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Abstract 

The six-layered neuron structure in the cerebral cortex is the foundation for 

human mental abilities. In the developing cerebral cortex, neural stem cells undergo 

proliferation and differentiate into intermediate progenitors and neurons, a process 

known as embryonic neurogenesis. Disrupted embryonic neurogenesis is the root cause 

of a wide range of neurodevelopmental disorders, including microcephaly and 

intellectual disabilities. Multiple layers of regulatory networks have been identified and 

extensively studied over the past decades to understand this complex but extremely 

crucial process of brain development. In recent years, post-transcriptional RNA 

regulation through RNA binding proteins has emerged as a critical regulatory nexus in 

embryonic neurogenesis. The exon junction complex (EJC) is a highly conserved RNA 

binding complex composed of four core proteins, Magoh, Rbm8a, Eif4a3, and Casc3. The 

EJC plays a major role in regulating RNA splicing, nuclear export, subcellular 

localization, translation, and nonsense mediated RNA decay. Human genetic studies 

have associated individual EJC components with various developmental disorders. We 

showed previously that haploinsufficiency of Magoh causes microcephaly and disrupted 

neural stem cell differentiation in mouse. However, it is unclear if other EJC core 

components are also required for embryonic neurogenesis. More importantly, the 

molecular mechanism through which the EJC regulates embryonic neurogenesis 
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remains largely unknown. Here, we demonstrated with genetically modified mouse 

models that both Rbm8a and Eif4a3 are required for proper embryonic neurogenesis and 

the formation of a normal brain. Using transcriptome and proteomic analysis, we 

showed that the EJC posttranscriptionally regulates genes involved in the p53 pathway, 

splicing and translation regulation, as well as ribosomal biogenesis. This is the first in 

vivo evidence suggesting that the etiology of EJC associated neurodevelopmental 

diseases can be ribosomopathies. We also showed that, different from other EJC core 

components, depletion of Casc3 only led to mild neurogenesis defects in the mouse 

model. However, our data suggested that Casc3 is required for embryo viability, 

development progression, and is potentially a regulator of cardiac development. 

Together, data presented in this thesis suggests that the EJC is crucial for embryonic 

neurogenesis and that the EJC and its peripheral factors may regulate development in a 

tissue-specific manner.   
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1. Introduction  

 

1.1 Embryonic Neurogenesis 

The production of neurons, a process termed embryonic neurogenesis [1]starts 

around mid-gestation and continues to the end of embryogenesis. In the mouse model, 

neuroepithelial cells of the ectoderm transit into neural stem cells, known as radial glial 

cells (RGC), at around embryonic day 9.5 (E9.5). The bipolar RGCs reside in the newly 

formed ventricular zone (VZ) at the border of the cerebral ventricles of the developing 

telencephalon. The processes of RGCs extend between the dorsal ventricle and the pia. 

The nuclei of the RGCs undergo interkinetic nuclear migration (INM) [2] to move 

between the ventricle border and the pia surface during cell cycle and complete mitosis 

at the ventricle border.  At early stages of neurogenesis, RGCs mainly undergo 

symmetric proliferation for self-renewal [3]. As neurogenesis proceeds, Starting at 

around E11.5, RGCs also differentiate asymmetrically to generate neurons and 

intermediate progenitors (IP) of the sub-ventricular zone (SVZ) on top of the VZ [4]. IPs 

go through one to two rounds of division to expand the neuronal populations. Thus, 

they are considered major contributors to the expansion of neuron population [5-7]. 

Multipolar newborn neurons form long leading processes organized mainly by 

microtubules. These neurons migrate along the processes of the RGCs [8] towards the 

basal pia surface and reach their positions in the cortical plate. The six layered cortical 
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plate is formed with an inside-out fashion with new born neurons bypassing the 

neurons born earlier [9,10]. Once the neurons reach their final positions in the cortical 

plate (CP), the excitatory neurons establish connections with one another.  

     

Figure 1: Schematic representation of embryonic neurogenesis.  

Neural progenitors (radial glial cells and intermediate progenitors) reside in the 

ventricular and sub-ventricular zones. Radial glia undergo self-renewal expansion 

(curve arrow) and differentiate into intermediate progenitors (orange arrows) or 

neurons (blue arrows). Intermediate progenitors undergo 1-2 rounds of division and 

generate more neurons (blue arrow). Newly generated neurons migrate along the 

processes of radial glia and reach the cortical plate and form the cortical plate. CP: 

cortical plate, IZ: intermediate zone, SVZ: sub-ventricular zone, VZ: ventricular zone 

(Modified from Pilaz and Silver, 2015).  

Embryonic neurogenesis is a process regulated both temporally and spatially. 

Defects in embryonic neurogenesis are the root causes of numerous 

neurodevelopmental disorders, such as autism spectrum disorders, intellectual 
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disabilities, and microcephaly (small brain). Mutations of proteins involved in 

centrosome biogenesis (such as centrosome protein J (CENPJ)[11]), spindle regulation 

(such as abnormal spindle-like microcephaly-associated protein (ASPM)[12]), and 

mitosis progression (such as WD repeat-containing protein 62 (WDR62)[13]) have been 

shown to cause microcephaly in human patients. It is thought that these mutations cause 

microcephaly by affecting centrosome assembly and mitosis progression of neural stem 

cells, which in turn leads to premature transition of neural stem cells from symmetric to 

asymmetric division and cell death.  

Multiple layers of regulatory networks have been identified and extensively 

studied over the past decades to understand this complex but extremely crucial process 

of brain development. In recent years, increasing attention has been given to the 

significance of posttranscriptional regulation during embryonic neurogenesis. In the 

center of the posttranscriptional regulation is an ever growing list of RNA binding 

proteins (RBPs).   

Accumulating studies show that the RBPs regulate brain development through 

impacting all stages of RNA life cycle in different cell populations in the developing 

neocortex. RBPs enriched in the developing cortex have been identified through high 

throughput in situ hybridization and transcriptome analysis [14-16]. The functions of 

these RBPs in mammalian embryonic neurogenesis have also been demonstrated in 

animal models and cell culture systems. Recently, genomic studies also associate 
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mutations of specific RBPs with human neurodevelopmental disorders. In this Chapter, 

we will discuss some key RBPs for embryonic neurogenesis that regulate multiple stages 

of target RNA metabolism in the developing mouse brains.   

 

1.2 Splicing regulation by RBPs in neural progenitor 
proliferation and differentiation 

Higher eukaryotes use alternative pre-mRNA splicing to regulate mRNA 

stability, nuclear export, RNA degradation (nonsense-mediated RNA decay), and to 

produce different protein isoforms. Tissue specific transcriptome analysis in both human 

and mouse brains has shown that the brain is one of the tissues that have the most 

distinctive patterns of alternative splicing (AS) [16-18]. These studies also suggest that 

tissue specific regulation factors may play a significant role in the AS regulation. In the 

text below, I highlighted some RBPs that are key players in AS regulation during 

embryonic neurogenesis.    

Polypyrimidine tract-binding proteins (PTBPs), including PTBP1 and PTBP2, are 

splicing repressors that bind the CU-repeats and UCUY-rich elements in the introns of 

target RNA through their RNA recognition motif (RRM) [19]. These two RBPs showed 

distinct expression patterns. PTBP2 is specifically expressed in the differentiating 

neuronal populations while PTBP1 is expressed in most tissues, including proliferative 

neural stem cells during early stages of embryonic neurogenesis. In most tissues, PTBP1 

has been shown to suppress the expression of PTBP2 by regulating the splicing of Ptbp2 
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pre-mRNA and inducing nonsense-mediated decay (NMD) of Ptbp2 transcript [20]. 

During embryonic neurogenesis, a neuron specific microRNA, miR-124,  directly targets 

and suppresses the expression of PTBP1 and thus allows the upregulation of  PTBP2 

[20]. Upon depletion of PTBP2, splicing level changes were identified in over 500 exons 

in the embryonic mouse brains [19,21]. Consistent in the role of PTBP2 in regulating 

neural maturation and synaptic plasticity, transcripts containing these splicing variants 

are involved in regulating neuron projection, synapses, cell junctions, and dendrite 

formation [22]. In addition, PTBP2 mutant mouse brains showed ectopic clusters of M-

phase cells away from the ventricle border, suggesting a potential defect in the INM of 

the radial glial cells. Thus, depletion of PTBP2 in the developing mouse brains lead to 

defective neural progenitor polarity and defects in proliferation and neuronal 

differentiation.  

In both human and mouse cell lines, vertebrate and neural-specific Ser/Arg 

repeat-related protein of 100kDa (nSR100/SRRM4) is known to bind intronic UGC motifs 

adjacent to the 3’ splicing site of target exons to promote brain-specific exon inclusions 

and thus is required for proper neural progenitor proliferation [23-25]. Raj et al. show 

through in vivo mouse model that conditional knock out (cKO) of nSR100 in the 

developing neocortex leads to increased production of deep layer neurons at the cost of 

IPs, which consequently causes the reduction of superficial layer neurons [26].  The 

authors show with minigene reporters that the presence of UGC motif for nSR100 
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binding extends the distance between the branch sites and the 3’ acceptor site of the 

target exons and consequently weakens the splicing activity. In addition, nSR100 also 

interacts with components of the early-acting spliceosome, such as U2AF65 and 

SRm160/300, in regulating exon inclusion. Interestingly, Raj et al. showed in cultured 

primary cells that nSR100 is able to overcome the splicing repression mediated by PTBP1 

in proliferative neural stem cells, particularly during early stages of embryonic 

neurogenesis, even prior to the upregulation of PTBP2. This is an example showing the 

balance/compitition among RBPs in regulating common RNA targets in the developing 

brain. What’s more, one major target of the nSR100 in neural cells is the transcriptional 

repressor REST (NRSF) that is critical for many aspects of neurogenesis [27], suggesting 

that the RBPs may exert broader impact on neurogenesis by targeting key regulators.  

Together, these studies not only demonstrated the function of nSR100 in regulating 

neural-specific splicing but a model of multifaceted interaction orchestrated by RBPs, 

transcription factors, and structure features of their target RNAs.  

 

1.3 Translational regulation during embryonic neurogenesis 
through RBPs 
 

The translation of mRNA is carried out through the ribosomal complex in every 

cell. Translational regulation, as another layer of gene expression control, can be exerted 

through the interaction of the translation machinery with various RBPs in a tissue 

specific manner. 
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 HuR, encoded by ELAVL1 is a member of the AU-rich element (ARE) family 

ELAV/Hu proteins that bind the 3’ UTR of RNA targets in regulating RNA splicing, 

stability and translation. HuR is expressed in the neuroepithelial cells, RGCs, IPs and 

neurons [28].  During early embryonic neurogenesis, for instance, HuR binds and 

stabilizes the mRNA of Dll1 that encodes ligand Delta in Notch signaling pathway [29], 

which in turn controls the differentiation of neural progenitors. Reducing HuR level 

through RNAi in neural progenitors leads to reduced neuron differentiation in the 

developing mouse brain [29].  A recent study shows that, in addition to regulating the 

stability of single transcripts in the developing cortex, HuR also affects the translation of 

a subset of mRNAs that are required for neocortical development. Garcia-Domingue et 

al. show that HuR controls the temporal assembly of polyribosome on target mRNAs as 

well as the phosphorylation of initiation and elongation factors (such as Eif2 kinase), 

which in turn also regulates the presence of ribosomal proteins in the polysome.  

Kraushar et al. evaluated the fraction of actively translated mRNAs in the developing 

mouse brains at E13 and identified over 2000 mRNAs that show significant changes in 

their translational status (40-60-80s bound vs polysome bound) in HuR cKO mutants. 

These HuR dependent RNAs are enriched in regulators of transcription, translation, and 

neural layer specification. Consistent with the concept of regulon first proposed by Jack 

Keene [30], the authors suggest that by regulating the assembly of translation 

machinery, HuR coordinates the expression of functionally related mRNA during 
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embryonic neurogenesis. As the authors demonstrate, reduced level of HuR in RGCs 

leads to increased neuronal differentiation and the disruption of neural layer formation, 

suggesting that HuR is critical for the RGC proliferation.  HuR itself is also subject to 

posttranscriptional regulation during later stages of embryonic neurogenesis. Mansfield 

and Keene show in inducible P19 cells that increased level of neuron-specific Hu family 

members HuB/C/D correlates with the increased expression of a long transcript variant 

of HuR mRNA with extended polyadenylation. The long transcript of HuR shows  

reduced mRNA stability and causes reduction of HuR protein level in the cells, which 

consequently facilitates neuronal differentiation [31].  

In contrast to HuR that promotes the stability and translation of target RNAs, other 

RBPs have been shown to repress target RNA translation in the embryonic brains. Eif4E1 

is a member of the Eif4E (eukaryotic initiation Factor 4E) protein family that binds the 5’ 

cap of mRNA and either promotes or inhibits translation of target mRNAs through 

interacting with other translational factors [32,33]. During embryonic neurogenesis, 

knock down Eif4e1 through in utero electroporation leads to disrupted neurogenesis and 

results in increased neurons and reduced neural progenitors [34]. RNA 

immunoprecipitation followed by microarray analysis has been carried out to identify 

target mRNAs of Eif4E/4E-T complex in the mouse cortical lysates at E12.5. The results 

show enrichment of transcription factors involved in neural stem cell differentiation. 

Yang et al. shows that the expression of pro-neuronal transcription factors such as Ngn1, 
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Ngn2, and Neurod1, are upregulated upon Eif4e1 depletion. Eif4aE/4E-T probably 

represses the translation of these mRNAs through recruiting them to the P-bodies [35].  

Repression of these pro-neuronal factors in neural progenitors allows the proper 

expansion of the progenitor pool and prevents ectopic neuron production during early 

stages of embryonic neurogenesis.   

Fragile X mental retardation protein (FMRP) is encoded by Fmr1. Null mutations 

of Fmr1 cause Fragile X syndrome, one of the most prevalent intellectual disabilities in 

human.  FMRP is known to localize at the synapse and repress the translation of 

localized mRNAs involved in synaptic plasticity [36-38].  Recent studies show that 

knocking down FMRP level through in utero electroporation in mouse embryonic brains 

disrupts the balance of IP and neuron production, a phenotype can be rescued by 

overexpression of the FMRP targeting mRNA- Pfn1 [39,40]. Further investigation will be 

needed to determine if there are additional target mRNAs of FMRP and how 

translational repression is achieved in these mRNAs.  Intriguingly, it has been shown 

that FMRP represses target mRNA translation by binding CYFIP1 (Cytoplasmic FMRP 

Interacting protein), which in turn binds directly to Eif4E at the synapses of neurons 

[41].  It would be interesting to evaluate if such complex is also formed in the neural 

progenitors and thus regulates the expression of target mRNAs.  
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1.4 RBPs regulate mRNA localization in the neural progenitors 

In neurons with extended dendrites, subcellular localization of mRNAs mediated 

by RBPs allows local translation in response to intracellular signals and environmental 

stimuli. Recent studies show that asymmetric localization of mRNAs in the neural stem 

cells may also mediate cell fate determination. Staufen double-stranded RNA binding 

protein 2, encoded by Stau2, represses translation and regulates mRNA subcellular 

localization in neurons [42,43]. Two research groups show independently that Stau2 is 

enriched at one pole of the dividing neural stem cell and is asymmetrically inherited by 

one daughter cell that differentiates into an IP [44,45]. Knocking down Stau2 in neural 

stem cells through in utero electroporation leads to increased differentiation and 

reduction in radial glia population, suggesting that Stau2 plays an important role in 

RGC differentiation regulation. Target mRNAs of Stau2 identified through RNA 

immunoprecipitation analysis in the developing cortex show enrichment in cell-cycle 

exit regulators and cilia. Together, these studies suggest that Stau2 may impact cell fate 

through 1) repression of the translation of target mRNAs, such as pro-differentiation 

factors, in the daughter cells inherited the Stau2, thus maintaining the progenitor 

identity of the cell, and 2) mediating the inheritance of a subset of mRNAs, potentially 

cell fate determinants, by one progeny of the RGC division and specifying the daughter 

cell identity. 
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1.5 RBPs regulate neuronal migration and maturation 

RBPs that exert regulatory roles in neural progenitors can also play a significant 

role in the post-mitotic neurons.  Yano et al. show that KO of neuron-specific RNA 

binding protein Nova2 leads to neuron layer disruption caused by defective upper layer 

neuron migration [46]. Nova2 regulates the exclusion of exons 7b and 7c of Dab1, a 

member of the Reelin pathway that regulates neuron migration in the developing brain. 

Reducing FMRP level through in utero electroporation in the developing brain also leads 

to neuronal migration defects of new born neurons [39]. In the peripheral nervous 

system, KO of nSR100 also leads to defective secondary branching of motor neurons 

[26].  PTBP proteins are also among the RBPs that regulate the splicing of genes involved 

in neuronal migration.  For instance, the synaptic protein PSD-15 is important for 

neuron maturation and excitatory synapses. Psd-15 mRNA is shown to be 

posttranscriptionally regulated by PTBPs in the developing brain [21]. During early 

stages of brain development, the high expression levels of PTBP1 in neural progenitor 

cells and PTBP2 in differentiated cells cause the splicing of exon 18 in Psd-15, resulting in 

the formation of a premature stop codon and degradation of Psd-15 mRNA.  Later in 

neurogenesis, the expression level of PTBPs is reduced which allows the inclusion of 

exon 18 and proper expression of the Psd-15 mRNA, thus promote neuron maturation 

[47,48]. 
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Figure 2: Summary of RNA binding proteins discussed in regulating neural 

stem cell fate, neural migration, and neural maturation. 

 

1.6 The Exon Junction Complex 

Recent studies in human genetics and mouse models uncovered the active 

involvement of an RNA binding protein complex, the exon junction complex (EJC), in 

embryonic neurogenesis and the etiology of multiple human neurodevelopmental 

disorders. 

The EJC is a highly conserved protein complex that plays a critical role in 

mediating post-transcriptional gene expression in metazoan cells [49-51].  Instead of 

sequence/motif specificity, the EJC binds 20-24 nucleotides upstream of exon-exon 

junctions (the canonical binding site) of target RNAs and regulates RNA splicing [52], 
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nuclear export, subcellular localization [53-56], translation, and non-sense mediated 

RNA decay (NMD). Biochemistry studies have shown that Magoh (mago), Rbm8a (Y14), 

Eif4a3 (Ddx48) [51], and Casc3 (also referred to as MLN51 or Btz) are the four core 

components of the EJC  [57-59]. While the first three core components of the EJC are 

mostly nuclear, Casc3 is primarily localized to the cytoplasm. The assembly of the EJC 

onto the RNA is a sequential process that is tightly coupled with splicing activities. In 

the nucleus, DEAD-box RNA helicase Eif4a3 is recruited to pre-mRNAs by CWC22, a 

core splicing factor [60-62]. Its association with splicing RNAs is stabilized by the Magoh 

and Rbm8a heterodimer [63] through inhibition of Eif4a3 ATPase activity [64]. The 

heterotetramer core of the EJC is completed by the direct binding of Casc3 to Eif4a3 and 

the target RNA, which further stabilizes the interaction of the EJC with the RNA targets. 

However, the subcellular location where this last step happens remains controversial. 

