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Abstract

The brain has long been known to display the most complex pattern of alternative splicing, thereby
producing diverse protein isoforms compared to other tissues. Recent evidence indicates that many
alternative exons are neuron-specific, evolutionarily conserved, and found in regulators of
transcription including DNA-binding protein and histone modifying enzymes. This raises a
possibility that neurons adopt unique mechanisms of transcription. Given that transcriptional
machineries are frequently mutated in neurodevelopmental disorders with cognitive dysfunction, it
is important to understand how neuron-specific alternative splicing contributes to proper
transcriptional regulation in the brain. In this review, we summarize current knowledge regarding
how neuron-specific splicing events alter the function of transcriptional regulators and shape
unique gene expression patterns in the brain and the implications of neuronal splicing to the
pathophysiology of neurodevelopmental disorders.
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1. Introduction

One of the long-standing questions in genetics is how cells achieve cell-type-specific gene
expression. The major roles of DNA-binding transcription factors (TFs) in this process have
been well established. Master TFs are often expressed in limited cell types and bind to their
cognate DNA sequence at promoters and enhancers, thereby activating or repressing gene
expression in a cell-type-specific manner (Deplancke, Alpern et al. 2016). In multicellular
organisms, DNA is organized into nucleosomes with the four core histones (Luger, Mader et
al. 1997), which are generally refractory to actions of RNA polymerase Il (Li and Reinberg
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2011). To relax the inherently closed chromatin structure, TFs recruit a variety of
machineries, including histone-maodification enzymes and chromatin-remodeling complexes.

Unlike master TFs, chromatin modifiers and remodelers tend to be ubiquitously expressed.
More recent work has begun to reveal exceptions to this rule. Germ-cell-specific assembly of
the preinitiation complexes (Goodrich and Tjian 2010), neuron-specific micro-RNA
circuitries (Yoo, Sun et al. 2011), and neuron-specific ATP-dependent chromatin-remodeling
complexes (Staahl and Crabtree 2013) provided earlier insights into how non-TF agents can
contribute to cell-type-specific gene expression. While these mechanisms all rely on the cell-
type-restricted presence of transcriptional regulators, recent evidence indicates that
alternative splicing of ubiquitously-expressed factors can contribute to cell-type specific
transcription, in particular, within neurons.

In this article, we discuss current views on how alternative splicing contributes to
complexity of the brain, its link to neurodevelopmental disorders, and how neuron-specific
splicing events can influence the roles of transcriptional machineries. A growing amount of
literature has begun to support the idea that compromised function of the neuronal isoforms
of transcriptional regulators may underlie multiple neurodevelopmental disorders.

2. Alternative Splicing in the Brain

Alternative splicing generates multiple proteins from a single pre-mRNA by including
and/or excluding alternative exons, thereby diversifying cellular proteomes. In complex
organisms, such as humans, alternative splicing events are estimated to occur in 92-94% of
genes (Wang, Sandberg et al. 2008). Throughout vertebrate evolution, alternative splicing
programs are notably most complex in the nervous system (Yeo, Holste et al. 2004, Chen
and Manley 2009, Barbosa-Morais, Irimia et al. 2012, Merkin, Russell et al. 2012),
suggesting that alternative splicing contributes to the complexity of brain anatomy;,
development, and function. Not only does the brain have a higher number of alternative
splicing events relative to other tissues (Xu, Modrek et al. 2002, Yeo, Holste et al. 2004, Pan,
Shai et al. 2008), but conservation of the brain-specific alternative splicing program is
especially prominent through vertebrate evolution suggesting functionality of spliced
products (Barbosa-Morais, Irimia et al. 2012, Merkin, Russell et al. 2012). Recent work has
highlighted the neocortex, the center for higher-order cognitive processes, as a hotspot of
alternative splicing events that influence cortical development, layering, and cell fate
(McKee, Minet et al. 2005, Belgard, Marques et al. 2011, Zhang, Chen et al. 2014, Zhang,
Chen et al. 2016). As will be discussed in detail below, dysregulation of this alternative
splicing program leads to neurological disease (Licatalosi and Darnell 2006).

3. Mechanisms and Biological Roles of Neuron-Specific Alternative Splicing

Factors

Alternative splicing is coordinated by cis-acting RNA elements and frans-acting RNA
binding proteins that regulate intron excision. The spliceosome is the major molecular
machinery, which controls intron excision and determines which pre-mRNA sequences are
to be included or excluded from the mature mRNA. The core spliceosome is a large RNA-
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protein complex and involves the five subunits defined by the five RNA components, U1,
U2, U4, U5, and U6, and the associated small ribonucleoproteins (RNPs). A large number of
auxiliary proteins help the spliceosome recognize splice sites (Li, Lee et al. 2007, Chen and
Manley 2009, Wahl, Will et al. 2009). While most spliceosome components are
constitutively expressed, tissue-specific RNA-binding proteins direct spliceosome machinery
to specific splice sites to generate tissue-specific splicing patterns. Neuron-specific
alternative splicing is one such example controlled by the coordinate actions of many brain-
specific RNA-binding proteins. Several recent review articles have comprehensively
discussed the mechanisms of actions and roles in brain development of these splicing
regulators (Raj and Blencowe 2015, Lara-Pezzi, Desco et al. 2016, Vuong, Black et al.
2016). Below, we provide a brief summary of the biological roles of key factors that are
crucial in generating unique splicing patterns within neurons and also highlight the recent
discovery of microexons. We highlight five key splicing factors, nNSR100, NOVA, RBFOX
family members, PTB, and HU/ELAV family members, which have been well characterized.
It should be noted that other factors including SAM68 family members, TDP-43, and
MBNL, also contribute to neuron-specific alternative splicing as reviewed by others (Yap
and Makeyev 2013, Raj and Blencowe 2015, lijima, Hidaka et al. 2016).

3.1 Brain-Specific Spliceosome Recruiting Factor, nNSR100

Neural-specific SR-related protein of 100 kDa, nSR100, was identified as a vertebrate and
tissue-specific Serine/Arginine-repeat region containing splicing factor that activates
inclusion of a large number of brain-specific exons (Calarco, Superina et al. 2009, Raj,
Irimia et al. 2014). nSR100 recognizes pyrimidine-rich motifs flanking the 3" splice site and
binds specifically with U2-RNP components to assist in early-acting spliceosome assembly
(Raj, Irimia et al. 2014).

