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Abstract: A set of tissue-specific splicing factors are thought to govern alternative splicing events
during neural progenitor cell (NPC)-to-neuron transition by regulating neuron-specific exons. Here,
we propose one such factor, RNA-binding protein Quaking 5 (Qki5), which is specifically expressed
in the early embryonic neural stem cells. We performed mRNA-SEQ (Sequence) analysis using
mRNAs obtained by developing cerebral cortices in Qk (Quaking) conditional knockout (cKO) mice.
As expected, we found a large number of alternative splicing changes between control and conditional
knockouts relative to changes in transcript levels. DAVID (The Database for Annotation, Visualization
and Integrated Discovery) and Metascape analyses suggested that the affected spliced genes are
involved in axon development and microtubule-based processes. Among these, the mRNA coding for
the Ninein protein is listed as one of Qki protein-dependent alternative splicing targets. Interestingly,
this exon encodes a very long polypeptide (2121 nt), and has been previously defined as a dynamic
RNA switch during the NPC-to-neuron transition. Additionally, we validated that the regulation
of this large exon is consistent with the Qki5-dependent alternative exon inclusion mode suggested
by our previous Qki5 HITS-CLIP (high throughput sequencing-cross linking immunoprecipitation)
analysis. Taken together, these data suggest that Qki5 is an important factor for alternative splicing in
the NPC-to-neuron transition.
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1. Introduction
Alternative pre-mRNA splicing is a major mechanism for producing diverse proteins from a single
gene, and drives cellular differentiation [1–4]. In the brain, pre-mRNA splicing generates transcriptome
complexity between neural subtypes and developmental stages [5,6], and its mis-regulation is often
associated with neurological diseases [7,8]. Several reports show that alternative splicing dynamics
regulate neural development through RNA-binding proteins (RNABPs), such as Ptbp1/2, Srrm4,
RbFoxs, RBM4, Qki5, and Nova2, in conjunction with their direct RNA switches [9–16]. For example,
Dab1 splicing is involved in neocortical radial migration [14,17], Ank3 splicing switch is involved in
the assembly of the axon initial segment [18], Elavl4 splicing switch changes splicing activity [19],
and Nin and Flna splicing are involved in the maintenance of apical neural progenitor cells (NPCs) and
neuronal differentiation during NPC-to-neuron transition [16]. Of particular interest are the different
roles that Ninein plays in neurons and NPCs, e.g., regulation of axonal development in neurons [20]
and formation of centrosome structure in neural stem cells [21]. Alternative splicing variants give
rise to these functional differences of the Ninein protein between NPCs and neurons. These differing
functions are well-characterized by differential subcellular protein localization. In NPCs, Ninein is
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localized to the centrosome by binding to the centrosomal proteins CEP170 and CEP250. In these
cells, the Ninein protein includes domains encoded by a very large, internal alternative exon, exon 18,
as well as exon 29bc. In neuronal cells, Ninein lacks exon 18 and includes exon 29a, and does not bind
to the centrosomal proteins, as evidenced by its diffuse cytoplasmic localization [16]. In neuronal cells,
exon 29a is included by the RNABPs RbFox1/2/3, but the regulation of exon 18 remains unclear.
Quaking (Qk) gene generates three major alternative spliced mRNAs encodes three RNA-binding
protein isoforms, Qki5, Qki6, and Qki7, which differ only in C-terminal regions [22]. In our previous study,
we proposed Qki5 as a novel neural stem cell regulator in the developing neocortex, as evidenced by its
highly specific expression in neural stem cells relative to Qki6 and 7 [11]. Qki5 governs alternative splicing
events through three modes of pre-mRNA splicing regulation, as predicted by transcriptome analysis
and HITS-CLIP, a method that map the protein-RNA interaction at the transcriptome-wide [23–25] and
suppresses neuronal transcript levels in primary neural stem cell culture [11]. Although this evidence
suggests that Qki5 is associated with NPC-to-neuron transition via pre-mRNA splicing, the splicing
dynamics and specific targets of Qki5 in the developing neocortex remain unclear. In the present study,
we performed mRNA-SEQ analysis using mRNAs obtained from the cortex of Qk conditional knockout
(cKO) mice to examine Qki5-dependent RNA splicing dynamics as they relate to the NPC-to-neuron
transition. We found several Qki5-dependent alternative splicing changes, including a very large exon18
of the Nin gene, which is strongly associated with the NPC-to-neuron transition.
2. Results
2.1. The mRNAseq Analysis of Qk Conditional Knock-Out Cortices
We performed unbiased mRNA-SEQ analysis to detect Qki-dependent transcriptomics in the
developing neocortex. Embryonic day 14.5 mouse cortex RNA from two independent Qkfl/fl (control)
and Nestin-cre:Qkfl/fl (Qk cKO) littermates was used to prepare mRNA libraries through polyA
selection and 150 base pair (bp) paired-end sequencing using the Illumina (San Diego, CA, USA)
HiSeq system. Sequence reads were aligned to the mouse genome (mm10) and an exon junction
database using OLego, and gene expression levels and alternative splicing events were quantified
using Quantas [26]. In total, about 80 million paired-end reads were obtained for the control and Qk
cKO mRNA-SEQ samples. Over 10 million clusters included spliced junction reads among uniquely
mappable regions (Table 1). Importantly, Exon 2 of Qk mRNA was greatly reduced in Qk cKO,
indicating high efficiency of Cre recombination and low contamination of non-neural tissue (Figure 1A).
This reduction was also confirmed by a quantitative RT-PCR assay (Figure 1B). We investigated
mRNA-SEQ data to determine whether loss of the Qk gene affects steady-state levels of mRNA. In Qk
cKO, steady-state levels of 15 transcripts were significantly upregulated, and 43 transcripts were
significantly downregulated (EdgeR statistics; p < 0.01, FDR < 0.1) (Figure 2A and Supplemental
Table S1). Following the removal of weakly expressed transcripts (RPKM < 1.0 in either control or Qk
cKO), we found only 38 transcripts with significant changes (Figure 2A). This suggests the possibility
that the nuclear isoform Qki5, which functions in pre-mRNA splicing rather than in regulating
expression level, is expressed in embryonic cortices at higher levels than the other isoforms, Qki6
and Qki7, which play roles in steady-state level of mRNA abundance [11,27]. To further determine
whether the Qk cKO affects pre-mRNA splicing events in the embryonic neocortex, we next analyzed
mRNA-SEQ data at the exon junction level. We discovered 859 mRNA splicing defects, which could
be due to changes in Qki-dependent RNA splicing events with significant differences relative to the
control (Fisher’s exact test in Quantas: p < 0.01, FDR < 0.1) (Figure 2B). Among the 358 alternative
splicing changes that included at least 0.1 of ∆I ratio between control and cKO, all alternative exon
types (cassette type, tandem cassette type, mutually exclusive, 50 ASS, 30 ASS, and retained intron)
were included. Notably, the cassette-type exon was significantly enriched compared with other types
(enrichment score: 1.49) (Figure 2C). In addition, the changes of their cassette type exons are largely
consistent with a position dependent alternative splicing mechanism, which we previously defined as
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Table 2. Genes ontology terms associated with Qki-regulated alternative splicing targets.
Term

