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Alternative splicing and nonsense-mediated mRNA decay
enforce neural specific gene expression

Sika Zheng
Division of Biomedical Sciences, University of California Riverside

Abstract

Alternative pre-mRNA splicing is a fundamental regulatory process for most mammalian multi-
exon genes to increase proteome diversity. Nonsense-mediated mRNA decay (NMD) is a
conserved mRNA surveillance mechanism to mitigate deleterious effects caused by gene
mutations or transcriptional errors. Coupling alternative splicing and NMD (AS-NMD), in which
alternative splicing switches between translational and NMD isoforms, results in fine-tuning
overall gene expression to, in turn, expand the functional activities of these two post-
transcriptional regulatory processes. AS-NMD is known for maintaining homeostatic expression
of many RNA-binding proteins. We further show that AS-NMD is a conserved mechanism among
mammals to induce developmental expression of the synaptic scaffold protein PSD-95. Comparing
gene sequences between Psd-95 and its ancestral orthologues indicates that AS-NMD regulation of
mammalian Psd-95is a product of selective pressure and that it enforces neural-specific
expression of PSD-95 proteins in mammals. Invertebrate homolog of Psa-95'is not subjected to
AS-NMD regulation and its protein product does not exhibit neural-specific expression. Given the
prevalence of alternative splicing regulation in the mammalian nervous system, neural-specific
expression of many other genes could be controlled by AS-NMD in a similar manner. We discuss
the implication of these discoveries, as well as the challenges in generalizing the regulation and
functional activity of AS-NMD.

1. Introduction

Tissue-specific gene expression is best known to be dictated by transcriptional regulation
whereby the targeted tissue is selectively programmed to enhance the promoter activity of
the tissue-specific genes. In the nervous system, serving in these roles are many neurogenic
transcription factors that induce neural-specific gene expression. The roles of other genetic
regulation processes are not as well defined. Recent studies have found that alternative
splicing coupled to nonsense-mediated MRNA decay (AS-NMD) is a post-transcriptional
regulatory mechanism to fine-tune homeostatic expression of many RNA-binding proteins.
We have further shown that AS-NMD mediates developmental induction of mouse synaptic
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protein PSD-95, a widely used postsynaptic marker for glutamatergic synapses in rodent and
human. Although the molecular mechanisms of alternative splicing or NMD have been
extensively studied and reviewed, their functional aspects are less clear. Here, we review and
discuss the functional roles of AS-NMD regulation in the brain. In light of neural specific
expression of PSD-95 protein in human and mouse, we provide further evidence and suggest
AS-NMD be a novel posttranscriptional regulatory mechanism to enforce neural specific
gene expression as seen for PSD-95.

2. Alternative pre-mRNA splicing

Alternative pre-mRNA splicing is a key regulatory step of mMRNA processing that creates
different combinations of exons, resulting in multiple transcript variants produced from a
single gene locus. The choice of final gene product to be synthesized is primarily governed
by special pre-mRNA binding proteins that alter spliceosome assembly at nearby splice
sites, leading to changes in the inclusion of exons or exon segments in the final MRNA
(Black, 2003; Chen and Manley, 2009). The expression, localization and modification of
these splicing regulators are highly regulated to determine splicing outcome during
development and in response to environmental cues.

Alternative splicing has two major impacts on gene expression: multiplying the functional
outputs of a single pre-mRNA transcript and influencing the use of spliced isoforms.
Including or skipping a coding exon often affects protein structures and functions
contributing to increased proteome diversity. In contrast, an alternative non-coding or
“partial-coding” exon (e.g., exons of 5° UTR or 3" UTR) typically harbors cis-regulatory
elements that control stability, subcellular localization and translation efficiency of the final
spliced isoforms. Thus, with the ability to affect both the meaning and destiny of gene
transcripts, alternative splicing is a powerful regulatory invention that enables cells having
the same genome to diverge at the molecular level. Alternative splicing regulation or
switches of isoform expression are particularly common during development and in cell
lineage differentiation. Transcriptomic profiling has identified many tissue-specific splicing
events, the largest proportion of which originates from neural tissues (Castle et al., 2008;
Pan et al., 2008; Wang et al., 2008). A dozen splicing regulators and their families, including
PTBP, RBFOX, NOVA, MBNL, SRRM4, KHDRBS and TDP43, have been implicated to
mediate neural-specific splicing events (Darnell, 2013; Raj and Blencowe, 2015; Vuong et
al., in press).