Daquenet et al. show that, upon EJC assembly, Casc3 shuttles into the nucleus and co-

localizes with other EJC core components in nucleus, particularly in perispeckles  [65] 

[66,67] while other studies suggest that Casc3 joins other EJC core components after the 

nuclear export [59,68]. The EJC is only released from the binding RNA during the first 

round of translation, partially mediated by the ribosome-associated protein PYM [69].   

The EJC carries out its regulatory function through interaction with a dynamic 

array of peripheral factors. In the nucleus, the EJC has been shown to interact with 

splicing co-activators such as RNA-binding protein with Ser-rich domain 1 (RNPS1), the 
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alternative splicing factor Pinin [70], Acinus, the mRNA export factors UAP56 [71], 

REF/Aly, and TAP/NFX1 in regulating RNA splicing and exportation to the cytoplasm. 

A large-scale EJC and RNA interactome study in human HEK293 cells further 

demonstrate the interaction of the EJC with a wide range of splicing factors. Singh et al. 

shows that the EJC multimerizes with multiple SR proteins such as SR splicing factor 1 

(SRSF1), SRSF3, and SRSF7, as well as heterogeneous nuclear RNPs (hRNPs) to form 

mega complex and promotes mRNA packaging and compaction [72]. Once exported 

into the cytoplasm, the EJC core and its peripheral proteins are also involved in 

translation enhancement [73]. The Magoh-Rbm8a heterodimer recruits PYM that directly 

interacts with pre-initiation ribosomal complexes and thus facilitates the translation 

initiation [74]. The other two core EJC components, Eif4a3 and Casc3 have been shown 

in human immortal cells to interact with eIF3 and thus enhance translation [75]. In 

addition,  Eif4a3 also interacts with SKAR (S6K1 ALY/REF-like Substrate) to facilitate 

mTOR signaling in translational regulation [76]. Another important and probably the 

most well studied function of the EJC is to regulate the NMD, a key RNA surveillance 

mechanism in the cells. It has been shown that NMD is triggered by the presence of a 

premature translation stop codon (PTC) more than 50 nts upstream of an exon-exon 

junction signaled by the EJC. In this case, the EJC sequentially recruits UPF3(b), UPF2, 

and UPF1 together with the decay-inducing (DECID) complex to initiate transcript 

degradation [77], a process mediated by the Casc3 [78].  
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Given that the EJC is assembled onto the RNA in a sequence-independent 

manner, it was previously thought that every exon-exon junction is bound by the EJC. 

Recent studies with both human cells and Drosophila models, however, show that EJC 

binding to the RNA may be a regulated process [79,80]. CLIP-Seq analysis with 

endogenous eIF4AIII antibody performed by Sauliere et al. shows that the EJC only 

binds around 80% of the transcripts presented in human HeLa cells[80]. In addition, this 

study identified both canonical (~24 nts upstream of an exon-exon junction) and non-

canonical binding sites of the EJC with variable EJC occupancy of spliced mRNA, 

suggesting that the binding of EJC to target junctions is regulated. This observation is 

confirmed by in vivo studies using animal models.  In Drosophila, all four EJC core 

components are required for the posterior localization of Oskar mRNA in the oocytes. 

However, among the three introns of Oskar mRNA, only the splicing of the first intron is 

required for the proper localization of the transcript, suggesting that the EJC may only 

deposit or preferentially deposit on the first exon-exon junction [56]. Two more recent 

studies also show that multiple EJC core components (Eif4a3, Magoh, and Rbm8a) are 

required for the splicing of Mapk and other transcripts containing introns longer than 

1kb in Drosophila, suggesting the selective binding and regulation of RNA metabolism 

by the EJC [81,82]. The authors speculate that the deposition of EJC on one set of introns 

can influence the splicing of neighboring introns. A similar observation is also made in 

genome-wide studies with human cells depleted of individual EJC core components 
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(Eif4a3, Rbm8a, and Casc3), where the exons with longer flanking introns are 

preferentially regulated [83].  Interestingly, although the cytoplasmically localized Casc3 

is not required for splicing regulation of Mapk or other transcripts [81,82]  in Drosophila, 

it does seem to induce global splicing changes when depleted in human cell lines. The 

discrepancy in these studies may be caused by the difference in the level of knockdown 

and potentially indirect regulation effects. It could also be explained by tissue/cell type 

specific composition/dynamics of EJC core and peripheral components in regulating 

RNA metabolism.  

                

Figure 3: Cartoon depicting the EJC core assembly onto target RNA and EJC 

functions in subcellular compartment.  (Modified from Pilaz and Silver, 2015) 
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1.7 EJC and human neurodevelopmental disorders 

  Human genetic studies have linked the EJC core and peripheral factors with 

neurodevelopmental disorders and embryonic neurogenesis regulation. Copy number 

variation (CNV) studies associated NMD factors and EJC components with intellectual 

disabilities [84]. CNVs of RBM8A, EIF4A3, RNPS1, UPF2, UPF3A are strongly associated 

with varying severity of neurodevelopmental defects including brain malformation, 

suggesting dosage requirements of EJC core and peripheral components in embryonic 

neurogenesis. Several studies also connect mutations in UPF3B with 

neurodevelopmental disorders including schizophrenia, autism, and brain malformation 

[85,86]. In addition, mutations in many of these genes have been identified as causative 

to other human (neuro)developmental disorders. Multiple reports link deletion of 

proximal region of 1q21.1, where RBM8A resides, with epilepsy, autism, schizophrenia, 

and in many cases, microcephaly [87]. A compound mutation of a null allele and a SNP 

in the regulatory region of RBM8A causes thrombocytopenia with absent radius 

syndrome (TAR syndrome), with approximately 20% of patients also show brain 

malformation and other neurodevelopmental aberrations [88]. Mutation in the 

noncoding region of the EIF4A3 has also been identified in patients with dysmorphic 

craniofacial and limb features, a disorder termed Richieri-Costa-Pereira (RCP) syndrome 

[89], with 50% of the patients also showing learning disability. Taken together, these 
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studies further support the notion that the EJC plays an important role in brain 

development. 

 

1.8 EJC in embryonic neurogenesis 

   Recent studies in cell cultures and animal models have been providing more 

direct evidence of EJC’s involvement in cortical development. Bruno et al. show that 

mRNA of the NMD factor Upf1 is a direct target of miR-128. Increased miR-128 

expression  in the developing dorsal cortices leads to Upf1 reduction as mouse 

embryonic neurogenesis proceeds [90]. Knocking down Upf1 directly in P19 cells also 

leads to increased neural differentiation [91].   In addition, Lou et al. show that Upf1 

inhibits neural differentiation by selectively degrading pro-differentiation factors and 

promoting TGF-β signaling pathway, which in turn represses the expression of miR-128. 

Inspired by this miRNA-NMD regulatory circuit, Lou et al. also identified miR-9/Upf3B 

feedback controlling pair involved in neurogenesis regulation. Interestingly, Alrahbeni 

et al. recently show in their study with rat neural stem cells that reduced Upf3B levels 

leads to neural branching defects in differentiated neurons [92]. However, this study 

also shows that depletion of Upf3b in the neural stem cells leads to increased 

differentiation. It is plausible that individual members (Upf1, Upf2, Upf3a, Upf3b, 

SMG6) of the NMD pathway may play differential regulatory roles in neurogenesis. 

Perhaps, the preferential targets of individual components of the NMD pathway may 
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vary. It also remains unclear if these components may interact with other proteins to 

exert their functions. Nonetheless, these studies demonstrate the regulatory role of NMD 

components in neurogenesis that affects both neural stem cells and postmitotic neurons. 

It also sheds light onto an extra layer of regulatory role enforced by non-coding RNA in 

embryonic neurogenesis regulation.   

The first evidence implicating the EJC core in mammalian cortical development, 

however, came from studies of a germline mouse mutant in Magoh. Magoh 

haploinsufficiency results in smaller body size, with a disproportionate microcephaly 

[93]. Both germline and conditional depletion of Magoh cause reduced IP production, 

premature generation of neurons, and extensive apoptosis [93,94]. Magoh is highly 

enriched in dividing neural progenitors. In a follow up study, Pilaz et al. show that 

Magoh haploinsufficiency causes delayed mitotic progression of RGCs, which is 

associated with increased neuron production, reduced progenitor production, and 

increased apoptosis of progeny [95]. Taken together, these genetic models establish a 

critical requirement of Magoh for cortical development, influenced by delayed mitotic 

progression of NSCs.  

 

1.9 Conclusions 

All the studies above suggest that the EJC is a critical regulator of embryonic 

neurogenesis. However, it still remains unclear if these components function as a 
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complex or exert their regulatory roles through EJC-independent pathways. In addition, 

the molecular basis by which Magoh and the EJC components regulate neural stem cells 

and mitosis remains largely unknown. In the following Chapters, I will describe studies 

focusing on understanding the regulatory functions of individual EJC core components 

and the identification of RNA targets regulated by the EJC during embryonic 

neurogenesis. In Chapter 2, I describe the generation of an Rbm8a conditional mutant 

and the phenotypical analysis of Rbm8a haploinsufficient mutants using both mouse and 

zebra fish models.  Experiment techniques used in this Chapter include genetic 

modification, immunochemistry staining, protein assay, in utero electroporation, and cell 

cultures. In Chapter 3, I generate the conditional mutant model of Eif4a3 and 

demonstrate that Eif4a3 haploinsufficient mutants largely phenocopy Magoh and Rbm8a 

mutants, suggesting that the EJC core may function together in regulating embryonic 

neurogenesis. A major part of this chapter focuses on the identification of common 

targets of the EJC using both transcriptome and proteomic analysis. We find that 

depletion of individual EJC core components leads to disrupted ribosomal biogenesis 

and activation of p53 pathway, two common features of ribosomopathies. Thus, we 

postulate that the etiology of EJC associated developmental disorders can be 

ribosomopathies. In Chapter 4, I describe the preliminary observation made in Casc3 

germline mutants. We show that germline depletion of Casc3 in mouse embryos leads to 

embryonic lethality before the onset of embryonic neurogenesis. The hyphomorphic 



 

21 

mutants of Casc3 are viable during embryogenesis but show developmental delay. As a 

results, comparing to litter mates, the Casc3 mutants show smaller body and brain sizes, 

as well as reduced neuron production. It is worth noting that these phenotypes are 

much less severe comparing to other EJC mutants. In addition, we uncover a potential 

role of Casc3 in cardiac development as cardiac development defects are observed in 

E10.5 Casc3 null embryos. This work supports the notion that, instead of a core 

component of the EJC, Casc3 may be a peripheral factor and may interact with only a 

subset of the EJC core.  This chapter also sheds light on the diverse requirements of EJC 

in a tissue specific manner. Chapter 5 will discuss the overall conclusions described in 

this thesis including future directions, the implications of our findings in the study of 

EJC function and the posttranscriptional regulation. 
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2. Rbm8a haploinsufficiency disrupts embryonic cortical 

development resulting in microcephaly 

Chapter 2 was modified from a manuscript of the same title published in Journal of 

Neuroscience (2015). The authors of this manuscript are Hanqian Mao, Louis-Jan Pilaz, John J. 

McMahon, Christelle Golzio, Danwei Wu, Lei Shi1, Nicholas Katsanis, and Debra L. Silver.  

 

2.1 Introduction 

During embryonic cortical development, progenitor populations undergo 

neurogenesis, producing excitatory neurons that ultimately contribute to the six-layered 

mature neocortex [1,3]. In mice, neurogenesis begins around E10.5 and continues 

through the end of embryogenesis. The earliest progenitors are neuroepithelial cells, 

which differentiate into radial glia by E11.5. Radial glial cells undergo self-renewal 

divisions, and as development proceeds, switch to neurogenic divisions to generate new 

radial glia and either a neuron or a neuron-producing intermediate progenitor (IP) [4-7]. 

Defective progenitor proliferation or excessive apoptosis can skew neuron number and 

ultimately alter mature brain size and function [11,93,96,97]. Thus, aberrant 

neurogenesis can cause severe neurodevelopmental disorders including microcephaly 

(small brain size accompanied by cognitive impairment) [98]. Understanding the genes 

regulating neurogenesis is a high priority to elucidate the etiology of 

neurodevelopmental diseases. 
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Recent studies from our lab and others have demonstrated critical roles for the 

exon junction complex (EJC) in neurogenesis and neurodevelopmental pathology. The 

core EJC, composed of Magoh, Eif4a3 and Rbm8a, binds mRNA and regulates RNA 

metabolism [51,53,81,82,99]. We showed previously that Magoh haploinsufficiency in 

mice causes microcephaly due to IP depletion and neuronal apoptosis [93,94]. 

Subsequent human genetic studies discovered that copy number variations (CNVs) 

which perturb the dosage of EJC components, EIF4A3 and RBM8A, are associated with 

intellectual disability and brain malformations [84]. RBM8A is one of 16 genes in the 

1q21.1 proximal region (breakpoint (BP) 2-BP3), located adjacent to the 1q21.1 distal 

region (BP3-BP4). Microdeletions and duplications of either region are associated with 

neurodevelopmental phenotypes including brain size abnormalities and autism 

spectrum disorders, however the causative gene(s) remain unknown [87,100,101]. 

Additionally, compound RBM8A mutations (null plus a noncoding mutation) cause 

thrombocytopenia-absent radius (TAR) syndrome, a blood skeletal disorder in which 7% 

of patients also exhibit cognitive impairments and brain malformations [88,101]. 

Although there is strong evidence that RBMA8A causes TAR syndrome, it remains 

undetermined whether RBMA8A also contributes to neurodevelopmental phenotypes.   

Here we examined the requirement of Rbm8a in embryonic brain development. 

Using a novel conditional mouse allele, we show that Rbm8a depletion in the dorsal 

telencephalon causes severe microcephaly due to neurogenesis defects affecting 
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progenitor proliferation, progenitor and neuron number, and apoptosis. Additionally, 

using zebrafish models and in utero electroporation of mouse embryos, we demonstrate 

RBM8A overexpression does not significantly perturb progenitor number or head size. 

Our findings show Rbm8a is critical for proper cortical development, revealing that 

RBM8A haploinsufficiency may be a major driver for microcephaly in individuals with 

proximal 1q21.1 deletions. 

 

2.2 Results 

2.2.1 Rbm8a is expressed in the developing mouse neocortex 

In this study we asked whether the EJC protein, Rbm8a, is required for cortical 

development. To determine the role for Rbm8a in corticogenesis, we first examined its 

expression in the developing mouse cerebral cortex. At embryonic day 10.5 (E10.5), the 

onset of neurogenesis, we detected Rbm8a mRNA in E10.5 embryonic neocortices using 

qRT-PCR (Fig. 4A). Relative to E10.5, at both E12.5 and E14.5, Rbm8a levels increased 

significantly (P=0.001 and P=0.050). mRNA in situ hybridization of E14.5 mouse sagittal 

sections detected robust Rbm8a expression throughout the embryo, with an enrichment 

in the ventricular zone (VZ) and sub-ventricular zone (SVZ) of the developing 

neocortex, where radial glia and IPs reside (Figs. 4B-D) (Visel et al., 2004; Englund et al., 

2005; Fietz and Huttner, 2011)(genepaint.org). The relatively higher Rbm8a RNA levels 

in the VZ/SVZ layers compared to IZ/CP layers is consistent with Rbm8a transcriptome 
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data of E14.5 neocortical layers [16]. Given the abundance of Rbm8a in the VZ/SVZ, we 

assessed Rbm8a protein expression at E10.5, E12.5, and E14.5. Immunofluorescence of 

coronal neocortical sections revealed Rbm8a expression throughout the neuroepithelium 

and neocortex at all three stages (Figs. 4E-H). We then used both immunofluorescence of 

E14.5 tissue sections and primary cell culture from E14.5 dorsal cortices to determine 

whether Rbm8a is expressed in progenitors and/or neurons. This experiment revealed 

Rbm8a expression in both radial glia (Pax6-positive) and neurons (Tuj1-positive) (Figs. 

4H-P). In E10.5 and E12.5 tissue sections and in dissociated E14.5 cells, Rbm8a 

localization was primarily nuclear (Figs. 4I-P). This is consistent with Rbm8a’s nuclear 

localization in immortalized cells and known function in regulating nucleo-cytoplasmic 

mRNA populations, supporting the reliability of this antibody [65,102]. Together, these 

results demonstrate that Rbm8a is highly expressed in the developing neocortex, 

consistent with a potential role in early stages of neurogenesis. 
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Figure 4: Rbm8a is expressed in the developing cerebral cortex.  

(A) Graph depicting relative Rbm8a mRNA levels in dorsal telencephalon at three 

developmental stages. Values were calculated using a standard curve, normalized to 

Gapdh, and the E10.5 value was set to 1.0. B, C. In situ hybridization for Rbm8a in 

sagittal E14.5 mouse sections (B) and higher-magnification view (for region boxed in B) 

of the neocortex (C). Note high expression (*) in the VZ/SVZ (ventricular 

zone/subventricular zone), relative to the CP (cortical plate). Images are from 

www.genepaint.org (Visel et al., 2004). (D) Top, cartoon representation of a coronal 

section from an E14.5 brain. Box highlights region depicted in cartoon schematic at 

bottom. Bottom, cartoon representation of major cell types examined in this study 

including radial glial progenitors (red), post-mitotic neurons (blue), and intermediate 

progenitors (green). Radial glia undergo proliferative self-renewal divisions (curved 

arrow) or neurogenic divisions giving rise to a new radial glia and another daughter 

cell (orange) which is either a neuron or intermediate progenitor.  (E-H) Images of 

immunofluorescence staining of Rbm8a (green) in E10.5 (E), E12.5 (F), and E14.5 (G,H) 

coronal sections of dorso-lateral neocortex. The dotted lines denote the boundary 

between neocortex and overlying basal epithelium. H. Image of the E14.5 coronal 

section in (G) co-stained with Rbm8a (green) and Tuj1 (red). Note Rbm8a is expressed 

throughout the neocortex in the VZ/SVZ, IZ and CP, and is co-expressed with Tuj1 in 

the CP. (I, J) High magnification images for regions boxed in E (I) and F (J) showing 

nuclear enrichment of Rbm8a (green), evidenced by co-localization with Hoechst 

(blue). Dotted circles denote nuclei. (K-P) Images of E14.5 primary cell cultures stained 

for Pax6 (red, K), TuJ1 (red, N), Rbm8a (green, L,O), and merged with Hoechst (blue, 

M,P).  Student’s t test, *, P=0.050 **, P< 0.001, ns, P=0.1074. Error bars, S.D., n=3 

biological replicates each. Scale bars, E-H, 50 µm, I,J, 10 µm, and K-P, 20 µm. 

 

2.2.2 Rbm8a haploinsufficiency causes microcephaly  

To determine the requirement of Rbm8a in cortical development, we generated a 

mouse carrying a loxp allele of Rbm8a (Rbm8aloxp/+) (Fig. 5A; see Materials and Methods 

for details). We crossed Rbm8aloxp/+ mice with Emx1-Cre, which drives Cre expression in 

neural progenitors of the dorsal telencephalon beginning at E9.5 [103-105] (cre.jax.org). 

Genotyping of genomic DNA confirmed two bands of the predicted size in 
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heterozygous Emx1-Cre;Rbm8aloxp/+ mice but only one band in Emx1-Cre (referred to as 

control hereafter; Fig. 5B). Following Cre recombination, the loxP transcript retains 

exons 1 and 6 but is predicted to undergo nonsense-mediated decay (NMD). qRT-PCR 

analysis of E10.5 and E12.5 neocortices revealed a 50% reduction of Rbm8a mRNA levels 

in Emx1-Cre;Rbm8aloxp/+ brains at both stages (P=0.05, and P<0.0001, respectively) (Fig. 