Expression of nSR100 increases upon neuronal maturation (Irimia, Weatheritt et al. 2014).
In mammalian cell culture and zebrafish models, nSR100 is required for neurogenesis and
neuronal differentiation (Calarco, Superina et al. 2009, Raj, Irimia et al. 2014). An nSR100
haploinsufficient mouse model has impaired neurite outgrowth, altered neuronal excitability
and synaptic transmission, and behavioral abnormalities that resemble autism spectrum
disorder (Quesnel-Vallieres, Irimia et al. 2015, Quesnel-Vallieres, Dargaei et al. 2016).

3.2 Position-Dependent Splicing Regulators

3.2.1 NOVA—Neurooncologic ventral antigen (NOVA) was the first described splicing
factor that is responsible for neuron-specific exon content (Buckanovich, Yang et al. 1996,
Yang, Yin et al. 1998, Jensen, Dredge et al. 2000). NOVA was initially identified as an
antigen produced in tumor tissues that leads to an autoimmune neurological disorder,
paraneoplastic opsoclonus myoclonus ataxia (POMA) (Luque, Furneaux et al. 1991,
Buckanovich, Posner et al. 1993). An initial survey of NOVA-target RNAs identified 34
transcripts regulated by NOVA in mice, but recent high-throughput methods suggest the
regulatory network of NOVA may include as many as 700 gene transcripts (Ule, Jensen et al.
2003, Zhang, Frias et al. 2010).
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Compared to nSR100, NOVA plays more diverse roles in mRNA regulation. NOVA appears
to control both alternative splicing (Ule, Ule et al. 2005) and selection of polyadenylation
sites to generate brain-specific 3’-UTR of mRNAs through binding of YCAY clusters,
which influences both U2 and U1 recruitment (Licatalosi, Mele et al. 2008). Interestingly,
binding of NOVA near 5" splice sites promotes exon inclusion through U2 recruitment;
however, binding of NOVA near 3" splice sites promotes exon skipping through inhibition
of U1 binding (Ule, Stefani et al. 2006, Licatalosi, Mele et al. 2008). The distinct actions at
5" and 3" splice sites are referred to as position-dependent control of splicing.

NOVA is expressed specifically in neurons (Buckanovich, Yang et al. 1996, Yang, Yin et al.
1998, Jensen, Dredge et al. 2000), and NOVA targets transcripts encoding synaptic proteins
that are important for synaptic plasticity (Ule, Jensen et al. 2003, Ule, Ule et al. 2005). In
human and mouse, the NOVAZ and NOVAZ genes encode highly homologous proteins, and
mouse reverse genetics has provided insights into their interplay. MovaZ-null mice exhibit
progressive motor dysfunction, brain stem and spinal cord neuronal apoptosis, and death 1-2
weeks after birth (Jensen, Dredge et al. 2000). MovaZ-null mice display a specific deficit in
long-term potentiation of slow inhibitory postsynaptic current in hippocampal CA1 neurons
(Huang, Shi et al. 2005). Moval/NovaZz-double null mice are born, but are completely
paralyzed and die shortly after birth (Ruggiu, Herbst et al. 2009). These mouse models and
human genetics studies establish pivotal roles of NOVA in plasticity and development of
both central and peripheral nervous systems.

3.2.2 RBFOX—The RNA-binding protein FOX paralogs (RBFOX1, 2, and 3) are another
major set of splicing factors that increase in expression during neuronal development and
promote neuronal exon inclusion. RBFOX specifically recognizes UGCAUG matifs, which
are found at both 5”- and 3’-regions of introns. Similar to NOVA, RBFOX exerts position-
dependent splicing control (Auweter, Fasan et al. 2006, Zhang, Zhang et al. 2008). RBFOX
binding in 3" splice site regions inhibits exon inclusion, whereas binding in 5" splice site
regions enhances exon inclusion. Such context-specific function suggests the combinatorial
involvement of other splicing regulators to select for the inclusion of neuron-specific exons
(Zhang, Zhang et al. 2008).

Several lines of evidence have indicated important roles of RBFOX family proteins in
neuronal development and function. Expression of RBFOX1 was downregulated in post-
mortem brains from autistic individuals, and RBFOX1 downregulation was associated with
splicing dysregulation of genes relevant to synaptogenesis (Moineagu, Wang et al. 2011).
Another study found specific regulation of a calcium channel alternative exon that alters the
electrophysiological properties of this channel activation in neurons (Tang, Zheng et al.
2009). Genome-wide mapping of protein-RNA interaction sites revealed that RBFOX1, 2,
and 3 directly control splicing of genes that are up-regulated during brain development and
whose dysregulation has been linked to autism (Weyn-Vanhentenryck, Mele et al. 2014).

3.3 Negative Regulator of Exon Inclusion, PTB

While NOVA, nSR100, and RBFOX primarily promote inclusion of alternative exons (Ule,
Stefani et al. 2006, Zhang, Zhang et al. 2008, Calarco, Superina et al. 2009), Polypyrimidine
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Tract-Binding protein 1 (PTB or PTBP1) is a well-known negative regulator of exon
inclusion. PTB hinds CU-rich regions causing a looping-out of the RNA, which prevents
assembly of the spliceosome (Oberstrass, Auweter et al. 2005). Furthermore, PTB
suppresses expression of its neuron-specific paralog neural-PTB (nPTB, PTBP2) by
excluding an exon within nPTB, whereby the absence of this exon leads to a frameshift and
degradation of nPTB mRNA by nonsense-mediated decay (Boutz, Stoilov et al. 2007). This
inter-isoform suppression mechanism defines undifferentiated neuro-progenitors.