Despite the prevalence of alternative splicing in the nervous system, the physiological
activity of most alternative splicing events remains poorly understood and presents one of
the greatest challenges to the field (Raj and Blencowe, 2015; Zheng and Black, 2013). The
first indicator of functional significance for any alternative exon would be the high
conservation in sequence and expression. A majority of alternative exons exhibit a bimodal
distribution of their sequence conservation (Chen and Zheng, 2008). Those that are not
conserved could be newly evolved exons, whereas the existence of conserved exons and
flanking introns implicates selective pressure. Indeed, some splicing changes have been
characterized in detail and proven essential for neuronal cell biology (Chen et al., 2011; Kim
etal., 2012; Kriiger et al., 2013; Laurent et al., 2015; Macabuag and Dolphin, 2015; Penn et
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al., 2012; Sommer et al., 1990; Tan et al., 2012; Wang et al., 2015; Zheng et al., 2012;
Zibetti et al., 2010). Nevertheless, a fraction of neural-specific splicing events could be the
byproducts of transcriptomic modification toward neuronal lineages and, thus, functionally
trivial.

Point: AS-NMD regulation of Psd-95

We have recently found that alternative splicing regulation of Psa-95 transcripts by
polypyrimidine tract binding proteins PTBP1 and PTBP2 regulate synaptogenesis via
controlling expression of PSD-95 protein, a key abundant component of postsynaptic density
for glutamatergic synapses (Zheng et al., 2012). PTBP1 and PTBP2 inhibit inclusion of
Psd-95 exon 18. Exon 18 is a coding exon; however, instead of modifying protein structure
and function, alternative splicing of exon 18 controls overall abundance of PSD-95.
Functional PSD-95 proteins are translated from exon 18-plus transcripts. Skipping exon 18
shifts the reading frame, causing earlier translation termination of Psg-95 transcripts at a
conserved stop codon in exon 19. Consequently, exon 18-minus transcripts are subject to
nonsense-mediated mMRNA decay (NMD) without productive translation. Therefore, AS-
NMD can serve as an “on-and-off switch” for gene expression independent of transcriptional
and miRNA regulation.

AS-NMD is better known as a negative feedback control mechanism to maintain
homeostatic expression of RNA-binding proteins (RBP) and splicing regulators (Boutz et al.,
2007; Lareau et al., 2007; Ni et al., 2007; Rossbach et al., 2009; Spellman et al., 2007;
Valacca et al., 2010). Increase in expression of these factors shifts their own splicing from
isoforms that translate normal proteins to isoforms targeted by NMD. Theoretically, non-
RBP genes with no ability to control their own splicing can adopt AS-NMD to modulate
expression levels as that seen for mouse Psd-95. However, in spite of the widely assumed
pervasiveness of AS-NMD regulation in affecting gene abundance, only a few non-RBP
genes have been genetically proven to be controlled by AS-NMD in physiological contexts
(Hyvonen et al., 2006; Lejeune and Maquat, 2005; McGlincy and Smith, 2008; Zheng et al.,
2012). In this regard, AS-NMD regulation of Psd-95 remains a potentially isolated event
uniquely associated with mouse neural development

4. Breadth of AS-NMD control over gene expression

Broader use of AS-NMD to control gene expression remains to be understood. Widely used
as a bioinformatics rule, transcripts with exon-exon junction 50-55 nucleotides downstream
of a premature stop codon are targeted by NMD. Based on this rule, 25-35% of annotated
isoforms were predicted to be NMD targets (Lewis et al., 2003). However, some annotated
isoforms could have resulted from errors in transcription or mRNA processing or DNA
mutations that are not physiologically relevant but are expected to be neutralized by NMD.
Indeed, some reports have suggested more limited NMD targeting and showed that most
bioinformatics-predicted NMD isoforms were expressed at very low levels, even when NMD
factors were depleted (Pan et al., 2006). However, genome-wide profiling of AS-NMD
targets after NMD inhibition in this kind of studies may have underestimated the breadth of
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AS-NMD regulation because many NMD isoforms could be specific to cell types or
extracellular cues and, hence, were not readily detectable in certain circumstances.