Description

Log P

Log (q-Value)

InTerm_InList

Symbols

GO:0061564

axon development

−9.397

−5.617

26/468

Aatk,Apc,Ddr1,Dab1,Dst,Dvl1,Evl,Fn1,Nfib,Nin,Numb,Ptprf,
Ptprm,Ptprs,Ptprz1,Cyfip1,Tnc,Tsc2,Golga4,Brsk2,Foxp1,Boc,
Picalm,Nrcam,Auts2,Kalrn,Cask,Cln3,Dab2,Lrp8,Nrxn1,Dennd5a,
Map4k4,Nckap1,Grip1,Ccp110,Ccdc88a,Flna,Bcas3,Ripor2,Ttc3,
Prpf40a,Actn4,Qrich1,Fmnl2,Triobp,Zmym5,Fat1,Mff,Bnip2,
Tenm4,Clstn1,Adgrl2,Adgrb1,Sorbs2,Celf1,Pcnt,Pkm,Zfx,Brd4,
Kmt2c,Ankrd26,Sbf1,Atad3a,Hp1bp3,Slc12a7,Arfip2,Cacna1g,Pla2g6

GO:1990778

protein localization to cell
periphery

−8.110

−4.934

19/291

Cask,Cln3,Dab2,Flot2,Kif13a,Myo5a,Nrxn1,Numb,Sorbs1,Snap23,
Tsc2,Golga4,Clip1,Rer1,Slmap,Flna,Picalm,Dennd4c,Kalrn,Dvl1,
Reep2,Apc,Gcc2,Ccdc88a,Bcas3,Ripor2,Sec16a

GO:0007017

microtubule-based process

−7.738

−4.630

31/770

Apc,Bnip2,Cln3,Dctn1,Dst,Dvl1,Dyrk1a,Kif13a,Kif16b,Kif21a,Mark3,
Mdm1,Myo1b,Myo5a,Nin,Pcnt,Fbxw5,Clip1,Haus2,Camsap3,Gcc2,
Eml2,Brsk2,Eml4,Ccp110,Phldb1,Ccdc88a,Flna,Bcas3,Ripor2,Prc1,
Evl,Cyfip1,Nckap1,Afap1,Arfip2,Triobp,Mtss1,Fat1,Sorbs1,Actn4,
Foxp1,Sorbs2,Nrxn1,Clstn1,Adgrl2,Adgrb1,Auts2,Pla2g6,Hnrnpa2b1,
Mff,Pot1a,Ddhd1,Eif4g3

GO:1903044

protein localization to
membrane raft

−6.406

−3.430

4/6

Flot2,Tsc2,Clip1,Reep2,Snap23,Cln3,Dctn1,Dvl1,Nrxn1,Rer1,
Tmem175,Adgrb1,Ccdc88a,Mtss1,Sec24c,Sec16a,Picalm,Nrcam