5C). The reduced Rbm8a mRNA levels are consistent with haploinsufficiency and 

suggest the recombined Rbm8a loxP transcript is degraded by NMD. Western blot 

analysis of E11.5 Emx1-Cre;Rbm8aloxp/+ neocortices revealed a 70% reduction of Rbm8a 

protein, as evidenced with two independent polyclonal and monoclonal antibodies 

(P<0.0001) (Figs. 5D,E, data not shown). No truncated protein was evident at 3.8 KDa, 

the expected size if a protein product were produced by exons 1 and 6. Given Rbm8a’s 

function in translation [51](Shibuya et al., 2004), reduced Rbm8a in Emx1-Cre;Rbm8aloxp/+ 

mice may interfere with translation of remaining Rbm8a transcripts, resulting in a 70% 

loss of Rbm8a protein. Consistent with the Western blotting and qRT-PCR results, 

Rbm8a signal was also reduced by immunofluorescence of primary E12.5 cell cultures of 

Emx1-Cre;Rbm8aloxp/+ dorsal neocortices (Figs. 5F-I). Taken together these results indicate 

that conditional deletion of a single Rbm8a allele in the developing mouse neocortex 

induces a 70% reduction in Rbm8a protein levels by E11.5. 

Emx1-Cre;Rbm8aloxp/+ mice were viable, with normal Mendelian ratios at weaning 

(Chi-square analysis, P=0.564, n=22 mice Emx1-Cre, n=26 mice Emx1-Cre;Rbm8aloxp/+). We 
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examined the cortical size of Emx1-Cre;Rbm8aloxp/+ mice at postnatal day 12 (P12), by 

which time embryonic neurogenic events in the cortex are complete. In agreement with 

an essential role for Rbm8a in corticogenesis, P12 Emx1-Cre;Rbm8aloxp/+ brains were 

significantly microcephalic compared to their littermate controls (Figs. 5J,K). 

Importantly Rbm8aloxp/+ mouse (control) without Cre exhibited no phenotype and were 

comparable to C57BL/6J mice (data not shown). Measurement of the dorsal surface area 

of the cortex showed Emx1-Cre;Rbm8aloxp/+ brains were approximately 70% smaller than 

control (P<0.0001) (Fig. 5L). These results demonstrate that haploinsufficency for Rbm8a 

causes severe microcephaly. 
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Figure 5: Conditional Rbm8a haploinsufficiency in the dorsal telencephalon 

causes severe microcephaly.  

(A) Top, schematic of wild-type genomic locus of Rbm8a with 6 exons (black boxes) 

and introns (lines, not to scale). Middle, targeted allele with 2 loxP sites (black 

arrowheads), neo cassette, and 2 FRT sites. Primers for genotyping are shown as arrows 

(LoxF1, LoxR1). Bottom, the conditional allele following Cre-mediated recombination. 

(B) Representative PCR genotyping result from Emx1-Cre (control) and Emx1-

Cre;Rbm8aloxp/+ mice. Note a single band (550 bp) in control and two bands (550 bp and 

584 bp) in Emx1-Cre;Rbm8aloxp/+ . (C) qRT-PCR quantification of Rbm8a mRNA levels 

in E10.5 neocortices and E12.5 dorsal neocortices of indicated genotypes, following 

normalization using Gapdh. Rbm8a mRNA levels of Emx1-Cre samples were set to 1.0. 

(D) Representative western blot of E11.5 dorsal neocortical lysates probed for anti-
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Rbm8a or anti-α-Tubulin. Note a single 21KDa band is evident in Emx1-Cre;Rbm8aloxp/+ 

. Protein samples were run to the bottom of the gel without running off to allow transfer 

of all molecular weights. (E)  Quantification of Rbm8a protein levels by densitometry 

of western blots, following normalization with α-Tubulin for loading. (F-I) Images of 

primary E12.5 cortical cells from Emx1-Cre (F,G) or Emx1-Cre;Rbm8aloxp/+ (H,I) dorsal 

neocortices, stained for Rbm8a (white) or Hoechst (blue). Images were captured at 

identical exposure settings. Note lower immunofluorescence Rbm8a staining in Rbm8a 

mutant cells. (J, K) Images of whole mount brains at postnatal day 12 (P12) from Emx1-

Cre (J) and Emx1-Cre;Rbm8aloxp/+ (K) mice. Dotted circles denote dorsal cortex. (L) 

Quantification of relative cortical area in P12 brains of indicated genotypes. Student’s 

t test, *, P≤0.05, ***, P<0.0001, Error bars, S.D., n=3 biological replicates each. Scale bars, 

F-I, 20 µm, J, K, 2 mm. 

 

To determine the onset of microcephaly in Rbm8a haploinsufficient mice, we next 

examined the cortical thickness of embryonic brains using coronal sections. At E11.5, 

Emx1-Cre;Rbm8aloxp/+ and control brains exhibited comparable cortical thickness (P=0.801) 

(Figs. 6A,B,I). However by E12.5, Emx1-Cre;Rbm8aloxp/+ cortices were 21% thinner than 

control (P=0.005) (Figs. 6C,D,I). By E13.5, Emx1-Cre;Rbm8aloxp/+ dorsal cortices were 50% 

thinner than control, and this was evident in both dorsal and more lateral cortical 

regions (P<0.0001, both) (Figs. 6E-I). By E14.5, Emx1-Cre;Rbm8aloxp/+ brains were markedly 

microcephalic, and coronal sections revealed the ventricle and dorsal telencephalon 

were severely reduced (Figs. 6J-O). Staining for radial glia, IPs and neurons within the 

lateral region adjacent to the ganglionic eminence revealed the presence of these cell 

populations in the remaining neocortex (Figs. 6P-U). Together these analyses 

demonstrate that in Emx1-Cre;Rbm8aloxp/+ mice, the microcephaly arises during 
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embryogenesis between E11.5 and E12.5, a period corresponding to progenitor 

proliferation and the onset of neuron production [1]. 
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Figure 6: Rbm8a haploinsufficiency results in a thinner neocortex.  

(A-H) Cortical sections from Emx1-Cre (A,C,E,G) and Emx1-Cre;Rbm8aloxp/+ (B,D,F,H) 

brains from E11.5 (A,B), E12.5 (C,D), E13.5 (E-H) embryos stained for Hoechst. Images 

in A-D were from lateral regions at medial rostrocaudal positions. (G, H) High 

magnification images of regions indicated in E, F. I. Quantification of cortical thickness 

in Emx1-Cre and Emx1-Cre;Rbm8aloxp/+ dorsal neocortices of indicated ages. Note, 

measurements were made at both dorsal (dor) and more lateral (lat) regions as indicated 

in E. (J, K) Whole mount E14.5 brains from indicated genotypes. (L, M) Hoechst-stained 

coronal neocortical sections from indicated genotypes at rostral-caudal regions 

indicated by dotted lines in J, K. (N-U) High magnification images of coronal 

neocortical sections from region indicated in L, M. Images were stained for Hoechst 

(white or blue), Tbr2 (green) (P, Q), Tuj1 (green) (R, S), and Pax6 (green) (T, U). Images 

in N,P,R and O,Q,S are from identical sections, and images in T,U are from different 

sections. Note the markedly reduced ventricle and dorsal telencephalon in Emx1-

Cre;Rbm8aloxp/+. V, ventricle, GE, ganglionic eminence. All images show sections from 

medial rostrocaudal positions. Student’s t test, ns, P>0.80, **, P<0.01, ***, P<0.0001, Error 

bars, S.D., n=3 biological replicates each. Scale bars, A-D, G, H, N-U, 50 µm, E, F, L, M, 

200 µm, J, K, 1 mm. 

 

2.2.3 Rbm8a is required for proper number of radial glia and 
intermediate progenitors 

Given the timing of microcephaly onset, the Rbm8a expression pattern, and the 

correlation between progenitor dysfunction and microcephaly, we next assessed 

progenitors in more detail in Emx1-Cre;Rbm8aloxp/+ cortices. We quantified radial glia 

number by measuring Pax6-positive cells in mutant and control brains. At E11.5, we 

observed similar densities of radial glia in control and Emx1-Cre;Rbm8aloxp/+ brains 

(P=0.435) (Figs. 7A,B,I), which is consistent with the normal dorsal cortical thickness at 

E11.5. Similarly, Pax6 mRNA levels in E10.5 Emx1-Cre;Rbm8aloxp/+ and control brains were 

also similar (100%± 27.69% vs. 114%± 5.05%, P=0.618). However by E12.5 we noted a 
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significant 54% reduction in the density of radial glia in Emx1-Cre;Rbm8aloxp/+ brains 

compared to control (P=0.002) (Figs. 7C,D,I). At E13.5, the remaining radial glia in the 

neocortex appeared disorganized (Figs. 7E,F). These results indicate Pax6-positive radial 

glial cells are initially produced in Rbm8a haploinsufficient E11.5 brains, but are 

decreased significantly in number within a day of development. Hence the reduced 

cortical thickness of E12.5 mutants may be due in part to fewer radial glia. As radial glia 

produce IPs, we assessed the impact of radial glia depletion upon IP number. At E13.5 

we observed an 87% reduction in the density of Tbr2-positive IPs in Emx1-Cre;Rbm8aloxp/+ 

cortices (P=0.0001) (Figs. 7G,H,J). Together these analyses indicate that Rbm8a regulates 

the number of both radial glia and intermediate progenitors in the developing 

neocortex. As both populations produce excitatory neurons, ultimately this would be 

predicted to have a severe impact on neuronal output. 
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Figure 7: Rbm8a is required for proper number of radial glia and intermediate 

progenitors.  

(A-H) Coronal sections from Emx1-Cre (A,C,E,G) and Emx1-Cre;Rbm8aloxp/+ (B,D,F,H) 

brains from E11.5 (A,B), E12.5 (C,D), E13.5 (E-H) embryos, and stained for Hoechst 

(blue) (A-H), Pax6 (green) (A-F) and Tbr2 (green) (G,H). (I)Pax6-positive cells within a 

35 X 103 µm2 field of view in cortices of indicated genotypes and ages. (J) Tbr2-positive 

cells within a 55 X 103 µm2 field of view in cortices of indicated genotypes at E13.5.   All 

images were taken from dorso-lateral regions at the medial rostrocaudal position 

represented in Fig. 1D. Student’s t test, **, P<0.01, ***, P<0.001, Error bars, S.D., n=3 

biological replicates, each. Scale bars A-H, 50 µm. 

 

2.2.4 Rbm8a haploinsufficient neocortices contain more neurons 

Having established Rbm8a is required for proper number of radial glia and IPs, 

we next examined the impact of Rbm8a depletion upon neurons.  Loss of radial glia can 

sometimes be explained by precocious production of neurons at the expense of 
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progenitors, as seen in many microcephaly mutants, including Magoh+/- (Yingling et al., 

2008; Silver et al., 2010; Xie et al., 2013; Insolera et al., 2014).  To evaluate neurons, we 

first performed immunofluorescence of coronal sections using the neuronal marker Tuj1, 

which labels immature neurons of the cortical plate. At E11.5 we observed no obvious 

difference in the relative distribution of Tuj1-positive neurons of Emx1-Cre;Rbm8aloxp/+ 

and control brains (Figs. 8A,B). However, by E12.5 the layer of Tuj1-positive neurons 

was strikingly thicker in Emx1-Cre;Rbm8aloxp/+ cortices compared to control (Figs. 8C,D). 

This phenotype persisted at E13.5, at which stage Tuj1-positive cells were detectable 

throughout the thickness of the dorsal Emx1-Cre;Rbm8aloxp/+ neocortex (Figs. 8E,F). These 

results demonstrate that loss of Rbm8a leads to aberrant distribution of post-mitotic 

neurons.  

Altered neuron distribution could be caused by defective neuronal migration 

and/or increased neuron number. To further ascertain the cause, we quantified deep 

layer neurons in E12.5 cortices using Tbr1 immunostaining (Figs. 8G-I). This analysis 

revealed a significant increase in Tbr1-positive neurons in the Emx1-Cre;Rbm8aloxp/+ 

neocortex compared to control (P=0.001). We also used E12.5 dissociated primary 

cultures to quantify neurons and progenitors (Figs. 8J-L). The overall distribution of cell 

types was different between control and Emx1-Cre;Rbm8aloxp/+ (P<0.0001).  Compared to 

control, Rbm8a haploinsufficiency induced a 2.7-fold increase in neurons (P=0.007; Tuj1+ 

only; Fig. 8L). Concomitantly, Pax6-positive radial glia were reduced by 1.5-fold in 
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Emx1-Cre;Rbm8aloxp/+ cortices (P=0.002; Pax6+ only; Fig. 8L). These differences were 

sustained at E13.5, when there was a 2.5-fold increase in neurons and a 2-fold decrease 

in radial glia (P=0.003 and P=0.036, respectively) (data not shown). These results are 

consistent with the 50% loss of radial glia quantified in E12.5 Emx1-Cre;Rbm8aloxp/+ brain 

sections. Moreover, these fold changes are consistent with the presence of more neurons 

in Rbm8a-deficient cortices. 
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Figure 8: Rbma8a deficient brains contain ectopic neurons.  

(A-F) Coronal sections from Emx1-Cre (A,C,E) and Emx1-Cre;Rbm8aloxp/+ (B,D,F) brains 

from E11.5 (A,B), E12.5 (C,D), E13.5 (E,F) embryos, and stained for Hoechst (blue) and 

Tuj1 (green). Note the expanded domain of Tuj1-positive cells in E12.5 and E13.5 Rbm8a 

deficient brains. (G, H) E12.5 Coronal sections from Emx1-Cre (G) and Emx1-

Cre;Rbm8aloxp/+ (H) stained for Hoechst (blue) and Tbr1 (green). Note the disorganized 

distribution of Tbr1-positive neurons in the Rbm8a deficient brains. (I) Tbr1-positive 

cells within a 10 X 103 µm2 cortical area of indicated genotypes at E12.5. (J, K) Primary 

dissociated cells from E12.5 dorsal neocortices from indicated genotypes and stained 

for Pax6 (red), Tuj1 (green), and Hoechst (blue). (L) Bar graph depicting fraction of 

positive cells for indicated markers. All images were taken from dorso-lateral regions 

at the medial rostrocaudal position represented in Fig. 1D. (I), Student’s t test, (L), chi-

square analysis followed by post hoc two-tailed Student’s t test, **, P<0.007, ***, 

P<0.0001, ns, P>0.16. Error bars, S.D., n=3 biological replicates, each. Scale bars, A-K, 50 

µm. 

 

2.2.5 Rbm8a haploinsufficiency impacts the balance between 
proliferation and differentiation of neural progenitors 

As Rbm8a haploinsufficiency altered the number of neurons and progenitors, we 

posited this could be due to premature neuronal differentiation of radial glia. At E11.5, 

radial glial cells undergo self-renewing divisions to produce new progenitors, but also 

begin to produce neurons via neurogenic divisions. If loss of Rbm8a triggers premature 

neuronal differentiation, we expected that in Rbm8a mutant brains, a higher proportion 

of progenitors would exit the cell cycle. To test this possibility, we quantified cell cycle 

exit of E11.5 progenitors using dissociated cells. Progenitors were pulsed with EdU for 

30 minutes to label S-phase, and analyzed 24 hours later. We quantified both cycling 

progenitors (EdU+Ki67+) and cells that had exited the cell cycle (EdU+Ki67-) (Figs. 9A-

F). Compared to control, Emx1-Cre;Rbm8aloxp/+ showed a significantly lower fraction of 
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EdU+Ki67+ cycling progenitors (P=0.015) (Fig. 9G). This indicates that Rbm8a deficiency 

causes a higher fraction of progenitors to exit the cell cycle, which is consistent with 

fewer radial glia observed in E12.5 cultures and sections. We also observed a 

significantly higher fraction of EdU+Tuj1+ cells in Emx1-Cre;Rbm8aloxp/+ progenitors( 

P=0.002) (Fig. 9H). This result indicates that the increased cell cycle exit is associated 

with more neurons, consistent with neuronal analyses of cultures and tissue sections. 

Taken together these data show that Rbm8a functions in radial glia to prevent premature 

exit from the cell cycle.  

Given the expression pattern of Rbm8a and its function in regulating radial glia 

number, we next asked whether proliferation was impacted in Rbm8a haploinsufficient 

brains. We previously showed that RBM8A knockdown in human cell culture induces 

an abnormally high fraction of G2/M cells [93]. Therefore we assessed whether Rbm8a 

haploinsufficiency affects G2/M phases of E11.5 cortical progenitors by performing 

phospho-histone3 (PH3) staining. Consistent with prior published cell culture data 

[93](Silver et al., 2010), we observed a significant increase in PH3 staining in E11.5 Emx1-

Cre;Rbm8aloxp/+ brains, compared to control (P=0.042) (Figs. 9I-K). Increased PH3 staining 

has also been seen in other microcephaly mutants [13,97,106,107]. These data indicate in 

E11.5 Rbm8a haploinsufficient brains, progenitor proliferation is altered prior to any 

significant change in radial glia number or cortical thickness.  
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Figure 9: Rbm8a regulates cell cycle exit of neural progenitors.   

(A-F) Primary dissociated cells from E11.5 dorsal neocortices from Emx1-Cre (A-C) or 

Emx1-Cre;Rbm8aloxp/+ (D-F), were cultured for one day following a 30-minute EdU pulse 

and then stained for Tuj1 (red), Ki67 (green) and EdU (purple). Arrowheads, EdU+Ki67+ 

cells. Arrows, EdU+Tuj1+ cells. (G, H) Percentages of all EdU-positive cells that are 

Ki67+ (G) or Tuj1+ (H). (I, J) Images of E11.5 Emx1-Cre (I) or Emx1-Cre;Rbm8aloxp/+ (J) 

brains stained for PH3 (green) and Hoechst (blue). Note the basal surface is auto 

fluorescent. K. Graph depicting percentage of PH3-positive cells for indicated 

genotypes. Student’s t test, *, P<0.05, **, P<0.01. Error bars, S.D., n=3-6 cultures or brains 

from independent biological replicates each genotype.  Scale bars, A-F, 20 µm, I, J, 50 

µm. 
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2.2.6 Rbm8a haploinsufficiency causes widespread apoptosis  

Rbm8a could influence neuron number in two ways: either by producing neurons 

at the expense of progenitors, or by preferential apoptosis of progenitors leading to 

disproportionately higher neuronal fractions. Based on the cell cycle exit analysis we 

favored the former mechanism, however to address the second possibility we assessed 

apoptosis in Rbm8a haploinsufficient brains. To examine apoptosis, we performed 

immunofluorescence for cleaved-caspase3 (CC3) and TUNEL, mid- and late-stage 

apoptosis markers, respectively. At E11.5, there was a slight increase in apoptosis of 

Emx1-Cre;Rbm8aloxp/+ compared to control (Figs. 10A,B). This mild phenotype was 

consistent with normal cortical thickness and progenitor number observed at this age. 

Beginning at E12.5 much more extensive apoptosis was observed only in Emx1-

Cre;Rbm8aloxp/+ dorsal cortices (Figs. 10C-G). Apoptosis was evident throughout the 

thickness of the neocortex, and was especially high in basal layers (CP and sub-plate), 

where neurons reside following migration.  