To investigate the prevalence of AS-NMD as a gene regulatory mechanism, we first need to
distinguish genetically regulated splicing from noisy transcriptomic nonsense. Comparative
genomics can help in this regard. Most alternative exons are either highly conserved or not
conserved at all, exhibiting a bimodal-like distribution of conservation scores (Chen and
Zheng, 2008). The conservation of an alternative exon and its flanking introns, as well as its
splicing-induced premature stop codons, when taken together, would show the existence of
selective pressure to maintain its AS-NMD regulation, which further implies functional
relevance. Comparative genomics, on the other hand, has limitation to understanding the use
of AS-NMD for speciation and/or individual variability.

Second, we need to better understand the targeting rule of NMD. Computational prediction
has faced increasing limitation. NMD has been proposed to be triggered or enhanced by
different mechanisms, including downstream exon junction complex (EJC) and long 3
UTR (Chang et al., 2007; Popp and Maquat, 2013; Rebbapragada and Lykke-Andersen,
2009). The popular 55-nucleotide rule could introduce false NMD targets and miss some
true NMD substrates. Further evidence against the generalization of the 55-nucleotide rule
has surfaced in recent CLIP-Seq analysis revealing that about 20% of splicing events did not
result in EJC deposition and about half of the EJCs bound to regions not associated with
exon-exon junctions (Sauliére et al., 2012; Singh et al., 2012). In summary, the generality of
AS-NMD regulation as a genetic program to control gene expression remains to be
scrutinized, even although the primary transcripts of most multi-exon genes undergo
alternative splicing.

5. Could AS-NMD be a molecular mechanism to maintain modest protein

expression of NMD isoforms

NMD surveillance depends on ribosome scanning or translational activity, which means that
at least one protein copy is translated from each recognized NMD isoform transcript. While
most studies have focused on mMRNA decay of NMD isoforms, few have investigated the
protein products of NMD isoforms. These C-terminal truncated proteins could be misfolded
and quickly destructed by proteasome, but they could also be stable and functional. The
most parsimonious speculation for the functional role of NMD isoforms would be their
dominant negative activity, the same reason that explains the necessity of their low
abundance. When a NMD isoform has no sign of disrupting the function of the major
isoform, it might also have special functions.

Could this be the case for PSD-95? Initial synaptogenesis is prone to errors and intrinsically
dynamic before subsequent activity-dependent synapse pruning and stabilization. The exon
18-minus protein, if expressed, would be a “less sticky” scaffolding protein suited to
structurally dynamic young post-synaptic density (PSD) in developing dendrites (Marrs et
al., 2001). From N- to C-terminus, normal non-NMD PSD-95 proteins have 3 PDZ domains,
a SH3 domain and a GK domain that each serves as a scaffolding structure for protein-
protein interactions with other post-synaptic proteins. PSD-95 is central to post-synaptic
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scaffolds because of its ability to multimerize. PSD-95 N-termini are self-linked by “head-
to-head” interactions, while the C-termini are bridged by GKAP (DLGAP1) (Christopherson
et al., 2003; Hsueh and Sheng, 1999; Kim et al., 1997). The exon 18-minus isoform, if
translated, would lose ability to associate with and multimerize via GKAP, but is assumed to
keep the N-terminus interactors in contact. Thus, the exon 18-minus isoform would be an
ideal candidate to establish young dynamic PSDs in immature neurons.

Exon18-minus proteins could also have functions outside of synapses. Many synaptic
proteins including glutamate receptors and PSD-95, are transported in packets along
dendrites to synapses (Aoki et al., 2001; El-Husseini et al., 2000; Washbourne et al., 2002).
Individual packet is probably too small to include and transport the whole postsynaptic
density; however, it may include a fraction of PSD proteins constituting some pre-assembled
mini-scaffolds. The exon 18-minus protein could play a role in assembling such mini-
scaffolds and/or acting as a mild disruptor to prevent hyperaggregation of these pre-
assembled scaffolds in the mobile packets. At the destination synaptic sites, exon 18-minus
proteins may then be selectively degraded or exchanged in order for the mini-scaffolds to
integrate into the stabilized PSD.

