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Abstract 
How master splicing regulators crosstalk with each other and to what extent transcription regulators are 
differentially spliced remain unclear in the developing brain. Here, cell-type-specific RNA-Seq of the 
developing neocortex uncover that transcription regulators are enriched for differential splicing, altering 
protein isoforms or inducing nonsense-mediated mRNA decay. Transient expression of Rbfox proteins 
in radial glia progenitors induces neuronal splicing events preferentially in transcription regulators such 
as Meis2 and Tead1. Surprisingly, Rbfox proteins promote the inclusion of a mammal-specific alternative 
exon and a previously undescribed poison exon in Ptbp1. Simultaneous ablation of Rbfox1/2/3 in the 
neocortex downregulates neuronal isoforms and disrupts radial neuronal migration. Furthermore, the 
progenitor isoform of Meis2 promotes Tgfb3 transcription, while the Meis2 neuron isoform promotes 
neuronal differentiation. These observations indicate that transcription regulators are differentially spliced 
between cell types in the developing neocortex.  
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Introduction 
Alternative pre-mRNA splicing is enriched in the brain and occurs between developmental stages, brain 
regions, and cell types(1-7). Alternative splicing is modulated by cis-regulatory sequences and their 
associated RNA-binding proteins(8-12). Human mutations have been reported to shift splice isoforms 
and cause neurodevelopmental disorders(13-16). Dysregulated splicing networks have also been 
reported as one of the converging mechanisms for autism pathogenesis(17-19). These observations 
underscore the importance of alternative splicing in brain development. 

The neocortex is formed by millions of neurons in mice and billions in humans(20, 21), and the 
generation of cortical neurons requires molecular balances between progenitor self-renewal and 
differentiation(22-24). In mice, radial glial cells (RGCs) start to produce neurons and intermediate 
progenitor cells (IPCs) at embryonic day 11.5 (E11.5), and the IPCs further divide to form cortical 
projection neurons between E11.5 and E18.5(25, 26). Differential expression of transcription regulators 
plays an important role in cortical development(27). Interestingly, alternative splicing enables the 
neuronal transcription repressor Rest to express its functional form in neural progenitors but its non-
functional isoform in differentiated cells(28). Recent comparisons of isolated cortical RGCs and non-
RGCs uncovered hundreds of alternative exons and their roles in shaping neurogenesis by remodeling 
the cytoskeleton(13, 29). However, to what extent transcription regulators are differentially spliced 
between cell types remains largely unexplored in the developing neocortex. 

Three Rbfox proteins, including the pan-neuronal marker Rbfox3/NeuN, have been reported as a 
hub for autism pathogenesis(17, 18), but it has been challenging to uncover their functions in the 
neocortex due to genetic redundancy. While Rbfox1 and Rbfox3 knockout mice are susceptible to 
seizures, single Rbfox1, Rbfox2, or Rbfox3 knockout mice display relatively normal cortical morphology 
and limited splicing changes when compared to CLIP-Seq findings(30-33). Prominently, the Rbfox1 
protein level is increased in Rbfox2 knockout mouse brains(30), while the Rbfox2 level is increased in 
Rbfox1 knockout(31). Thus, the molecular and physiological functions of Rbfox proteins in cortical 
development await further investigation.   

Ptbp1 is a master splicing regulator, and Ptbp1 knockout led to lethal hydrocephalus in mice(13, 
34). Ptbp1 suppresses neuronal differentiation in nonneural cells and neural progenitors(35-37), but how 
it is confined in proliferating cells remains unclear. Ptbp1 has been reported to express in RGCs and 
suppress neuronal exon inclusion, while Rbfox proteins in neurons promote neuronal exon insertion (3, 
13, 38). It remained unknown whether Rbfox and Ptbp genes directly interact in the brain. Furthermore, 
the mammal-specific alternative exon8 in Ptbp1 (exon9 of human PTBP1) regulates an evolutionarily 
unique set of splicing events(39, 40). However, it is unclear how the Ptbp1 mammal-specific splicing is 
regulated.  

In this study, we compared cell populations using bulk and single-cell approaches and showed 
that transcription regulators were enriched for alternative splicing during cortical neurogenesis. Transient 
Rbfox expression in RGCs promoted neuronal splice forms for dozens of transcription regulators, while 
simultaneous ablation of Rbfox1/2/3 in the brain disrupted radial neuronal migration and decreased 
neuronal splice isoforms. Rbfox proteins directly regulate Meis2 isoforms that show different functions in 
cortical development. Rbfox expression also promoted the inclusion of the Ptbp1 mammal-specific exon8 
and a previously unannotated poison exon that downregulated Ptbp1 expression. Thus, Rbfox proteins 
antagonize Ptbp1 through unproductive splicing and coordinate isoform switching of transcription 
regulators in cortical development.  
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Results: 
Transcription regulators are differentially spliced in the developing neocortex 
We sorted EGFP-positive and -negative cells from the E14.5 mouse dorsal forebrains using the 
Tg(Tubb3:EGFP) and Tg(Eomes:EGFP)(41) BAC transgenic lines which express EGFP in neurons or a 
mixture(13) of IPCs and immature neurons, respectively (Fig. 1a, Fig. S1a). We performed RNA-Seq for 
sorted cell population and identified differentially expressed genes: the RGC marker Nes was highly 
enriched in Eomes:EGFP(-) cells, the IPC markers Eomes and Btg2 were enriched in Eomes:EGFP(+) 
samples, and the neuronal markers Dcx and Stmn2 were enriched in the Tubb3:EGFP(+) cells (Fig. 1b). 
Interestingly, we found that Eomes:EGFP(+) cells expressed a unique set of genes such as Mfap4, Egr1, 
Sstr2 and Cdh8 (Fig. 1b). These results indicate that the isolated Eomes:EGFP(-), Eomes:EGFP(+) and 
Tubb3:EGFP(+) cells are enriched for RGCs, IPCs, and cortical neurons, respectively. 

We uncovered cell-type-specific alternative splicing events between Eomes:EGFP(-), 
Eomes:EGFP(+), and Tubb3:EGFP(+) cells (the absolute difference of percentage spliced in values or  
|ΔPSI| > 0.15, FDR < 0.05, details in Methods, Fig. 1c). Cassette/skipped exons (SEs) formed the largest 
group (1361 exons) and we focused on them hereafter. We found that the poison exon in master splicing 
regulator Srsf3(42), as well as the reported Srsf3 target exon in the Caspase2 gene Casp2(43), showed 
higher inclusion in Eomes:EGFP(+) cells than in Tubb3:EGFP(+) neurons (Fig. 1d), suggesting IPC-
specific splicing events.  