Having established that extensive apoptosis occurs at E12.5 coincident with 

progenitor loss, we next examined which populations of cells undergo apoptosis. Based 

on the distribution of apoptotic cells, we posited that neurons undergo apoptosis. 

Indeed, co-localization of CC3 and Tuj1 revealed neuronal apoptosis in Emx1-

Cre;Rbm8aloxp/+ mutants (Figs. 10H-K). We also detected CC3+Pax6+ cells in E12.5 brains, 

demonstrating some radial glial cells are eliminated by apoptosis (Figs. 10L-O). If higher 
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neuronal fractions were explained by preferential progenitor apoptosis, we predicted to 

observe more dying radial glial cells than dying neurons. However, radial glia apoptosis 

was less extensive than neuronal apoptosis, with about 7% of all Pax6+ radial glia 

undergoing apoptosis, compared to 21% of all Tuj1+ neurons (P=0.005). One technical 

explanation for this result is that Pax6 is a nuclear marker and its epitope could be lost in 

apoptotic cells. However the high abundance of apoptotic cells in basal layers of the 

neocortex together with this co-localization analysis indicates apoptosis is not skewed 

towards radial glia. Taken together, our developmental analyses of Rbma8a 

haploinsufficient embryos indicate proliferation and cell cycle exit defects precede both 

altered cell populations and apoptosis. This suggests Rbm8a impacts radial glia and 

neuron number by first influencing progenitor proliferation. In the mutant, aberrant 

populations are then eliminated by apoptosis.   
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Figure 10: Rbm8a deficiency induces dramatic apoptosis of neurons and radial 

glia.  

(A-F) Coronal sections from Emx1-Cre (A,C,E) and Emx1-Cre;Rbm8aloxp/+ (B,D,F) dorsal 

neocortices from E11.5 (A,B), E12.5 (C-F) embryos, and stained for Tuj1 (green) and 

Hoechst (blue),CC3 (red), or TUNEL (red). (G) A higher magnification image of framed 

region in F showing co-staining of TUNEL with Hoechst. (H-O) Coronal sections from 

Emx1-Cre;Rbm8aloxp/+ dorsal neocortices stained for Tuj1 (green, H-K), Pax6 (green, L-O) 

and CC3 (red). The fractions of total Tuj1+ (J) or Pax6+ (N) cells that are CC3+ (apoptotic) 

are listed. Note a higher fraction of neurons are CC3+ compared to radial glia. (K,O) 

High magnification images of the regions boxed in J (K) and in N (O). Note images 

representing the X-Z (left-right) and Y-Z (top-bottom) planes are shown to demonstrate 

co-localization. All images were taken from dorso-lateral regions at the medial 
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rostrocaudal position represented in Fig. 1D. n=3 biological replicates each, 

representative images were shown. Scale bars, A-J, L-N, 50 µm, K, O, 10 µm. 

 

2.2.7 Rbm8a haploinsufficiency impacts neuronal layers  

Having observed both proliferation and apoptosis defects early in neurogenesis, 

we next examined the impact of Rbm8a depletion upon neuronal layers at the end of 

neurogenesis. Specifically we asked whether there were differences in upper versus 

lower layers of P0 Rbm8a haploinsufficient brains. Analysis of P0 brains revealed a 

marked microcephaly in Emx1-Cre;Rbm8aloxp/+ mutants, consistent with analysis at other 

stages (Figs. 11A,B).  Remarkably, most of the neocortex was missing in Rbm8a 

haploinsufficient brains, as evidenced by coronal tissue sections (Figs. 11C, D). To 

determine which neuronal populations were present in remaining neocortical tissue, we 

performed immunofluorescence of medial sections for Cux1 (layers II/III), Foxp1 (layers 

III-V), and Tbr1 (layer VI) (Figs. 11E-J). Strikingly, Rbm8a deficient brains had a 

significant dearth of both Cux1 and Foxp1-positive neurons, compared to control 

(P<0.0001 each) (Figs. 11E-H,K). In contrast the density of Tbr1-positive layer VI neurons 

was not significantly reduced in Emx1-Cre;Rbm8aloxp/+ brains (Figs. 11I-K). However, 

although Tbr1 neuronal density was not affected, Tbr1-positive neurons were 

inappropriately distributed throughout the cortical tissue (P<0.0001) (Figs. 11I, J, L). The 

dramatic reduction in outer layer neurons is consistent with depleted progenitor 

populations seen at E12.5 and E13.5. Taken together, our analyses demonstrate an 
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essential requirement for Rbm8a in neurogenesis and brain size, with microcephaly 

explained by aberrant progenitor proliferation and severe apoptosis. 

 

Figure 11: Rbm8a haploinsufficiency disrupts cortical lamination.  

(A,B) Whole mount P0 brains from indicated genotypes. Dotted circles denote dorsal 

cortices. (C, D) Coronal sections of P0 brains from indicated genotypes (plane indicated 

by arrowheads in A and B). (E-J) Coronal sections of P0 Emx1-Cre (E,G,I) and Emx1-
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Cre;Rbm8aloxp/+ (F,H,J) stained for Cux1 (E,F), Foxp1 (G,H), and Tbr1 (I,J) at regions 

indicated in C, D. Dotted lines demarcate dorsal cortex. Neuronal layers (layers II-V) 

are indicated.  Arrowheads indicate Foxp1+ cells in the dorsal cortices of Emx1-

Cre;Rbm8aloxp/+ brains (H). (K) Quantification of Cux1+, Foxp1+, and Tbr1+ cells in Emx1-

Cre and Emx1-Cre;Rbm8aloxp/+ brain sections. Note the significant reduction of Cux1+ 

and Foxp1+ cells observed in Emx1-Cre;Rbm8aloxp/+ brains. (L) Fraction of Tbr1+ cells 

located in bins (as indicated in Figs. 8I and J) with bin 5 being most pial and bin 1 

adjacent to the ventricle. Note the distribution of Tbr1+ is significantly different 

between Emx1-Cre and Emx1-Cre;Rbm8aloxp/+  brains. (K) Student’s t test, (L) chi-square 

analysis, ns, P=0.517, ***, P<0.0001. Error bars, S.D., n=3 biological replicates, each. Scale 

bars, A-D, 1mm, E-J, 50µm. 

 
2.2.8 RBM8A overexpression does not dramatically perturb 
neurogenesis or increase head size 
 

The data presented herein show that Rbm8a is essential for proper neurogenesis 

and brain size. RBM8A is located in the proximal 1q21.1 CNV, in which both 

microdeletions and microduplications are associated with brain malformations 

including microcephaly and macrocephaly [87,100,101]. Given this association and the 

report of micro/macrocephaly in some patients with TAR syndrome, we next asked 

whether Rbm8a overexpression could have a reciprocal impact upon neurogenesis to 

that observed with Rbm8a haploinsufficiency.  

To first test this hypothesis, we carried out in utero electroporation to express 

Flag-tagged human RBM8A in E13.5 dorsal cortices and subsequently analyzed 

neurogenesis at E16.5. Between E13.5 and E16.5, radial glial progenitors mainly produce 

neurons, which migrate to the cortical plate. Therefore we reasoned that if RBM8A 

overexpression impacts neurogenesis, at these stages dramatic differences in progeny 
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distribution and/or number should be evident. Aberrant distribution can be indicative of 

defective neuronal migration or progenitor proliferation. We co-electroporated 

enhanced green fluorescent protein (EGFP) to mark electroporated cells with either 

RBM8A or empty vector, as a control (Figs. 12A-D). Using coronal sections of E16.5 

electroporated brains, we quantified the distribution of EGFP-positive cells, which 

marks both electroporated progenitors and their progeny. Comparison of control versus 

RBM8A electroporated brains revealed no significant difference in the distribution of 

EGFP-positive cells in the CP, IZ, or SVZ/VZ layers (P=0.999) (Fig. 12D). Expression of 

Flag-tagged RBM8A was detectable in EGFP-positive cells as evidenced with either anti-

Flag staining or anti-RBM8A staining (Figs. 12E-Q). This indicates RBM8A 

overexpression in E13.5 progenitors does not overtly impact distribution of progenitors 

and progeny.  

Because Rbm8a haploinsufficiency caused depletion of both radial glia and IPs, 

we asked if RBM8A overexpression affects these populations. We quantified the 

proportion of EGFP-positive cells that co-localize with either Pax6 or Tbr2 (Figs. 12R-

W,BB). Neither radial glial progenitor nor IP number were significantly impacted by 

RBM8A overexpression (P=0.261 and 0.893, respectively) (Fig. 12BB). Although we 

quantified no difference in distribution of transfected cells, it is possible there could be 

defects in either proliferation and/or apoptosis associated with RBM8A overexpression. 

For example decreased apoptosis is associated with macrocephaly [108]. However, 
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analysis of CC3 staining revealed no evidence of decreased apoptosis upon RBM8A 

overexpression (data not shown). We also examined whether Rbm8a could impact 

proliferation by quantifying the fraction of EGFP-positive cells that co-localize with PH3 

(Figs. 12X-BB). We observed no significant difference between control and RBM8A 

overexpression brains (P=0.525). Due to the timing of electroporation, we cannot exclude 

the possibility that RBM8A overexpression impacts earlier stages of neurogenesis. 

However the lack of any defects in EGFP distribution, progenitor fractions, or 

proliferation suggests overexpression of RBM8A in E13.5 progenitors does not grossly 

impact the number of radial glia or IPs.  
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Figure 12: Overexpression of RBM8A does not impact distribution of cells in the 

developing neocortex.  

(A-C) Coronal sections of E16.5 brains, in utero electroporated at E13.5 with 

representative electroporated region (A), with pCAGGS-EGFP plus either pCAGGS-EX 

(B) or pCAGGS-Flag-RBM8A (C). Numbers indicate bins for quantitation in (D) and 

brackets indicate CP, IZ and SVZ/VZ. (D) Quantitation of distribution of EGFP-

positive cells in 5 bins for cortices; with bin 5 being most pial and bin 1 being adjacent 

to the ventricle. Note there was no significant difference in the distribution of GFP-
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positive cells between control and RBM8A electroporated brains. (E) Coronal section of 

an E16.5 brain electroporated with pCAGGS-Flag-RBM8A (RBM8A overexp). (F-K) 

Higher magnification images of region 1 (F-H) and region 2 (I-K) stained for anti-FLAG 

(red) (F,I), EGFP (green) and Hoechst (blue) (G,J) and merge (H,K). Arrowheads, 

electroporated EGFP cells co-expressing FLAG (yellow). Note high FLAG expression in 

electroporated cells. (L-Q) Coronal sections of E16.5 electroporated with pCAGGS-

EGFP and either pCAGGS-EX (L-M, control) or pCAGGS-Flag-RBM8A (O-Q, RBM8A 

overexp) and stained for Rbm8a (red) (L, O), EGFP (green) (M,P) and merge (N,Q). 

Arrowheads, electroporated EGFP cells showing high Rbm8a staining in pCAGGS-

Flag-RBM8A cells (yellow), but not in pCAGGS-EX transfected cells. (R, S) Coronal 

sections of E16.5 brains electroporated with pCAGGS-EGFP and either pCAGGS-EX (R, 

control) or pCAGGS-Flag-RBM8A (S, RBM8A) and stained for anti-Pax6 (red) and anti-

Tbr2 (gray). (T-W) High magnification images of regions indicated in R (T,V) and S 

(U,W), and stained with either anti-Pax6 (red) (T,U) or anti-Tbr2 (red) (V, W). 

Arrowheads, EGFP+ cells (yellow) co-stained with either Pax6 (T,U) or Tbr2 (V,W). (X, 

Y) Coronal sections of E16.5 brains electroporated with pCAGGS-EGFP (green) and 

either pCAGGS-EX (X, control) or pCAGGS-Flag-RBM8A (Y, RBM8A) and stained for 

anti-PH3 (red). (Z, AA) High magnification images of regions indicated in X (Z) and Y 

(AA), and stained for anti-PH3 (red). Arrowheads, EGFP+ cells co-stained with PH3 

(yellow). (BB) Fractions of EGFP+ cells co-stained with Pax6, Tbr2, or PH3. Note there 

was no significant difference between control and RBM8A electroporated brains.  (D), 

chi-square analysis, (BB), Student’s t test, ns, P>0.2. Error bars, S.D., n=3 biological 

replicates each condition. For each biological replicate, three-four sections were 

quantified. Scale bars, A, 200µm, B, C, E, 100 µm, F-AA, 50 µm. 

 

To independently assess whether RBM8A overexpression leads to head size and 

neuronal defects, we utilized zebrafish to overexpress the human RBM8A mRNA at the 

1-2 cell stage. We have shown previously that head size with concomitant neurogenesis 

defects in zebrafish embryos represents a useful surrogate for the evaluation of loci 

associated with neurocognitive traits in humans [109-111]. For example, overexpression 

and knockdown of KCTD13, a locus within the 16p11.2 CNV, induces microcephaly and 

macrocephaly in zebrafish respectively, and these data have been since corroborated 
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independently by association studies in large cohorts [109,112]. We overexpressed 

human RBM8A mRNA in fertilized eggs and evaluated gross morphometric and cell-

specific characteristics of overexpressants at 2 days post-fertilization (dpf) and 4.5 dpf. 

Masked quantitative scoring of RBM8A RNA-injected embryos at 4.5 dpf showed no 

significant difference of head size between RBM8A RNA-injected embryos and controls 

(P=0.46) (Figs. 13A-C). Because RBM8A overexpression could perturb neurogenesis 

without affecting head size, we stained embryos at 2 dpf with anti-HuC/D, to mark post-

mitotic neurons [109,110,113]. We observed a normal bilateral distribution of HuC/D in 

the forebrain in RBM8A overexpressants that was indistinguishable from that of control 

embryos from the same clutch (P=0.75) (Figs. 13D-F). This is consistent with lack of any 

defect in early stages of neuronal differentiation or migration. Finally, to exclude the 

possibility that the absence of phenotype was due to degradation of the RBM8A RNA, 

we extracted total RNA from injected embryos and performed RT-PCR with human 

RBM8A primers. We could detect the RBM8A-injected RNA at 2 dpf and up to 4.5 dpf 

(Fig. 13G, data not shown). Taken together these data indicate that overexpression of 

RBM8A does not perturb neuronal differentiation at early developmental stages and is 

unlikely responsible for head size defects in patients with a duplication of RBM8A. 
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Figure 13: RBM8A-injected embryos have normal head size and HuC/D 

expression in the forebrain.  

(A,B) Representative images show dorsal views of a sham-injected control (A) and an 

embryo injected with human RBM8A RNA (B). (C) Quantification of head size by 

measuring the distance across the convex tip of the eye cups (yellow arrows) at 4.5 dpf. 

Note RBM8A RNA-injected embryos have normal head size, P=0.46, Student’s t test. 

(D, E) Representative images showing HuC/D-antibody staining and ventral views of 

a sham-injected control (D) and RBM8A-injected embryo at 2 dpf (E). Note HuC/D 

expression is bilateral and restricted to the roof plate of the neural tube in the forebrain 
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at 2 dpf in both RBM8A overexpressants and controls. (F) Percentage of embryos with 

normal (bilateral) or abnormal (unilateral) HuC/D staining in the anterior forebrain. 

Note embryos injected with RBM8A exhibit normal bilateral expression of HuC/D 

compared to controls (P=0.75, Fisher exact test,). (G) RT-PCR using human RBM8A and 

zebrafish β-actin primers on RNA extracted from control and RBM8A mRNA injected-

embryos at 2 dpf. M, marker (1kb plus ladder). ns, not significant. Error bars, SEM, n=60 

embryos per group; experiments repeated three times. Scale bars, 200 µm. 

 

2.3 Discussion 

In this study we demonstrate the exon junction complex component Rbm8a is 

essential for embryonic neurogenesis and proper brain size in mice. Rbm8a 

haploinsufficiency causes microcephaly, due to progenitor depletion and massive 

neuronal apoptosis. Hence Rbm8a is a critical regulator for neural progenitor 

maintenance, differentiation, and brain size. Our study highlights RBM8A as a critical 

gene that may contribute to neurodevelopmental phenotypes associated with proximal 

1q21.1 microdeletions. 

 

 

2.3.1 Mechanisms of Rbm8a function in neurogenesis and 
microcephaly 

 
We show that Rbm8a haploinsufficiency causes microcephaly due to depletion of 

both progenitors and neurons ultimately leading to severe cortical lamination defects 

including loss of virtually all upper layer neurons. Our study elucidates two 
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mechanisms to explain how these populations are perturbed. First we discovered that 

Rbm8a regulates radial glia proliferation, preventing premature cell cycle exit and 

neuronal differentiation. As a result, Rbm8a depletion causes accelerated neurogenesis 

by radial glia, resulting in a striking reduction in progenitor pools along with 

significantly more neurons. A second mechanism by which Rbm8a regulates brain size is 

via apoptosis, which in the mutant occurs largely in ectopic neurons, but is also evident 

to a lesser extent within radial glia. Apoptosis is a common microcephaly phenotype 

and is associated frequently with ectopic neuron production [11,93,97,107,114]. Together 

our data indicate that a combination of altered progenitor division and apoptosis of 

progeny contribute to the severe loss of dorsal cortex and ultimately microcephaly.  

How do defects in radial glia proliferation initially impact progenitor and neuron 

number?  We speculate that Rbm8a influences the balance of proliferative and 

neurogenic divisions of radial glia, leading to production of neurons at the expense of 

progenitors. As shown previously by our group, Rbm8a is required for proper cell 

division [93](Silver et al., 2010). More G2/M progenitors could indicate a faster overall 

cell cycle with a similar G2/M length, or a prolonged G2/M with identical cell cycle 

duration. As cell cycle has been linked to cell fate in the developing brain [115-117], it is 

plausible that cell cycle defects could influence production of neurons and progenitors.  

Interestingly, while PH3+ progenitors were increased, the proportion of cycling Ki67+ 

progenitors decreased.  This reduction in total cycling progenitors may be attributed to 
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any of the following possibilities, which are not mutually exclusive: massive progenitor 

apoptosis, increased cell cycle exit, and depletion of progenitor production. Future 

studies will help determine the detailed cellular and molecular mechanisms by which 

Rbm8a influences progenitor number as well as apoptosis. Of note Rbm8a joins a 

growing repertoire of RNA binding proteins implicated in these aspects of 

corticogenesis, as discussed in a recent review [14](DeBoer et al., 2013).  

Rbm8a forms a tight heterodimer with Magoh as part of the EJC [49,59,69,118]. 

