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Abstract

STAR (signal transduction and activation of RNA) proteins regulate splicing of target genes that have roles
in neural connectivity, survival and myelination in the vertebrate nervous system. These regulated splicing
targets include mRNAs such as the Neurexins (Nrxn), SMN2 (survival of motor neuron) and MAG (myelin-
associated glycoprotein). Recent work has made it possible to identify and validate STAR protein splicing
targets in vivo by using genetically modified mouse models. In this review, we will discuss the importance
of STAR protein splicing targets in the CNS (central nervous system).

Introduction

Alternative splicing expands the coding capacity of the
genome. More than 90% of human genes are alternatively
spliced. Each individual pre-mRNA can be spliced in
different ways involving cassette exons, mutually exclusive
exons, alternative 3’ splice sites, alternative 5 splice sites,
intron retention, alternative promoters and alternative
polyadenylation [1]. The most common form of alternative
splicing involves the exclusion or inclusion of a cassette exon.
Either the function or the amount of protein encoded by an
mRNA maybe changed by alternative splicing. Firstly, the cell
can vary protein function by introducing or deleting cassette
exons from the mRNA. If the exon is located in an important
domain of the protein, the function of the protein may change
dramatically. Secondly, the cell can change the quantity of
protein produced by splicing exons into the message which
introduces stop codons leading to nonsense mediated decay.
Finally, splicing can also affect non-coding areas of the RNA
such as the 5’ or 3 UTR which in turn regulate the expression
of the protein. For example, the choice of translational control
elements in the 5 UTR may change the amount of protein
that is made by the cell [2]. Alternative splicing is controlled
in part by RNA-binding proteins, which in vertebrates are
often comprised of evolutionarily related families that have
similar structures.

The STAR (signal transduction and activation of RNA)
proteins are an important group of splicing regulator
proteins [3—6]. There are five STAR protein family members
in vertebrates which are both evolutionarily related to
each other and have similar protein modular structures.
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These STAR proteins are SAM68 (Src-associated in mitosis,
68 kDa), T-STAR (testis-signal transduction and activator
of RNA), SLM-1 (Sam68-like mammalian protein 1), QKI
(Quaking) and SF1 (splicing factor 1) (Figure 1). With the
exception of SF1, each of these STAR proteins contain a
KH domain flanked by two QUA domains. The KHDRBS
(KH domain RNA binding and signal transduction) branch
of this family is made up of SAM68, T-star and SLM-1, and
diverged from QKI in early metazoans: this was 800-880
million years ago. The ancestor of KHDRBS/QKI diverged
from SF1 in early Opisthokonts, i.e. approximately 1.6 billion
years ago (Figure 2). Although the domain organization of the
different STAR proteins is similar, recent atomic structures
revealed important differences. Sam68 and T-star bind RNA
utilizing a novel dimerization interface consisting of the
QUA1 and KH domains, whereas the QUA2 is not involved
in either dimerization or RNA binding [7]. In contrast, QKI
and SF1 bind RNA through their QUA2 and KH domains
and the QUA2 is further involved in the dimerization of
QKI. Consequently, SAM68 and T-star bind a bipartite
motif (A/U)AA-N. 5-(A/U/AA) [7], whereas QKI and SF1
bind a 7 nucleotide RNA consensus motif consisting of
(U/C)ACU(C/A)A(C/U) [8,9]. Homodimerization which
occurs through the QUA1 domain, is thought to increase
the RNA specificity of all the STAR proteins, apart from SF1
which does not dimerize because it has no QUA1 domain
[7,10].

There is great interest in identifying the functional targets
of STAR proteins, to reveal the pathways they control and
why they have been conserved as a family of RNA-binding
proteins. Genetically modified animals are very informative
in vivo models to answer these questions. Currently, there
are viable homozygous knockout mouse models for all the
STAR proteins except SF1 which can be exploited to study
alternative splicing in an intact organism (the Sf7 null mouse
is lethal) [11-17].

The brain has been shown to have the largest amount of
alternative splicing in the body [18], perhaps because of its
complex function. One role of the STAR proteins in the brain
is to control alternative splicing. In this review, we will discuss
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Figure 1| The domain structure of the vertebrate STAR proteins
The KH domain has homology to hnRNPK; QUA1T and QUA2 are domains
with homology to Quaking. All of the STAR proteins have a similar domain
structure. SF1 is the sole example of a STAR protein with only a KH and
QUA2 domain.
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alternative splicing targets regulated by STAR proteins that
have been identified or validated in the brains and spinal
cords of genetically modified animals. These investigations
have involved both basic and translational research: where
a disease is known to have a splicing defect such as spinal
muscular atrophy (SMA), the study of the STAR proteins
that affect this splice may lead to a better understanding of
the disease.