We performed gene ontology analysis and found coated pit, zinc-finger and synapse were the 
most significantly enriched terms (Fig. 1e). Interestingly, zinc-finger (131) and transcription regulators 
(136) had the largest number of genes that were differentially spliced during neurogenesis (Fig. 1e). For 
example, Mef2d exon8 and Meis2 exon12 showed higher inclusion in Tubb3:EGFP(+) neurons, while 
Map3k7 exon12 was enriched in Eomes:EGFP(-) progenitor cells (Fig. 1f-1g, Fig. S1c). We selected 22 
most differentially spliced exons in transcription regulators and validated all of them with RT-PCR except 
for Arntl where the primers failed to detect the expected product (Fig. 1g and Fig. S1b-S1c).  

We integrated droplet-based single-cell RNA-Seq (scRNA-Seq)(44) with long-read sequencing 
(scIso-Seq) to ascertain cell-type-specific splicing changes in the E14.5 mouse dorsal forebrain. After 
single-cell capture and SMART-PCR, the full-length cDNA library was split into two fractions: one fraction 
was tagmented and further processed for short-read sequencing and cell type identification (Fig. 1h and 
S1d), and the untagmented cDNA fraction was subjected to PacBio Sequel2. We obtained 1.8 million 
long reads after the identification of UMIs, cell barcodes, and the removal of PolyA tail and concatemers. 
We assigned 0.64 million long reads to annotated cell types (Fig. S1e). We grouped long reads from 
each cell type as pseudo bulk long-read samples and identified differentially spliced exons between 
RGCs, IPCs, and neurons using FLAIR(45) (Fig. 1i).  Gene ontology analysis indicated that “mRNA 
processing” was highly enriched, and the “gene expression” term showed the highest number of genes 
(Fig. 1j).  

Importantly, the differential exons uncovered from the long-read comparisons are concordant with 
those identified from FACS-Sorted samples enriched for RGCs, IPCs, and neurons (Fig. 1k, R=0.75, P 
< 2.2e-16). For example, the alternative exons between RGCs and neurons in Meis2, Map3k7, and Pkm 
were validated by scIso-Seq (Fig. 1l); the ultraconserved Srsf3 exon significantly enriched in 
Eomes:EGFP(+) cells was also significantly included in scIso-Seq IPCs (Fig. S1f). In summary, the 
single-cell long-read results uncover splicing changes between RGCs, IPCs, and neurons during cortical 
neurogenesis and cross-validate findings from the FACS-sorted cell populations. 
 
Alternative exons in transcription regulators are predicted to affect protein expression 
Among alternative exons in transcription regulators, 16 SEs were predicted to cause nonsense-mediated 
mRNA decay (AS-NMD)(46) when inserted (NMD_in, 3 events) or excluded (NMD_ex, 13 events, Fig. 
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2a). In addition, 17 SEs were in 5’ untranslated regions (UTRs), 7 SEs contained start codons, 8 SEs 
altered open reading frames (ORFs), and 54 SEs preserved ORFs. We further analyzed ORF-preserving 
SEs and found that 17 SEs were inside protein domains, with 6 additional SEs switching protein domains 
on or off (Fig. 2b-2d, Fig. S2a-S2b). For example, the inclusion of neuronal exon12 in Meis2 led to the 
truncation of its C-terminal end (Fig. S2c). Interestingly, the inclusion of Crtc2 exon 13N was enriched in 
neurons and increased during cortical development, leading to a premature stop codon in the TORC-C 
domain that was predicted to cause NMD (Fig. 2e-2g). To validate predicted NMD exons, we treated 
primary hippocampal neurons (1 day cultured in vitro, DIV1) with cycloheximide (100 µg/ml, 5 hours) to 
suppress protein translation and NMD. Among predicted NMD exons, NMD_in exons in Crtc2 and Whsc1 
were significantly increased after cycloheximide treatment (Fig. 2h-2i), while three NMD_ex exons (Ccar2, 
Taf1a, Ylpm1) were significantly decreased (Fig. 2j). These results indicate that alternative splicing of 
transcription regulators alters protein isoforms or gene expression levels through NMD. 
 
Rbfox1/2/3 display overlapping and variable expression patterns in the developing neocortex 
Canonical Ptbp and Rbfox binding motifs were highly enriched in the upstream or downstream introns of 
neuron-specific exons (Fig. S3a). Rbfox1/2/3 have been reported to express in cortical neurons, but 
whether they share the same expression pattern among cortical cell types remained unclear. Surprisingly, 
Rbfox3 showed enriched expression in FACS-sorted Eomes:EGFP(+) cells, suggesting that Rbfox3 is 
transcribed in immature neurons and possibly in Eomes-positive cells (Fig. 3a). We analyzed scRNA-
Seq results from E14.5 cortical cells(44) and plotted Ptbp1 and Rbfox1/2/3 expression (Fig. 3b-3c). As 
expected, Ptbp1 showed higher expression in RGCs and diminished in IPCs. In contrast, Rbfox3 
transcripts showed higher expression in immature neurons, and Rbfox2/1 mRNA showed their peak 
expression in mature neurons (Fig. 3b-3c). Further analysis of an independent E14.5 scRNA-Seq 
dataset(47) confirmed the mRNA expression patterns of Rbfox1/2/3 (Fig. S3b).  

We performed RNA in situ hybridization (ISH) using two different probes against the Rbfox3 
coding sequence and its 3’UTR. Consistent with the scRNA-Seq results, Rbfox3 ISH signals were 
enriched in the SVZ/IZ(subventricular zone/intermediate zone) at E14.5 and partially co-localized with 
Eomes-positive cells (Fig. 3d-3e and S3c). In contrast, Rbfox1 and Rbfox2 RNA ISH showed peak signals 
in the cortical plate (neurons), with Rbfox2 also showing expression in the SVZ/IZ (Fig. 3d, adapted from 
Genepaint(48)). In E14.5 dorsal forebrains, Rbfox1/2/3 showed overlapping protein expression in the 
cortical plate, with Rbfox3 and Rbfox2 emerging in the SVZ/IZ (Fig. 3f-3g). These results suggest that 
Rbfox3/2 are expressed in immature neurons and all three Rbfox genes are expressed in the cortical 
plate at E14.5.  

Analyses of a scRNA-Seq dataset(47) spanning E10.5-P4 mouse cortical cells showed that 
Rbfox1/2/3 genes displayed variable expression levels among cortical neuron subtypes, with Rbfox3 
showing higher expression in Layer IV-V, VIb, and other deep layer neurons (Fig. S3d-S3e). 
Immunostaining of P0 neocortices confirmed that Rbfox3 displayed higher expression in layer IV-V and 
subplate neurons, while Rbfox1 showed higher expression in layer V-VI (Fig. 3h and S3f). These results 
suggest that Rbfox genes display overlapping and variable expression among cortical layers at P0. 
 