6. AS-NMD as a novel posttranscriptional mechanism to enforce tissue

specific gene expression

Since NMD isoforms are not effectively translated into proteins, switching between the
translational isoform and the NMD isoform allows alternative splicing to control overall
abundance of the transcript and protein. Could AS-NMD thus be used to determine tissue-
specific gene expression? This would expand physiological relevance of AS-NMD
regulation, at least to PSD-95. We therefore conduct our investigation focusing on Psad-95.

6.1. Human neuronal cell lineage differentiation induces inclusion of PSD-95 exon 18

Neuronal enrichment of PSD-95 protein is conserved between human and mouse. If AS-
NMD mediates neuronal specific gene expression of PSD-95, human PSD-95exon 18
should be regulated in a manner similar to that of mouse orthologue. We monitored exon 18
splicing during the course of human embryonic stem cell (ESC) differentiation into neural
progenitor cells (NPC) and neurons.

Although PSD-95 protein is one of the best known neural specific proteins, PSD-95
transcripts are readily detectable in human ESC (Figure 1). Exon 18 is, however, only
minimally included. On the other hand, intronic reads upstream of exon 18 are relatively
abundant in polyA+ RNA-Seq, suggesting inefficient splicing of intron 17 most likely
resulting from PTBP1 inhibition in human ESC. Consistently, PTBP1 iCLIP-Seq in human
ESC illustrates specific binding of PTBP1 to intron 17 (Figure 1) (Han et al., 2014).
Strikingly, the 5”-end of most iCLIP-Seq tags (i.e., the nucleotides immediately succeeding
the crosslinked nucleotides) overlay intronic positions conserved among mammals,
suggesting that these intronic positions are under selection pressure to preserve PTBP1
binding.
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When human ESCs differentiate to NPCs, exon 18 inclusion level is increased. Because the
transcriptomic profiling was not performed at the single-cell level, the elevation of exon 18
read numbers could reflect synchronized induction of exon 18 splicing in all NPCs, or a
mixed population of high exon 18 (differentiated) and low exon 18 (undifferentiated) cells.
Nevertheless, exon 18 is further increased and fully included in differentiated neurons. These
results show that human neuronal cell lineage differentiation induces PSD-95exon 18
inclusion in a manner similar to mouse orthologue. Only in differentiated neurons is exon 18
completely included, thereby allowing expression of PSD-95 protein.

6.2. Alternative splicing of exon 18 is evolutionarily selected to confer neural specific
expression of mammalian PSD-95 protein

Both human and rodent PSD-95 proteins were found to be restricted to neural tissues (Cho et
al., 1992; Ohnuma et al., 2000), but their mRNA transcripts are apparently not. ESC
expression of PSD-95 transcripts is also seen in mouse (data not shown), suggesting
conserved discrepancy between RNA and protein expression of Psd-95. Therefore, neural-
specific expression of mammalian PSD-95 protein is controlled at the post-transcriptional
level.

The protein products of DIg1, the “ancestral” orthologue of mammalian Psd-95 gene, are
expressed in both neural and non-neural cells of D. melanogaster (\Woods and Bryant, 1991).
Dlg1, or discs large-1, was initially identified as a tumor suppressor gene whose mutations
cause neoplastic overgrowth of the imaginal discs. Different from PSD-95, DIg1 proteins
have been detected in muscle cells and epithelial cells in addition to the nervous system.
Dlg1 proteins are often found around the cell border and play a critical role in cellular
adhesion and growth (Ogawa et al., 2009). Thus, neuronal specificity cannot be attributed to
either DIg1l RNA or Dlgl protein.

Since neither DIgl nor Psd-95RNA is neural-specifically transcribed, the differential cell-
type distribution between mammalian PSD-95 protein and fruit fly DIgl protein may be
rooted in their distinct pre-RNA structures. To examine this, we compared the exon-intron
structures, focusing on sequences from exon 17 to 19, of PSD-95 and its orthologues from
various species including human, chimp, orangutan, rhesus, mouse, rat, guinea pig, rabbit,
marmoset, dog, cat, horse, cow, elephant, armadillo, opossum, playtypus, frog, zebrafish,
and D. melanogaster. Many other species were not included due to incomplete genome
annotation or lack of sequence matched to the Psd-95 gene. The segregation of exon 17, 18
and 19 by introns is well conserved with identical or highly similar exon-intron and intron-
exon junction sequences among mammals including platypus, one of the extant mammal
species most distantly related to humans. The degree of sequence similarity between
mammals is consistent with their phylogenetic relationship. We aligned the exon-intron
junction sequences, the most important cis-elements in determining splicing functions. Due
to space limit, only the representative species are shown (Figure 2A). Platypus sequences
appear to be hybrids of Euarchontoglires mammals and fruit fly sequences, in agreement
with the phylogenetic distances of these orthologues. In particular, the junction sequence of
platypus intron 16-exon 17 and the 3”-end of exon 17 are more similar to the corresponding
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fruit fly sequences, whereas the 5"-end of exon 18 and intron 17 are more similar to those of
human.