Therefore it is reasonable to predict that haploinsufficiency phenotypes would be 

similar. In support of this hypothesis, both Rbm8a and Magoh have similar expression 

patterns in the developing cortex. In addition, the temporal onset of Rbm8a and Magoh 

haploinsufficiency phenotypes, including apoptosis, reduced intermediate progenitors, 

and ectopic neurons are also similar [93]. However in contrast to Magoh 

haploinsufficiency models [93,94], Rbm8a haploinsufficient mice display a more severe 

microcephaly. A careful comparison of neurogenesis phenotypes indicates the major 

difference is that Rbm8a mutants have more extensive apoptosis of both neurons and 

radial glia. But why might Rbm8a and Magoh haploinsufficiency induce varying severity 

of apoptosis? One possibility is protein levels; Emx1-Cre;Magohloxp/+ and germline Magoh+/- 

brains have 50% reduced Magoh protein levels [93,94], whereas Emx1-Cre;Rbm8aloxp/+ 

cortices showed a 70% Rbm8a reduction. Clearly the dosage of these genes is important, 

thus a higher fold reduction of either Magoh or Rbm8a could be more detrimental for 
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neurogenesis. Another explanation for the difference is redundancy; mice have only one 

Rbm8a homolog, yet they have two Magoh homologs, which are virtually identical in 

sequence [93,119]. Although Magohb is expressed at lower levels than Magoh in the 

embryonic brain, it could compensate for reduced Magoh levels. A third possibility is 

that either Rbm8a and/or Magoh have functions independent of the EJC or each other. 

Indeed there are some indications of non-canonical functions for both genes, in 

regulating signaling [120,121]. Future genetic studies perturbing additional EJC 

components will be valuable to determine whether Rbm8a impacts neurogenesis via the 

EJC or not and if so which aspects of EJC function are dysregulated during cortical 

development. 

 

 

2.3.2 Rbm8a dosage in neurodevelopmental disease 

We demonstrate Rbm8a haploinsufficiency perturbs brain size, which is 

consistent with human genetic studies showing a strong association between reduced 

RBM8A copy number and neurodevelopmental disorders. Copy number losses of 

RBM8A are significantly enriched in patients with neurodevelopmental disorders, 

including microcephaly [84,88]. Moreover, microdeletions of the proximal 1q21.1 region, 

where RBM8A resides, are associated with microcephaly, intellectual disability, 

behavioral abnormalities and seizures [84,87,100,101,122]. Patients with TAR syndrome, 

a blood and skeletal disorder attributed to compound mutations of RBM8A, present 
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with and without these brain malformations [84]. We speculate that different genetic 

backgrounds and potential effects (trans and cis) from genes expressed within the larger 

1q21.1 region (BP3-BP4), could contribute to the co-occurrence of blood/skeletal defects 

and neurodevelopmental phenotypes in TAR patients. For example, there is precedence 

for genetic interactions between genes located within CNVs and for trans-effects of 

deletion/duplications upon neighboring gene expression [123,124]. Regardless, our 

study highlights RBM8A as a strong causal candidate gene for brain related phenotypes 

associated with the proximal 1q21.1 microdeletions. We obtained 70% reduction of 

Rbm8a expression in the mouse haploinsufficiency model, simulating a heterozygous 

deletion of RBM8A in humans. Thus, this new mouse model will be a valuable in vivo 

tool to determine how RBM8A loss impacts the etiology of neurodevelopmental 

phenotypes, including the cellular and behavioral basis.  

Remarkably, dosage gains of RBM8A are also associated with 

neurodevelopmental phenotypes. CNV gains in RBM8A, as well as microduplications of 

the proximal 1q21.1 region (BP2-BP3), are associated with intellectual disability, autism 

and brain malformations such as macrocephaly [84,87,100,101,122]. In our study we 

found that although loss of one Rbm8a allele led to severe neurogenesis defects, neither 

neurogenesis nor head size were obviously affected by Rbm8a overexpression. Our data 

from two model organisms suggest that Rbm8a overexpression might not be a major 

contributor to macrocephaly in human patients with microduplications of the proximal 
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region of 1q21.1. Instead, given that Rbm8a is also expressed in post-mitotic neurons, we 

speculate that copy number gains might impact mature neuronal functions such as 

synapse development.  

EJC components have collectively emerged as critical for neurodevelopmental 

disorders. Besides RBM8A, altered gene dosage of additional EJC components, including 

EIF4A3, UPF3A, UPF3B, are seen in patients presenting with intellectual disability and 

brain malformations [86,125]. Non-coding EIF4A3 mutations cause Richieri-Costa-

Pereira syndrome, a craniofacial disorder associated with neurological deficits [89] 

(Favaro et al., 2014). In addition, coding mutations in UPF3B cause intellectual disability, 

schizophrenia and autism [86,125]. However mechanisms underlying 

neurodevelopmental pathologies for these disorders still remain elusive. By uncovering 

a critical requirement for the EJC component Rbm8a in cortical development, our study 

helps provide important insights into how this essential molecular complex contributes 

to the etiology of neurodevelopmental disorders. 
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3. Haploinsufficiency of exon junction complex components 

disrupts ribosome biogenesis and causes p53-mediated 

microcephaly 

Chapter 3 was modified from a manuscript of the same title that is submitted for review. 

The authors of this manuscript are Hanqian Mao, John J. McMahon, Yi-Hsuan Tsai, Zefeng 

Wang, and Debra L. Silver. 

3.1 Introduction 

Proper function of the cerebral cortex, our brain structure responsible for higher 

cognitive functions, relies upon embryonic neurogenesis. During neurogenesis, neural 

stem cells (NSCs) generate excitatory neurons [4,126]. In mice the onset of neurogenesis 

is embryonic day (E) 10.5, when NSCs consist of neuroepithelial cells that primarily 

undergo self-renewal divisions. As development proceeds, NSCs are composed of radial 

glia cells that generate neurons either directly, or indirectly via new NSCs and 

intermediate progenitors [1,3] (Fig 1A). Defective neurogenesis impacts neuron 

production and can cause neurodevelopmental disorders such as microcephaly, in 

which brain size is severely reduced. To elucidate causes for such diseases requires a 

comprehensive understanding of how NSCs mediate proper brain development. 

One level of control increasingly implicated in NSC function and disease is post-

transcriptional regulation [14,127]. In particular, a set of RNA binding proteins 

associated with developmental pathologies of the cerebral cortex is the exon junction 

complex (EJC). The core EJC, composed of Rbm8a (Y14), Magoh, and Eif4a3 (Ddx48), 
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influences mRNA splicing, translation, mRNA localization and nonsense mediated 

decay (NMD), via direct interactions with both RNA and auxiliary proteins in the 

nucleus and cytoplasm [53,73,76,99,128,129]. Copy number variations of RBM8A, 

EIF4A3, and peripheral EJC components, are each strongly associated with 

neurodevelopmental phenotypes [84,86,130]. Moreover RBM8A and EIF4A3 mutations 

cause TAR syndrome and Richieri-Costa-Pereira syndrome, respectively, both of which 

are associated with neurological deficits [87-89,100]. Although EJC levels are 

significantly linked to neurodevelopmental disease, the pathogenic mechanisms by 

which EJC impairment drives these disorders remains largely unknown.  

Recent studies have helped shed light on this question, with the discovery that 

reduced levels of EJC components, Magoh and Rbm8a, disrupt cortical development. Our 

lab showed that in Magoh and Rbm8a haploinsufficient mouse models, neurons are 

produced at the expense of new NSCs, and ectopic neurons undergo apoptosis, all 

leading to severe microcephaly [93-95]. We recently discovered that Magoh microcephaly 

and neurogenesis phenotypes may be due to prolonged mitosis of NSCs [95]. 

Collectively, these studies show Magoh and Rbm8a are essential for corticogenesis. Yet 

we lack a mechanistic understanding of how these genes regulate brain development, 

and whether mutation of the third major EJC constituent, Eif4a3, causes microcephaly. 

Moreover, if all EJC components are required in the developing brain, it is unclear if 

they function via common regulatory pathways. 
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 In this study we used 3 mouse models haploinsufficient for Magoh, Rbm8a, and 

Eif4a3, to expose mechanisms by which EJC dysfunction impacts cortical development. 

First we generated a NSC-specific conditional Eif4a3 mouse model to determine if all 

core EJC components regulate brain development.  We found Eif4a3 haploinsufficiency 

phenocopies aberrant neurogenesis and microcephaly seen in Rbm8a and Magoh 

mutants. We then utilized transcriptomic and proteomic analyses to uncover genetic 

pathways controlled by the 3 EJC components at the onset of neurogenesis. 

Unexpectedly, Magoh, Rbm8a, and Eif4a3 showed converging regulation of ribosomal 

components at the transcript, splicing, and protein level. Production of rRNA and 

ribosomal proteins is necessary to generate ribosomes, a process termed ribosome 

biogenesis [131]. This suggests EJC components control ribosome biogenesis in 

proliferative NSCs. Many mutants that disrupt rRNA processing and/or assembly of 

intact ribosomes also exhibit p53 activation [131]. Consistent with this, we discover p53 

activation in NSCs, and show p53 deficiency rescues microcephaly of all 3 EJC mutants. 

Altogether our findings reveal novel mechanisms to help explain how EJC deficiency 

disrupts neurogenesis, implicating altered ribosome biogenesis and p53 signaling in the 

etiology of EJC-mediated neurodevelopmental pathologies. 
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3.2 Results 

3.2.1 Eif4a3 haploinsufficiency causes aberrant neurogenesis and 
microcephaly 

 
We previously showed that NSC-specific haploinsufficiency for either Magoh or 

Rbm8a causes microcephaly in mice [93-95](Silver et al. 2010; Mao et al. 2015; McMahon et 

al. 2014). To understand the underlying mechanism for this microcephaly we first sought 

to address the role of the third core EJC component, Eif4a3, in brain development (Fig. 

14B). We examined the expression profile of Eif4a3 relative to Magoh and Rbm8a at early 

stages of cortical development. RT-qPCR showed that Magoh, Eif4a3, and Rbm8a are 

expressed in the developing dorsal neocortex showing parallel increases in expression as 

neurogenesis proceeds (Fig. 14C). In situ hybridization revealed enriched Eif4a3 

expression in the proliferative ventricular and sub-ventricular zones of the E14.5 

neocortex, where NSCs reside and in a similar pattern to Rbm8a and Magoh [93,132,133] 

(Fig. 14D). Together, these analyses indicate Eif4a3, Magoh and Rbm8a are co-expressed 

spatially and temporally in the developing mouse neocortex.  

We next generated a conditional mouse carrying a floxed allele of Eif4a3 (Eif4a3lox/+) 

to assess the phenotype of Eif4a3 deficiency in the developing brain (Fig. 14E). Eif4a3lox/+ 

mice were crossed to Emx1-Cre, which drives Cre expression in NSCs of the dorsal 

neocortex beginning at E9.5 [103,105] (cre.jax.org). Genotyping of genomic DNA from 

Emx1-Cre;Eif4a3lox/+ mice confirmed the presence of predicted bands for both wildtype 
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and lox alleles (Fig. 14F). Following Cre recombination, exon 2 is excised to generate a 

transcript that is predicted to undergo NMD-mediated degradation. Consistent with 

this, Eif4a3 mRNA and protein were reduced by about 50% in Emx1-Cre;Eif4a3lox/+ 

neocortices (Fig. 14G, H). These data demonstrate Eif4a3 can be efficiently depleted in 

the conditional haploinsufficient mouse model. 

 

Figure 14: Generation of conditional Eif4a3 haploinsufficient mutant. 
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(A) Schematic of embryonic neurogenesis in the dorsal telencephalon (B) The question 

posed in this study.  (C) Quantitative PCR of Magoh, Eif4a3, and Rbm8a mRNA levels 

in developing neocortices of indicated ages. qPCR was performed using a standard 

curve, and Magoh relative expression at E10.5 was set to 1.0, and all expression levels 

were normalized to Gapdh. (D) In situ hybridization of Eif4a3 in sagittal E14.5 mouse 

section, showing enrichment in the ventricular and sub-ventricular zones (arrowheads) 

relative to the cortical plate (CP). Images are from www.genepaint.org (Visel et al. 2004). 

(E) Top, schematic of wild-type Eif4a3 genomic locus with 12 exons (black boxes) and 

introns (lines, not to scale). Middle, targeted allele with 2 lox sites (black arrowheads), 

neo cassette, and 2 FRT sites (white arrowheads). Bottom, the conditional allele 

following Cre-mediated recombination. Genotyping primer location is shown. (F) 

Representative PCR genotyping result from Emx1-Cre (control) and Emx1-Cre;Eif4a3lox/+  

mice. Note a single band (432 bp) in control and two bands (432 bp and 490 bp) in Emx1-

Cre;Eif4a3lox/+  (G) qRT-PCR quantification of Eif4a3 mRNA levels in E10.5 neocortices, 

following normalization using Gapdh. Eif4a3 mRNA level of Emx1-Cre samples was 

set to 1.0. (H) Quantification of Eif4a3 protein levels in E11.5 dorsal cortices by 

densitometry of western blots, following normalization with α-Tubulin for loading. 

 
 

We next analyzed the impact of Eif4a3 haploinsufficiency upon neurogenesis. At 

E12.5, Emx1-Cre;Eif4a3lox/+ cortices were markedly smaller at a whole mount level (Fig. 

15A and B) and 30% thinner when compared to control (Emx1-Cre) littermates (Fig. 

15C). Pax6-positive NSCs were significantly reduced in density in Emx1-Cre;Eif4a3lox/+ 

neocortices compared to control (Figs. 15D, F, and H). The depletion of NSCs was 

associated with a concomitant increased thickness of the Tuj1-positive neuronal layer 

(Figs. 15E and G). These findings, smaller brain size, NSC depletion, and excessive 

neurons, indicate Eif4a3 haploinsufficiency phenocopies Emx1-Cre;Rbm8alox/+ and Emx1-

Cre;Magohlox/+ neocortices [93,133]. We previously showed that Magoh+/- and Emx1-

Cre;Rbm8alox/+ NSCs exhibit significant mitotic delay [93,95,133]. Quantification of mitotic 
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index using phospho-histone 3 (PH3) staining, revealed increased mitotic index of E11.5 

Emx1-Cre;Eif4a3lox/+ brains compared to control (Figs. 15I-K). As extensive apoptosis is 

observed in both Magoh and Rbm8a haploinsufficient brains [93,133], we next performed 

immunofluorescence for cleaved-caspase3 (CC3). Although there was no significant 

apoptosis in control, extensive apoptosis was evident in Emx1-Cre;Eif4a3lox/+ dorsal 

cortices (Figs. 15L and M). Apoptosis was observed in both progenitors (Pax6+) and 

neurons (Tuj1+), again similar to Magoh and Rbm8a mutants (Figs. 15N-Q). In light of our 

recent discovery that prolonged mitosis of Magoh-deficient NSCs strongly correlates 

with production of apoptotic progeny, insufficient NSCs, and excessive neurons [95], 

this suggests a similar mechanism may be at play in Eif4a3 deficient NSCs.  
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Figure 15: Eif4a3 is required for embryonic neurogenesis and brain size.  

(A, B) Whole mount E12.5 Emx1-Cre and Emx1-Cre;Eif4a3lox/+  brains. Note the forebrain 

(dotted lined) is noticeably smaller in the Eif4a3 mutant. (C) Quantification of cortical 

thickness of E12.5 Emx1-Cre and Emx1-Cre;Eif4a3lox/+ dorsal neocortices. (D-G) Coronal 

sections from E12.5 Emx1-Cre (D, E) and Emx1-Cre;Eif4a3lox/+  (F, G) brains stained for 

Hoechst (blue), Pax6 (green, D, F) or Tuj1 (green, E, G). (H) Density of Pax6+ cells within 

radial columns of E12.5 cortices of indicated genotypes. (I, J) Images of E11.5 Emx1-Cre 

(I) or Emx1-Cre;Eif4a3lox/+ (J) cortices stained for PH3 (green). (K) Graph depicting 

percentage of all cells which are PH3-positive for indicated genotypes.  (L-Q) E12.5 

coronal sections from Emx1-Cre and Emx1-Cre;Eif4a3lox/+  brains stained for Hoechst 

(blue), CC3 (red), Pax6 (green, N, P), and Tuj1 (green, O, Q). P, Q, High-magnification 
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views of (N) and (O), respectively, as indicated. Arrowheads depict cells co-labeled for 

apoptotic and cell fate markers. (R-U) Coronal sections of E14.5 Emx1-Cre (R, T) and 

Emx1-Cre;Eif4a3lox/+ (S, U) cortices. Vent, ventricle. S, U, High-magnification images of 

T, Y, respectively as indicated. Images were stained for Hoechst (white or blue) and 

Tuj1 (green). Student’s t test, *, P<0.05, ***, P<0.001, Error bars, S.D. n=3 biological 

replicates each. Scale bars, A,B, 1mm, D-G, I-J, L-O, T, and U, 50 µm; P, Q, 20 µm; R, S, 

200 µm. 

 

 

We next probed the consequences of these early neurogenic phenotypes upon 

corticogenesis and brain size. At E14.5 the dorsal telencephalon was largely absent in 

Eif4a3 haploinsufficient brains (Figs. 15R, S). Of the remaining dorsal telencephalon 

tissue at the pallial-subpallial boundary, the cortex was extremely thinned and neurons 

were disorganized (Figs. 15T, U). These phenotypes are comparable to Emx1-

Cre;Rbm8alox/+ brains (Mao et al. 2015). Surprisingly, despite the prevalent disruption of 

the developing neocortex, Eif4a3, Rbm8a, and Magoh conditional mutant mice survive 

into adulthood [94,133]. We evaluated postnatal (P) brain sizes of each EJC mutant. 

Comparison of P12 whole mount brains demonstrated significant reductions in all 3 EJC 

mutants (Figs. 16A-D). Both Eif4a3 and Rbm8a haploinsufficiency caused severe 

microcephaly, with on average 70% reduction in cortical area of whole mount brains 

[133] (Fig. 16E). The microcephaly phenotype of Rbm8a and Eif4a3 mutant mice was 

significantly worse than Magoh haploinsufficient mice, which exhibited a 40% reduction 

[94,133]. This phenotypic difference may be due to the redundant function of a second 

Magoh homolog, whereas the other EJC components do not have identified homologs 
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[119]. Together with our previous studies, these analyses indicate that Eif4a3, Magoh, 

and Rbm8a each control similar aspects of neurogenesis (NSC proliferation, number and 

apoptosis), as well as brain size. 

 

Figure 16: Haploinsufficiency of EJC components causes microcephaly.  

(A-D) images of whole mount brains at P12 from indicated genotypes. Dotted lines 

denote dorsal cortex. (E) Quantification of relative dorsal cortical area in P12 brains of 

indicated genotypes.  The area of Emx1-Cre brains was set to 1.0. ANOVA with Tukey 

posthoc, *, P<0.001, Error bars, S.D. n=3-4 biological replicates, A-D, 2mm. 

 

3.2.2 Transcriptome analysis of EJC mutants reveals common 
alterations in expression of ribosomal components 

 
Given the overlapping expression patterns, common neurogenesis phenotypes, and 

vast literature connecting Magoh, Rbm8a, and Eif4a3, we hypothesized that EJC 

components work together to influence cortical development by controlling common 

genetic pathways. We thus aimed to identify the molecular changes associated with 

neurogenesis deficits in EJC mutants. We performed transcriptome profiling of E10.5 
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neocortices from the following genotypes: Emx1-Cre, Emx1-Cre;Rbm8alox/+, Emx1-

Cre;Magohlox/+, and Emx1-Cre;Eif4a3lox/+ (n=3 biological replicates each) (Fig. 17A). We 

focused on E10.5 for several reasons. This stage marks the beginning of neurogenesis 

when the neocortex is composed of primarily self-renewing neuroepithelial NSCs [1]. 

Moreover, it is just prior to the onset of severe defects in EJC mutants, and a stage when 

all 3 genes are reduced in their respective mutants, as evidenced by qRT-PCR of the 

RNA-sequencing samples (Fig. 17B).  