GO:0031345

negative regulation of cell
projection organization

−5.720

−2.864

13/199

Aatk,Dab1,Dab2,Evl,Nrxn1,Ptprf,Ptprs,Ptprz1,Dennd5a,Tsc2,
Map4k4,Ccp110,Flna,Apc,Dyrk1a,Mdm1,Ttc3,Map3k7,Actn4,
Camsap3,Eml2,Eml4,Pot1a,Bcas3,Picalm,Foxp1,Npr2
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2.3. A Large Exon 18 of Nin Is Regulated by Neural Stem Cell Regulator Qki5
One previous report demonstrated that RNA switching exons from two genes, Nin and Flna,
are associated with the NPC-to-neuron transition in neocortical development [16]. Interestingly,
our aberrant pre-mRNA splicing list from Qk cKO includes alternative exons from both Nin and Flna.
However, the Qki-dependent alternative splicing exon of Flna was different from the critical exon N
of Flna, which contains a premature stop codon, thereby controlling Flna protein level through the
nonsense-mediated decay pathway. By contrast, we found that a large alternative exon 18 of Nin was
dramatically downregulated in Qk cKO cortices. Large exon 18 (>2.1 kb) is almost exclusively included
in mouse and human NPCs, as well as in our previous mRNA-SEQ result from mouse neural stem
cells, and completely excluded in cortical neurons (Figure 4A and [16]). Additionally, another exon
29bc of Nin is also specifically excluded in cortical neurons but included in NPCs [16]. Interestingly,
these two exons, 18 and 29bc from Nin mRNA, encode the functional protein domains for association
with the centrosomal proteins CEP170 and CEP250, respectively (Figure 4B).
We next performed quantitative PCR validation analysis for the two Nin alternative splicing
exons using three different biological replicates. The result from two PCR primer sets flanking
the constitutive exons and exon 29a-specific did not show any differences between control and Qk
cKO. By contrast, large exon 18 expression levels were significantly reduced in Qk cKO, reflecting
mRNA-SEQ data (Figure 4A,C–E). To further confirm that large alternative exon 18 is expressed and lost
in Qk cKO, we carried out semi-quantitative RT-PCR analysis. Importantly, this large exon (over 2.1 kb)
is dramatically decreased in Qk cKO cortices (Figure 4F). In addition, we mapped Qki5 HITS-CLIP
data, which we have previously performed using E14.5 mouse whole brain, around large exon 18. The
Qki5 binding map indicated a significant peak at the intron downstream from alternative large exon
18 of Nin, which contained the clear Qki5-binding motif ACUAAC (Figure 4A). Given the mechanism
of Qki5-dependent alternative pre-mRNA splicing, downstream binding of Qki5 to normal alternative
cassette exons enhances exon inclusion [11]. In an additional gain-of-function study, we observed
upregulation of large exon 18 of NIN in Qki5-over-expressed HEK293 cells, not Qki6 (Supplemental
Figure S1). We conclude that Qki5 directly regulates a large exon 18 of Nin. Furthermore, our previous
observation shows that Qki5 is almost exclusively expressed in NPC cells, when neurogenesis actively
occurs in the embryo, but neurons do not express it [11]. This evidence supports the idea that Qki5
enhances NPC-Ninein expression via alternative splicing, and non-Qki5-expressing neurons express
neuron-Ninein, suggesting a role of Qki5 in the NPC-to-neuron transition (Figure 4G).
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Alternative splicing plays important roles in multiple aspects of cortical development. Indeed,
defects of neurogenesis have been seen in several murine mutants of genes encoding splicing
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3. Discussion
Using genetics and mRNA-SEQ analysis, we found that the RNA-binding protein Qki5 regulates
a very large internal alternative exon 18 of Nin, which is related to the NPC-to-neuron transition.
In addition, we proposed a mechanism by which the binding of Qki5 to a downstream intron promotes
this large alternative exon. This mechanism was suggested by adding HITS-CLIP information, in which
we previously demonstrated three modes of Qki5-dependent alternative splicing in neural stem cells.
Alternative splicing plays important roles in multiple aspects of cortical development. Indeed,
defects of neurogenesis have been seen in several murine mutants of genes encoding splicing regulators,
such as srrm4, ptbp1/2, Nova2, and Qki5 [11,28]. These RNABPs govern a huge number of target
pre-mRNAs, including alternative exons and micro-exons, thereby contributing to multiple aspects
of cortical development and complicated transcriptomics. However, a large number of alternative
pre-mRNA mis-splicings in RNABP-null mice result in a pleiotropic phenotype [29–31]; therefore,
it has been difficult to identify how the individual functions of these alternative isoforms contribute
