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Abstract
Alternative pre-mRNA splicing determines the protein output of most neuronally expressed genes.
Many examples have been described of protein function being modulated by coding changes in
different mRNA isoforms. Several recent studies demonstrate that through the coupling of splicing
to other processes of mRNA metabolism alternative splicing can also act as an on/off switch for
gene expression. Other regulated splicing events may determine how an mRNA is utilized in its
later cytoplasmic life by changing its localization or translation. These studies make clear that the
multiple steps of post-transcriptional gene regulation are strongly linked. Together these
regulatory process play key roles in all aspects of the cell biology of neurons, from their initial
differentiation, to their choice of connections, and finally to their function with mature circuits.
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Splicing as a modulator of protein structure and function
Alternative mRNA processing in neurons was first observed soon after the first examples of
alternative mRNAs arising from viral and immunoglobulin genes. The calcitonin and CGRP
peptides were found to be encoded by the same locus, with neurons producing CGRP and
thyroid cells producing calcitonin through changes in the splicing and polyadenylation of the
primary transcript [1]. In addition to making a complete change in gene product, early
analyses showed that alterations in splice site choice and hence in mRNA coding sequences
can produce refined structural and functional modifications in proteins essential for neuronal
development and activity (Figure 1). Well before the first genome sequences, many
hundreds of new spliced isoforms were being described each year, often specific to the
brain. It was clear that neurons (and also muscle) make extensive use of this mechanism to
regulate protein function. Common alternative splicing patterns are exon cassettes that are
either included or excluded from the final mRNA and alternative 5’ and 3’ splice sites that
change the length of an exon [2]. Multiple changes in splicing can be combined to produce
very complex patterns of expression and large numbers of mRNA and protein products from
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the same gene. Modern sequencing technologies have allowed the extent of mRNA and
protein diversity generated at the RNA processing level to be quantified. It is now clear that
nearly all multi-exon mammalian genes produce more than one mRNA product [3, 4].
Studies of tissue specific alternative exons found that they most commonly modify surface
loops or unstructured binding motifs within proteins, and thus make specific changes in
protein-protein interactions [5, 6]. This regulation is seen in all cell types, but is taken to
particular extremes of complexity in the nervous system [3, 7-12].

A number of mechanisms have been described that mediate the controlled use of particular
splice sites [13-15]. The most common is through the action of specialized RNA binding
proteins that recognize sequence elements in the pre-mRNA adjacent to regulated splice
sites [13, 15] [16]. Dozens of such proteins exhibiting diverse domain structures are now
known to affect splicing, and there are hundreds of potential regulatory RNA binding
proteins encoded in mammalian genomes. These proteins can bind in either exons or introns
and can either repress or activate the use of particular splice sites or exons. Genome-wide
maps of RNA binding by these regulators are defining the relationship between their binding
site positions and their regulatory effects. From these studies and earlier work, it is clear that
the same protein can act positively on some exons and negatively on others depending on
where it binds and what other factors are involved [17]. A number of splicing regulatory
proteins show tissue specific expression and this can lead to the cell type specific activation
or repression of particular splice sites. Regulators determining neuronal specific expression
of alternative exons include members of the PTBP, NOVA, RBFOX, CELF, ELAV, MBNL,
SRRM4 and other protein families [18, 19]. Many alternative exons have been recently
acquired during evolution, whereas other exons show conserved tissue-specific regulation
across vertebrate or mammalian species, or across insect species [8, 11] [20]. Exons within
this highly conserved class are generally regulated by multiple factors and the RNA
sequences surrounding them exhibit unusually high levels of conservation that maintain the
presence of multiple short binding elements [21]. The assembly of complex combinations of
splicing regulators onto these sequences gives rise to the unique tissue specificity of exon
use [22]. Large scale analyses of splicing regulatory elements are being directed to
understanding this splicing code and the prediction of where and when each exon is
expressed in mRNA [7, 23, 24] [25].