Ectopic Rbfox expression in RGCs increases neuronal splice isoforms and promotes neuronal 
differentiation 
We introduced Rbfox3 into RGCs at E13.5 by in utero electroporation (IUE) and analyzed cell states and 
positions at E14.5 (Fig. S4a-S4c) and E15.5 (Fig. S4d-S4f). 24 hours after IUE, Rbfox3 expression did 
not significantly change the overall cell distribution, or the proportions of Pax6- or Eomes-positive cells 
(Fig. S4a-S4c). Two days after IUE, the ectopic Rbfox3 significantly decreased the proportion of cells in 
the VZ (Fig. S4d-S4e), as well as the proportions of Pax6-positive RGCs and Ki67-positive cells (Fig. 
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S4d and S4f). Pulse BrdU labeling confirmed the reduction of proliferating cells in the VZ (Fig. S4d and 
S4f).  These observations indicate that ectopic Rbfox3 promotes RGC-to-neuron differentiation. 

To identify molecular targets of Rbfox3, we performed IUE at E13.5, isolated the cells with FACS 
at E14.5, and performed RNA-Seq (Fig. 4a). Transient Rbfox3 expression significantly altered the splicing 
profiles in RGCs, including 1694 SEs (Fig. 4b). Gene Ontology analysis of differentially spliced genes 
uncovered that ATP-binding proteins, zinc-finger, and transcription regulators were most highly enriched 
terms (Fig. 4c). The canonical Rbfox binding motif GCAUG was highly enriched in the downstream introns 
of up-regulated exons, and the same motif was highly enriched inside SEs that showed decreased 
inclusion upon Rbfox3 expression (Fig. 4d). Expression of Rbfox3 alone regulated 334 neuron-progenitor 
differentially spliced exons, with 160 exons upregulated in neurons and 50 exons downregulated; 
importantly, Rbfox3 transient expression regulated 50 out of 136 transcription regulators that showed 
higher inclusion in neurons and promoted the inclusion for 21 of them (Fig. 4e-4g, Fig. S4g-S4h). These 
numbers are probably underestimated because of the stringent threshold (|ΔPSI| > 0.15 and FDR < 0.05). 
Comparably, transient expression of Rbfox2 or Rbfox1 in RGCs also redirected the splicing of 
transcription regulators toward neuronal isoforms (Fig. 4h and Fig. S4i). These results support that Rbfox 
expression directs hundreds of genes, especially transcription regulators, to their neuronal isoforms.  
 
Rbfox1/2/3 triple CRISPR knockout impairs radial neuronal migration 
Rbfox1/2/3 proteins show similar protein structures, overlapping expression in postmitotic neurons (Fig. 
3 and S3), and genetic compensation in mice (30, 31). To understand their redundant function, we 
expressed three guide RNAs targeting each of Rbfox1/2/3 in one construct (tKO) and electroporated it 
into the developing mouse dorsal forebrain at E13.5. We collected brain sections at P0 and used 
immunostaining of Rbfox1/2/3 separately and in combination to evaluate the knockout efficiency. In wild-
type, 87.9% of Cas9-2A-EGFP positive cells (control) expressed at least one of the three Rbfox1/2/3 
proteins, while in Rbfox1/2/3 tKO, 73.2% of Cas9-2A-EGFP-triple-gRNA cells were negative for all three 
Rbfox1/2/3 proteins by immuno-staining (Fig. 5a-5b). We quantified the position of Rbfox1/2/3 tKO cells 
at P0 and found excess cells in deep layers and reduced cell numbers in the superficial layers (Fig. 5c). 
We co-stained upper layer marker Cux1 and deep layer marker Ctip2 and found that Rbfox1/2/3 did not 
significantly change Cux1 or Ctip2 proportion (Fig. S5a-S5b).  

We analyzed alternative splicing of Meis2 exon12 in FACS sorted Rbfox1/2/3 tKO cells and found 
that its inclusion level was significantly decreased (10.8%, p < 0.001, t-test, Fig. 5d). The inclusion levels 
of neuron-specific exons were also decreased in Rbfox1/2/3 tKO cells for other transcription regulators 
such as Tead1 and Myef2 (Fig. 5d and S5c). We further analyzed the position of Rbfox1/2/3 tKO cells in 
E15.5 brains (IUE at E13.5) and found significantly more cells in the VZ (Fig. 5e-5f). Consistently, there 
were more Pax6- and EGFP-double-positive cells in the Rbfox1/2/3 tKO brains (Fig. 5g). In summary, 
these results indicate that Rbfox1/2/3 proteins are required for radial neuronal migration and alternative 
splicing of transcription regulators in the developing neocortex. 
 
Rbfox proteins promote Ptbp1 mammal-specific alternative exon8 and a poison exon inclusion 
Ptbp1 suppresses neuronal exon inclusion (3, 13, 38), and the mouse Ptbp1 exon8 (human PTBP1 exon9) 
has been reported to cause evolution differences between vertebrates(39, 40). Unbiased analysis of 
Rbfox3 upregulated exons uncovered Ptbp1 exon8 (Fig. 6a-6b). We identified a conserved GCAUG 
Rbfox binding motif downstream of Ptbp1 exon8 (motif_1, Fig. 6b and S6a) and validated that transient 
Rbfox3 or Rbfox2 expression in cortical RGCs promotes Ptbp1 exon8 inclusion (Fig. 6c and S6b). 
Rbfox1/2/3 tKO significantly decreased Ptbp1 exon8 inclusion in Neuro2a cells (Fig. S6c). These results 
indicate that Rbfox proteins promote Ptbp1 exon8 inclusion. 
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Very interestingly, expression of Rbfox3 led to the inclusion of a conserved 56-nt poison exon9N 
in Ptbp1 and significantly decreased Ptbp1 mRNA levels (decrease by 31%, adj.p < 0.001, Fig. 6a, 6d-
6e). Rbfox3 expression also led to decreased Rbfox1 and Rbfox2 mRNA levels likely through splicing 
(Fig. 6e and S6d-S6e). We identified two conserved GCAUG motifs (motif_2 and motif_3) in the 
downstream intron of Ptbp1 exon9N (Fig. 6f and S6a). We created a Ptbp1 minigene (spanning exon6-
9) and found that Rbfox3 or Rbfox2 expression promoted the inclusion of Ptbp1 exon8 and the poison 
exon9N (Fig. 6g and S6f). We further mutated the GCAUG motifs and found that motif_1 and motifs_2_3 
were required for Rbfox3/2 mediated Ptbp1 exon8 and exon9N inclusion, respectively (Fig. 6g). 
Immunostaining of Rbfox3 IUE brain slices showed that the proportions of Ptbp1-positive cells in the VZ 
were significantly decreased upon Rbfox3 expression (72% control versus 54% Rbfox3, n=3, Fig. 6h-6i). 
These results support that Rbfox proteins promote Ptbp1 mammal-specific alternative exon8 and 
antagonize Ptbp1 expression by directly promoting poison exon9N inclusion. 
 