During neuronal differentiation, a canonical PTB is post-transcriptionally repressed, in part
by decreased expression of the transcription factor REST (which will be discussed below)
and subsequent increased expression of the neuronal microRNA, miR-124, which targets
canonical PTB and in turn reduces its protein level (Yoo, Sun et al. 2011). This miR-124-
mediated regulatory switch relieves suppression of nPTB. Expression of nPTB in turn
initiates a neuronal program of alternative splicing events which is required for the
differentiation of progenitors to mature neurons (Boutz, Stoilov et al. 2007, Makeyev, Zhang
et al. 2007). Repression of PTB results in trans-differentiation of a variety of cell types to the
neural lineage, illuminating this post-transcriptional regulatory circuit as a master key for
neuronal cell fate (Xue, Ouyang et al. 2013, Xue, Qian et al. 2016).

3.4 Dual Roles in Alternative Splicing and Polyadenylation, HU/ELAV

The HU/ELAV family of splicing factors was identified in a similar way as NOVA as the
autoimmune target of a paraneoplastic neurological syndrome (Szabo, Dalmau et al. 1991).
The family consists of four proteins in mammals (HuUA, HuB, HuC, and HuD; HuA is
known as HUR in humans). HuB/C/D are exclusively expressed in neurons with the
exception that HuB is also present in germ cells (Okano and Darnell 1997). ELAV
(Embryonic Lethal Abnormal Visual system) is the Drosophila homologue of Hu and
analogously controls alternative splicing in nervous system development in the fly. Initially,
Hu proteins were thought to bind the 3’-UTR of mRNAs and affect their cytoplasmic
stability and thus the extent of translation (Jain, Andrews et al. 1997). In this context, Hu
proteins bind to AU-rich elements at the 3"-UTR of mRNAs and thereby stabilize them
(Wang and Tanaka Hall 2001). However, later studies revealed that Hu plays a role in
alternative splicing of neuronal mRNAs including the calcitonin/CGRP transcript (Zhu,
Hasman et al. 2006, Zhou, Hinman et al. 2011). Hu proteins compete with positive splicing
factors TIA-1/TIAR leading to the interference of U1/U6 snRNP binding and thereby
promote differential exon inclusion or alternative polyadenylation (Zhu, Hinman et al. 2008,
Zhou, Hinman et al. 2011). Given that the 3’-UTR plays unique roles in mRNA stability,
sub-cellular localization, and translation, Hu proteins represent a unique regulatory
mechanism that may potentially coordinate mRNA metabolism and proteome diversity in
neurons.

The dual roles of Hu in RNA regulation has been linked to both neuronal differentiation and
plasticity. HuD-null mice exhibited hind limb clasping, which is associated motor and
sensory neuron defects in the cortex and basal ganglia. The HuD-null brains were
characterized with a reduced number of cortical neurons despite normal numbers of neural
stem cells, suggesting that HuD is crucial for neuronal differentiation (Akamatsu, Fujihara et
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al. 2005). Various /n vivo studies confirmed the role of Hu proteins in alternative splicing
and alternative polyadenylation for genes implicated in neuronal function and disease such
as Banfand NfL. The differential 3’-UTR generated by Hu-mediated alternative
polyadenylation has been shown to stabilize mRNAs in dendrites for local protein synthesis,
implicating its roles in synaptic plasticity (Zhou, Hinman et al. 2011, Allen, Bird et al. 2013,
Bronicki and Jasmin 2013).

3.5 Cooperation between Neuron-Specific Splicing Factors

Some of these neuronal splicing factors act cooperatively during neuronal development.
nSR100 increases expression of nPTB and works cooperatively with nPTB to overcome
PTB-mediated repression during neuronal differentiation and consequently promote neural-
specific exon splicing (Calarco, Superina et al. 2009, Raj, Irimia et al. 2014). Antagonistic
interplay between PTB and RBFOX1 appears to be crucial for the progenitor-to-neuron
transition (Zhang, Chen et al. 2016). Interestingly, several studies have also shown that
recruitment of splicing machinery, such as Hu and PTB, during gene transcription can lead
to altered local histone modifications that would reinforce the same pattern of exon inclusion
in future rounds of transcription (Luco, Pan et al. 2010, Zhou, Hinman et al. 2011).
Identifying novel regulators of the neural splicing network and their genetic associations
with neurological disorders will provide further insights into the core role of splicing in
neurodevelopment and brain function.

4. Microexons Are Enriched in the Brain Alternative Splicing Network

Recent work has illuminated the unique complexity of splicing in the brain. By comparing
RNA-Seq data across diverse tissues in mouse and human, Irimia et al recently reported an
inverse correlation between alternative exon size and their brain enrichment, i.e. as exons
decrease in length, their enrichment in the brain increases (Irimia, Weatheritt et al. 2014).
The authors identified more than 200 neuron-specific “microexons”, ranging between 3-27
nucleotides. Strikingly, many microexons display a “switch-like” inclusion or exclusion
during neuronal maturation, when neurons are beginning to form synapses. The neuron-
specific splicing factor nSR100 appears to be a key regulator of microexon inclusion (Irimia,
Weatheritt et al. 2014). Another study also identified a neural-program of microexon
splicing and defined microexons as exons fewer than 51 nucleotides (Li, Sanchez-Pulido et
al. 2015). In contrast to the regulation by nSR100 identified by Irimia and colleagues, Li and
colleagues found that intronic sequences near microexons contained RNA motifs of RBFOX
and PTB proteins (Li, Sanchez-Pulido et al. 2015). Microexons often encode domains that
mediate protein-protein interactions such that target proteins gain novel binding partners
and/or altered binding affinity (Buljan, Chalancon et al. 2012, Irimia, Weatheritt et al. 2014).
A variety of proteins harbor microexons, such as cytoskeletal proteins, ion channels, and
signaling molecules, suggesting that microexons modulate a broad range of cellular
processes in neuronal maturation and synaptogenesis. Intriguingly, a significant number of
genes that have been implicated in autism spectrum disorder contain microexons, suggesting
that neuron-specific splicing events underlie the pathogenesis of autism (Irimia, Weatheritt et
al. 2014).
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5. Vulnerability of the Brain to Transcriptional Dysregulation

Genetic association studies of neurodevelopmental disorders, including autism,
schizophrenia, and intellectual disability syndromes, have identified numerous mutations in
transcriptional regulators (Najmabadi, Hu et al. 2011, Ronan, Wu et al. 2013, De Rubeis, He
et al. 2014, lossifov, O’Roak et al. 2014, McCarthy, Gillis et al. 2014). Neurodevelopmental
disorders affect 1%-8% of the population and impose the leading health-care cost in the
developed world (Ropers 2010). The mutated transcriptional regulators comprise a large
fraction of nuclear proteins such as DNA-binding transcription factors (TFs), histone-
modification enzymes (which “write” or “erase” post-translational modifications), and their
cognate “reader” proteins (Ronan, Wu et al. 2013, De Rubeis, He et al. 2014, lossifov,
O’Roak et al. 2014). In most cases, how mutations in these transcriptional regulators lead to
neurodevelopmental disorders is not well understood.