mRNA variants are usually first described in tissue samples such as whole brain, or in
cultured cell lines, and subsequently shown to be specific to particular cell types such as
neurons or glia. Many of these alternative splicing choices are determined during
development and different mRNA isoforms are characteristic of early or late neuronal
differentiation [26] [19]. However, isoform expression can be much more specific than is
sometimes appreciated. It was shown early on that individual neurons in a circuit or
ganglion can express different spliced isoforms of important transcripts [27-29]. Dynamic
regulation of splicing also occurs in mature neurons in response to stimuli or stressors [26]
[30, 31] [32] [33]. Thus for variants described as neuronal, the choice of splicing pattern
does not necessarily reflect a difference between neurons and other cells, but might have
much more complex determinants within neurons. How this specificity at the level of
neuronal subtypes or individual cells is directed is not clear.

Thousands of neuronally regulated mRNA isoforms have been described, but how particular
splicing changes alter the activity of the encoded proteins is often not known, even when the
splicing shows conserved regulation and conserved protein coding across species, and
modifies key domains for protein activity (Figure 1b). For complex systems, it can be a
major project to catalog all of the expressed isoforms [34] [12]. Understanding how protein
activity varies between different isoforms must then be assessed case by case using assays
appropriate to each gene product, a much slower process than simply identifying the
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isoforms. Nevertheless when examined closely, splicing changes often alter protein activity
in significant ways. Key changes in cell adhesion and connectivity during development, in
the efficacy of synaptic vesicle release, in the gating properties of ion channels, in the
regulation of signaling pathways by neurotransmitter receptors, and in the coupling of kinase
activity to cell excitation have all been attributed to changes in particular protein isoforms
[10, 26, 35] [19]. However, even when a substantial change in protein activity is caused by a
splicing choice, it is not always clear why this change is important to the cellular process
affected or why it needs to be regulated with development or in mature cells. Again this
requires focused genetic and cell biological studies of individual spliced isoforms (For
examples see: [26, 36-40]).

Splicing as an on/off switch
Rather than modifying protein activity, regulated splicing choices can also control the
overall expression of proteins. This was first described as a mechanism to enforce female
specific expression of the Sex lethal (Sxl) and transformer (tra) genes in Drosophila, key
regulators of somatic sexual development in the fly [41] [13]. Sxl and tra produce different
mRNA isoforms in female and male flies, where the female but not the male or non-sex
specific isoforms encode functional proteins. These studies focused on the dominantly
acting female products, and it has not been entirely elucidated whether there are roles for the
male transcripts or if they might be eliminated. Recent studies have found that the
expression of important neuronal proteins is controlled by similar mechanisms, where the
coupling of alternative splicing to downstream processes of mRNA maturation allows a
splicing choice to act as an on/off switch for a final protein product. In these systems,
because it is regulating overall expression, the cellular role of the splicing change is often
clearer than when splicing modifies protein structure and function. As seen for modification
of protein function by alternative splicing, the regulation of overall expression by splicing
contributes both to neuronal development and to dynamic modulation of activity in mature
cells.

One mechanism for controlling expression through a splicing choice is for one isoform to be
subject to mRNA decay rather than productive translation and thus be eliminated from cells
when that splicing pattern is chosen [42] [43]. This can be accomplished through the
coupling of alternative splicing to the nonsense mediated mRNA decay pathway (NMD,
Figure 1c). NMD is a surveillance mechanism that prevents expression of potentially
detrimental proteins from mutant or aberrantly spliced transcripts [44] [45]. During exon
ligation, the exon junction complex (EJC) is deposited 20-24 nucleotides upstream of the
spliced exon-exon junction [46] [47]. The EJC is composed of a tetrameric core of four
proteins as well as auxiliary factors that accompany the final mRNA to the cytoplasm, and
are thought to be stripped from the mRNA during translation. Most but not all mRNA
reading frames terminate in the last exon downstream from all the EJCs. However, if
translation should terminate more than 50 nucleotides upstream from an EJC, this acts as a
signal to target the transcript to the NMD pathway [48]. A terminating ribosome recruits the
NMD factor UPF1 that binds to the EJC auxiliary factors UPF2 and UPF3 to induce the
decapping and endonucleolytic cleavage of the transcript and its degradation [49].
Aberrantly spliced mRNAs containing frameshifts or mRNAs containing frameshift or
nonsense mutations that lead to premature translation termination before the last exon are
usually degraded by NMD, thereby reducing the production of potentially dominant
negative proteins. In the same manner, alternative splicing events that shift an mRNA
reading frame, or which insert a new stop codon, can produce highly unstable mRNAs [42,
43]. In this manner the choice of splicing pattern switches expression from a stable mRNA
to elimination of the gene product through mRNA decay (Figure 1c).