Meis2 splice isoforms differentially regulate neurogenesis and neuronal migration 
To understand the regulation of transcription regulator isoforms, we focus on the Meis2 gene, which 
displays differential splicing of exon12 between RGCs (exon12 skipped) and neurons (exon12 included, 
Fig. 1f-1g). Expression of Rbfox3 promoted Meis2 exon12 inclusion (Fig. 4g), and re-analysis of CLIP-
Seq results from an independent study(33) showed that Rbfox3 bound directly to Meis2 exon12 (Fig. 7a). 
Close examination of Meis2 exon12 uncovered two consecutive and conserved GCAUG Rbfox binding 
motifs (Fig. 7b). We mutated the two GCAUG sites to GUAUG in a mini gene construct and found that 
the inclusion levels of Meis2 exon12 were significantly decreased by 43% (Ex12-mut, Fig. 7c). Rbfox2 
(Tag1, Del_1) and Rbfox1 (Tag2 and Tag3, Del_2 and Del_3) showed CLIP tags in the upstream and 
downstream introns, respectively (Fig. 7a). We deleted these binding motifs individually or together with 
exon12 mutations in the minigene constructs and examined their effects on splicing (Fig. 7c). Introduction 
of Del_1, Del_2, or Del_3 alone (deletion of CLIP Tag1-3 sequence, Fig. 7a) had small or no effect, while 
these deletions showed moderate synergistic effects when combined with exon12 mutations (Fig. 7c). 
These results indicate that Rbfox proteins promote Meis2 exon12 inclusion predominantly by binding to 
GCAUG motifs inside exon12. 

We further compared the functions of Meis2 isoforms in gene regulation and neurogenesis. First, 
we expressed Meis2 RGC isoform (skipping exon12) and neuronal isoform (exon12 included) in Neuro2a 
cells and performed RNA-Seq analyses with 4 replicates for each isoform and the empty-vector control 
(Fig. S7a). The two Meis2 isoforms were expressed at comparable levels (statistically not significant, Fig. 
S7b). We identified several differentially expressed genes between the two Meis2 isoform sample groups, 
and of particular interest was the Tgfb3 gene which was upregulated by the Meis2 RGC isoform but not 
the neuronal isoform (Fig. 7d). Differential Tgfb3 expression was cross validated by qPCR (Fig. 7e). Tgfb3 
encodes a TGF-β ligand and has been reported to promote cortical neurogenesis together with Tgfb2(49). 
Consistent with the Meis2 RGC isoform expression, Tgfb3 transcripts were enriched in the ventricular 
zone (VZ, Fig. S7c, adapted from Genepaint(48)). When electroporated into the mouse brain at E13.5 
and examined at E15.5, the Meis2 neuronal isoform significantly stalled cells in the intermediate zone 
(bins 5-6) and decreased neurons in the cortical plate (bin 1, Fig. 7f-7g). The Meis2 neuronal isoform 
decreased proportions of Pax6- or Eome-positive cells, while the Meis2 RGC isoform showed a 
significantly milder effect (Fig. 7h). These results suggest different functions of Meis2 isoforms in 
regulating gene expression and cortical neurogenesis. 
 
Discussion: 
The cell-type-specific splicing analysis in this study uncovered an enrichment of transcription regulators 
during cortical development. This observation was further supported by isoform discovery from single-
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cell long-read sequencing. Over one dozen alternative splicing events were predicted to trigger NMD in 
transcription regulators and another 23 events changed protein domain structures. Our results indicate 
that alternative splicing events, especially the ones mediated by Rbfox proteins, directly rewire 
transcription regulators during cortical neurogenesis, providing mechanistic insights how RBFOX1 
knockdown affected gene transcription(50).  

Ptbp1 has been reported to suppress neuronal fate in vitro (51) and Ptbp1 knockout causes lethal 
hydrocephalus in mice (34). The mammal-specific Ptbp1 alternative exon8 has been reported to evolve 
from a constitutive exon in lower organisms(39) and alter splicing profiles among vertebrates(39, 40). 
Here, we show that Rbfox3/2 proteins promote the inclusion of Ptbp1 exon8. While Ptbp1 and Rbfox 
proteins have been reported to regulate neuronal exons synergistically(3, 13), whether they crosstalk 
directly remained unknown. We show that Rbfox proteins suppress Ptbp1 by directly promoting the 
insertion of exon9N which is predicted to introduce premature stop codons and cause AS-NMD. These 
results suggest that Rbfox3/2 directly regulate Ptbp1 by promoting the poison exon insertion.  

The Meis2 RGC and neuronal isoforms differentially regulate Tgfb3 expression and cortical 
neurogenesis. Recently, the Rbfox-regulated Tead1 exon has been shown to regulate its transcription 
activity in HEK293 cells(52). Thus, Rbfox3/2 proteins antagonize Ptbp1 and differentially splice 
transcription factors such as Meis2 and Tead1 to promote neuronal differentiation. Meis2 and Pbx1 form 
a protein complex for transcription activation(53). Previous studies of Pbx1(54, 55) and our present 
results of Meis2 showed that Pbx1 and Meis2 are alternatively spliced by Ptbp and Rbfox proteins, 
respectively. These observations suggest that splicing factors can synergistically regulate transcription 
co-regulators.  