Transcriptional regulation is fundamental to survival and function of all cell types, so why
do mutations in transcriptional regulators influence particularly cognitive phenotypes? It can
be argued that the complexity of the central nervous system requires even finer
transcriptional control than other tissues; therefore, the impact of hypomorphic mutations is
more strongly manifested in the brain than other tissues. An alternative but not mutually-
exclusive possibility is that there might be unique characteristics of gene regulation in
neurons, which confer vulnerability of the brain to mutations in transcriptional regulators.

6. Neuronal Isoforms of Transcription Regulators

Potential vulnerability of the brain to transcriptional and splicing dysregulations prompted
us to examine chromatin regulating genes whose transcripts undergo neuron-specific
splicing events. Zhang, et al, published the first brain cell-type specific transcriptomic
database, which included alternative splicing events (Zhang, Chen et al. 2014). We
compared their list of neuron-specific alternative splicing events to a published list of
“EpiFactors” that compiles known and putative chromatin regulators (Medvedeva,
Lennartsson et al. 2015). This intersection revealed 115 chromatin regulators that exhibit
neuronal alternative splicing events of a variety of types (Table 1). Since some of the specific
genes that are discussed below are not included in this list, there may be others that were not
captured by this analysis.

We also intersected the lists of microexons (Irimia, Weatheritt et al. 2014) and EpiFactors
(Medvedeva, Lennartsson et al. 2015) and found that 76 transcriptional regulators contain
neuron-specific microexons (Table 2). When considering the two tables together, 161 genes
are represented (22% of all EpiFactors) as either containing microexons or a neuron-specific
splicing event. 30 genes are represented in both tables (bolded in both tables), which likely
represent EpiFactors that have neuron-specific and microexon splicing events.

Altogether, the large number of genes described in these tables suggests an important role
for splicing in the neuron-specific chromatin landscape and transcriptome. Though the
impact of microexon inclusion/exclusion on functions of these proteins remains largely
undetermined, some studies have begun to reveal marked impact of such splicing events in
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transcriptional regulation in the brain. Below, we summarize the roles of alternative splicing
in DNA-binding TFs and chromatin modification writers and erasers and their implications
for neurodevelopmental disorders.

7. DNA-Binding TFs and Neuronal Isoforms

As discussed earlier, the cell-type restricted presence of TFs can be a determinant for cell-
type specific gene expression during stem cell differentiation. TFs are able to bind cognate
DNA sequences and subsequently dictate target specificity of chromatin regulators which do
not generally carry sequence-specific DNA binding domains. This paradigm allows for cell-
type specific transcriptional programs. Although the “EpiFactor” database does not cover
TFs, this group of transcriptional regulators also appears to be spliced in a brain-specific
manner. The examples below represent unique cases, where TFs are expressed ubiquitously
yet adopt neuron-specific forms. These examples highlight alternative splicing as a core
mechanism of neuron-specific gene regulation and its crucial role in neuronal differentiation,
maturation, and function (Figure 1).

7.1 REST/NRSF

7.2 SnoN

RE-1 Silencing Transcription factor (REST, aka NRSF) was originally identified as a TF
which is largely restricted to non-neuronal tissues and represses neuronal genes in non-
neuronal cell types (Chong, Tapia-Ramirez et al. 1995). REST binds to RE-1 sequences that
lie in the promoter regions of neuronal genes and recruits a variety of co-repressor
complexes (Chong, Tapia-Ramirez et al. 1995, Schoenherr and Anderson 1995, Chen,
Paquette et al. 1998, Bruce, Donaldson et al. 2004). Within non-neuronal cells, REST
directly represses nSR100 expression, and nSR100 overexpression results in REST-target
gene de-repression (Raj, O’Hanlon et al. 2011). REST is, in fact, expressed to some extent in
neurons but its function is repressed via a neuron-specific alternative splicing event that is
controlled by nSR100. nSR100 acts to promote inclusion of a microexon in REST,
generating the neuron-specific “REST4” isoform (Palm, Metsis et al. 1999, Raj, O’Hanlon et
al. 2011) (Figure 2 shows positions of neuronal alternative splicing events). Interestingly, the
16-nucleotide microexon carries a premature stop codon, and the resultant REST4, which
lacks DNA-binding capability, acts as a dominant negative protein which sequesters full-
length REST in nonfunctional hetero-oligomers (Shimojo, Paquette et al. 1999). While
overall REST expression decreases in neurons, alternative splicing by nSR100 acts as a fail-
safe mechanism to ensure complete loss of REST function in neurons. These findings
highlight the antagonistic molecular circuitry between the transcriptional repressor, REST,
and splicing activator, nSR100, to generate and maintain the identity of neurons and non-
neuronal cells (Figure 1).

SnoN (aka SKI-like proto-oncogene, SKIL) was identified as a TF responsible for axon
growth in cerebellar granule neurons, in part by promoting transcription of cytoskeletal
regulators (Stegmuller, Konishi et al. 2006, Ikeuchi, Stegmuller et al. 2009). The SrnoN gene
is alternatively spliced into SnoN1 and SnoN2, where SnoN2 has an alternative splice site in
exon 3 leading to a 46 amino acid deletion relative to the SnoN1 isoform (Pelzer, Lyons et
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al. 1996). This alternative exon is near the SMAD-binding domain, with which SMAD
negatively regulates SnoN function (Stroschein, Wang et al. 1999, Wan, Liu et al. 2001) (Fig
2). Whereas SnoN1 promotes axon branching and inhibits migration in the cerebellar cortex,
SnoN2 represses branching and promotes migration (Huynh, Ikeuchi et al. 2011). Only the
SnoN1 isoform (and not SnoN2) is capable of forming a complex with FOXO1, another TF,
which rises in expression during neuronal maturation. Unlike the cell-type specific roles of
REST and REST4, both SnoN isoforms operate in neurons, but their functions are restricted
to specific layers of the cerebellum — SnoN1 is highly expressed in the inner granular layer,
whereas SnoNZ2 is expressed in the molecular layer of the cerebellum. Furthermore, SnoN1,
but not SnoN2, is crucial for repression of the X-linked lissencephaly gene, DCX; in
cerebellar granule neurons, providing a potential link between SnoN-mediated neural
network assembly and neurodevelopment (Huynh, Ikeuchi et al. 2011).