Zheng and Black Page 3

Trends Genet. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The coupling of alternative splicing to the NMD pathway (AS-NMD) is commonly seen in
mRNAs for splicing regulators or other RNA binding proteins [42, 43] [50]. These
transcripts often contain an alternative exon that is controlled by the encoded protein itself.
Excess expression of the RNA binding protein activates an autoregulatory loop that
produces the NMD targeted isoform and maintains homeostatic levels of the gene product.
A similar negative feedback mechanism controls spermidine/spermine N1-acetyltransferase
(SSAT) expression, where spermine-induced alternative splicing produces an NMD-targeted
SSAT mRNA [51]. Although so far only seen in SSAT, AS-NMD provides a possible
mechanism for end product inhibition of biosynthetic pathways. RNA binding proteins can
also cross-regulate each other through this mechanism [52-55] [56, 57]. For example, the
polypyrimidine tract binding protein PTBP1 represses a highly conserved exon in the
transcript of its neuronal paralog PTBP2, leading to NMD of the Ptbp2 mRNA in
undifferentiated cells. As neural progenitor cells differentiate, PTBP1 is repressed by the
microRNA miR124 [56]. Through its effects on PTBP2 splicing, the loss of PTBP1 induces
PTBP2 expression, resulting in a switch in these two similar proteins and an altered splicing
program during early neuronal differentiation [52, 53, 58] [56].

Several new studies have now found that AS-NMD controls important functions in neuronal
cell biology. DLG4 (also known as PSD-95) is a scaffold protein of the excitatory
postsynaptic density where it clusters membrane receptors and channels with downstream
signaling molecules [59]. DLG4 expression is enhanced late in neuronal differentiation
when the protein plays essential roles in synapse maturation [60, 61]. It was recently found
that developmental expression of Dlg4 is controlled at the RNA level by alternative splicing
of its exon 18 [62]. Immature mammalian neurons and many non-neuronal cells express
Dlg4 mRNA. However, this RNA is largely lacking exon 18, which shifts the reading frame,
leading to translation termination at a conserved stop codon in exon 19 and hence to NMD
of the Dlg4 mRNA transcript. Exon 18 splicing is controlled by the both PTBP1 and PTBP2
[58]. In non-neuronal cells and neural progenitors, exon 18 is repressed by PTBP1. During
development, the depletion of PTBP1 induces expression of PTBP2, which maintains the
repression of exon 18 and of DLG4 expression in the developing neuron. In late neuronal
differentiation, PTBP2 is finally downregulated to allow exon 18 splicing, and this induces
Dlg4 mRNA and protein expression to promote synapse maturation. The coupling of
alternative splicing to nonsense mediated mRNA decay allows the PTB proteins to control
the developmental expression of a key synaptic component. The PTB proteins are likely also
controlling inhibitory synapse development through similar mechanisms; A PTB target
exon, whose skipping should induce NMD, has also been described in a GABAB receptor
transcript [56]. This mechanism of regulation thus provides a genetic on/off switch similar
to the output of transcriptional or microRNA regulation.