Members of RNA splicing regulator families frequently show overlapping expression in the brain, 
presenting technical challenges to fully understanding their redundant functions. Gene compensation and 
neurological deficits have been reported in Rbfox1/2/3 single knockout mice: Rbfox1 knockout mice have 
been reported to show normal brain morphology with increased susceptibility to seizures(31), and Rbfox1 
knockdown has been reported to affect neuronal migration and dendritic arborization(56); Rbfox2 deletion 
in the central nervous system leads to a smaller cerebellum with ectopic localization of Purkinje cells(30); 
Rbfox3 knockout has been reported to cause reduced brain weight and increased seizure 
vulnerability(57). In contrast, Rbfox1/2/3 proteins have been reported to regulate thousands of splicing 
events and triple Rbfox1/2/3 knockout has been reported to impair axon initial segment assembly in motor 
neurons derived from mouse embryonic stem cells(58). Here, simultaneously knocking out Rbfox1/2/3 
genes in the developing neocortex with CRISPR/Cas9 led to defects in radial neuronal migration and 
dysregulated splicing patterns. These results suggest that multiplexed CRISPR editing is robust in 
understanding redundant gene functions in the developing neocortex. The direct molecular cause of 
neuronal migration defects following Rbfox1/2/3 ablation remains unclear, which is conceivably the 
combinatory outcome of splicing changes, such as the ones in cytoskeletal proteins and transcription 
regulators, and the non-splicing effects on mRNA modification and protein translation(13, 50, 59, 60).  
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Methods and Materials: 
Mouse protocols 
Mouse protocols were reviewed and approved by University of Chicago Institutional Animal Care and 
Use Committee. The Tg(Eomes/Tbr2:EGFP) and Tg(Tubb3:EGFP) Bac transgenic mouse lines, for 
which EGFP-PolyA cassettes were inserted in front of the translational stop codons of Eomes and Tubb3, 
were obtained from GENSAT(41)  and crossed to the FVB inbreed strain for at least two generations. 
Heterozygous transgenic mice did not display any obvious developmental defects. To isolate cells, the 
dorsal forebrains were dissected from E14.5 heterozygous Tg(Tbr2-EGFP) or Tg(Tubb3:EGFP) 
transgenic mice, dissociated with the Papain (Worthington) and resuspended in presort medium (Neural 
Basal medium supplemented with 2% B27, 1% N2, 1% Penicillin-streptomycin, 10ng/ml EGF, 10ng/ml 
FGF2, 0.5% FBS and 0.25% HEPES). Single-cell suspension was cooled on ice and immediately sorted 
on the FACSAria II sorter (BD). EGFP-positive and -negative populations were collected into post-sort 
medium (same as presort medium but with 20% FBS) and spun down for subsequent analyses.  
 
RNA-Sequencing and data analysis 
Total RNA was extracted from FACS-sorted primary cells and cell lines, subjected to stranded mRNA-
Seq library preparation following standard protocols (Illumina Tru-Seq) and paired-end sequencing on 
Illumina Nextseq500 and Novaseq6000 platforms at the University of Chicago. Three to five IUE-positive 
embryonic dorsal cortices of the same litter or batch were pooled together before Papain dissociation 
(Worthington), and about 100,000 cells were sorted directly into Trizol for RNA extraction with Direct-zol 
(Zymo). 100 ng total RNA was used as input for Tru-Seq library prep (Illumina). Raw reads were trimmed 
and aligned to mouse mm10 with STAR aligner(61).  Alternative splicing was analyzed with rMATS(62), 
enriched motif analysis was done with rMAPS(63), and gene ontology was analyzed with DAVID(64). 
Differential gene expression was analyzed with Salmon(65) and DESeq2(66). Rbfox1/2/3 CLIP-Seq 
results(33) were aligned to the mouse genome and significant peaks were called by CTK(67). Protein 
domains were predicted using the NCBI Conserved Domain Database, compared between pairs of splice 
isoform sequences, and located to SE events with customized scripts. Protein 3-D structures were 
modeled by SWISS-MODEL and presented by open-source PyMOL v2.5.0.  In parallel to our scRNA-
Seq analysis of E14.5 CD1 dorsal cortex previously reported(44), the untagmented full-length cDNA was 
further amplified and used for long-read sequencing with PacBio Sequel II. PacBio library was prepared 
with 1µg amplified cDNA using SMRTbell Express Template Prep Kit V2.0. The differential splicing 
between pooled long reads was analyzed using FLAIR(45). 
 
Molecular cloning, cell culture and RT-PCR 
The Meis2 mini gene construct (pR085): genomic DNA of Neuro2a cells was amplified with primer pairs 
XR301-XR302 and inserted to pCAG-HF-IRES-EGFP by Gibson Assembly (NEB).  

Meis2 mutated mini gene (pR086): the mutations in the Rbfox3 binding motifs were created by 
amplifying genomic DNA of Neuro2a cells with primer pairs XR301-XR304 and XR303-XR302 and cloned 
into pCAG-HF-IRES-EGFP by Gibson Assembly (NEB). 

The Meis2 neuron isoform (NM_001159567) expression construct (pR084-v3): E14.5 mouse 
brain complementary DNA (cDNA) was amplified with primers pairs XR293-XR294 and cloned into 
pCAG-HF-IRES-EGFP by Gibson Assembly (NEB). 

The Meis2 RGC isoform (NM_001159568) expression construct (pR084-v4): E14.5 mouse brain 
cDNA amplified with primers pairs XR293-XR296 and cloned into pCAG-HF-IRES-EGFP by Gibson 
Assembly (NEB). 

The Ptbp1 wild-type mini-gene construct (pZ046): genomic DNA of C57BL/6J was amplified with 
primer pairs CH986-CH987 and ligated to Asc1-Not1 linearized vector pCAG-HF-ires-Puro.  
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The Ptbp1 motif_1 deletion construct (pZ047): genomic DNA of C57BL/6J was amplified with 
primer pairs CH986-CH990 and CH991-CH987, and the two fragments inserted into Asc1-Not1 linearized 
pZ046 by Gibson Assembly (NEB). 

The Ptbp1 motif_2-3 deletion construct (pZ048): C57BL/6J genomic DNA was amplified with 
primer pairs CH986-CH992 and CH993-CH987, and the two fragments were inserted into Asc1-Not1 
linearized pZ046 by Gibson Assembly (NEB). 

The Ptbp1 motif_1-2-3 deletion construct (pZ048T): pZ047 (motif_1 deletion) was amplified with 
primer pairs CH986-CH992 and CH993-CH987, and the two fragments were inserted into Asc1-Not1 
linearized pZ046 by Gibson Assembly (NEB). 

The Rbfox1/2/3 triple CRISPR knockout construct (pX458-Rbfox1-2-3-gRNA): three guide RNA 
cassettes CH687 gBlock (Rbfox1), CH690-CH691 (Rbfox2), and CH692-CH693(Rbfox3) were inserted 
into PciI and KpnI linearized pX458.  

Plasmids described above or in our previous work(13) were transfected into Neuro2a cells (ATCC) 
with Fugene 6 (Promega). The transfected cells were selected by puromycin and subjected to RNA 
extraction with Trizol (Sigma). Primary hippocampal neurons were isolated from E18.5 CD1 mouse 
embryos with Papain (Wathington) and cultured for one day in vitro. Primary neurons were treated with 
DMSO or cycloheximide (100 µg/ml) for 5 hours before RNA extraction. Reverse transcription was 
performed with random primers following the manufacturer’s protocols (Superscript IV, Thermo Scientific). 
Meis2 alternative exon was amplified with primer pairs XR244-XR245; Ptbp1 alternative exons were 
amplified with primer pairs CH438-CH989 in Fig. 6g, and with CH988-CH989 (mouse Ptbp1) in Fig. 6c 
and Fig. S6f. Tgfb3 qPCR was performed with primer pairs XR902-XR903. Primer sequences are listed 
in Table S1. 
 