Mads box transcription enhancer factor 2 (MEF2) is a TF family encoded by four MEF2
genes (MEFZA, MEF2B, MEF2C, and MEFZD) and is involved in nervous system
development by promoting neuronal-activity dependent transcription and negatively
regulating the number of excitatory synapses (Flavell, Cowan et al. 2006, Flavell, Kim et al.
2008, Lyons, Schwarz et al. 2012, Ataman, Boulting et al. 2016). MEF2 family TFs undergo
complex patterns of alternative splicing that involve multiple exon inclusions/exclusions
within the single MEFZ2 gene. Some alternative splicing events modulate binding affinity of
MEF2 to other TFs, such as NeuroD, MRF4, and MASH1 (Janson, Chen et al. 2001).
Altered expression of specific MEF2 isoforms has been associated with myotonic dystrophy
and other neuromuscular disorders (Bachinski, Sirito et al. 2010). Furthermore, three MEF2
family members (MEF2A, MEF2C, and MEF2D) have a conserved 24-nucleotide
microexon that is expressed solely in striated-muscle and neuronal cells, particularly in the
cerebral cortex (Leifer, Krainc et al. 1993). This microexon is incorporated specifically
during myocyte differentiation or neuronal differentiation (Zhu, Ramachandran et al. 2005),
and in the case of neuronal differentiation, the splicing factor nSR100 is responsible for its
inclusion (Irimia, Weatheritt et al. 2014). This microexon is adjacent to the MEF2
transcriptional activating domains, and the microexon-containing protein product is a much
more potent activator of MEF2 target genes as shown through reporter assays (Zhu,
Ramachandran et al. 2005) (Fig 2). Mutations within or microdeletions encompassing
MEF2C have been found in an intellectual disability syndrome associated with epilepsy,
muscular hypotonia, and cerebral malformations (Le Meur, Holder-Espinasse et al. 2010,
Zweier, Gregor et al. 2010). A mouse model of Mef2c loss exhibited reduced neuronal
differentiation and severe autism-like behavioral deficits (Li, Radford et al. 2008),
reinforcing the pivotal roles of MEF2-mediated transcriptional control in brain development.

8. Histone Modifying Enzymes with Neuronal Isoforms

Once TFs occupy target genomic loci, they recruit histone modification enzymes to either
relax or compact higher-order chromatin structure, thereby modulating accessibility of RNA
polymerase machinery. Genome-wide transcriptome approaches revealed that many histone
modifiers are targeted by neuron-specific splicing machineries (Tables 1 and 2). The
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examples below illustrate how neuron-specific splicing can have profound influences on
biochemical functions of histone modifiers and potentially chromatin landscapes within
neurons.

Lysine Specific Demethylase 1 (LSD1, aka KDM1A) removes mono- (mel) and di-
methylation (me2) specifically from Histone 3 Lysine 4 (H3K4), which are hallmarks of
regulatory regions of transcriptionally-engaged genes (Jenuwein and Allis 2001, Heintzman,
Stuart et al. 2007). LSD1 was originally identified as a component of the COREST
corepressor complex, which is operated by REST to repress neuronal genes in non-neuronal
cells (Shi, Lan et al. 2004, Shi, Matson et al. 2005).

Several groups have reported that LSD1 has a neuronal isoform (LSD1-n), which includes a
4-amino acid alternative microexon in its catalytic amine oxidase domain (Fig. 2). LSD1-n
appears to be important for neurite morphogenesis, synaptogenesis, and proper
transcriptional response to neuronal depolarization and is transcriptionally upregulated
relative to canonical LSD1 as neurons begin to mature (Zibetti, Adamo et al. 2010, Laurent,
Ruitu et al. 2015, Rusconi, Paganini et al. 2015, Wang, Telese et al. 2015). However, the
biochemical function of the LSD1-n isoform has been debated. The first study reporting this
isoform found that LSD1-n acts like the canonical protein to remove H3K4 mono- or di-
methylation marks (H3K4me1/2) from a histone peptide with similar efficiency (Zibetti,
Adamo et al. 2010). This first study also carried out X-ray crystallography on the histone-
interacting segment of LSD1-n and did not find an altered structure compared to the
canonical isoform. Another study found that LSD1-n associates with a nuclear factor, Svil,
which changes its substrate specificity from H3K4me1/2 to H3K9me1/2, a repressive
histone modification (Laurent, Ruitu et al. 2015). A third group reported that LSD1-n
demethylates H4K20me1/2, another mark associated with transcriptionally-repressed
regions (Wang, Telese et al. 2015). These conflicting data suggest that other unknown
regulatory proteins, genomic contexts, or timing in neuron maturation may, in concert,
determine the substrate specificity of LSD1-n. The threonine at position 369 of LSD1-n,
which is located within the microexon, can be phosphorylated, leading to conformational
changes and disassembly of the LSD1/CoREST complex (Toffolo, Rusconi et al. 2014).
Thus, the LSD1 microexon might control dynamics of complex assembly instead of, or in
addition to, modulating substrate specificity.

Heterozygous missense mutations in LSDZ have been recently implicated in an unnamed
neurodevelopmental disorder with clinical features such as developmental delays,
craniofacial and palate abnormalities, thinning of the corpus callosum, and hypotonia
(Tunovic, Barkovich et al. 2014, Chong, Yu et al. 2016). Interestingly, these features
resemble those of Kabuki syndrome, which is primarily associated with haploinsufficiency
of MLL2/4 (KMT2D), an H3K4 methyltransferase (Ng, Bigham et al. 2010), which
catalyzes the writer reaction reciprocal to the LSD1 eraser reaction. L SD1 mutations fall
into the catalytic domain, and they interfere with H3K4 demethylation activity (Pilotto,
Speranzini et al. 2016). Although the known LSDI missense mutations are not located in or
around the alternative microexon, it is highly conceivable that these mutations also affect the
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enzymatic activity of LSD1-n. Given the roles of LSD1-n in neurite morphogenesis,
synaptogenesis, and normal excitability, the reported mutations in LSDI-n could alter these
parameters in patients, thereby leading to their cognitive dysfunction.