T-star

T-star (also known as Slm2 and Khdrbs3) is expressed mainly
in the brain and the testis [19,20]. Knockout mouse models
missing T-star exon 2 have been generated [12,13]. In these
models, loss of exon 2 shifts the reading frame, to create
a null allele. 7-star null mice display no gross phenotypic
abnormalities [12,13]. However, using a PCR platform to
screen for splicing differences between the wild-type and
knockout mouse brains [21], it was found that the absence
of T-star leads to increased splicing inclusion of an exon
called alternative splice site 4 (AS4) in mRNAs from all
three Neurexin (Nrxn) genes [12]. Neurexins are important
proteins located on the presynaptic membranes of neurons
where they determine connectivity with ligands on the
postsynaptic membrane. Each Nrxn gene consists of a long o
and short B form which is dependent on promoter usage.
Nrxn pre-mRNAs undergo extensive alternative splicing
[22]. The particular splice which is regulated by T-star,
AS4, is important for the function of the neurexin proteins
and is in both the @ and B forms of the neurexins.
The AS4 cassette exon encodes a 30 amino acid peptide
which influences synaptic activity [23]. AS4 peptide negative
neurexin proteins interact with neuroligin 1 and LRRTM
protein partners, and AS4 peptide positive neurexins interact
with cerebellins and other neuroligin protein partners. By
switching the postsynaptic receptor that binds to the neurexin
protein, a neuron can shift the balance of excitatory and
inhibitory activity at the synapse [23]. For instance, Aoto
and colleagues [24] demonstrated that when the AS4 exon
of Nrxn3 is constitutively included using a conditional
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knockin mouse, postsynaptic AMPA receptor («¢-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid, mediates fast
excitatory neurotransmission) levels go down, NMDA
receptor (N-methyl-D-aspartate, also involved in excitatory
neurotransmission) levels are unaffected and there is more
post-synaptic AMPA receptor endocytosis. Synaptic strength
is decreased, demonstrating that the inclusion or exclusion of
the AS4 exon in presynaptic Neurexin 3 trans-synaptically
exerts control on postsynaptic characteristics [24]. Splicing
of the Nrxn isoforms is correlated with levels of T-star
protein in all regions of the mouse brain suggesting that T-
star is an important regional regulator of Nrxn AS4 splicing
[12].

The other splicing change which was identified in
the knockout T-star mouse brain is the inclusion of a
171 base pair exon (exon 22) in the Tomosyn-2 mRNA
[12]. Tomosyn-2 protein is a syntaxin-1A binding protein
that has an inhibitory effect on exocytosis [25]. In the
central nervous system (CNS), Tomosyn-2 is expressed
mainly in the hippocampus, cerebellum [26] and the
spinal cord [27]. Analysis of Tomosyn-2 knockout mice
demonstrated that deletion of Tomosyn-2 does not affect
synaptic transmission in cultured hippocampal neurons.
However, further experiments conducted in the Tomosyn-
2 knockout, showed that not only is spontaneous release of
acetylcholine from the axons of motor neurons increased in
the absence of Tomosyn-2, but also repetitive stimulation
of motor neurons leads to more synaptic fatigue than
in the wild-type mice. Additionally Tomosyn-2 null mice
do not perform as well at motor tests as the wild-type
mice [27].

There are four splice isoforms of Tomosyn-2 [26], and T-
star promotes exon skipping of exon 22 which forms the splice
isoform m-tomosyn-2 [12]. Williams et al. [28] found that
the basal level of hGH (human growth hormone) secretion
is increased when m-tomosyn-2 is overexpressed in PC12
cells (a neuroendocrine secretory cell model). However, if
hGH secretion in PC12 cells is induced by potassium ions
both m-tomosyn-2 and the isoform which includes exon 22,
called xb-tomosyn, inhibit this secretion. Additionally, the
expression of m-tomosyn-2 in HEK293 cells is higher than
xb-tomosyn-2. Therefore, it appears that the m-romosyn-
2 isoform under T-star control may encode a more stable
protein and promote an increase in basal secretion in some
cell lines. If the protein made from m-tomosyn-2 behaves
similarly in the intact animal as it does in the cell lines, then
it is possible that lower levels of m-tomosyn-2 in the T-star
knockout mouse could affect neurotransmitter release at the
neuromuscular junction.