 

Figure 17: E10.5 control and EJC mutant embryos with RNA seq Validation.  

(A) Representative images of E10.5 embryos of indicated genotypes. The neocortices of 

these embryos (dotted circles) were dissected for RNA-Seq. (B) qPCR validation of 

mRNA expression levels of the 3 EJC components in Emx1-Cre or respective EJC 

haploinsufficient cortices at E10.5. The mRNA levels of Emx1-Cre samples for each 

pairwise comparison was set to 1.0. *, P<0.05, Error bars, S.D. n=3 biological replicates. 

 

We examined global RNA changes in the 3 mutants relative to the control and to 

each other. Amongst the 18,465 detectable coding and non-coding transcripts expressed 

in the E10.5 control cortex, 2.9% were altered in Emx1-Cre;Rbm8alox/+, 0.9% were altered in 
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Emx1-Cre;Eif4a3lox/+, and 0.4% were altered in Emx1-Cre;Magohlox/+ (q<0.05) (Figs. 18A, B). 

Hierarchical clustering of significantly altered transcripts (q<0.05) revealed segregation 

of control and mutant biological replicates for all 3 EJC mutants, as evidenced in heat 

maps (Fig. 18A).  Equivalent proportions of transcripts were upregulated and 

downregulated in all 3 EJC mutants. Although the EJC binds a large fraction of 

expressed transcripts in immortalized cells [72,79,80], our analyses suggest EJC 

haploinsufficiency does not broadly impair transcript levels at E10.5. This observation 

echoes previous genomic studies of MagohMos2/+ brain mutants (Silver et al. 2010), Eif4a3 

silencing in Xenopus [134], and EJC Drosophila mutants [82]. 

We analyzed the extent to which significant transcript changes overlapped amongst 

the different EJC mutants (q<0.05). 31 identical transcripts were significantly altered in 

all 3 mutants, representing 6%, 18%, and 44% of all altered transcripts in Rbm8a, Eif4a3, 

and Magoh mutants, respectively (Fig. 18C). In pairwise comparisons between individual 

mutants, there was significant overlap of transcript changes (Fig. 18C). For example, 87% 

of Magoh dependent transcripts were also altered in Rbm8a mutants (P=1.2X10-85). These 

data, including the observed overlap of transcripts and extent of alterations, support the 

notion that EJC components work together to selectively affect mRNA levels at the onset 

of neurogenesis.  

Given the significant overlap in transcript changes, we hypothesized Magoh, Rbm8a, 

and Eif4a3 mutants influence specific common molecular and cellular pathways. We 
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performed gene ontology (GO) analysis of the significantly altered genes (q<0.05) using 

the Database for Annotation, Visualization and Integrated Discovery (DAVID). This 

revealed a striking concordance amongst the 3 mouse models. In all 3 mutants, the top 

terms with highest fold enrichment were all related to ribosomal functions, including 

cytosolic ribosome, structural constituent of the ribosome, and ribonucleoprotein 

complex (P<0.001, all terms in each mutant) (Fig. 18D). Independent gene ontology 

analyses using gene set enrichment analysis (GSEA) corroborated ribosomal alterations 

as the top category impacted in all 3 haploinsufficient mutants (data not shown). The 

GO ribosome categories include 77 annotated ribosomal proteins (RPs) of the large and 

small ribosomal subunits, ribosome biogenesis factors, and RP pseudogenes. Of the 77 

RPs, 67 were increased across all 3 mutants, 3 were decreased, and only 7 showed 

inconsistent patterns (Fig 18E). For example, 17 RPs were significantly up-regulated in 

Emx1-Cre;Rbm8alox/+ brains (Fig. 18B). This indicates increased RP expression is a shared 

early consequence of EJC haploinsufficiency. In addition to alterations of RPs, we also 

noted key neurogenesis genes, such as Ngn2, were significantly reduced, and p53 

downstream signaling genes were significantly up-regulated (Fig. 18B). Taken together, 

these data demonstrate that at the onset of neurogenesis, Magoh, Rbm8a, and Eif4a3 

control expression levels of transcripts essential for ribosome function. 
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Figure 18: Transcriptome analyses of Magoh, Rbm8a, and Eif4a3 

haploinsufficient cortices reveals common downstream gene expression pathways.  
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(A) Heatmaps showing z-score transformed normalized expression for all affected 

transcripts with an FDR corrected p-value, q<= 5%. Genes and samples were clustered 

using correlation distance with complete linkage. (B) Scatter plot of transcripts 

significantly upregulated (green dots) and downregulated (red dots) (q<0.05) in E10.5 

Emx1-Cre;Rbm8alox/+ cortices. Note upregulation of p53 pathway associated genes 

(purple), and ribosomal proteins (cyan).  (C) Venn Diagrams showing the overlap of 

significant transcript changes (q<0.05) among the 3 EJC mutants. For pairwise 

comparisons between genes, the percent of overlapping transcript changes for each 

mutant is shown, along with associated p values. (D) Graph depicting top ranked GO 

terms amongst significantly changed transcripts in all 3 EJC mutants showing 

corresponding fold enrichment (P< 0.001 all GO terms and all mutants). (E) Pie chart 

showing consistency in directional changes of all 77 RP genes in the 3 EJC mutants, 

regardless of changes were significant. 
 

3.2.3 Haploinsufficiency for Magoh, Eif4a3, and Rbm8a causes 
aberrant splicing of ribosomal and RNA regulatory proteins  

 
Given the requirement of the EJC in splicing and nonsense-mediated decay, we 

next assessed splicing isoforms in the transcriptome data. Consistent with a published 

study in human cell lines [83](Z. Wang et al. 2014), widespread splicing changes were 

evident in all 3 EJC mutants compared to control. We measured specific splicing events 

relative to all annotated alternative splicing (AS) events using Mixture-of-Isoforms 

(MISO) software [135,136]. Compared to these annotated events, the distribution of 

splicing events was significantly altered, with a 2-3 fold enrichment of intron retention 

(RI) events in all 3 EJC mutants (P<0.001) (Fig. 19A). Closer inspection of these RI events 

revealed a higher probability of increased intron retention, as opposed to decreased 

retention, in 70%, 61%, and 23% of Rbm8a, Magoh and Eif4a3 haploinsufficient mutants, 

respectively (Fig 19B). In Emx1-Cre;Rbm8alox/+, 91% of RI events introduce a premature 
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stop codon (data not shown). Thus the enrichment of RI events could be due to 

inefficient NMD activity [53,129]. Given previous findings that EJC Drosophila mutants 

cause increased RI events [137,138], our data suggest EJC components influence mRNA 

splicing in NSCs. 
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Figure 19: Haploinsufficiency for EJC components alters mRNA splicing of 

ribonucleoproteins and splicing regulators.  

(A) Bar graph showing alternative splicing events for each mutant relative to the 

control. (B)  Clustered column graph of the distribution of ψ values of all identified 

intron retention (RI) events in E11.5 Emx1-Cre;Rbm8alox/+ dorsal cortices, using a 

threshold of 20 for Bayes factor. Ψ<0 indicates higher probability for the mutant to have 

intron retention when compared to the control. (C) Bar graph of selected enriched GO 

terms among all 3 EJC mutants showing corresponding fold enrichment and P values. 

(D) STRING analysis including all identical, significant splicing events identified in 

all 3 EJC mutants. Stronger associations are represented by thicker lines. Note two 

networks of splicing regulation (cyan) and Ribosome/Translation (orange). (E, F) RT-

PCR showing increased RI event in Fus in Emx1-Cre;Rbm8alox/+ E11.5 dorsal cortices. SE: 

exon skipping, RI: intron retention, A3SS: Alternative 3’ splicing site, A5SS: 

Alternative 5’ splicing site. Fisher’s exact test, **, P<0.01, ***, P<0.001, Student’s t test, 

Modified fisher’s exact test ***, P<0.001, Error bars, S.D. 

 

In all 3 EJC mutants, GO analysis of splicing differences showed a significant 

enrichment of RNA regulatory categories including RNA splicing and processing, 

ribonucleoprotein complex, and ribosomes (Fig. 19C). 52 genes showed identical 

alternative splicing events in the 3 EJC mutants (Bayes factor > 20) (All common events 

listed in Appendix B). String analyses of these genes revealed two clusters for ribosome 

regulation and splicing regulation (Fig. 19D). Amongst the splicing regulators, Fus 

splicing was significantly altered in all 3 mutants. Validation in E11.5 Emx1-

Cre;Rbm8alox/+ brains showed a 1.5 fold increase in intron 7 retention (P=0.0015) (Figs 19E, 

F). These data suggest that, in addition to influencing transcript expression of RPs, EJC 

components have been co-opted to impact splicing of RNA regulators and ribosomal 
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components. Together this implies an EJC dependent regulatory network that fine-tunes 

gene expression at the RNA level. 

 

3.2.4 Proteomic analyses reveal core EJC components influence 
protein levels of ribosomal components at the onset of neurogenesis 

 

Given the significant alterations of ribosomal and splicing factors at the transcript 

and splicing level, we hypothesized their protein levels would also be affected in Magoh, 

Rbm8a, and Eif4a3 haploinsufficient brains. We therefore performed quantitative 

proteomic liquid chromatography/mass spectrometry (LC_MS/MS) analyses of Emx1-

Cre, Emx1-Cre;Rbm8alox/+, Emx1-Cre;Magohlox/+, and Emx1-Cre;Eif4a3lox/+ cortices one day 

later at E11.5 (Fig. 20A). At this stage we detected 3,587 proteins in all samples. Magoh, 

Eif4a3, and Rbm8a haploinsufficiency led to significant alterations in 3.8%, 1.5%, and 

4.3% of the proteome, respectively (P<0.05). Consistent with our transcriptome analysis, 

we observed extensive overlap of proteomic differences amongst the various mutants 

(Fig. 20B).  

 

Figure 20: Proteomic Analysis of EJC mutants.  
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(A) Representative E11.5 control and EJC mutant embryos. The dorsal cortices (dotted 

circles) of the embryos were dissected for Mass Spectrometry analysis. (B) Venn 

Diagrams showing the overlap of significant protein level changes (P<0.05) among the 

3 EJC mutants. The percentage labeling showed the portion of common protein targets 

from pairwise comparison relative to differentially expressed protein in each mutant. 

 

GO analysis of the significantly altered proteins revealed common affected pathways 

across all 3 EJC mutants (P<0.05). Remarkably, structural constituents of ribosome and 

ribonucleoprotein complex were the most enriched categories in Magoh, Rbm8a, and 

Eif4a3 mutant brains (Fig. 21A). This finding echoes that of both transcriptome and 

splicing analyses. A large fraction of RPs changed consistently across all 3 mutants, 

showing up and down regulation at the protein level (Fig. 21B). We used STRING 

analysis of those altered proteins in any EJC mutant with the GO term 

“ribonucleoprotein complex,” which includes ribosome components and splicing factors 

(Fig. 21C). This analysis reinforced strong regulatory networks present amongst proteins 

downstream of the EJC, and the consistent directional changes evident in all 3 mutants. 

Altogether these genomic and proteomic analyses suggest the two regulatory modes (at 

the RNA and protein level) may be complementary to each other, and support the 

notion that ribosome disruption is a major outcome of EJC deficiency at the onset of 

neurogenesis. 
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Figure 21: Proteomic analysis reveals EJC mutants disrupt expression levels of 

ribosome and RNA processing proteins.  

(A) Bar graph of selected enriched GO terms among all 3 EJC mutants showing 

corresponding fold enrichment and p values.  (B) Pie chart showing consistency of 

directional changes of ribosomal proteins in all 3 EJC mutants. (C) STRING network 
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analysis of proteins within the GO category, “ribonucleoprotein complex” altered in 

any of the 3 EJC mutants. Stronger associations are represented by thicker lines, and 

circles are colored based upon alteration in 1 or more mutants and level of significance. 

Note two networks of splicing regulation and Ribosome association.  Modified fisher’s 

exact test, *, P<0.05, **, P<0.01, ***, P<0.001. 

 

The finding that ribosomal components are significantly altered at the RNA, 

splicing, and protein level is suggestive of a ribosomal biogenesis defect. Ribosome 

biogenesis is a multi-step process of the nucleolus, nucleus, and cytoplasm, which relies 

upon transcription of ribosomal subunits, rRNA processing and maturation, and export 

of small and large subunits [139]. Given the observed defects in ribosomal component 

levels, we predicted that EJC haploinsufficiency may also impact rRNA levels and/or 

distribution. Eif4a3 and its homolog Fal1p have been implicated in 18s rRNA processing 

[61,140-142]. Therefore we performed simultaneous single molecule fluorescence in situ 

hybridization (smFISH) for immature and mature forms of 18s rRNA in control and 

Eif4a3 mutant E11.5 primary NSCs (Figs. 22A-G). In both control and mutant NSCs, pre-

18s rRNA was nuclear whereas total 18s rRNA was primarily localized to the cytoplasm. 

Quantitation revealed a higher ratio of pre/total rRNA in the Eif4a3 mutant NSCs 

compared to control, which was due primarily to decreased mature rRNA levels in the 

cytoplasm (Figs. 22H and I). This finding is consistent with previous studies suggesting 

Eif4a3 is important for 18s rRNA maturation. Next we tested whether another rRNA 

species, 5.8s, was also affected by loss of Eif4a3.  We again utilized FISH probes to detect 

the intensity and rations of pre- and total 5.8s rRNA (Figs. 22A, J-O). Similar to the 18s 
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rRNA we detect a slight, but significant loss of pre-5.8s rRNA, and a more pronounced 

loss of the total 5.8s rRNA (Fig. 22P). The ratio of pre/total rRNA is slightly, albeit 

significantly higher in Eif4a3 mutant NSCs compared to control, consistent with 

impaired rRNA biogenesis (Fig. 22Q). then performed immunostaining of E11.5 primary 

NSCs for 5.8s rRNA, another commonly used assay of ribosome biogenesis [143,144]. In 

control NSCs, 5.8s rRNA staining was punctate in the nucleus and strongly diffuse in 

the cytoplasm, consistent with localization of immature and mature forms, respectively 

(Figs. 22R-CC). In contrast, Magoh, Rbm8a, and Eif4a3 haploinsufficient NSCs had 

significantly overall reduced 5.8s rRNA levels (Fig. 22DD). There was a disproportionate 

depletion from the cytoplasm and increased nuclear fraction in the EJC mutants (Fig. 

22EE). Reduced cytoplasmic 5.8s rRNA is consistent with impaired rRNA processing 

and/or defective nuclear export, both of which are indicative of a ribosome biogenesis 

defect [131]. Altogether these data indicate that EJC deficiency is associated with 

ribosome biogenesis defects in NSCs at the onset of neurogenesis. 
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Figure 22: EJC haploinsufficiency disrupts 18s and 5.8s rRNA levels.  

(A) Schematic representation of 5.8s and 18s rRNA biogenesis indicating regions 

detected by FISH probes designed against total rRNA (green) and pre-rRNA (purple). 

(B-G) Confocal images of smFISH against immature 18s rRNA (purple, B,E,D,G) and 

mature 18s rRNA (green, C,F,D,G) of E11.5 NSCs from indicated genotypes. (H, I) 

Quantification of relative fluorescence intensity for pre-rRNA 18s FISH, total 18s FISH 

(H) and ratio of pre/total FISH (I). Controls were set to 100 for each graph. (J-O) 

Confocal images of smFISH against immature 5.8s rRNA (purple, J,M,L,O) and mature 

5.8s rRNA (green, K,N,L,O) of E11.5 NSCs from indicated genotypes. (P, Q) 

Quantification of relative fluorescence intensity for pre-rRNA 5.8s FISH, total 5.8s 

FISH (P) and ratio of pre/total FISH (Q). (R-CC) Confocal images of E11.5 primary NSCs 

from indicated genotypes, stained for 5.8s rRNA (green) and Hoechst (purple). 

T,W,Z,CC, High-magnification images of (S,V,Y,BB) showing loss of cytoplasmic 

rRNA signal in EJC mutants. White dotted circle demarcate nucleus. (DD) Graphs 

depicting fluorescence intensity of 5.8s rRNA in conditional EJC haploinsufficent 

mutant cells compared to littermate controls. 5.8s rRNA fluorescence intensity for each 

set of control cells was set to 100. (EE) Proportion of total signal in nuclear (grey) and 

cytoplasmic regions (white). Student’s t test, ***, P<0.00001. Error bars, S.D. For each 

group of comparison, n>60 cells from at least two embryos were quantified for each 

genotype. Scale bar: B-G, J-O, R,S,U,V,X,Y,AA,BB, 20 µm, T,W,Z,CC, 50 µm. 

 

 

3.2.5 Activation of p53 is a major contributor to microcephaly of EJC 
mutant mice 

 
Based upon the observation that all 3 EJC components control brain size and 

common gene networks, we postulated that specific EJC-dependent signaling pathways 

could be instrumental in driving the microcephaly. In particular, the p53 pathway was a 

good candidate linking EJC dysfunction to microcephaly for several reasons. Many 

studies have established that ribosome biogenesis stress triggers p53 activation, which 

then mediates downstream phenotypes [131,145,146]. Notably, activated p53 induces 
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apoptosis and cell cycle progression, two phenotypes evident in EJC mutants [131]. 

Moreover, we observed upregulation of p53 target transcripts in E10.5 EJC mutant 

brains, suggesting p53 activation may be associated with ribosomal alterations (Fig. 

18B). To further probe the relationship between EJC haploinsufficiency and p53 

signaling, we assessed p53 accumulation in brain sections, as a proxy for pathway 

activation [95]. Haploinsufficiency for Magoh, Rbm8a, and Eif4a3 led to a significant 

accumulation of p53 in the VZ compared to control brains, which showed no evidence of 

p53 accumulation (Figs 23A-J). In Rbm8a mutants, p53 activation was evident at E11.5, 

prior to the onset of apoptosis [133], and was specifically enriched in Pax6-positive NSCs 

(Figs 23I and J). This demonstrates that p53 is activated within neural stem cells, as 

observed for ribosome biogenesis stress. We therefore hypothesized that p53 activation 

contributes to microcephaly phenotypes of all 3 EJC mutants. 

 

Figure 23: EJC haploinsufficiency induces p53 activation.  

(A-J) Coronal sections of embryonic cortices from E13.5 Emx1-Cre (A), E13.5 Emx1-

Cre;Magohlox/+ (B), E12.5 Emx1-Cre (C, G, I), E12.5 Emx1-Cre;Eif4a3lox/+ (D), E11.5 Emx1-

Cre (E), E11.5 Emx1-Cre;Rbm8alox/+ (F), and E12.5  Emx1-Cre;Rbm8alox/+ (H,J) embryonic 

cortices stained for P53 (green) and Pax6 (red) with co-localization indicated in yellow. 
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To directly assess the role of p53 activation in EJC-dependent microcephaly, we 

crossed Emx1-Cre;Magohlox/+ Emx1-Cre;Rbm8alox/+ and Emx1-Cre;Eif4a3lox/+ onto a p53lox/lox 

null background. We collected E18.5 embryos and measured cortical area as in Fig 16. 

Compared to control, Emx1-Cre;p53lox/lox did not alter brain size (Figs. 24C, H and M). 