While LSD1 was discovered to remove active chromatin marks, G9A (aka EHMT2 and
KMT1C) is a histone lysine methyltransferase that deposits H3K9me2, which is enriched in
repressive chromatin environments (Tachibana, Matsumura et al. 2008). Despite the
enrichment in repressive chromatin, a recent study reported that H3K9me2 can promote
transcription within constitutive heterochromatin (Jih, Iglesias et al. 2017). A mouse model
of G9a inactivation in forebrain neurons or the hippocampus led to behavioral abnormalities
including learning impairment and decreased exploration (Sampath, Marazzi et al. 2007,
Schaefer, Sampath et al. 2009, Gupta-Agarwal, Franklin et al. 2012). In the G9a-forebrain
null mouse model, non-neuronal genes were de-repressed in neurons leading the authors to
hypothesize that this irregular expression underlies the learning and memory impairment and
other behavioral abnormalities (Schaefer, Sampath et al. 2009). Although there have been no
reported human cases of intellectual disability associated with GOA disruption,
haploinsufficiency of the closely related paralog EHMT1 (aka GLP or KMT1D) appears to
be responsible for the neurodevelopmental condition, Kleefstra syndrome (Kleefstra,
Brunner et al. 2006). G9A and EHMT1 form a stable heteromeric complex in many cell
types (Tachibana, Matsumura et al. 2008), including post-mitotic neurons (Benevento,
lacono et al. 2016), raising the possibility that genetic alterations of G9A may be linked to
undiagnosed neurodevelopmental conditions.

G9A has a 33 amino acid alternative exon 10 (E10) (Brown, Campbell et al. 2014).
Recently, the GOA E10 isoform was identified to be upregulated upon neuronal
differentiation of the mouse neural crest derived cell line, N2A (Fiszbein, Giono et al. 2016).
E10 inclusion did not affect methyltransferase enzyme activity /n vitro, but rather increased
nuclear localization of the E10-containing GOA (Brown, Campbell et al. 2014, Fiszbein,
Giono et al. 2016). Thus, Fiszbein, et al hypothesized that the inclusion of E10 promoted
nuclear localization by better exposing a nearby nuclear localization signal. Specific SIRNA-
targeted knockdown of the G9A E10 isoform abolished neurite outgrowth, phenocopying the
pan-isoform knockdown of GOA. Importantly, G9A E10 is not uniquely present in
differentiated neurons; other non-neuronal cell types, including stimulated lymphocytes and
differentiated mammary gland cells, also display increased transcription of the E10 isoform
(Martinez, Pan et al. 2012, Fiszbein, Giono et al. 2016). Nonetheless, the switch-like
inclusion of E10 in G9A in neurons is reminiscent of the LSD1/LSD1-n dynamics during
neuronal differentiation and maturation (Zibetti, Adamo et al. 2010). It is tempting to
speculate that functional modulation of a histone methyl writer for an inactive mark
(H3K9me) and eraser for an active mark (H3K4me) coordinates to relax or compact
chromatin structure for normal development of neurocircuitries.

TAF1 is a histone acetyltransferase component of the TFIID transcriptional initiation
complex (Ruppert, Wang et al. 1993, Mizzen, Yang et al. 1996, Jacobson, Ladurner et al.
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2000). TFIID directs RNA Polymerase 11 to transcription start sites. Neuronal TAF1 (N-
TAF1) includes a microexon encoding 2 amino acids (A-K) close to one of the two
bromodomains (Fig. 2) (Ito, Hendriks et al. 2016). Bromodomains are acetyl-histone reader
modules; however, the functional impact of this insertion remains unknown. N-TAF1 is
expressed as neurons begin to mature (Jambaldorj, Makino et al. 2012). Knockdown of N-
TAF1 in neuroblastoma cells leads to decreased expression of genes related to vesicular
transport, synapse function, and dopamine metabolism, implicating is role in synapse
development and dopaminergic neurotransmission (Herzfeld, Nolte et al. 2013).

A retrotransposon insertion at the 7AFI locus has been linked to X-linked Dystonia
Parkinsonism (XLDP), which is characterized by severe torsion dystonia followed by
parkinsonism (Haberhausen, Schmitt et al. 1995). Interestingly, expression of the N-TAF1
isoform is specifically reduced in patient cells suggesting that the retrotransposon could have
disrupted a neuron specific cis-element (Makino, Kaji et al. 2007). Another study reported
nine families with point mutations in 7AFI that led to X-linked intellectual disability along
with facial dysmorphologies, generalized hypotonia, and other variable neurological features
(O’Rawe, Wu et al. 2015). O’Rawe et al also identified two families with duplications of
TAF1 with phenotypic features overlapping those in the individuals with 7AFI point
mutations, but it is unclear how duplication of 7AFI could mechanistically lead to similar
consequences. With the exception of XLDP, these genetic lesions alter both canonical and
neuron-specific TAF1 isoforms. It would be important to test whether N-TAFL1 is specifically
responsible for cognitive deficits by knocking out N-TAF1 in mice.

9. Methyl DNA Reader with Neuronal Isoforms

9.1 MeCP2

In addition to histone modifications, methyl moieties placed on DNA, including CpG
methylation and a variety of non-CpG methylations, also play important roles in
transcriptional regulation in higher eukaryotes (Ambrosi, Manzo et al. 2017, Edwards,
Yarychkivska et al. 2017). Uniqueness of the brain in methyl DNA regulation was illustrated
by the discovery of hydroxymethylation originally in the cerebellum (Kriaucionis and
Heintz 2009). Later investigations confirmed a much higher level of this oxidized form of
CpG methylation in the brain compared to other tissues (Richa and Sinha 2014). While roles
of methyl-DNA regulation in neurodevelopment and plasticity have been intensively studied
recently (Bayraktar and Kreutz 2017, Jang, Shin et al. 2017), the impact of neuron-specific
splicing on methyl-DNA regulation remains largely unexplored. An exception is MeCP2, a
multifunctional protein canonically known for its epigenetic silencing function through
binding to methylated CpG sites (Lewis, Meehan et al. 1992).