In utero electroporation  
CD-1 mice were purchased from Charles River, housed at the University of Chicago Animal Care Facility. 
At noon on the day when a vaginal plug was found was designated E0.5. The day of birth was designated 
postnatal day 0 (P0). IUE procedures were performed in accordance with previously described 
protocols(68). Briefly, the proper concentration (1-2 µg/µl) of DNA solution with 0.05% Fast Green dye 
was injected into the E13.5 brain lateral ventricle in utero via glass micropipettes, and 5 square fixed-
potential pulses with a duration of 35-50 ms per pulse were administered by an Electro Square Porator 
(ECM830, BTX). 
 
Immunostaining of brain sections 
Immunostaining was done as previously described(44). Briefly, embryonic brains were fixed in 4% 
paraformaldehyde (PFA) overnight at 4C°, cryoprotected in 25% sucrose overnight at 4C°, embedded in 
Frozen Section Medium (Thermo Scientific, Cat. 6502), and sectioned at 14μm in the coronal direction if 
not specified otherwise. Slices were rinsed with 1x PBS for 5min, incubated with blocking buffer (1x PBS 
containing 0.03% Triton X-100 and 5% normal donkey serum) at room temperature for 30 mins, and 
further incubated with primary antibodies diluted in PBST buffer (1x PBS containing 0.03% Triton X-100) 
overnight at 4C°. After 3 times washing with 1x PBS, slides were incubated for one hour at room 
temperature with fluorophore-conjugated secondary antibodies in the dark. Slides were scanned with a 
Leica SP5 confocal or Zeiss Apotome 2 microscope. The following primary antibodies were used: anti-
Rbfox1 (Millipore MABE159, mouse, 1:800; Sigma-Aldrich HPA040809, rabbit, 1:500), anti-Rbfox2 
(Bethyl A300-864A, rabbit, 1:500), anti-Rbfox3/NeuN (Cell Signaling Technology 24307T, rabbit, 1:500; 
Millipore MAB377, mouse, 1:500), anti-Cux1(Santa Cruz sc-13024, rabbit, 1:1000), anti-Ctip2 (Abcam 
ab18465, rat, 1:1000), anti-Tuj1 (BioLegend 801201, mouse, 1:1000), anti-GFP (Abcam ab13970, 
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chicken, 1:3000), anti-Flag (Sigma-Aldrich F1804, mouse, 1:500), anti-Ptbp1 (Abcam ab5642, goat, 
1:200), anti-Tbr2 (Thermo Fisher Scientific 14-4875-82, rat, 1:200), anti-BrdU (AbD Serotec MCA2060GA, 
rat, 1:500), anti-Ki67 (Abcam, ab15580, 1:200). Hoechst 33342 (Thermo Scientific, 62249) and the 
secondary antibodies were diluted at 1:2000 in PBST buffer: Donkey anti-chicken 488 (Jackson 
ImmunoReseach, 703-546-155), donkey anti-mouse 594 (Thermo Scientific, A21203), donkey anti-
mouse 488 (Thermo Scientific, A21202), donkey anti-rabbit 488 (Thermo Scientific, A21206), donkey 
anti-rabbit 594 (Thermo Scientific, A21207), donkey anti-rat 647 (Thermo Scientific, A48272) and donkey 
anti-goat 647 (Thermo Scientific, A21447) and donkey anti-goat 594 (Thermo Scientific, A11058). 
 
In situ hybridization 
The in situ hybridization (ISH) protocol was described previously(69). Digoxigenin-labeled antisense RNA 
probes were in vitro transcribed from PCR products amplified from the Rbfox3 coding sequence (XR1038 
and XR1039) and 3’UTR (XR1040 and XR1041). The co-immunostaining was performed following RNA 
ISH. Labeled slices were imaged using a Leica microscope. 
 
Statistical analyses  
To identify differential splicing events, we included at least two biological replicates for each genotype, 
used built-in functions in rMATS, and filtered by False Discovery Rate (FDR) < 0.05 and ΔPSI indicated 
in individual figures. RT-PCR analyses of differential splicing (with two or more biological replicates) were 
compared with Student’s t-test assuming equal variance and with all details included in Table S2; 
Student’s t-test has been shown to be appropriate for extremely small sample sizes (70). p-values for 
scatter plots (Fig S1c and S4h) were calculated in R. Differential gene expression was determined with 
the Wald test, corrected by the Benjamini and Hochberg method, and adjusted p-values are shown (Fig. 
7d and S7b). Tgfb3 qPCR results (Fig. 7e) were compared using one-way ANOVA in GraphPad Prism, 
and means ± (standard deviation) were presented. Levels of significance were calculated with 
Hypergeometric Test for Fig. 7d-7e. In all figures if not specified otherwise: *, p-value < 0.05; **, p-value 
< 0.01; ***, p-value < 0.001; ****, p-value < 0.0001; n.s., p-value >0.05; bars indicate standard deviations. 
 
Data availability 
Raw sequence data are available on NCBI SRA (PRJNA764749). All plasmids and codes are available 
upon request. 
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Figures and Figure Legends: 

 
 
Figure 1. Transcription regulators are differentially spliced in the developing neocortex. 

a. Tubb3:EGFP labels cortical neurons in E14.5 mouse dorsal forebrain, scale bar, 100µm. 
b. Heatmap of mRNA levels in Eomes:EGFP(-), Eomes:EGFP(+), and Tubb3:EGFP(+) cells 

showing RGC-, IPC-, and neuron-specific genes, respectively. 
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c. RNA-Seq of Tubb3:EGFP(+) cells and Eomes:EGFP(-) cells uncovered alternative splicing 
changes, PSI = percentage spliced in (|ΔPSI| >= 15%, FDR < 0.05); 

d. Heatmap of PSI values showing alternative splicing events specific to indicated cell populations. 
e. Transcription regulators and synaptic transmission-related genes are highly enriched for 

differentially spliced genes. Top-to-bottom ranked by enrichment scores. The numbers of 
associated gene counts and FDR (numbers in parentheses) are indicated. 

f. Sashimi plot showing neuron-enriched (Tubb3:EGFP(+)) exon12 in transcription regulator Meis2. 
g. RT-PCR validation of neuron-enriched (Tubb3:EGFP(+)) exons in Meis2, Tead1, Mef2d and 

Med24, and RGC-enriched (Eomes:EGFP(-)) exons in Map3k7, Med14 and Pbrm1. numbers 
showing PSI values. All RT-PCR splicing analyses were statistically significant by t-test (p < 0.05, 
the details of statistical comparisons for each experiment are included in Table S2). 

h. A tSNE plot based on full-length, single-cell transcripts where each point represents a cell, color 
coded by cell types.  

i. Volcano plot showing the exons that are differentially spliced between RGCs, IPCs, and neurons. 
j. Gene ontology analysis of genes with differentially spliced exons (DAVID 6.8). 
k. A scatter plot showing the ΔPSI values of differentially spliced exons are highly correlated 

between scIso-seq and bulk RNA-seq results. 
l. Sashimi plots showing differentially spliced exons of Pkm and Meis2 in scIso-Seq (Neuron, IPC, 

RGC) and sorted bulk samples (Figure 1).  
See also Figure S1. 
 