Most interestingly, the orthologous exon 17 and 18 are not separated in the D. melanogaster
DIg1 gene (Figure 2). The 3"-end of orthologous exon 17 immediately precedes the 5"-end
of orthologous exon 18 at the DNA/pre-mRNA level, indicating that D. melanogasterhas no
“intron 17”. As a result, fruit fly DIgl pre-mRNA does not undergo alternative splicing
regulation similar to that seen in mammalian PSD-95 transcripts. Also, the fruit fly Digl
spliced isoform is not subject to NMD regulation like that seen for PSD-95 exon 18-minus
isoform.

The insertion of intron 17 may thus be an evolutionary event resulting in the neural-specific
expression of PSD-95 (Figure 2B). PTBP1 iCLIP-Seq clearly shows specific binding to
intron 17 (Figure 1) at the conserved positions. This new intron, when bound to PTBP1, has
introduced a new layer of regulation, i.e., AS-NMD regulation, to the PSD-95 gene that does
not exist in its fruit fly orthologue. Mammalian PSD-95 genes and fruit fly DIg1 both inherit
non-neuronal transcriptional activity, but their post-transcriptional regulation differs
significantly. D. melanogaster Dlg1 has no intron 17 and, hence, no regulation by PTB
proteins. In mammals, however, exon 18 is widely repressed because PTBP1 is ubiquitously
expressed outside the nervous system (Keppetipola et al., 2012). As a result, PSD-95 protein
is not expressed in non-neuronal tissues as seen in fruit fly DIgl. In terminally differentiated
rodent neurons that have significantly downregulated PTBP1 and PTBP2, PSD-95 protein is
then allowed to express. Therefore, mouse PSD-95 expression is restricted to neural tissues
in part as a result of new intron 17 regulated by PTB proteins. Do human PTBP1 and PTBP2
also exhibit temporal expression similar to mouse during brain development to regulate
PSD-95 splicing and expression?

6.3. Conserved temporal expression of PTBP1 and PTBP2 in developing human brains

During mouse brain development PTBP1 and PTBP2 are sequentially expressed and
sequentially downregulated to control Psd-95 splicing. PTBP1 is abundantly expressed in
neural stem cells (NSCs) and progenitor cells (NPCs) (Boutz et al., 2007). When NPCs start
to differentiate into neurons, PTBP1 is suppressed. Reduction in PTBP1 induces the
expression of PTBP2 protein (Boutz et al., 2007; Spellman et al., 2007). PTBP2 expression
peaks in immature neurons and subsequently wanes right before synaptogenesis (Zheng et
al., 2012). In developing mouse neocortex, PTBP1 starts to decrease as early as E14, while
PTBP2 continues to increase until birth. Both proteins are significantly reduced postnatally
(Figure 3A).

To probe PTBP1 and PTBP2 gene expression in developing human brains, we turned to the
BrainSpan project that has profiled the transcriptome of multiple postmortem cortical and
subcortical structures spanning pre- and postnatal development. The rudimentary structures
and major compartments of the human brain are established around eight post-conception
weeks (pcw) (Stiles and Jernigan, 2010). From then on throughout the prenatal period, both
cortical and subcortical structures undergo rapid growth and expansion, while neurons are
born, migrate, and shape their elaborative morphology. Brain development continues after
birth during childhood and adolescence until adult ages. During this extended postnatal
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period, neurons make extensive connections that simultaneously undergo activity-dependent
pruning, and various types of glia cells populate throughout the brain. We analyzed PTBP1
and PTBP2 expression from 8 pcw to 37 years of age. Brain areas were segregated to test the
possibility of area-specific expression patterns.