That AS-NMD is a common mechanism for controlling synaptic protein expression is
shown by another recent paper, examining synaptic components that are part of a post-
transcriptional regulatory network controlled by the neuronal RNA binding proteins
NOVA1 and NOVA2 [63] [64]. Correlating changes in overall gene expression with
splicing changes in double Nova1/2 knockout mice, the authors identified AS-NMD targeted
mRNAs for several synaptic proteins, including DLG3(SAP102) and SCN9A (NAV1.7 or
NENA). Dlg3 exon 15, normally skipped in transcripts from wildtype brain, becomes
included in the Nova double knockout brain. Inclusion of exon 15 results in a reading
frameshift, leading to NMD of the transcript and significantly decreased DLG3 protein
expression in the Nova1/2 null mice. Exon 17a of Scn9a also leads to frameshift-induced
NMD when included in the mRNA. In contrast to Dlg3 exon 15, Scn9a exon 17a is normally
included in wildtype brain - leading to constant degradation by the NMD pathway.
Depletion of the NOVA proteins causes exon 17a skipping and increases SCN9A protein
expression in the Nova1/2 null mice. Thus, by having opposite effects on NMD-inducing
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exons, the NOVA proteins stimulate Dlg3 expression and inhibit Scn9a expression. The
physiological role of this coordinated AS-NMD regulation is not yet clear, but interestingly,
these exons change in splicing after pilocarpine induced seizure indicating that they may be
dynamically regulated in mature brain. The NOVA proteins may also contribute to the
developmental specific expression of these synaptic proteins. For example, SCN9A is
weakly expressed in the brain where the NOVA proteins are abundant, but is highly
expressed in dorsal root ganglion, smooth muscle and thyroid tissue where NOVA1/2 are
absent [65-67].

These studies and others indicate that AS-NMD is more widely used to modulate overall
expression from a gene than was previously appreciated [68-70]. The regulation of two of
the four DLG family proteins (DLG3 and DLG4) by this mechanism indicates that the other
Dlg genes, Dlg1 (Sap97) and Dlg2 (Psd-93), as well as other members of the membrane-
associated guanylate kinase (MAGUK) family might bear closer examination. There are also
several earlier examples of important transcripts in neurons subject to possible NMD
regulation. The axon guidance receptor gene Robo3 produces two spliced variants, Robo3.1
and Robo3.2 that differ by the presence of a retained intron in Robo3.2 [71]. The Robo3.2
reading frame terminates within the retained intron and upstream from a splice junction
making it a potential NMD target. Although a role for NMD has not been shown in Robo3.2
expression, the expression of ROBO3.2 protein appears to be translationally regulated upon
midline crossing by the axon. How this might result from its unusual mRNA structure is not
yet clear [72]. Another neuronal mRNA targeted by the NMD pathway is the immediate
early gene Arc, whose encoded protein regulates the surface expression of AMPA-type
glutamate receptors. The Arc mRNA is unusual in containing two exon-exon junctions in its
3’ UTR, making it a “constitutive” NMD target. Depletion of EIF4AIII, a core component of
the EJC, increases Arc mRNA and protein abundance in neurons [73]. For both Robo3.2 and
Arc, the splicing of the NMD-inducing isoforms does not appear to change. Instead, the
presence of the EJC on these transcripts appears to limit protein expression from these
mRNAs in a controllable manner. These transcripts provide additional examples of the
important interplay of splicing and NMD in controlling neuronal gene expression. One
poorly understood feature of NMD regulation is that the unstable isoform is often not
completely eliminated and yet its protein product is usually not observed. Why these
mRNAs do not produce product is not known and indicates interesting additional regulatory
connections between the different steps of gene expression.

In addition to cassette exons, another pattern of alternative splicing is the retention of a
complete intron in the final mRNA. However, pre-mRNAs are generally held in the nucleus
until introns are fully spliced, as the interaction of the U1snRNP with 5’ splice sites or of
U2AF with 3’ splice sites can maintain the nuclear localization of incompletely spliced
mRNAs [74, 75]. Studies have also shown that splicing and EJCs stimulate mRNA nuclear
export [76]. These aspects of mRNA quality control make intron retention different from
other patterns of alternative splicing, such as changes in exon use that do not generally leave
partial or complete introns in the final mRNA. For partially spliced transcripts to act as
mRNAs, mechanisms must be in place to allow their nuclear export. This is best understood
for HIV and other retroviruses where incompletely spliced transcripts required for the viral
lifecycle are targeted for export by special viral proteins such as Rev [77] [78]. Alternative
splicing to retain introns can have similar consequences to other patterns of alternative
splicing such as altering the coding of the mRNA. However, regulated intron retention can
also act as an on/off switch for gene expression by inhibiting nuclear export of the intron-
retained transcript. The splicing factor, SRSF1 negatively regulates its own expression
through this mechanism, as well as by the AS-NMD mechanism [79]. In neuronal cells, a
similar mechanism was found in apolipoprotein E4 (Apoe), whose intron 3 is normally
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retained to restrict APOE expression. The splicing of intron 3 is induced in response to
excitotoxic stimuli to increase APOE expression [80].

