

¢ What arethe mRNAsthat are subject to regulation by BC RNAS? Target
mRNAs that controlled by BC RNAs are only now being identified. The degree
of overlap between this complement and FMRP target mRNASs remains to be
established.

e What isthe human equivalent of the epileptogenic phenotype observed in
model animals? Lack or dysfunction of neuronal translational repressors seems
to precipitate hyperexcitability and epileptogenic responses. However, for BC
RNAs this has not yet been demonstrated with human subjects.

e Caninadequate RNA transport cause disease? Impaired neuronal RNA
transport can be expected to impact regulation of synaptic function. However,
mechanics and specificities of transport mechanisms are only vaguely
understood, as are phenotypic consequences and disease manifestation of
dysfunctional RNA transport.
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Figure 1.

coding regions per genome for species ranked by fraction of non-protein-coding DNA in (a).

genome across species. (a) Ratios of bases in non-protein-coding regions vs. total genomic
Adapted from Taft et al. [33], with permission.

DNA per sequenced genome. Prokaryotes are in black, unicellular eukaryotes in gray,
basal multicellular organisms in blue, plants in green, nematodes in purple, arthropods in

Ratios of non-protein-coding DNA and megabases of protein-coding regions per haploid
organisms known to be both uni- and multicellular, depending on lifecycle, in light blue,
orange, chordates in yellow, vertebrates in red. (b) Amount (in megabases) of protein-
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Figure 2. Trandlational control by BC RNAsand FMRP

Activation of group | mGIluRs (metabotropic glutamate receptors) couples to the
translational machinery via the MEK-ERK (mitogen-activated protein kinase kinase/
extracellular signal-regulated kinase) pathway. This translational stimulation is counteracted
by two translational repression systems acting in series. BC RNAs (here represented by BC1
RNA) repress assembly of 48S initiation complexes [42, 44] and thus negatively regulate
translation that is activated by signaling via the group | mGIuR — MEK-ERK pathway [53].
Analogously, FMRP represses translation that is stimulated via this pathway [12, 50]. The
asterisks associated with the two red inhibition bars indicate that published evidence has
implicated FMRP in the repression of initiation or postinitiation steps, or both. Earlier
evidence [14] suggested a role of FMRP in inhibiting formation of 80S ribosomes, but more
recent data [23] support a role in stalling elongating ribosomes. The combined actions of
translational stimulation and repression are assumed to ensure an appropriate excitability
balance at the synapse. Dark green arrows indicate activation, red T-shaped bars indicate
inhibition, and light green arrows indicate steps in a pathway.
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Figure 3. RNA transport in dendrites

The hnRNP (heterogeneous nuclear ribonucleoprotein) A2 and ZBP1 (zipcode binding
protein 1) pathways represent two of the major RNA targeting mechanisms in neurons.
hnRNP A2 (blue spheres) interacts with GA-type noncanonical motifs, as exemplified by
those in the 5 domain of BC1 and BC200 RNAs, and in the 3" UTR of PKM( mRNA [62].
At the synapse, BC RNAs repress translation (red T-shaped bar) by preventing 48S complex
formation [42, 44], thus providing a counterbalance to translational stimulation through
group I mGIuR activation (dark green arrow; center, right) [53]. hnRNP A2 also interacts
with expanded CGG repeat stem-loop structures in the 5° UTR of premutation FMR1
MRNA (FMR1 mRNA¥*) [69, 73]. Premutation FMR1 mRNA can compete with GA motif
RNAs for access to hnRNP A2, which could lead to impairments in their dendritic delivery
[62]. ZBP1 (orange spheres) interacts with the B-actin mMRNA zipcode, promoting dendritic
delivery of the mRNA while at the same time inhibiting its translation [3]. It is possible that
at the synapse, phosphorylation of ZBP1 by Src kinase (bottom, right) causes it to release -
actin mRNA, permitting translation [3]. Black arrows indicate movement and association,
dark green arrow indicates stimulation, red T-shaped bars indicate inhibition.
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