  

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 10, 2024. ; https://doi.org/10.1101/2024.09.09.612108doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.09.612108
http://creativecommons.org/licenses/by-nc-nd/4.0/


 13 

 

 
 
Figure 2. Alternative exons are predicted to regulate protein expression. 

a. Alternative exons in transcription regulators were predicted to cause nonsense-mediated mRNA 
decay when included (NMD_in) or excluded (NMD_ex), or alter protein sequences. ORF changing 
refers to SEs that were predicted to change the open reading frame while not inducing NMD. ORF 
preserving refers to SEs that were predicted to be in-frame. 

b. 54 ORF-preserving alternative exons (Fig. 2A) in transcription regulators were predicated for their 
effects on modular protein domains. “Inside domain” refers to SEs that are part of a predicted 
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protein domain; “Domain switch” means that one of the isoforms has a predicted protein domain, 
but the other splice isoform of the same gene does not. 

c. 3-D protein structure (SWISS-MODEL) showing that a 51-bp alternative exon in Mta1 alters the 
BAH domain. The alternative exon is in red. 

d. Alternative splicing of a 57-bp exon (red) in Med24 was predicted to affect the N-terminal domain. 
e. Sashimi plot showing alternative splicing of Crtc2 that was predicted to introduce premature stop 

codons in Tubb3:EGFP(+) neurons. 
f. The inclusion of the Crtc2 neuronal exon was predicted to introduce premature stop codons in 

front of the TORC-C domain. 
g. Inclusion of the Crtc2 exon13N was increased during embryonic neocortex development. 
h. RT-PCR results showing that cycloheximide (CHX) treatment of DIV1 primary hippocampal 

neurons increased Crtc2 exon13N inclusion. 
i. Cycloheximide (CHX) treatment led to increased inclusion of the Whsc1 exon. 
j. CHX treatment decreased inclusion of exons in Ccar2, Taf1a, and Ylpm1. 

See also Figure S2. 
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Figure 3. Differential Rbfox3/2/1 expression in the developing neocortex. 

a. Rbfox3/2/1 and Ptbp1 mRNA levels in bulk RNA-Seq data of E14.5 Eomes:EGFP(-), 
Eomes:EGFP(+) and Tubb3:EGFP(+) cells. Red-blue represents high-low gene expression. 

b. Transcription levels of Ptbp1 and Rbfox3/2/1 in E14.5 RGCs, IPCs, immature and mature 
neurons. Re-analysis of our published scRNA-Seq data(44). 

c. Feature plots of E10.5-E18.5 scRNA-Seq(44) data showing Rbfox3 expression in immature 
neurons and a fraction of Eomes-positive cells. 

d. RNA ISH results of E14.5 sagittal brain sections showing the expression of Rbfox3 (this study, 
with a probe against the coding sequence) in comparison to Rbfox1 and Rbfox2 (adapted from 
Genepaint(48)). Scale bar, 400µm. 

e. Eomes/Tbr2 immunostaining and Rbfox3 RNA ISH co-labeling showed overlapping signals in the 
SVZ/IZ. Rbfox3 immunostaining was performed on an adjacent section to the RNA ISH one. Scale 
bar, 50µm. 
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f. Co-Immunostaining of Rbfox1 and Rbfox2 in the E14.5 dorsal forebrain. CP: cortical plate; VZ: 
ventricular zone. Scale bar, 100µm. 

g. Co-immunostaining results of Rbfox3 with Eomes and Ptbp1 in the E14.5 mouse dorsal 
forebrains. Rbfox3 was expressed in 39% of Eomes-positive cells while overlapped with less than 
2.5% of Ptbp1-positive cells. Scale bar, 100µm. 

h. Co-immunostaining results of Rbfox1 (Sigma-Aldrich HPA040809, rabbit) and Rbfox3 (Millipore 
MAB377, mouse), or Rbfox1 (Millipore MABE159, mouse) and Rbfox2 (Bethyl A300-864A, rabbit) 
in the dorsal forebrains of P0 mice. Scale bar, 100µm. 

 
See also Figure S3. 
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Figure 4. Rbfox proteins promote transcription regulators to neuronal splice isoforms. 
a. Transient expression of Rbfox3 in the radial glial progenitors by IUE at E13.5 and stained on 

E14.5. Green, antibody against EGFP which was expressed by both the control and Rbfox3 
vectors (pCAG-ires-EGFP); red, anti-Rbfox3 showing both endogenous and ectopic Rbfox3; 
scale bar, 100µm. 

b. RNA-Seq analysis of FACS-sorted Rbfox3-ires-EGFP positive cells showing extensive splicing 
changes when compared with EGFP control cells (|ΔPSI| >= 15%, FDR < 0.05). 

c. Gene ontology analysis showing that transcription regulators were highly enriched for Rbfox3-
mediated alternative splicing. Top-to-bottom ranked by enrichment score. The FDR (numbers in 
parentheses) and number of affected gene counts are indicated. 

d. The GCAUG motif was highly enriched in the downstream introns of Rbfox3 up-regulated exons. 
The solid red and blue lines show the motif enrichment score in up- and down-regulated exons; 
the dashed red and blue lines show the statistical significance of motif enrichment in up- and 
down-regulated exons, respectively. The green box shows the alternative exon, and integers 
indicate relative base positions to the beginning or end of the alternative exon. 

e. Transient expression of Rbfox3 (IUE E13.5 > E14.5) promoted the inclusion of 160 neuron-
enriched exons (Tubb3:EGFP(+) cells) and the skipping of 50 progenitor-enriched exons 
(Eomes:EGFP(-) cells, p = 7.38e-07 by Hypergeometric test). 334/1361 exons responded to the 
Rbfox3 expression. |ΔPSI| < 0.15 and FDR < 0.05. 

f. Transient Rbfox3 expression (IUE E13.5 > E14.5) up-regulated 21 neuron-enriched exons in 
transcription regulators (p = 2.17e-18 by Hypergeometric test). 50/136 exons in transcription 
regulators responded to Rbfox3. 

g. RT-PCR validation of the effects of transient Rbfox3 expression (IUE on E13.5 > analyses on 
E14.5) on neuron-specific exons such as in Meis2 and Tead1, and RGC-specific exons in Map3k7 
and Med14, numbers indicate PSI values. Red and blue colors of gene names indicate up- or 
down-regulation of exon inclusion upon Rbfox3 expression, respectively. 

h. RT-PCR validation of the effects of Rbfox2 isoforms on neuron-specific exons (IUE E13.5 > 
E14.5). 