A recent paper demonstrates that multiple genes encoding presynaptic proteins (Stx1b,
Vamp2 and Sv2a) employ regulated intron retention to control their developmental
expression [81]. The splicing of 3’-terminal introns within these gene transcripts is repressed
by PTBP1 in nonneuronal cells and neural progenitor cells. Retention of these introns
inhibits export of the mRNA products to the cytoplasm and leads to their nuclear
degradation. As neurons differentiate and PTBP1 expression decreases, the 3’-terminal
introns are excised to allow normal nuclear export and cytoplasmic accumulation of the fully
spliced mRNA. The authors show that knockdown of Ptbp1 leads to increases in these
transcripts, and for the Stx1b transcript this response requires pyrimidine rich elements in the
retained intron. This study adds new features to the PTB regulatory network and raises
interesting mechanistic questions regarding how PTBP1 can cause intron retention instead of
other changes in the splicing pattern. Mutation of the splice sites within the Stx1b intron
allows export of the Stx1b transcripts, consistent with previous studies on the role of splice
sites in keeping intron-containing transcripts in the nucleus [74, 75]. The elimination of the
intron-retained Stx1b mRNA requires the nuclear exosome and the nuclear pore associated
protein Tpr/Mlp1 [82]. It will be interesting to examine how this decay pathway is initiated
and the roles of the U1 snRNP and PTBP1, which presumably remain bound to the Stx1b
intron until it is degraded. This study demonstrates a new mechanism for a splicing regulator
to control the overall expression of a gene. In this case, the splicing choice is coupled to
nuclear RNA decay processes rather than cytoplasmic NMD (Figure 1d).

Splicing as a determinant of cytoplasmic mRNA utilization
Alterations in 5’ and 3’ UTRs allow changes in how the mRNA from a gene is subsequently
utilized by the translation machinery [83-86]. Alternative 5’ and 3’ UTRs are often produced
through changes in transcription initiation site, or the choice of polyadenylation site, but can
also involve changes in spliceosome assembly. Moreover, as seen in viral transcripts, some
mRNAs containing introns can be exported to the cytoplasm. Besides altering coding of the
mRNA, these introns may serve other roles in neurons. Neurons maintain a specialized
system for transporting mRNAs along dendritic processes to synapses. These localized
mRNAs contain special sequences, or zipcodes, that mediate their dendritic targeting and
once transported are under translational control in response to synaptic transmission [87]
[88]. MRNA localization elements are frequently found in 5’ or 3’ UTRs. However,
unspliced introns have been observed in dendritic RNA. A recent report found that the
dendritic localization of Gria3, Gria4 and Grik1 transcripts may rely on retained intron
sequences [89]. The ID element class of SINE retrotransposons is enriched in these retained-
introns and may serve as the cis-acting localization element. However, another study found
that unlike the more characterized RNA localization elements, an ID element was not
sufficient to mediate transport of a fused EGFP reporter mRNA to dendrites in brain,
suggesting the presence of additional regulatory elements in these RNAs [90]. How these
intron-containing cytoplasmic transcripts escape the nucleus is not clear. Factors serving an
equivalent function to HIV Rev may act on these RNAs to bypass normal controls on
maturation. However, a recent study demonstrated a new mRNA export pathway in
Drosophila that involves budding through the nuclear envelope of assembled RNA granules
destined for dendritic localization [91]. There is precedent in mammalian cells for similar
nuclear budding in the maturation of herpes viruses [92]. Thus, intron containing mRNAs
may circumvent normal controls on export using this pathway. Also interesting is what role
the intron-retained RNAs play once they are at their final destination. Spliceosomal
components have not been convincingly found in the dendrite. Thus, once out of the
nucleus, mRNAs are unlikely to undergo further splicing, at least as mediated by the
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spliceosome. However, fully spliced mRNAs are also present in the dendrite, along with
those containing introns. If the introns contain the localization elements, these transcripts
may serve to target fully spliced mRNAs to dendrites when they are packaged into the same
mRNA granule. Such hitchhiking of one RNA with another capable of targeting is well
documented for localized Oskar mRNAs in the Drosophila embryo [93-95]. The partially
spliced mRNAs may encode modified protein products or may be subject to mRNA decay
through NMD or other mechanisms. The assembly of different mRNAs into a transport
granule implied by hitchhiking opens up many additional possibilities for changes in mRNA
structure to determine cytoplasmic mRNA fate.