Since T-star is highly expressed in the hippocampus, which
controls spatial learning, Barnes maze tests were performed
to determine whether the splicing changes in Neurexin AS4
isoforms between the wild-type and knockout mice could
cause a difference in spatial learning and memory. Analysis
of these Barnes maze tests showed that 7-star null mice have
no detectable learning deficits as judged by this test [12]. It
would also be interesting to assess the motor function of
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Figure 2| Cladogram to demonstrate the evolutionary relationship between the STAR proteins
The duplications of the QKI/KHDRBS ancestor from SF1 and of QKI and KHDRBS occurred between choanoflagellates and
sponges, i.e. 800-880 million years ago. Khdrbs1 is Sam68, Khdrbs2 is SIm1 and Khdrbs3 is T-star.
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T-star knockout mice because these mice have lower levels
of the Tomosyn-2 splice isoform, m-tomosyn-2, than wild-
type mice. Since T-star is expressed in all regions of brain
and in the spinal cord [12], it is also possible that the T-star
knockout mice will exhibit behavioural changes other than
spatial learning and motor function.

$Samé68

Sam638 (also known as Khdrbs1) is the best studied member
of the KHDRBS family. Samé8 is ubiquitously expressed in
the body, and involved in multiple cellular processes such
as polysomal recruitment of mRNAs [29] and alternative
splicing [5]. The phenotypes displayed by a Sam68 knockout
mouse include decreased motor coordination assessed by

beam walking and a rotorod test which points to a neural
defect [30]. In 2011, Sam68 was shown to mediate activity-
dependent RNA splicing of Nrxnl (Neurexinl) in the brain
[31]. Depolarization of cerebellar (granule cells) neurons in
the mouse brain causes AS4 skipping in all three Neurexins.
Neuronal activity caused by addition of kainic acid (to
stimulate glutamate receptors), or electrical stimulation,
causes an increase in exon exclusion of Nrxnl AS4. Not
only did minigene experiments demonstrate that Sam68
can mediate splicing of Nrxn1 AS4, but RT-PCRs (reverse
transcription polymerase chain reaction) performed with the
endogenous Nrxn! mRNA from the brains of Samé8 wild-
type and knockout mice also show different patterns of Nrxn1
AS4 splicing, consistent with control of Nrxni AS4 splicing
by Samé68.

©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.



In order to determine whether Samé68 can control a specific
activity-dependent splice in the nervous system, experiments
linking Sam68 activity to Nrxni AS4 splicing were performed
[31]. Unlike the situation in wild-type mice, Nrxnl AS4
splicing patterns in neurons from Samé68 knockout mice
do not change in response to depolarization. Kainic acid
was injected into the cerebellum of Sam68 wild-type and
knockout mice to stimulate neuronal activity and Nrxn! AS4
splicing was monitored. Stimulation of the glutamate receptor
induces a change in Nrxnl AS4 splicing in patterns in wild-
type mice but not in the Sam68 knockouts demonstrating that
Samé68 is responsible for activity-dependent splicing of Nrxn1
AS4. Activity-dependent Nrxni AS4 splicing is mediated by
a phosphorylation event in Samé68 protein at serine 20 in
depolarized neurons.

Another splicing target of Sam68 in the brain is the SMN2
(survival of motor neuron 2) gene. SMA is an autosomal
recessive neuromuscular disease caused by deletion of SMNT.
SMA is the most common genetic cause of infant mortality
[32], even though a second copy of the gene called SMN2
exists that could replace its expression. However, a base
change from a C to a T in SMN2 exon 7 causes exon skipping
and not much SMN2 protein is produced as a result [33,34].
The C to A mutation in SMN2 creates a possible Sam68-
binding site. Pedrotti et al. [35] showed that Samé68 and
hn RNPA1 (a splicing repressor protein) can bind together
in this SMN2 RNA region and enhance exon skipping of
exon? in a cell line [35]. In 2015, the same research group
extended their findings into an intact animal [36]. Using brains
from the SMA mouse model, SMN2A7;SMN2;Smn —/ —
[37], they demonstrated that Sam68 and hn RNPA1 bind
to the SMN2 exon 7 sequence using CLIP (cross-linking
and immunoprecipitation). Next, the SMN mouse model was
bred with the Samé68 knockout mouse and they looked for
an improvement in several SMA parameters. They found that
the mice lived longer, weighed more, could right themselves
faster and had less motor neuron loss. Together these data
demonstrate that lack of Samé68 causes an amelioration of the
SMA phenotype [36].