to cortical development. For example, a mutant deficient in the neuron-specific splicing factor,
Nova, exhibited multiple deficits in the central nervous system, such as radial neuronal migration
and axon guidance/synapse formation of neuro-muscular junctions. In vivo rescue experiments
demonstrated that the alternative RNA switches Dab1, which is a major component of Reelin signaling,
and Agrin, which is an inducer of clustering of AchRs, were involved in each biological event,
respectively [14,32]. Recently, another example was reported in the context of embryonic neocortical
development in mouse and human brain. Alternative splicing dynamics from two genes, Nin and
Flna, control critical events, such as neural progenitor expansion and neuronal differentiation in
neocortical development. Heterozygous null mutation of FLNA in females causes periventricular
nodular heterotopia (PVNH) [33]. Interestingly, deep intronic FLNA mutation derepresses ectopic
exon N inclusion, which has a premature stop codon and induces the nonsense-mediated decay
pathway in NPCs, leading to decreased protein levels and mild brain malformation. This mutationdriven alternative exon N inclusion was associated with disruption of NPC factor PTBP1-dependent
alternative splicing skipping. By contrast, the repertoire of protein products from the Nin gene is
dynamically controlled by alternative RNA switching during the NPC-to-neuron transition. Ninein
protein isoforms are thought to have different roles in the NPC-to-neuron transition due to their
subcellular localization, with NPC-Nin exhibiting strong centrosomal localization mediated by the
centrosomal protein CEP family, and neuronal-Nin diffusely localized to the cytoplasm because
neuronal-Nin does not contain the C-terminal domain, which encodes a centrosomal localization
signal [16]. Importantly, this exon switching is partially associated with neuronal splicing regulators
RbFox1/2/3; however, the regulation of a very large exon 18 has been completely unresolved.
The present study proposes Qki5 as a critical splicing regulator for the enhancement in the exon
18 of Nin.
We recently proposed a novel neural stem cell type splicing regulator, Qki5. Mutants of Qki5
show defects in cell-to-cell adhesion and mislocalization of the centrosomal protein γ-tubulin in
neural stem cells, which could be mediating the beta-catenin pathway [11]. We performed unbiased
mRNA-SEQ analysis using E14.5 Nestin-cre: Qk conditional knockout cortices. This analysis revealed
a huge number of alternative splicing defects related to microtubule organization, including the
Nin and flna transcripts. Interestingly, we found that Qki5 knockout resulted in exclusion of a very
large exon 18 of Nin, thereby generating the NPC-neuron hybrid Ninein protein in neural stem cells.
This hybrid Ninein protein might be involved in the phenotypic features of Qki5 conditional knockout
mice because Qki5-null neural stem cells exhibit mislocalization of centrosomal protein γ-tubulin [11].
In this study, we focused on a larger alternative exon, Nin exon 18, which is over 2.1 kb. Previous
bioinformatics data suggested that large internal exons over 1000 nt are a minor population, comprising
about 0.5% of all internal exons, and only 4.7% of all human protein-coding genes include them [34].
The number of exons with a size greater than 2000 nt is dramatically decreased. A previous biochemical
study that examined exons ranging from 50 to 1500 nt demonstrated that large exon size does not
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limit splicing [35]. Therefore, we proposed that larger alternative exon 18 is also regulated by standard
cellular splicing machinery in combination with an additional cell-specific splicing factor, Qki5. Indeed,
the present data demonstrate not only the reduction of Nin exon 18 inclusion in Qk conditional
knockout cortices, but the mechanism by which the direct Qki5 action on downstream ACUAAC site
enhances exon inclusion in a manner consistent with our previously defined position-dependent map
of Qki5 functional exon regulation (Figure 4 and [11]). Moreover, exon 18 of Nin dramatically decreased
at the NPC-to-neuron transition, which correlated with Qki5 expression patterns, as evidenced by
our previous finding that Qki5 is specifically expressed in neural stem cells and lost in neuronal cells.
These data collectively indicate that Qki5 can be added to the list of factors required for widespread
alternative exon usage during NPC-to-neuron transition.
4. Materials and Methods
4.1. Mice
All of the animal experiments were conducted in compliance with the protocol reviewed by