Besides intron retention, it is likely that other patterns of alternative splicing also affect the
sorting of transcripts to distinct subcellular compartments or to different translational fates.
Alternative polyA sites that determine different 3’ UTR lengths are commonly seen to alter
regulation by miRNAs [85, 86]. These sites have been observed to change during neuronal
differentiation and with neuronal activity [96-98]. Changes in splicing that alter 5’ and 3’
UTRs are also common. These examples highlight that choices made during the nuclear
maturation of an mRNA strongly influence how all subsequent processes act upon it.

Concluding remarks
These recent studies have illuminated new means for alternative splicing choices to
determine gene function. They underscore what was clear from earlier work – that splicing
regulation affects nearly all aspects of neuronal development and physiology. This work
adds new questions to many long-standing ones regarding neuronal mRNA metabolism. The
precise role of individual splice variants is still only known for a few transcripts.
Understanding how splicing changes protein and cellular function will require extensive
physiological and genetic studies of individual gene products. The role of splicing regulatory
networks in the overall biology of excitable cells is also not known. It is clear that there are
coordinated changes in splicing driven by individual regulators, and that these changes occur
at precise developmental transitions or in response to particular stimuli. But why individual
transcripts need to be coregulated and how they contribute to a coordinated change in
cellular function is not understood. On a more precise level of development, how do changes
in splicing contribute to neuronal subtype identity? The diversity of protein structures
created by splicing is enormous. Complex changes in isoform expression have the potential
to tune individual cells to match their precise functions, but it is not understood how this
might be important in the development of different kinds of cells or in defining their later
function within circuits. Add these questions about the biology of splicing to the
longstanding ones regarding the integrated mechanisms controlling mRNA maturation,
export, localization, translation and decay, and it is clear that we will be finding fascinating
new connections between RNA biology and neuronal cell biology for quite some time.
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Highlights

Alternative splicing coupled to mRNA decay can control gene expression.

Choice of splicing pattern can also determine later mRNA utilization.

These aspects of splicing regulation profoundly affect neuronal cell biology.

Zheng and Black Page 12

Trends Genet. Author manuscript; available in PMC 2014 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
Patterns of alternative pre-mRNA splicing that affect gene expression in the mammalian
nervous system. In the pre-mRNA, exons (boxes) are connected by introns (horizontal
lines). Constitutive and alternative exons are blue and yellow boxes respectively. Exons
undergo different patterns of joining to generate alternative mRNA isoforms. (a) Alternative
pre-mRNA processing can produce transcripts encoding completely different proteins. (b) In
many cases, alternative exons encode peptide segments that modify protein structure and
activity. (c) Regulated alternative splicing coupled with the nonsense mediated mRNA
decay (NMD) of one of the spliced forms can control overall expression of a gene. Stop
codons are indicated by S in hexagons. (d) Regulated intron retention may inhibit nuclear
export to control gene expression, or may affect subsequent cytoplasmic mRNA function.
The retained intron is indicated by a yellow line.
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