See also Figure S4. 
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Figure 5. Simultaneous ablation of Rbfox1/2/3 impairs radial neuronal migration. 

a. Simultaneous in-utero delivery of CRISPR/Cas9 guide RNAs at E13.5 significantly decreased 
Rbfox1/2/3 expression at P0 (antibodies to all three Rbfox1/2/3 proteins, red) and led to neuronal 
migration defects. EGFP (green) shows 2A-EGFP in the construct, and Flag (purple) shows anti-
Flag signals where the Flag tag was fused with SpCas9. Scale bar, 100µm. 

b. Quantification of Rbfox1/2/3 positive cells (mixture of three Rbfox1/2/3 antibodies) in control and 
Rbfox1/2/3 triple knockout brain slices (unpaired two-tailed Student’s t-test, n=4 sections from 
four P0 brains for each group). 

c. Quantification of Rbfox1/2/3 triple knockout (tKO) cells showing abnormal accumulation of cells 
in the deep layers and depletion of cells in the superficial layers (unpaired two-tailed Student’s t-
test, n=4 P0 brains for each group). 
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d. RT-PCR results showing that Rbfox1/2/3 triple knockout in the brain regulated alternative splicing 
of transcription regulators such as Meis2 and Tead1.  

e. IUE of Rbfox1/2/3 tKO at E13.5 and examination of brain tissues at E15.5. Antibodies against 
Pax6 (red), Eomes (red), and Rbfox3 (grey). EGFP (green) shows 2A-EGFP in the CRISPR/Cas9 
construct. Scale bar, 100µm. 

f. Quantification of the distribution of Rbfox1/2/3 tKO cells (EGFP+) in the embryonic neocortex 
(unpaired two-tailed Student’s t-test, n=4 sections from four E15.5 brains for each group). 

g. Portions of Pax6-, Eomes-, and Rbfox3-positive cells in EGFP-positive cells in control and 
Rbfox1/2/3 triple knockout brain slices. Unpaired two-tailed Student’s t-test, n=4 sections from 
four E15.5 brains for each group. 

See also Figure S5. 
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Figure 6. Rbfox3 promotes the Ptbp1 mammal-specific exon8 and poison exon9N inclusion.  
a. Sashimi plots showing that Ptbp1 mammal-specific alternative exon8 (B) displayed higher 

inclusion in cells enriched for neurons (Tubb3:EGFP(+)) than RGCs (Eomes:EGFP(-)), and 
transient expression of Rbfox3 (IUE) increased its inclusion levels in vivo. In addition, Ptbp1 
poison exon9N (Fig. 6d below, red arrow) was upregulated by Rbfox3 expression. Conservation 
scores at the bottom show that the two alternative exons and the GCAUG motifs are conserved 
in mammals. 

b. Zoom in view of the downstream intron of Ptbp1 exon8 showing the conserved GCAUG Rbfox 
binding motif_1. 

c. RT-PCR results show that transient Rbfox3 expression in RGCs promoted Ptbp1 exon8 inclusion. 
d. Ptbp1 poison exon9N introduces premature stop codons that were predicted to induce NMD. 
e. Heat map of RNA-Seq results showing that transient Rbfox3 expression downregulated Ptbp1, 

Rbfox1, and Rbfox2 mRNA levels. Colors indicate scaled expression. 
f. The downstream intron of Ptbp1 poison exon9N contains two conserved GCAUG Rbfox binding 

motif_2 and motif_3. 
g. Mini gene-splicing assays in Neuro2a cells showing that Rbfox3 expression promoted Ptbp1 

exon8 and exon9N inclusion. Deleting Motif_1 attenuated the Rbfox3-mediated effect on exon8, 
while Motifs_2/3 were required for Rbfox3-mediated exon 9N inclusion. Numbers indicate PSI 
values.  

h. Transient Rbfox3 expression by IUE (E13.5 > E14.5) leads to a decreased proportion of Ptbp1-
positive cells (yellow/green). Green, anti-EGFP; red, anti-Ptbp1. Scale bar, 50µm. 

i. Quantifications of Ptbp1-positive cells in the VZ of control and Rbfox3 IUE brain slices (unpaired 
two-tailed Student’s t-test, n=3 sections from two E14.5 brains for each group). 

See also Figure S6. 
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Figure 7. Rbfox-mediated splicing of Meis2 leads to functionally different isoforms.  
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a. Sashimi plots showing the alternative splicing of Meis2 exon12 upon Rbfox3 expression (IUE 
E13.5 > E14.5) and Rbfox3/2/1 Clip-Seq tags (dashed rectangle for Rbfox3, Tag1 for Rbfox2, 
Tag2 and Tag3 for Rbfox1). The Clip-Seq results were derived from a previous study(71). 

b. Meis2 minigene constructs showing that the two Rbfox binding motifs (GCAUG) in Meis2 exon12 
were mutated to GUAUG. 

c. Mini gene-splicing assay results show that mutating Rbfox binding motifs within Meis2 exon12 
(Fig. 7b) substantially inhibited its inclusion. Del_1, as well as Del_2 and Del_3 (Deletion of Tag2 
and Tag3), showed synergistic effects with exon12 mutations.  

d. RNA-Seq results (variance stabilizing transformed read count, with standard deviation) showing 
that ectopic expression of Meis2 RGC-isoform (exon12 skipped), but not the neuron-isoform, 
promoted Tgfb3 mRNA expression. Differential gene expression was determined with the Wald 
test, corrected by the Benjamini and Hochberg method, and adjusted p-values are shown. 

e. RT-PCR validation of differential Tgfb3 expression regulated by Meis2 isoforms (bars showing 
SD, one-way ANOVA followed by Dunnett's multiple comparisons test). 

f. Transient expression of empty vector or Meis2 isoforms in the radial glial progenitors by IUE at 
E13.5 and examining brain tissues at E15.5. Antibodies against EGFP (green), Pax6 (red), and 
Eomes (grey). Scale bar, 100µm. 

g. Quantification of the distribution of EGFP-positive cells in the embryonic neocortex. Unpaired two-
tailed Student’s t-test, n=4 sections from four E15.5 brains for the control group, n=8 sections 
from five brains for the Meis2 neuron isoform group, and n=6 sections from three brains for the 
Meis2 RGC group. 

h. Quantification of Pax6- and Eomes-positive cells in EGFP-positive cells in control and Meis2 
neuron- or RGC-isoform brain slices. Unpaired two-tailed Student’s t-test, n=4 sections from four 
E15.5 brains for the control group, n=8 sections from five brains for the Meis2 neuron isoform 
group, and n=6 sections from three brains for the Meis2 RGC group. 

See also Figure S7. 
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