the Institutional Animal Care and Use Committee of Niigata University and approved by the
President of Niigata University (approval code SA00191 approved on 5 April 2018). To generate
embryonic conditional Qk knock-out mice, Qkflox/flox mice were crossed with Nestin-Cre transgenic
mice, as previously described [11]. To detect the Nestin transgenes and Cre recombinase,
the following primers were used: Nes-F: 50 -AATCCTTCTTCGGGC TTCGG-30 and Cre-R: 50 -TTGCGA
ACCTCATCACTCGT-30 .
4.2. The mRNA Sequence and Data Analysis
Total RNA was obtained from three independent replicates of E14.5 mouse cortices from control
and Qk conditional knockouts. The RNA was extracted using QIAzol (Qiagen; Venlo, The Netherlands)
followed by the generation of mRNA libraries using Illumina TruSeq protocols for poly-A selection,
fragmentation, and adaptor ligation according to the manufacturer’s instructions (TruSeq RNA Sample
Prep Kit v2). The multiplexed libraries were sequenced as 150 nt pair end runs on an Illumina
HiSeq 4000 system (Novogen, Pledran, France). Sequence reads were mapped to the reference mouse
genome (mm10) using OLego splicing aligner (Zhang Laboratory, networking in the RNA world,
https://zhanglab.c2b2.columbia.edu/index.php/OLego). Calculation of exon inclusion rate and
differential exon inclusion rate between two groups (∆I) were quantified using a Fisher exact test in
the Quantas tool [26]. We used FDR < 0.1 and p < 0.01 as significant alternative changes. Differential
expression statistics of mRNA abundance were performed with EdgeR [36].
4.3. Accession Numbers
The mRNA-SEQ data have been deposited in GEO under accession number GSE123927 (http:
//www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE123927) and also see GSE103248 for neural
stem cells.
4.4. Enrichment Analyses
A dataset of 251 genes having alternative splicing changes between control and Qk cKO
(l∆I l > 0.1 and RPKM > 1) were subjected to enrichment analyses using DAVID bioinformatics
resources 6.7 (https://david.ncifcrf.gov/) [37] and Metascape (http://metascape.org/gp/index.
html) [38]. For both analyses, 12,490 genes (RPKM > 1) expressed in the mouse cortex were used as
background genes. Functional enrichment was performed in three categories of GO terms, biological
process (BP), molecular function (MF), and cellular component (CC), in DAVID.
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4.5. RT-PCR and qRT-PCR
RT-PCR analyses were performed as described elsewhere [39]. At least three biological replicates
were used for quantitative PCR, which was performed with a StepOnePlus real-time PCR detection
system (Applied Biosystems; Waltham, MA, USA). Mouse Gapdh gene were used as internal control,
and results were calculated using the ∆∆CT method. Semi-quantitative long PCR assays were
performed in a total volume of 25 µL containing optimized PCR buffer for KOD-plus-Neo (Toyobo;
Tokyo, Japan). Visualized gel image with SyberGold (Invitrogen; Carlsbad, CA, USA) was obtained by
iBright CL1000 system (Invitrogen).
4.6. Primers for qRT-PCR and RT-PCR
Primers used for PCR experiments were as follows:
Nin_Total: (For Figure 4C)
F:50 -TGCAACAGACGCTACTCCAG-30 R:50 -GTGATCTTCGTCCATAACGCTT-30
Nin_altExon18: (For Figure 4D)
F:50 -CCGAGAAAACTCCTGCCTTC-30 R:50 -GTCTCCATCACCTCCTCCATTT-30
Nin_Exon29a: (For Figure 4E)
F:50 -TGGGACATGTTGGAATCAAGTG-30 R:50 -GCAAGCAGAAGTTTGTGACTGAA-30
Nin_Ex18_flanking: (For Figure 4F)
F:50 -GGAGAAGGTGAGAGGCTTGG-30 R:50 -CACAATTCTTCCTGAGAGCCATTT-30
Supplementary Materials: Supplementary Materials can be found at http://www.mdpi.com/1422-0067/20/5/1010/
s1.
Author Contributions: M.Y. and Y.H.-Y. conceived and designed the experiments, and wrote the manuscript.
M.Y. and Y.H.-Y. performed most of the experiments, analyzed the data, and read and approved the final version
of the manuscript.
Funding: This work was supported by The SIL Research Fund from Takeda Pharmaceutical Company, Ltd.,
the MEXT Grant-in-Aid (grant no. JP17H05598, JP24700333, and JP16K07247), The Foundation for Dietary
Scientific Research, the Ichiro Kanehara Foundation (to M.Y.), Grant-in-Aid for JSPS Research Fellow RPD (grant
no. JP15J40150), Takeda Science foundation, The Sumitomo Foundation (to Y.H.-Y.), and the General Insurance
Association of Japan (to M.Y. and Y.H.-Y.).
Acknowledgments: We thank Takako Furukawa for technical assistance and our colleagues at Niigata University,
Keio University, and Shonan incubation laboratories (SIL) project of Takeda pharmaceutical company for
encouragement, critical comments, and help.
Conflicts of Interest: M.Y. is a paid member of the Scientific Advisory Board of K-Pharm, Inc. The authors declare
no other conflict of interest. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1.