X-linked Methyl CpG Binding Protein 2 (MeCP2) is one of the most well-characterized
chromatin regulators in the brain (Pohodich and Zoghbi 2015). Heterozygous disruption of
MeCP2 is responsible for Rett Syndrome, the progressive neurodevelopmental disorder
which primarily affects young females (Amir, Van den Veyver et al. 1999). In contrast,
duplication of MeCPZin males leads to MeCP2 duplication syndrome, characterized by
feeding difficulties, poor or absent speech, and muscle stiffness (Ramocki, Tavyev et al.
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2010). Thus, precise regulation of MeCP2 dose appears crucial for normal brain function.
MeCP2 has two isoforms, E1 and E2, that differ at the N-terminus of the protein
(Kriaucionis and Bird 2004, Mnatzakanian, Lohi et al. 2004) (Fig. 2). The E1 isoform is
expressed at a much higher level than E2 in postnatal neurons (Dragich, Kim et al. 2007,
Zachariah, Olson et al. 2012). DNA CpG methylation levels in the promoter and first intron
of MeCPZ correlate with the expression of the two isoforms, suggesting the isoforms
regulate themselves through DNA methylation (Olson, Zachariah et al. 2014). The alternate
N-terminal exon lies near the Methyl-cytosine-Binding Domain (MBD), and therefore may
influence methyl-CpG binding capabilities, but this hypothesis has yet to be tested.

The pan-Mecp2-null mouse is an established model of Rett Syndrome (Chen, Akbarian et al.
2001, Guy, Hendrich et al. 2001). The MecpZe2-specific knockout mice did not display Rett
syndrome-related symptoms (Itoh, Tahimic et al. 2012). On the other hand, MecpZel
deletion in mice recapitulated the neurological deficits observed in Rett Syndrome,
suggesting that haploinsufficiency of MeCP2EL1, but not E2, accounts for Rett Syndrome
(YYasui, Gonzales et al. 2014). High levels of MeCP2E2, but not E1, in the mouse brain have
been shown to be neurotoxic through functional inhibition and physical interaction with the
transcription factor FOXG1, another Rett-associated gene product (Dastidar, Bardai et al.
2012). Thus, in contrast to the strong implication of MeCP2E1 loss in Rett Syndrome,
MeCP2E2 might be the causative agent for the MeCP2 duplication syndrome.

10. Conclusions and Perspectives

Neurodevelopmental disorders are not unique in their association with mutations in
transcriptional regulators. Many chromatin regulators, including histones (Schwartzentruber,
Korshunov et al. 2012), are somatically mutated in a variety of cancers (Allis and Jenuwein
2016). In the context of cancers, recurrent gain-of-function mutations or translocations in
transcriptional machinery, in particular, can provide proliferative advantages (Deng, Melnik
et al. 2013, Morgan and Shilatifard 2015). However, many germline loss-of-function
mutations of transcriptional regulators, which often have functional orthologues with
redundant molecular function in the genome, appear to dominate the genetic landscape for
neurodevelopmental conditions. It remains unclear why cognitive functions are particularly
susceptible to mutations in genes encoding transcriptional regulators.

A number of outstanding questions remain in this field. Although many neuronal isoforms
have been identified in transcriptional regulators, the impact of alternative splicing in the
context of protein complexes is not understood. As discussed earlier, the transcription factor
REST and the histone demethylase LSD1 have both been shown to be present as specific
isoforms within neurons (Fig. 1). These two proteins are known to act together in a complex,
canonically repressing neuron-specific genes in non-neuronal cells. However, it is unknown
how the two neuronal isoforms, REST4 and LSD1-n, act together in complex, if at all. It is
possible that different combinations of canonical and neuronal isoforms could influence
transcription differently. Some initial studies have used genome-wide interrogation methods,
such as ChIP-Seq, to ask whether neuronal isoforms have unique targets within the genome
(Laurent, Ruitu et al. 2015, Wang, Telese et al. 2015). However, the data published so far
have been contradictory across studies and have not revealed a clear pattern. An important
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next step is to harness experimental approaches, by which isoforms with subtle sequence
differences can be separately analyzed in specific cell-types. These would include genomic-
wide approaches on flow-sorted cell types and CRISPR-mediated destruction of neuron-
specific exons.

A recurrent observation is the alternative splicing “switch” in maturation processes of post-
mitotic neurons rather than earlier developmental processes such as proliferation of neural
progenitor cells or cell-type specification. When progenitors are dividing, transcription
might primarily satisfy a high demand for generating cellular materials. As cells cease to
divide, transcriptional regulations are necessary to allow neurons to respond to extra-cellular
cues including synaptic inputs. Given that a transcriptional response to synaptic inputs is
required for synaptic plasticity, which is a basis of cognitive function, an important future
direction is to determine how neuron-specific splicing events contribute to synaptic plasticity
via transcriptional responses. The neuron-specific gene regulatory machineries
encompassing splicing and transcription factors might become prime drug targets for
cognitive disorders for which we currently have no therapies.
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Highlights

. The brain has complex, conserved splicing patterns, including microexon
splicing

. Disruption of brain alternative splicing networks underlies neurological
disorders

. Some transcription factors important for neural fate have neuron-specific
isoforms

. Neuron-specific isoforms of chromatin regulators play roles in neuron
function
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Figure 1.
Microexon inclusion of LSD1/REST, an example of coordinated neuron-specific splicing

and the impact on the transcriptional landscape during neuron differentiation and maturation.
As neurons differentiate, there is an increase in the expression of neuron-specific splicing
factors, such as nSR100. The presence of this splicing factor leads to microexon inclusion in
a set of neuronal genes, which includes transcriptional regulators such as REST and LSD1.
Whereas in non-neuronal cells, REST and LSD1 act to repress neuronal genes, the neuron-
spliced products, REST4 and LSD1-n act in a distinct molecular function in a way that
promotes transcription of a set of genes important for neuron development and function.
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Transcription Factors