SIm1

Slm1 (also known as Khdrbs2) is the third member of
the KHDRBS family. Slm! knockout mice are fertile, and
have no gross behavioural or phenotypic abnormalities.
Slm1 is expressed across the brain in all regions that were
tested — these were the olfactory bulb, striatum, cortex,
cerebellum, brain stem with higher expression in dentate
gyrus, thalamus and hypothalamus and midbrain [14].
Experiments performed by Iijima et al. [14] in the Sim1
knockout mouse, have demonstrated that SIm1 is important
for the splicing of the AS4 exon in all three Nrxn genes
in the midbrain. Further studies by the same group, have
also demonstrated that an up-regulation of Slm1 in certain
cell types in the T-star knockout mouse partially makes
up for the lack of T-star [13]. Although there have been
no behavioural defects reported yet for the Slm1 knockout
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mouse, it is possible that a Barnes Maze learning test could
reveal a phenotype in Slm1/T-star double knockout mice.

Quaking

Quaking is a STAR protein first identified in the gk”
(quakingviable) mouse [38]. Quaking is expressed in a
number of tissues including brain, heart, lung, testis, muscle,
prostate, colon, stomach and myeloid cells [38,39]. The
mutation in the gk” mice, which have tremors in their hind
region and a severe deficit in myelin [15], is not in the
coding region of quaking, but lies within the 5 regulatory
region. Consequently, levels of Quaking are diminished in
qk” mice compared with wild-type mice [38]. Myelin, made
by oligodendrocytes in the CNS, is important to increase
electrical conductance in the nervous system and protects
neurons from damage [40]. Quaking has three protein
isoforms: QKI-5, QKI-6 and QKI-7 (Quaking 5, 6 and
7) which are named based on the length of their mRNAs.
QKI-5 protein is nuclear. QKI-6 and QKI-7 proteins are
cytoplasmic.

qk” mice have aberrant splice isoform ratios of several
myelin-specific genes such as PLP (proteolipid protein),
MBP (myelin-basic protein) and MAG (myelin-associated
glycoprotein) compared with wild-type mice [41,42]. MAG
has an important role in neurite outgrowth [40]. Wu et al.
[42] demonstrated that the nuclear form of Quaking protein,
QKI-5, regulates MAG exon 12 splicing in a cell-based
minigene assay. However, Zhao et al. [43] also showed that
QXKI-6 protein, a cytoplasmic form of Quaking, rescues MAG
splicing in oligodendrocytes from gk” mice without an in-
crease in QKI-5. These latter experiments suggest that QKI-6
indirectly controls MAG splicing by altering the translation
of the splicing suppressor hn RNPA1. Earlier experiments
had already demonstrated that hypo-myelination and tremor
in the gk” mice can be rescued by expressing a transgene
encoding QKI-6 in oligodendrocytes [44]. More evidence
for QKI-6 effects on splicing come from Mandler et al. [45]
who demonstrated that QKI-6 represses two splicing factors
called hnRNP F/H in vivo. Minigene experiments suggest
that hanRNP F/H also regulate MAG exon 12 splicing. This
group also identified several new splicing targets in the gk”
mouse that are part of the HnRNPF/H pathway [45]. Hence,
these experiments show that Quaking may regulate splicing
in the brain directly and indirectly.

With the advent of a guaking conditional knockout mouse
by Darbelli et al. [17], the quaking gene can be deleted in
specific cell types. Crossing the Q&I+ mice with Olig2-Cre
to specifically delete guaking in oligodendrocytes results in
mice with considerable hypomyelination in the CNS, tremors
at postnatal day 10 and death at 3 weeks. In order to identify
alternative splices regulated by quaking protein in mice,
postnatal day 14 brains from wild-type and QkIFL/FL-Olig2-cre
mice were tested on a PCR platform [21]. The investigators
found significant changes in 31 alternative splicing events
including NFasc. NFasc makes cell adhesion proteins termed
Nfasc155 and Nfasc186. RT-PCRs show that exon 17 which