2.
3.
4.

5.
6.

Boutz, P.L.; Stoilov, P.; Li, Q.; Lin, C.H.; Chawla, G.; Ostrow, K.; Shiue, L.; Ares, M.J.; Black, D.L.
A post-transcriptional regulatory switch in polypyrimidine tract-binding proteins reprograms alternative
splicing in developing neurons. Genes Dev. 2007, 21, 1636–1652. [CrossRef] [PubMed]
Darnell, R.B. RNA protein interaction in neurons. Annu. Rev. Neurosci. 2013, 36, 243–270. [CrossRef] [PubMed]
Gerstberger, S.; Hafner, M.; Tuschl, T. A census of human RNA-binding proteins. Nat. Rev. Genet. 2014, 15,
829–845. [CrossRef] [PubMed]
Zhang, C.; Zhang, Z.; Castle, J.; Sun, S.; Johnson, J.; Krainer, A.R.; Zhang, M.Q. Defining the regulatory
network of the tissue-specific splicing factors Fox-1 and Fox-2. Genes Dev. 2008, 22, 2550–2563. [CrossRef]
[PubMed]
Raj, B.; Blencowe, B.J. Alternative Splicing in the Mammalian Nervous System: Recent Insights into
Mechanisms and Functional Roles. Neuron 2015, 87, 14–27. [CrossRef] [PubMed]
Su, C.H.; Tarn, W.Y. Alternative Splicing in Neurogenesis and Brain Development. Front. Mol. Biosci. 2018, 5,
12. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 1010

7.
8.
9.