Various human brain regions are almost indistinguishable with respect to the developmental
expression patterns of PTBP1 or PTBP2, which also closely mirror those of mouse
orthologues, respectively (Figure 3B). PTBPL1 is generally expressed at higher levels
between 8 and 12 pcw and consistently lower after 12 pcw, except in hippocampus. PTBP2
expression increases when PTBP1 is initially downregulated. Later, both human PTBP1 and
PTBP2 are expressed at a much lower level postnatally than prenatally. The conserved
expression patterns of PTBP1 and PTBP2 between human and mouse suggest that these two
proteins play fundamental roles in neural development. Since PTBP1 and PTBP2 are the
major alternative splicing regulators of Psgd-95exon 18 during brain development, their
developmental expression levels determine the dynamics of exon 18 splicing, as seen in the
ESC differentiation model (Figure 1), leading to developmental induction and neural-
specific expression of PSD-95 protein.

Conclusions and future perspectives

By directly influencing the overall abundance of translational isoforms, AS-NMD is a
regulatory mechanism to control gene expression independent of transcriptional and
miRNA-mediated posttranscriptional controls. Many RNA-binding proteins harness AS-
NMD mechanism to maintain homeostatic expression. Here, we have further shown that AS-
NMD regulation of Psa-95 RNA is evolutionarily selected to enforce neural-specific
expression of PSD-95 protein and that AS-NMD regulation of Psd-95is conserved between
human and mouse and probably among all mammals. PSD-95 thereby serves as an example
of AS-NMD regulation being a molecular mechanism used to convert tissue-specific
splicing to tissue-specific protein expression.

Tissue-specific transcriptional regulators selectively enhance expression of target genes in
the host tissues and cell types. AS-NMD regulation, on the other hand, diminishes transcript
abundance in the surrounding tissues; as a result, the spared tissue stands out exhibiting
higher abundance of the transcripts. AS-NMD thus provides a new layer of regulation
complexity in addition to much more extensively studied transcriptional and miRNA-
mediated posttranscriptional gene regulation. This kind of mechanism, that we term selective
repression at the posttranscriptional level, may be particularly suited to control tissue-
specific expression of genes with pervasive transcription activity, e.g., Psd-95. PSD-95
shares a promoter with VLCAD (very long chain acyl-CoA dehydrogenase) that encodes a
protein catalyzing the first step of mitochondrial long-chain fatty acid p-oxidation (Zhang et
al., 2003). Because VLCAD is a ubiquitously-expressed housekeeping gene, the shared
promoter might have contributed to the non-neuronal transcriptional activity of PSD-95.
Since the nervous system expresses many tissue-specific genes and displays proportionally
most tissue-specific splicing events, it is conceivable that many brain-specific genes are
controlled via AS-NMD as that seen for Psa-95.
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To identify genes that display tissue-specific expression via AS-NMD regulation genome-
wide, tissue-specific splicing need to be correlated with protein expression, followed by a
search for possible NMD regulation. Recent technological improvement on global profiling
of tissue-based proteome will expedite the discovery (Kim et al., 2014). However, proteome
profiling techniques, e.g., mass spectrometry, have not reached the same level of throughput,
resolution and sensitivity as that provided by next-generation sequencing. Until that
happens, examples of tissue-specific protein expression via AS-NMD regulation will most
likely need to be confirmed individually.

To understand the broader impact of AS-NMD regulation for neural development, it will be
necessary to comprehensively catalogue genetically programmed AS-NMD targets and
investigate possible physiological activities of those conserved NMD isoforms. Both tasks
are challenging because understanding the regulation and functional consequences of each
alternative splicing event presents a substantial question of its own. While changes in exon
inclusion that happen within known functional protein sites can be predicted to cause drastic
changes, the underlying biology of most alterations in spliced isoform expression is
unknown.

Materials and methods

Next-generation sequencing data analysis

Gene expression data of developing human brains by RNA-Seq were from Brainspan (http://
brainspan.org/). Transcriptomic RNA-Seq data of human ESC, NPC and Neurons were from
ENCODE (ENCFFO00FCX, ENCFF585VNQ, ENCFF509QEV). Gene expression was
estimated by GPSeq (Srivastava and Chen, 2010).