‘18 nt neuronal microexon results in a premature stop codon
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DHD SMAD cC
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MADS HJURP-C

Histone Regulators

J 4 3a microexon yields LSD1-n
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J 32 aa altemative exon 10
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DNA Methylation Regulators
MeCP2E1 has a unigue altemate first exon (21 aa) resulting in a protein product that is 12 aa longer than MeCP2E2

MeCP2E1
MBD TRD

MeCP2E2 has a distinct 2 aa first exon than MeCP2E1

mecP2E2[ I

MBD TRD

Figure 2.
Domain organization with neuron-specific alternative exons of TFs and chromatin

regulators. Length of protein and functional domains are drawn to scale, relative to each
other. ZnF: Zinc finger; DHD: Dach Homology Domain; SMAD: SMAD (SMAD refers to
homologs of both the C. elegans SMA protein, for small body size, and the Drosophila
MAD protein, for mothers against decaptentaplegic) -binding domain; CC: Coiled Caoil
domain; HJURP-C: Holliday Junction Regulator Protein family C-terminal repeat; NAD:
NAD-binding domain; ANK: Ankyrin repeats; Bromo: Bromodomain; HAT: Histone
Acetyl-Transferase domain; SEEEED: A conserved sequence with reference to a serine-rich
region of AP3BL1, a clathrin-adaptor complex; MBD: Methyl-CpG binding domain; TRD:
Transcriptional Repression Domain.
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Table 1

Chromatin Regulators that Undergo Neuron-Specific Splicing

Splicing Event

Genes

Exon Skipping

Actl6b, Adnp, Arid4b, Amntl, Arrbl, Ash2l, Atf2, Banp, Baz2b, Bptf, BrdZ2, Brd8, Brpf3,
Carml, Chd2, Chd5, Cit, Dpf2, Ep400, Epc2, Exoscl, Eya3, Ezh2, GatadZa, Gsel, Gtf2i,
Gtf3c4, Haach, Hplbp3, Huwel, Ino80e, Map3k7, Maz, Mecp2, MIlIt1, Morf4l2, Mtal,
Mitf2, Ncoal, NcoaZ, Ncorl, Nsdl, Porml, Pcgf6, Phcl, Phfl4, Phf20l1, Phf2la, Pknl,
Prkaal, Prr14, Rps6ka3, Rsf1, Scmhl, Senpl, Setd5, Sirt2, SmarcaZ, Smarca4, Smarcc2,
Smarcel, Spen, Tlk1, Trim33, Ubnl, Uhrf2, Uspl6, Vrkl, Whscl, Yeats2, Ywhaz, Zzz3

Tandem Exon Skipping

Bptf, Dot1l, Hdac5, Nap1/1, Pbrml, Phf20, Rpsbka3, Scmhl, Setd3, SmarcaZ, Smarcel,
Vrkl, Zzz3

Mutually Exclusive Exon Usage

Phf2la, Setd5

Intron Retention

P — 1

AebpZ, Asxl1, Brd9, Brms1, Brpfl, Chd4, Chd8, Exosc9, Hefcl, Hdac7, Hdacl0, Hirip3,
Lrwd1, Mta2, Nfrkb, Phfl, Prkcad, Prri4, Sf3b1, Sirt7, Tle2, Trim28, War77

Alternative 3" Splice Site

- Cmm

Abppl, Brd9, Chd3, Chad4, Cit, Ehmtl, Eyal, Ezh1, Gtf2i, Mbdé, MIlt10, Ncorl, NcorZ,
Nfrkb, Ogt, Prdm4, Ssrp1, Tafl, Tle4, Trim33

Alternative 5” Splice Site

-

Bptf, Cha3, Huwel, KatZa, Ncorl, Ncor2, Prmtl, Smarcbl, Trrap

Table 1: Mouse genes that have neuron specific alternative splicing events as published by Zhang, et a/(Zhang, Chen et al. 2014) was compared to
the Epifactors list by Medvedeva, ef a/ (Medvedeva, Lennartsson et al. 2015) to produce the above list of epigenetic factors that have neuron-
specific alternative splicing events. Some genes are listed twice, as they had multiple types of alternative splicing events. Bolded genes are

represented in both Table 1 and 2.
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Table 2

Chromatin Regulators that Contain Microexons

Class

Subclass

Genes

Chromatin remodeling/cofactor

ACTL6A, BPTF, CHDIL, CHDY, EP400, HP1BP3, INOS0C, MAPKAPK3, MLLT1,
MTA1L, PHF19, PSIP1, RAD54B, SETD6, SMARCA1, SMARCC2, SMARCDZ, SP100,
SRCAP, UBR5

Histone modification

Writer/Cofactor

APBB1, ARRB1, ATXN7, AURKC, BRPF3, CARM1, CIT, DDBZ, EP400, EZH2,
LASIL, MBDI1, MEAF6, NAT10, OGT, PAXIPI1, PHF19, PRDMZ2, PRKCB, PRMT1,
PRMT5, RPS6KA3, SETD6, SUV420HZ, TAF1, TEX10, TRRAP, UBR5, WHSC1

Reader

BAZ2B, BRD8, CECRZ, L3MBTL3, PBRM1, PHF20L1, PHF21A, ZCWPW1

Eraser

HDACI, HDAC10, HDAC3, HDAC6, HDACT7, KDM1A, KDMZ2B, KDM5B,
MORF4L2, NCOR2, SIRT7, SMARCAI, SRCAR, USP16, USP21, USP49, ZMYND8

Histone chaperone

CHRACI

RNA Modification

DND1, EXOSC4, MOV10

Transcription Factor

E2F6, GTF2l, MBD1

Polycomb Group

SFMBT1, EZH2

Protein

Human microexon list as published by Irimia, et a/ (Irimia, Weatheritt et al. 2014) was compared to the Epifactors list by Medvedeva, et a/
(Medvedeva, Lennartsson et al. 2015) to produce the above list of epigenetic factors that contain microexons. Some genes are listed twice, as they
fell into multiple categories. Bolded genes are represented in both Table 1 and 2.
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