Consistent with adult microcephaly, cortical area was significantly reduced in mice 

haploinsufficient for Magoh, Rbm8a, or Eif4a3 (Figs. 24B, G, and L).  Strikingly, for all 3 

EJC mutants, microcephaly was significantly rescued in a p53 mutant background (Figs. 

24D, I and N). Amongst the EJC mutants, the extent of p53-mediated rescue varied and 

was most effective in the least severe microcephaly mutant, Magoh (Figs. 24E, J and O). 

These data indicate that p53 activation is a major cause of microcephaly in all 3 EJC 

mutants. Our data also show that for Rbm8a and Eif4a3, additional p53 independent 

factors likely contribute to the reduced brain size. 
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Figure 24: P53 partially rescues microcephaly of Magoh, Rbm8a, and Eif4a3 

haploinsufficient mutants.  

(A-D, F-I, and K-N) Whole mount brains of E18.5 embryos with indicated genotypes. 

(E, J, O) Quantification of cortical area in E18.5 embryonic brains with indicated 

genotypes. Dotted lines in (A-D, F-I, and K-N) demarcate the dorsal areas measured. 

The surface area of the control brains was set to 100. ANOVA with Tukey posthoc, **, 
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P<0.01, ***, P<0.001, Error bars, S.D. n=3-9 biological replicates each. Scale bars, A-D, E-

I, and K-N, 1 mm. 

 

To elucidate the nature of the p53-mediated rescue we examined neuron number at 

E18.5. Amongst the 3 core EJC components, reduced RBM8A levels are the most strongly 

associated with human microcephaly [88,100,101] . Given this clinical relevance, we 

focused our analysis on the Rbm8a mutant. We quantified superficial layer (layer II-III) 

Satb2+ neurons, which are generated at the end of neurogenesis. As previously 

described, Satb2+ neurons were dramatically reduced in Emx1-Cre;Rbm8alox/+ brains, 

compared to control (Figs. 25A-H, and M)[133]. In contrast, in p53;Rbm8a compound 

mutant brains Satb2+ neuron number was significantly, though not completely, rescued 

(Figs. 25H, and M). We also examined the role of p53 in earlier born deep layer neurons 

(Figs. 25I-O). As previously described, Tbr1+ neuron number was normal in Emx1-

Cre;Rbm8alox/+ brains, whereas the distribution was skewed basally (Figs. 25I, J, and 

N)[133]. In Emx1-Cre;Rbm8alox/+;p53lox/lox brains, aberrant Tbr1 neuron distribution was 

restored (Figs. 25I, L, and O). These analyses show that in EJC mutants, aberrant p53 

influences the number and distribution of neurons generated at different stages of 

neurogenesis. Taken together, our data implicate alterations in ribosome biogenesis and 

p53 activation as two key nodes in the microcephaly pathology following EJC 

impairment (Fig. 25P). 
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Figure 25: P53 partially rescues neuron number and distribution associated 

with Rbm8a haploinsufficiency.  

(A-D) Coronal sections of E18.5 brains of indicated genotypes stained with Hoechst 

(white). (E-L) Regions of coronal sections indicated in (A-D, red dotted square) stained 

for Satb2 (green, E-H) and Tbr1 (I-L). (M, N) Quantification of Satb2+ and Tbr1+ density 



 

92 

within a 250 µm column for indicated genotypes. (O) Bar graph depicting number of 

Tbr1+ neurons in lower cortical plate/VZ/SVZ (bin 1-2) and upper cortical plate (bin 3-

5) of indicated genotypes., as depicted in I. (P) Proposed model that defective ribosome 

biogenesis and activation of p53 in all 3 EJC mutants causes microcephaly. ANOVA 

with Tukey posthoc ***, P<0.001, Error bars, S.D. n=2-3 biological replicates each. Scale 

bars, A-L, 50 µm. 

 

3.3 Discussion 

The EJC is a central regulator of mRNA metabolism, yet how its molecular roles 

translate into physiological functions relevant for disease has been poorly understood. 

Here we employed genetics, transcriptomics and proteomics to understand how 

decreased levels of core EJC components control brain development. Our unbiased 

analyses demonstrate that at the onset of neurogenesis, Magoh, Eif4a3, and Rbm8a 

conduct multi-level regulation of expression of ribosomal components, consistent with a 

role in ribosome biogenesis. Moreover, we discover that aberrant p53 signaling, an 

effector of ribosome biogenesis stress, is a major cause for microcephaly in all 3 EJC 

mutants. Human mutations in EJC components are associated with neurodevelopmental 

diseases, and our findings suggest these pathologies may fall under the category of 

ribosomopathies. 

 

3.3.1 EJC controls gene expression in neural stem cells 

Our study uncovers several layers of EJC-dependent gene expression in neural stem 

cells of the developing brain. Previous studies have identified EJC-dependent targets in 
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Drosophila and immortalized cells [82,83]. Our use of embryonic mammalian neocortical 

tissue make this study the first to uncover EJC-dependent gene expression in a stem cell 

population. Several interesting themes relevant for EJC function in neural stem cells 

emerge from our analyses. First, we demonstrate that EJC haploinsufficiency 

disproportionately affects levels of rRNA, RPs, and rRNA processing regulators. 

Collectively, altered stoichiometry of ribosomal components at the RNA and protein 

level is indicative of an early defect in ribosome biogenesis in neural stem cells. Our 

findings fit with previous studies linking Eif4a3 (but not the other EJC components) to 

ribosome biogenesis, as seen in Fal1p (the Eif4a3 ortholog) S. cerevisiae mutants [61,140] 

and Eif4a3 knockdown in mammalian cells [61,141,142]. Second, we find the 3 core EJC 

proteins converge in regulating mRNA splicing and in particular intron retention 

events, consistent with genomic studies of EJC depletion in Drosophila and mammalian 

cells [137,138]. Notably these splicing changes are enriched for rRNA processing and 

splicing factors. This suggests the EJC may affect ribosome biogenesis and other mRNA 

levels by influencing expression of upstream splicing regulators. Third, it is notable that 

amongst the EJC downstream splicing changes are several genes associated with 

neurodevelopmental disease in humans. For example, RPL10 mutation causes 

microcephaly, intellectual disability and autism [147]. Given that EJC mutations are 

associated with similar neurological deficits, it is interesting to consider whether 

downstream splicing alterations contribute to EJC disease etiology. Altogether these 
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analyses indicate the EJC is integral to an RNA regulation network controlling 

neurogenesis. 

Our findings highlight a potential role for ribosome biogenesis in NSC function and 

neurogenesis. Ribosomal proteins, previously assumed to be ubiquitous, show 

differential expression across tissues [148]. In the developing neocortex, ribosomal genes 

have dynamic temporal and spatial expression patterns [149]. Consistent with this 

observation we find ribosomal proteins show a broad range of expression at the 

transcript and protein level in control brains. Outside of the mammalian brain, ribosome 

biogenesis factors, including those involved in pre-RNA processing, maturation, and 

export are highly enriched in different stem cell populations, and can influence stem cell 

proliferation and differentiation [139]. In neural progenitors of Drosophila and zebrafish, 

several ribosome biogenesis factors function specifically in self-renewal, with their loss 

of function causing premature differentiation [150-154]. It is interesting to note that some 

of these same ribosomal biogenesis factors are altered in EJC mutant brains, and thus 

could contribute to EJC NSC defects. It has been posited that upregulation of ribosome 

biogenesis helps promote the process of stem cell differentiation [139,155]. It will be 

especially interesting in future studies to determine how ribosome biogenesis and 

specific biogenesis factors function in NSC self-renewal in the developing mammalian 

brain. 
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3.3.2 p53 activation is a major contributor to microcephaly of EJC 
mutants 

 
In the 3 EJC haploinsufficient brains, ribosome biogenesis stress and p53 activation 

both was evident in NSCs. It is plausible that p53 is activated in response to ribosome 

biogenesis stress and/or it could be independently activated. Although these are not 

mutually exclusive scenarios, a hallmark of defective ribosome biogenesis is p53 

activation. This relationship has been borne out in many examples from the literature for 

genes controlling ribosome biogenesis [131,143,145,156,157]. In many of these models, 

p53 loss rescues deficits associated with ribosome biogenesis stress, and thus has been 

posited to help explain the pathophysiology of ribosomal related disorders. Our 

findings that genetic depletion of p53 markedly rescued EJC-mediated microcephaly is 

consistent with an association between p53 signaling and presence of ribosome 

biogenesis defects.  

 In Rbm8a mutants, p53 ablation partially rescued layer II/III neuron number, to a 

similar extent in which it rescued brain size. This suggests that a major mechanism of 

microcephaly in Rbm8a conditional mutants is neuron loss. We speculate there are two 

major causes for p53-dependent neuron depletion in EJC mutants: massive neuronal 

apoptosis and loss of neuron-producing stem cells. But how might p53 activation 

influence these processes? We recently discovered that mitotically delayed Magoh 

mutant NSCs preferentially produce neurons at the expense of NSCs and apoptotic 
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progeny [95]. Given the role of p53 signaling in cell cycle arrest it is tempting to 

speculate that in EJC mutants, p53 activation triggers NSC mitotic delay and thus 

impacts NSC and neuron number. Future studies will be useful for testing this notion. 

 

3.3.3 Roles for ribosome biogenesis in neurogenesis and 
neurodevelopmental disorders 

 
Mutations and copy number variations in core and peripheral EJC components 

are strongly associated with neurodevelopmental deficits in humans, yet the etiology of 

these pathologies is poorly understood. Microdeletions and duplications of a 15-gene 

locus containing RBM8A are associated with microcephaly, macrocephaly, autism, and 

epilepsy [87,100]. Compound inheritance of this deletion and a regulatory RBM8A 

mutation is responsible for TAR syndrome, a congenital malformation of blood and 

skeletal systems associated with neurological deficits [88]. Moreover, regulatory EIF4A3 

mutations cause a craniofacial disorder presenting with cortical dysfunction [89]. 

Intriguingly, both cranial-facial and neurodevelopmental anomalies are associated with 

disruption of ribosome biogenesis and p53 signaling [143,156-158]. Thus, deficits in 

neurogenesis may be a common outcome of ribosome biogenesis defects [157]. 

Altogether, based on our discoveries, we propose some EJC related disorders may be 

classified as ribosomopathies and that modifications of the p53 signaling pathway may 

be of potential therapeutic interest. The EJC haploinsufficient mouse mutants we have 
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generated provide valuable models for human disease. In summary, our findings 

demonstrate new mechanisms to explain how EJC haploinsufficiency causes 

microcephaly, which has implications for understanding physiological functions of the 

EJC in the developing brain and in disease pathogenesis. 
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4. Requirement of the RNA binding protein, Casc3, in 

embryonic development and neurogenesis 

This chapter was completed in collaboration with Hannah E. Brown, a rotation student 

under my supervision.  

4.1 Introduction 

Embryonic neurogenesis is a process through which excitatory neurons are 

produced to form the six-layered mature neocortex. In mice, embryonic neurogenesis 

starts at around E10.5 when neuroepithelial cells (NEC) proliferate and self-renew[4]. At 

E11.5, NECs are replaced by radial glial cells (RGCs), a major type of neural stem cells. 

During early stages of embryonic neurogenesis, RGCs mainly undergo cell proliferation 

[5-7] to expand its own pool. As neurogenesis proceeds, the RGCs also differentiate into 

intermediate progenitors (IPs) and neurons. IPs are major contributors to neuron 

production as they undergo one to two rounds of cell division and give rise to neurons 

of all layers in the neocortex. Neurons are produced in an inside-out fashion such that 

the deeper-layer neurons are generated first while newly born neurons migrate on top of 

the existing neural layer to form upper neural layers [9,10]. The proper number and 

organization of neurons is the foundation of brain morphology and functions. Disrupted 

embryonic neurogenesis can cause neurodevelopmental disorders including autism 

spectrum disorders, intellectual disabilities, and microcephaly (small brain). Thus, 
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understanding the regulation of embryonic neurogenesis is of great importance to 

elucidate the etiology of such disorders.  

Casc3 (also known as MLN51, BTZ) is a highly conserved protein from 

Caenorhabditis elegans, Drosophila melanogaster, to mammals. Biochemistry studies in 

human cell lines demonstrate that Casc3 is a part of an RNA binding complex, the exon 

junction complex (EJC). Casc3, along with Magoh (mago nashi), Rbm8a (Y14), and 

Eif4a3 (Ddx48), form the heterotetramer core of the EJC. The EJC regulates RNA 

splicing, nuclear export, localization, translation, and non-sense mediated RNA decay 

(NMD) through a dynamic array of peripheral factors recruited by the EJC core. These 

factors include splicing/translation regulator RNSP1 and UPF family proteins that are 

the direct triggers of NMD. The EJC is only dissociated from RNA targets after the first 

round of translation. 

Emerging studies have linked the EJC components with neurodevelopmental 

disorders such as intellectual disabilities and microcephaly. Copy number variation of 

EJC components such as RBM8A, EIF4A3, and UPF3A has been strongly associated to 

human neurodevelopmental disorders including intellectual disabilities and brain 

malformations, such as macro- and microcephaly [84]. Our lab recently demonstrated 

that both Magoh and Rbm8a are required for proper neurogenesis in the developing 

mouse brain [93,94,133].  Haploinsufficiency of either Magoh or Rbm8a causes 

microcephaly due to defective progenitor proliferation, ectopic neural differentiation, 
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and apoptosis [93,94,133]. It has also been shown that UPF1 promotes progenitor 

proliferation and repress neural differentiation through NMD of pre-differentiation 

factors in P19 cells [91]. Together, these data suggest that the EJC plays a critical role in 

embryonic neurogenesis as a complex, probably through its regulation of RNA 

metabolism. However, it remains unclear if Casc3 is required for embryonic 

neurogenesis as part of the EJC in the developing brain. In addition, the molecular 

mechanisms through which the EJC regulates neural stem cell proliferation and 

differentiation hasn’t been fully understood. 

 In an effort to understand the role of Casc3 in embryonic neurogenesis, we 

generated two germline mutant Casc3 mouse models. Our data showed that the 

expression of Casc3 was enriched in the developing CNS and heart. Casc3 

haploinsufficient mutants were phenotypically normal, which is different from the 

severe microcephaly and neurogenesis defects we observed in the haploinsufficient 

mutants of other EJC core components. Complete depletion of Casc3 caused embryonic 

lethality between E10.5 and E11.5, potentially due to cardiac development defects at this 

stage.  Casc3 hypomorphic mutants were postnatally lethal. During embryogenesis, 

these mutants showed developmental delay, reduced brain and body sizes, reduced 

neural progenitors and neuron production. Together, our data suggest that Casc3 is a 

critical gene for embryonic viability, proper development progression, and embryonic 

neurogenesis in mouse. In addition, our data suggests that Casc3 may also have a 
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potential role in regulating cardiac development. The work presented in this Chapter 

showed yet another EJC component plays a role in embryogenesis and potentially in 

neurogenesis. 

 

4.2 Results 

4.2.1 Casc3 is expressed in the developing mouse brain 

Previous studies demonstrate that core EJC components Magoh, Rbm8a, and 

Eif4a3 are expressed in the developing mouse dorsal cortices and are upregulated as 

neurogenesis proceeds (Fig. 14C). To determine if Casc3 functions in embryonic 

neurogenesis along with other EJC core components, we first examined the expression 

of Casc3 in wildtype mouse embryos. Semi-quantitative qPCR analysis showed that, at 

E10.5 and E12.5, Casc3 was expressed in the developing brain and the mRNA level of 

Casc3 was also upregulated with the progression of embryonic neurogenesis (Fig. 26A). 

High throughput in situ hybridization shows that three EJC core components, Magoh, 

Rbm8a, and Eif4a3 are highly enriched in the developing brain, particularly in the 

ventricular and subventricular zones, where the neural progenitors reside (genepaint. 

org). We asked if Casc3 showed similar expression profile as the other EJC components 

by in situ hybridization staining of Casc3 in the whole embryos at E11.5 and E12.5. Our 

results showed that Casc3 is enriched in neural tissues, particularly in the in the cerebral 

cortex, cerebellum, and spinal cord (Figs.  26B-D). Immunofluorescence staining with 
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anti-Casc3 antibody in E12.5 wildtype brain sections also showed that Casc3 was 

expressed in the developing mouse dorsal cortices (Fig. 26E). Consistent with previous 

studies, Casc3 showed cytoplasmic localization by IF staining. Interestingly, while other 

EJC components showed ubiquitous expression in the neural populations (Silver et al., 

2010, Figs. 4E-H), the expression of Casc3 showed enrichment in the cortical plate, 

suggesting that Casc3 may play a role in postmitotic neurons. Together, these data 

suggested that Casc3 is expressed in the developing mouse brain and may have a 

function in regulating embryonic neurogenesis. 

 

Figure 26: Casc3 is expressed in the developing mouse brain.  

(A) semi-qPCR of EJC core components in the developing wildtype mouse brain at 

E10.5 and E12.5. The expression level of Casc3 mRNA at E10.5 was set to 1.0. (B-D) 

Representative images of whole mount in situ hybridization with E11.5 and E12.5 

wildtype embryos. (B) Side view of an E11.5 wildtype embryo, note that Casc3 staining 

is enriched in the cerebral cortex, cerebellum, and spinal cord (black arrow heads). (C) 

Front view of an E11.5 wildtype embryo, showing enrichment of Casc3 signal in 

cerebral cortex (Star) and cerebellum. (D) Front view of an E12.5 wildtype embryo 

showing enrichment of Casc3 signal in cerebral cortex and cerebellum (*). (E) Coronal 

section of E12.5 wildtype embryos stained for Casc3. Note that cytoplasmic localized 

Casc3 is expressed throughout the dorsal cortex with enrichment in the cortical plate 
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(CP). Student t test, ***, P<0.001. Error bars, S.D. n=3 biological replicates for each 

genotype. Arrow heads pointed to the enriched expression of Casc3 in the embryo. 

 

4.2.2 Casc3Null/Null mutant is embryonic lethal with cardiac 
development defects 

To evaluate the function of Casc3 in embryonic neurogenesis, we first acquired a 

knock-out allele (Casc3tm1(KOMP)Vlcg, referred to as Casc3Null) (Figs. 27A) to completely 

deplete the expression of Casc3 in the whole embryo. Previously, our lab shows that 

germline haploinsufficiency of EJC component Magoh leads to postnatal lethality with 

incomplete penetrance and disproportional reduction of forebrain size (28% after 

normalization to body size reduction). Different from Magoh mutants, however, 

Casc3Null/+ embryos were phenotypically normal and showed no overt brain size 

difference compared to the control litter mates from E11.5-E14.5 (Figs. 27B-G).  This 

suggests that the dosage requirements of Magoh and Casc3 in embryo development and 

embryonic neurogenesis may vary. We then asked if complete depletion of Casc3 can 

cause neurogenesis defects. Interestingly, we observed that Casc3Null/Null led to embryonic 

lethality between E10.5 to E11.5 (Table 1), at the onset of embryonic neurogenesis. At 

E10.5, Casc3Null/Null mutants showed developmental delay when compared to the litter 

mate controls (Fig. 2H, J). In addition, these mutants showed phenotypes similar to 

those with cardiac developmental defects, suggesting that this could be a major cause of 

embryonic lethality at this stage [159].  These results implicated that Casc3 is crucial for 
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the viability of the embryo and that Casc3 may play an important role in regulating 

cardiac development before the onset of embryonic neurogenesis.  