Sequence comparison of PSD-95 and its orthologues

Sequences PSD-95 gene and its orthologs in human, chimp, orangutan, rhesus, mouse, rat,
guinea pig, rabbit, marmoset, dog, cat, horse, cow, elephant, armadillo, opossum, playtypus,
frog, zebrafish, and D. melanogaster were directly obtained from NCBI Gene portal if
annotated or via BLAT search if unannotated. To obtain gene sequences of unannotated
orthologues (e.g., Psd-95 gene in platypus), we used Mutliz alignment of UCSC Genome
Browser to identify the orthologous exonic sequences which were then BLAT back to
organism genomes to obtain neighboring intronic sequences. All sequences were then
aligned by their exon-intron structures. Sequence identity of Psd-95 genes between any two
species was calculated by taking the ratio between the exactly matched and total nucleotides
within the compared sequence fragments.
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Highlights

Alternative splicing is most prevalent in the nervous system while the
physiological activity of most alternative splicing events remains to be
understood.

Coupling alternative splicing and NMD (AS-NMD), in which
alternative splicing switches between translational and NMD isoforms,
results in fine-tuning overall gene expression to, in turn, expand the
functional activities of these two post-transcriptional regulatory
processes.

Determining the breadth of AS-NMD control over gene expression
needs separation of genetically regulated splicing events from noisy
transcriptomic nonsense as well as a better defined NMD targeting rule.

AS-NMD might be a molecular mechanism to maintain modest protein
expression of NMD isoforms.

AS-NMD regulation of mammalian Psd-95is a product of selective
pressure and enforces neural-specific expression of PSD-95 proteins in
mammals. PSD-95 thereby serves as an example of AS-NMD
regulation being a molecular mechanism used to convert tissue-specific
splicing to tissue-specific protein expression.
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Scale Inclusion ratio

69 0.09
2 0.57
11 1.0

Psd-95 exon 18 is neural-specific in human cells. Exon 17 to Exon 20 of PSD-95 transcript
is shown. PTBP1 binds to the Psd-95 pre-mRNA transcripts in human embryonic stem cells
(ESC). PTBP1 iCLIP-Seq tags are enriched in conserved intronic sequences upstream of
Psd-95 exon 18. As a result, exon 18 is mostly skipped in ESC. Exon 18 becomes more
included as ESCs differentiate into neural progenitor cells (NPC) and eventually neurons.
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A [ Exon 17 ] [ Exon 18 ] [ Exon 19
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Figure 2.
Intron 17 contributes to neuron-specific expression of PSD-95 protein in mammals. (A)

Sequence alignment of human, rhesus, mouse and playtypus Psd-95 and its ancestral
orthologue D. melanogaster DIgl. Introns are lowercase. Exons are uppercase and
highlighted by the green blocks corresponding to human exon 17, 18 and 19 sequentially.
Only the intron-exon and exon-intron junction sequences are shown. Nucleotides between
the shown junctions are represented by dots. A gap in D. melanogaster DIg1 is represented
by dashes. Sequences are segmented by the vertical lines in the lower panel to calculate
sequence identity between platypus and human or fruit fly for each segment. (B) Therefore,
Dlg1, the “ancestral” orthologue of Psd-95, does not have an intron homologous to
mammalian intron 17. DIgl is expressed in many cells, including epithelial cells, as shown
by. Mammalian Psd-95 has intron 17 whose splicing is regulated by PTBP1 and PTBP2. As
a result, PSD-95 expression is restricted to the brain. The image of PSD-95 expression is
from GENESAT.
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Sequential expression of PTBP1 and PTBP2 during development is conserved between
mouse and human in various brain regions. (A) Temporal expression patterns of PTBP1 and
PTBP2 in developing mouse neocortices (Zheng et al., 2012). PTBP1/2 protein expression is
first normalized to internal control GAPDH. The normalized time-serial expression is then
normalized to the expression level at E16 for PTBP1 and E12 for PTBP2. (B) Temporal
expression patterns of PTBP1 and PTBP2 in various human brain regions at 8, 9, 12, 13, 16,
17, 19,21, 24, 25,26, 35, 37 pcw (post- conception week), 4 months, 10 months, as well as 1,
2,3,4,8,11, 13, 15, 18, 19, 21, 23, 30, 36, and 37 years of age. Each color block represents
one specific age.
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