10.
11.

12.

13.

14.
15.
16.

17.

18.

19.
20.

21.

22.

23.

24.

25.
26.

11 of 12

Conlon, E.G.; Manley, J.L. RNA-binding proteins in neurodegeneration: Mechanisms in aggregate. Genes
Dev. 2017, 31, 1509–1528. [CrossRef] [PubMed]
Licatalosi, D.D.; Darnell, R.B. Splicing regulation in neurologic disease. Neuron 2006, 52, 93–101. [CrossRef]
[PubMed]
Calarco, J.A.; Superina, S.; O’Hanlon, D.; Gabut, M.; Raj, B.; Pan, Q.; Skalska, U.; Clarke, L.; Gelinas, D.;
van der Kooy, D.; et al. Regulation of vertebrate nervous system alternative splicing and development by
an SR-related protein. Cell 2009, 138, 898–910. [CrossRef] [PubMed]
Dhananjaya, D.; Hung, K.Y.; Tarn, W.Y. RBM4 Modulates Radial Migration via Alternative Splicing of Dab1
during Cortex Development. Mol. Cell. Biol. 2018, 38, e00007-18.
Hayakawa-Yano, Y.; Suyama, S.; Nogami, M.; Yugami, M.; Koya, I.; Furukawa, T.; Zhou, L.; Abe, M.;
Sakimura, K.; Takebayashi, H.; et al. An RNA-binding protein, Qki5, regulates embryonic neural stem
cells through pre-mRNA processing in cell adhesion signaling. Genes Dev. 2017, 31, 1910–1925. [CrossRef]
[PubMed]
Licatalosi, D.D.; Yano, M.; Fak, J.J.; Mele, A.; Grabinski, S.E.; Zhang, C.; Darnell, R.B. Ptbp2 represses
adult-specific splicing to regulate the generation of neuronal precursors in the embryonic brain. Genes Dev.
2012, 26, 1626–1642. [CrossRef] [PubMed]
Shibasaki, T.; Tokunaga, A.; Sakamoto, R.; Sagara, H.; Noguchi, S.; Sasaoka, T.; Yoshida, N. PTB deficiency
causes the loss of adherens junctions in the dorsal telencephalon and leads to lethal hydrocephalus.
Cereb. Cortex 2013, 23, 1824–1835. [CrossRef] [PubMed]
Yano, M.; Hayakawa-Yano, Y.; Mele, A.; Darnell, R.B. Nova2 regulates neuronal migration through an RNA
switch in disabled-1 signaling. Neuron 2010, 66, 848–858. [CrossRef] [PubMed]
Yano, M.; Ohtsuka, T.; Okano, H. RNA-binding protein research with transcriptome-wide technologies in
neural development. Cell Tissue Res. 2015, 359, 135–144. [CrossRef] [PubMed]
Zhang, X.; Chen, M.H.; Wu, X.; Kodani, A.; Fan, J.; Doan, R.; Ozawa, M.; Ma, J.; Yoshida, N.; Reiter, J.F.; et al.
Cell-Type-Specific Alternative Splicing Governs Cell Fate in the Developing Cerebral Cortex. Cell 2016, 166,
1147–1162.e15. [CrossRef] [PubMed]
Zhang, B.; Wang, W.; Zhang, Z.; Hu, Y.; Meng, F.; Wang, F.; Lou, H.; Zhu, L.; Godbout, R.; Duan, S.; et al.
Alternative Splicing of Disabled-1 Controls Multipolar-to-Bipolar Transition of Migrating Neurons in the
Neocortex. Cereb. Cortex 2018, 28, 3457–3467. [CrossRef] [PubMed]
Jacko, M.; Weyn-Vanhentenryck, S.M.; Smerdon, J.W.; Yan, R.; Feng, H.; Williams, D.J.; Pai, J.; Xu, K.;
Wichterle, H.; Zhang, C. Rbfox Splicing Factors Promote Neuronal Maturation and Axon Initial Segment
Assembly. Neuron 2018, 97, 853–868.e6. [CrossRef] [PubMed]
Hayashi, S.; Yano, M.; Igarashi, M.; Okano, H.J.; Okano, H. Alternative role of HuD splicing variants in
neuronal differentiation. J. Neurosci. Res. 2015, 93, 399–409. [CrossRef] [PubMed]
Srivatsa, S.; Parthasarathy, S.; Molnár, Z.; Tarabykin, V. Sip1 downstream Effector ninein controls neocortical
axonal growth, ipsilateral branching, and microtubule growth and stability. Neuron 2015, 85, 998–1012.
[CrossRef] [PubMed]
Shinohara, H.; Sakayori, N.; Takahashi, M.; Osumi, N. Ninein is essential for the maintenance of the cortical
progenitor character by anchoring the centrosome to microtubules. Biol. Open 2013, 2, 739–749. [CrossRef]
[PubMed]
Hardy, R.J.; Loushin, C.L.; Friedrich, V.L.; Chen, Q.; Ebersole, T.A.; Lazzarini, R.A.; Artzt, K. Neural cell
type-specific expression of QKI proteins is altered in quakingviable mutant mice. J. Neurosci. 1996, 16,
7941–7949. [CrossRef] [PubMed]
Licatalosi, D.D.; Mele, A.; Fak, J.J.; Ule, J.; Kayikci, M.; Chi, S.W.; Clark, T.A.; Schweitzer, A.C.; Blume, J.E.;
Wang, X.; et al. HITS-CLIP yields genome-wide insights into brain alternative RNA processing. Nature 2008,
456, 464–469. [CrossRef] [PubMed]
Moore, M.J.; Zhang, C.; Gantman, E.C.; Mele, A.; Darnell, J.C.; Darnell, R.B. Mapping Argonaute and
conventional RNA-binding protein interactions with RNA at single-nucleotide resolution using HITS-CLIP
and CIMS analysis. Nat. Protoc. 2014, 9, 263–293. [CrossRef] [PubMed]
Ule, J.; Hwang, H.W.; Darnell, R.B. The Future of Cross-Linking and Immunoprecipitation (CLIP). Cold Spring
Harb. Perspect. Biol. 2018, 10, a032243. [CrossRef] [PubMed]
Wu, J.; Anczuków, O.; Krainer, A.R.; Zhang, M.Q.; Zhang, C. OLego: Fast and sensitive mapping of spliced
mRNA-Seq reads using small seeds. Nucleic Acids Res. 2013, 41, 5149–5163. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2019, 20, 1010