©2016 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society.
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is specific to the neuronal Nfasc186 is included in the
brains of the QKI1/F1.0kg2-¢ mice and exons 21/22 that are
specific for oligodendrocyte Nfasc155 are excluded in the
QKIFL/FLOlgza¢ mouse brains. Since Nfasc155 protein was
absent from the brains of the knockout mice, these authors
focused on exons 21/22 in the Nfasc155 isoform. Minigene
experiments demonstrated that QKI-5 is the major Quaking
isoform that promotes inclusion of Nfasc exons 21 and 22.
Nfasc155 is known to be present at axoglial junctions in
the spinal cord. By crossing QkI''L with PLP-CreERT
and inducibly deleting the quaking gene in adult mice, the
investigators found defects in axoglial junctions of the spinal
cords and notable loss of Nfasc155 staining [17]. Therefore,
these conditional mutant mice have been used to uncover a
splicing change which results in a phenotypic defect.

SF1

SF1 is widely expressed in human and mouse tissues [46]
and is an early component of the assembling spliceosome.
SF1 together with the protein U2AF recognize distinct
sequences at the 3’ splice site and form part of the E complex:
subsequently SF1 is replaced by U2 snRNP to form the A
complex [47]. There have been suggestions that SF1 might
not be absolutely essential in early spliceosome complex
formation. For instance, when SF1 was depleted from human
or yeast splicing extracts, splicing complexes formed more
slowly but splicing still proceeded [48,49].

Roles for SF1 in alternative splicing in mammals, yeast
and plants have been reported. SF1 interacts with the 8-
catenin/TCf4 complex to influence its pre-mRNA splicing
activities in colon cancer [50]. A mutation in SF1 from fission
yeast leads to exon skipping [51], and finally a mutation in
the Arabidopsis homologue of SF1 leads to altered alternative
splicing patterns of several genes including heat shock
transcription factor HsfA2 [52]. Corioni et al. [53] explored
the function of SF1 in alternative splicing in HeLa cells using
CLIP and siRNA knockdown of SF1. They identified novel
mRNAs with CLIP tags which were differentially spliced
between wild-type HeLa cells and HeLa cells depleted of SF1
by siRNA. These data demonstrate an alternative splicing role
for SF1 in cultured cells. However, to date there is no data
demonstrating a direct role for SF1 in alternative splicing in
an intact animal. Perhaps future experiments could make use
of the Sf1 genetrap mice to explore alternative splicing of Sf1
in the brain, where it is known to be expressed [46]. Even
though Sf7 homozygous genetrap mice die before embryonic
day 8.5, it may be possible to use the heterozygotes to analyse
splicing as they are viable [16].

Summary

All of the STAR proteins are expressed in both neuronal
and non-neuronal tissues and they have been implicated in a
number of human diseases including neurological disorders
and cancer. Cancers that show SAM68 up-regulation include
breast, prostate and colorectal cancer [54]. On the other

hand, QUAKING is down-regulated in lung cancer. The
mechanism for this may be because QUAKING has a role
in modulating NUMB splicing in the lung. This in turn
leads to less proliferation and prevents notch signalling [55].
An amplified region of DNA which includes 7-star has
been found in medulloblastoma cell lines, and there is an
increase in T-star transcripts in primary medulloblastoma
tumours suggesting that T-star is important in this type of
childhood cancer [56]. Non-cancerous neurological disorders
can also be linked to the splicing changes mediated
by STAR proteins in the brain and spinal cord. The
KHDRBS proteins T-star, Sam68 and Slm1 are important
regulators of Nrxnl which has been implicated in human
diseases such as autism and schizophrenia. Heterozygous
deletions of NRXNI o have been found in several studies
of patients with schizophrenia and in some autistic patients.
A deletion which is common to NRXN « and B has also
been reported in twins with childhood-onset schizophrenia.
The AS4 exon is in the region of NRXNI which is common
to both the o and B forms [57]. QUAKING may be also
be associated with schizophrenia as expression of QKI
mRNA was found to be decreased in brain regions such
as the cortex and hippocampus of schizophrenic patients
[58]. Additionally, QUAKING has also been associated with
ataxias and degeneration of Purkinje cells [6]. A family with
a severe neurological disease seen in infancy which includes
axonal neuropathy, cognitive delay and optic atrophy has
been shown to have a homozygous mutation in the gene for
TOMOSYN-2 (STXBP5L) emphasizing the importance of
this gene in brain development [59]. And finally, the partial
abrogation of the SMA phenotype in the SMA mouse model
in the absence of Samé68, points to the importance of these
RNA-binding proteins as tools for future therapies of some
neurological diseases.
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