27.

28.
29.

30.
31.
32.

33.

34.
35.
36.
37.
38.

39.

12 of 12

Larocque, D.; Galarneau, A.; Liu, H.N.; Scott, M.; Almazan, G.; Richard, S. Protection of p27(Kip1) mRNA
by quaking RNA binding proteins promotes oligodendrocyte differentiation. Nat. Neurosci. 2005, 8, 27–33.
[CrossRef] [PubMed]
Vuong, C.K.; Black, D.L.; Zheng, S. The neurogenetics of alternative splicing. Nat. Rev. Neurosci. 2016, 17,
265–281. [CrossRef] [PubMed]
Gehman, L.T.; Meera, P.; Stoilov, P.; Shiue, L.; O’Brien, J.E.; Meisler, M.H.; Ares, M.J.; Otis, T.S.; Black, D.L. The
splicing regulator Rbfox2 is required for both cerebellar development and mature motor function. Genes Dev.
2012, 26, 445–460. [CrossRef] [PubMed]
Li, Q.; Zheng, S.; Han, A.; Lin, C.H.; Stoilov, P.; Fu, X.D.; Black, D.L. The splicing regulator PTBP2 controls
a program of embryonic splicing required for neuronal maturation. Elife 2014, 3, e01201. [CrossRef] [PubMed]
Quesnel-Vallieres, M.; Irimia, M.; Cordes, S.P.; Blencowe, B.J. Essential roles for the splicing regulator
nSR100/SRRM4 during nervous system development. Genes Dev. 2015, 29, 746–759. [CrossRef] [PubMed]
Ruggiu, M.; Herbst, R.; Kim, N.; Jevsek, M.; Fak, J.J.; Mann, M.A.; Fischbach, G.; Burden, S.J.; Darnell, R.B.
Rescuing Z+ agrin splicing in Nova null mice restores synapse formation and unmasks a physiologic defect
in motor neuron firing. Proc. Natl. Acad. Sci. USA 2009, 106, 3513–3518. [CrossRef] [PubMed]
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