             

Figure 27: Casc3Null/Null was embryonic lethal.  

(A) Schematic drawing of the wildtype and Casc3Null allele with exons (black box), 

introns (line), and null cassette (blue and yellow box), not to scale. Primers for 

genotyping were shown as arrows (WT Forward, WT Reverse, SU Forward, and LacZ 

reverse). (B-G) Representative images of whole mount wildtype control and Casc3Null/+ 

embryos at ages as labeled. Note that there was no overt body size or brain size 

difference. (H-J) Representative images of whole mount embryos of control, Casc3Null/+, 

and Casc3Null/Null at E10.5. Note the Casc3Null/Null embryo showed developmental delay 

and potential cardiac development defects.  
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                      Table 1: Viability test of Casc3Null/Null mutants 

Observed Genotypes 

Age +/+ Casc3Null/+ Casc3Null/Null P value 

E10.5 14.28% (1) 28.57% (2) 57.14% (4) 0.1453 

E11.5 40% (6) 60% (9) 0% (0) 0.002037 

E12.5 50% (3) 50% (3) 0% (0) 0.2153 

E14.5 36.36% (4) 63.63% (7) 21.87% (0) 0.0331 

 

4.2.3 Generation of Casc3 gene trap allele 

 To circumvent the homozygous lethality of Casc3 and evaluate the function of 

Casc3 in embryonic neurogenesis, we acquired a Casc3 trapped allele (Casc3Gt(RRU345)Byg, 

referred to as Casc3RRU345 thereafter) (Fig. 28A). The gene trap is localized to the intron3-4 

of Casc3 containing a splice-acceptor sequence upstream of β-geo reporter gene (a fusion 

of β-galactosidase and neomycin phosphotransferase II). The resulting insertional 

mutation produces a fusion transcript containing sequences from exon 1-3 of Casc3 

joined by the β-geo reporter. To evaluate the expression of the trapped allele, we 

performed LacZ staining with Casc3RRU345 whole embryos at E11.5 and E12.5. Strikingly, 

Casc3RRU345 embryos show strong β-gal activity in the cerebral cortex, cerebellum, spinal 

cord, and heart (Fig. 28B), a pattern consistent with the in situ hybridization results in 

the wildtype embryos (Figs. 26B-D). The enrichment of LacZ staining in the developing 

heart is also consistent with the cardiac development defects we observed in Casc3Null/Null 

embryos. In addition, the LacZ staining intensity increased corresponding to the 
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genotypes of the mutants. The lack of heart staining in the in situ hybridization as 

described above, might partially be caused by the lack of penetrance of the in situ probe. 

To determine the expression level of Casc3 mRNA in the resulting mutants, we carried 

out RT-qPCR with a probe spanning exon 8 and exon 9 of Casc3. Comparing to the litter 

mate wildtype embryos, RT-qPCR results indicated that, at E16.5, Casc3RRU345/+ have 

approximately 50% reduction in Casc3 mRNA level in the embryonic dorsal cortices 

(P<0.0001) while there is approximately 5% of wildtype Casc3 mRNA expression 

remains in Casc3RRU345/RRU345 mutants (P<0.0001) (Fig. 28C), suggesting that Casc3RRU345 was 

a strong hypomorphic mutant allele. This result was further corroborated by western 

analysis with antibody against Casc3 in dorsal cortical lysates. At E16.5, Casc3 protein 

level was reduced by 71.8% in the Casc3RRU345/RRU345 mutant brains (Fig. 3D, E). Together, 

these data show that Casc3 was expressed in the developing mouse embryos with 

enriched expression in the CNS. In addition, Casc3RRU345   is a hypomorphic mutant allele.  

The remaining 28% of wildtype Casc3 protein expressed in Casc3RRU345/RRU345 embryos was 

sufficient for the survival of the embryos till the end of embryogenesis.  
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Figure 28: Generation of Casc3RRU345 hypomorphic mutant.  

(A)Schematic drawing of the Casc3RRU345 allele with exons (black box), introns (line), 

and gene trap (triangle) with stop codon, not to scale. Primers for genotyping were 

shown as arrows (WT Forward, WT Reverse, Lac Forward, and LacZ reverse). (B) LacZ 

staining of whole embryos at E11.5-E13.0 with genotypes indicated. Note that the 
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staining is enriched in the CNS (black arrows) and the heart (white arrows) at all ages 

examined. (C) qPCR of wildtype Casc3 expression in the developing dorsal cortices of 

E12.5 embryos. Note that 5% wildtype allele is expressed in the Casc3RRU345/RRU345 

mutants. The expression of Casc3 in the wiltype litter mate was set to 1.0. All value was 

normalized to Gapdh. (D, E) Western of E16.5 dorsal cortices of genotypes indicated. 

(D) Densitometry analysis of the western of Casc3 quantification showed 71.8% 

reduction of Casc3 in the homozygous mutant. (E) Representative image of the western 

blot and Stain free loading control.  Student t test, ***, P<0.001. Error bars, S.D. n=3 

biological replicates for each genotype. Scale bar: 2 mm. 

 

4.2.4 Casc3 hypomorphic mutants are embryonic viable and showed 
reduced body size 

Similar to the Casc3Null/+ mutants, Casc3RRU345/+ mutants were viable (Table 2) and 

didn’t show overt body or brain size change when compared to the wildtype controls.  

Casc3RRU345/RRU345   mutants, however, survived till E18.5 and were dead by postnatal day 

(P) 11 (Table 2). The difference in embryonic viability between the two Casc3 alleles 

suggested that basal level expression of Casc3 may be critical for embryo viability. 

Casc3RRU345/RRU345   embryos were notably smaller at E18.5 comparing to their litter mate 

controls (Fig. 29A-D). The reduction in body size can be traced back to earlier stages 

during embryogenesis, as was observed in E13.5 embryos. In an effort to further deplete 

the Casc3 while still maintain the viability of the embryos, we crossed Casc3Null/+ mutants 

with Casc3RRU345/+ alleles to generate a compound mutant Casc3RRU345/Null. These mutants are 

viable at least till E14.5. qPCR analysis suggested that the Casc3 mRNA level was 

reduced by 97.5% in these compound mutants at  E12.5 (data not shown).  
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Table 2: Casc3RRU345/RRU345 mutants are viable during embryogenesis but are 

perinatal lethal 

                   

At E12.5 and E14.5, Casc3RRU345/Null embryos are viable (Table 3) and showed body 

size reduction comparing to their littermate controls (Fig. 29E-J), with potential 

developmental delay. The brain sizes of Cac3RRU345/RRU345 and Casc3RRU345/Null   mutants were 

also proportionally smaller, suggesting potential defects in embryonic neurogenesis. 

 

Figure 29: Whole mount embryos of Casc3RRU345 and Casc3RRU345/Null mutants.  

(A-D) Representative images of E18.5 and E13.5 embryos of control and Casc3RRU345/RRU345 

embryos, note the reduction in body sizes of the Casc3RRU345/RRU345 mutants. (E-G) 
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Representative images of E12.5 whole mount embryos with genotypes indicated. Note 

the reduction in size in Casc3RRU345/Null mutants. Casc3RRU345/Null also showed 

developmental delay based on eye pigmentation and limb development. (H-J) 

Representative images of E12.5 whole mount embryos with genotypes indicated. Note 

the reduction in size in Casc3RRU345/Null mutants.  

      We previously showed that the reduced brain size in Magoh haploinsufficient 

mutants was caused by reduced number of neural progenitors (IPs), ectopic neuron 

production, and extensive apoptosis [93]. We first asked if the number of IPs in both 

mutants was affected. We carried out immunofluorescence staining with anti-Tbr2 

antibody in E14.5 brain sections from control and Casc3 mutants (Figs. 30A-D, and M). 

Our quantification showed that the portion of Tbr2+ IPs in the Casc3RRU345/+ was similar to 

that of wildtype control (Fig. 30M). However, Casc3RRU345/RRU345 mutants saw a significant 

reduction in the portion of Tbr2+ cells. The portion of Tbr2+ cells in the Casc3RRU345/Null 

was also reduced, although was not statistically significant (Fig. 30M).    

Table 3: Casc3RRU345/Null mutants are viable till E14.5. 

             

 In Magoh mutants, disrupted neural differentiation causeS ectopic neuron 

production at the cost of IPs. We then asked if the reduced IPs can be associated with 

preferential differentiation of neural stem cells to neurons in Casc3 mutant brains. 
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Immunofluorescence staining with neural marker Tuj1 was carried out in control and 

Casc3 hypomorphic mutants (Figs. 30E-H).  Quite different from the phenotypes 

observed in the Magoh mutants, no change to the neuronal thickness was observed in the 

Casc3 heterozygous mutants.  However, both Casc3RRU345/RRU345 and Casc3RRU345/Null mutants 

showed reduction in the thickness of the Tuj1+ neuronal cells in the developing brains 

relative to the overall thickness of the cortex (Fig. 30N).  The reduction in neuronal layer 

thickness could be a direct consequence of reduced IPs that are major contributors to 

neuron production. However, it is also possible that the reduction of either IPs or 

neurons may be caused by increased apoptosis. To address this, we stained E14.5 brain 

sections with apoptosis marker, Cleaved Caspase 3 (CC3). There was no evident increase 

in apoptosis in any of the mutants compared to the wildtype litter mates (Figs. 30I-L), 

suggesting that the reduced number of IPs and neurons was probably caused by 

reduced production.  It is worth noting that the lack of apoptosis in the Casc3 mutants 

was also different from Magoh germline mutants, in which extensive cell death was 

observed. Our data suggested that the presence of basal level of Casc3 is critical for the 

survival of the embryos. The immunofluorescence staining and quantification results 

showed that depletion of Casc3 leads to reduced embryo body size, mild microcephaly 

and reduced IP and neuron production. However, we can’t rule out the possibility that 

the neurogenesis difference we observed in Casc3 mutant was partially caused by 

developmental delay. 
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Figure 30: Casc3 hypomorphic mutants showed reduced IP and neurons.  

(A-L) Immunofluorescence staining of E14.5 brain sections with genotypes indicated. 

Coronal brain sections were stained with Tbr2 (green, A-D), Tuj1 (green, E-H), CC3 

(green, I-L) and Hoechst (blue).  (M) Quantification of Tbr2+ cells relative to the total 

cells in the sections. (N) Quantification of Tuj1+ cells thickness relative to the section. 

Dotted demarcated the ventricle border. ANOVA followed by post hoc Student t test, 

*, P<0.05. Error bars, S.D. n=3 biological replicates for each genotype. Scale bar: 50 µm. 

 



 

113 

4.2.5 Casc3 haploinsufficiency doesn’t exacerbate the Magoh 
haploinsufficient phenotypes 

 
Casc3 is known to be a core component of the EJC and interacts with other core 

EJC components, such as Magoh, in regulating various biological processes. We 

hypothesized that if interaction between Casc3 and Magoh is also required for 

regulating embryonic neurogenesis, reduced expression of Casc3 in Magoh 

haploinsufficient mutants may exacerbate Magoh mutant phenotypes. To test this, we 

compared the neurogenesis phenotypes in Casc3RRU345/+;Magoh+/-  and Magoh+/- mutants. 

Consistent with published results, Magoh+/- mutants showed reduced IPs, ectopic 

production of neurons, and extensive apoptosis in the dorsal cortices at E12.5 (Figs. 31A-

F). Casc3RRU345/+; Magoh+/- phenocopied Magoh+/- mutants. Immunofluorescence staining 

with cell markers for IPs and neurons showed that the reduction of Tbr2-positive cells 

and ectopic production of Tuj1-positive neurons in Casc3RRU345/+; Magoh+/- brains were 

comparable to those of Magoh+/- mutants (Figs. 31D-I). Together, these data suggested 

that reduced Casc3 expression in Magoh haploinsufficiency sensitized background did 

not change the neurogenesis phenotypes. Thus, Casc3 may not genetically interact with 

Magoh in regulating embryonic neurogenesis. 
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Figure 31: Immunofluorescence staining of E12.5 Casc3 and Magoh mutant 

embryos. 

(A-I) E12.5 coronal brain sections of indicated genotypes stained for Tbr2 (green, 

A,D,G), CC3 (green, B, E, H). Tuj1 (green, C, F, I), and Hoechst (blue). Dotted lines 

demarcated ventricle border of the section. 3 biological replicates for each genotype 

were examined. Scale bar, 50 µm. 

 

4.3 Discussion 

            In this chapter, we showed that Casc3 is enriched in the central nervous system 

and the heart of the developing mouse embryos. Complete germline depletion of Casc3 

(Casc3null) led to early embryonic lethality before E11.5, at the onset of embryonic 
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neurogenesis. Hypomorphic mutants of Casc3 (Casc3RRU345/RRU345 and Casc3RRU345/Null ) with 

basal expression of Casc3 showed reduced body and brain sizes, reduced number of IPs 

and thinner neuron layers. Together, this suggested that Casc3 is crucial for embryonic 

viability and plays a significant role in regulating the progression of embryogenesis and 

embryonic neurogenesis.  

                Biochemistry studies in human cell lines previously suggest that Casc3 is a core 

component of the exon junction complex [59]. The EJC has been emerging in recent years 

as a critical complex in regulating embryonic neurogenesis. Our lab previously showed 

that haploinsufficiency of Magoh and Rbm8a, other two core EJC components, disrupts 

neural progenitor differentiation, causing ectopic neuron production at the cost of IPs 

[93,94,133]. The ectopically produced neurons in Magoh and Rbm8a mutants are 

eliminated from the developing brain through apoptosis, which eventually leads to 

severe microcephaly. Comparing to Magoh germline mutants, haploinsufficiency in 

Casc3 showed no overt phenotypical abnormality. This suggests that the dosage 

requirements of Magoh and Casc3 can be different in the developing brain.  Although 

we observed neurogenesis defects in Casc3 hypomorphic mutants, the phenotypes were 

relatively mild. In addition, we didn’t observe imbalanced neural progenitor 

differentiation or apoptosis in the Casc3 hypomorphic mutants.   

               What causes the phenotypical difference between Casc3 and other EJC mutants? 

One possibility is that, rather than a core member of the EJC, Casc3 can be one of the 
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peripheral factors recruited by the EJC core to perform some but not all the regulatory 

functions. Indeed, previous works in Drosophila have shown that Casc3 is required for 

oskar mRNA posterior localization to the oocyte in Drosophila along with other EJC core 

components [53-56]. However, unlike other EJC core components, Casc3 is dispensable 

in regulating Mapk and other long-intron containing RNAs splicing in Drosophila eye and 

wing disc development [81,82]. Together these studies suggest that Casc3 may be 

dispensable for EJC mediated splicing regulation, at least in a subset of cells. Recent 

protein interactome studies also show that the protein level of Casc3 is 600-1000 fold less 

than the other three EJC core components [160], suggesting that Casc3 may only interact 

with a subset of the EJC core. This is also consistent with the cytoplasmic localization of 

Casc3 versus nuclear localization of other three EJC core components in the cell. It is 

plausible that Casc3 may mainly interact with the EJC core after its nuclear and is 

involved in regulating local translation and nonsense mediated decay.  

      It is also possible that Casc3 might regulate different cell populations in the 

developing brain. We showed at both mRNA (in situ hybridization) and protein (IF) 

levels that the expression pattern of Casc3 partially overlapped with other EJC 

components, but yet was different in subcellular localization. While Eif4a3, Magoh, and 

Rbm8a are enriched in the VZ and SVZ zones where the neural progenitors reside, Casc3 

showed enrichment in the neurons of the cortical plate. This suggests that, instead of 

regulating neural progenitor differentiation, Casc3 might be involved in regulating 
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neural maturation and synapsis formation. Interestingly, a recent protein interactome 

study in E17 rat brains links Casc3 with another ribonucleoprotein (RNP) complex 

marked by Stau2 [161].  Fritzsche et al. has shown that Casc3, but not other three core 

EJC components, directly interact with Stau2-RNP, suggesting that Casc3 may serve as a 

bridge to coordinate the regulatory functions of the EJC and Stau2-RNPs [161]. Stau2 is a 

double-stranded RNA binding protein (RBP) [162,163] known to repress the translation 

of subset mRNA in neurons and transport the RNAs to the distal regions. Colocalization 

of Casc3 with the Stau2-RNPs in the neuronal dendrites of the hippocampus neurons 

implicates that Casc3, in collaboration of other RNPs, may play a role in regulating 

postmitotic neuron activities. Thus, it will be interesting to evaluate the function of 

Casc3 in the postnatal neuron activities and in different neuronal populations with an 

inducible Casc3 mutant lines to bypass the embryonic or perinatal lethality caused be 

complete depletion of Casc3 in mice. 

There may also be differential requirement of Casc3 in other organs in the 

developing embryos. We showed that Casc3 expression is enriched in the developing 

heart, in which the enrichment of other EJC core components is not observed. Depletion 

of Casc3 in early embryogenesis might cause cardiovascular defects and eventually leads 

to embryonic lethality before E11.5 in Casc3null mice. Although extensive analysis of heart 

development in cardiac cell populations at earlier developmental stages is required to 

fully understand the role of Casc3 in cardiac development,  the possibility of a novel 
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Casc3 function in regulating a critical organ in the developing embryos, potentially 

independent of the main EJC functions, is very intriguing.  

To conclude, the present work shows that Casc3 is required for proper 

embryogenesis and viability of the embryos in mouse model. Hypormorphic mutants of 

Casc3 lead to mild neurogenesis defects and microcephaly.  The phenotypic difference 

between Casc3 and mutants in other EJC core components suggests that Casc3 may be a 

peripheral factor of the EJC and may be involved in some but not all EJC functions. We 

also reported the finding that Casc3, but not other EJC core components, is enriched in 

the developing heart. Complete depletion of Casc3 led to cardiac developmental defects 

that may be lethal to the embryos. Taken together, our findings showed the novel 

function of Casc3 in embryogenesis and brain development and provided a tool for 

future studies in Casc3 function during cardiac development. 
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Chapter 5.  Discussion 

Decades of intensive biochemical studies with human immortal cell lines have 

identified the core and peripheral components of the EJC and provided a general 

guideline and molecular basis of EJC assembly and its recognition of target RNA. 

Utilizing reporter constructs, biochemical studies also established the role of the EJC as a 

key regulator of RNA splicing, nuclear export, subcellular localization, translation, and 

NMD. In recent years, emerging studies in animal models put the function of EJC in the 

context of in vivo biological processes and demonstrated the diverse tissue specificity of 

EJC regulation, and in a more broad sense, the dynamic tissue specificity of 

posttranscriptional regulation.   

In this thesis, we described the generation of two conditional mutants of core EJC 

components, Rbm8a and Eif4a3 and two germline mutants of Casc3. We showed that 

haploinsufficiency of Rbm8a and Eif4a3 led to phenotypes similar to those of the Magoh 

mutants. All three core EJC mutants showed microcephaly due to ectopic production of 

neurons at the cost of neural progenitors, extensive apoptosis, and disrupted cell cycle 

progression.  Transcriptome and proteomic analysis of these three mutants identified 

common targets of all three mutants at transcriptional, splicing, and translational levels. 

These candidate transcripts are highly enriched in splicing factors, ribosomal 

components, and p53 pathway components. All these data suggest that the EJC 

regulates embryonic neurogenesis through posttranscriptional regulation and that 
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disrupted ribosomal biogenesis may underlie the phenotypical abnormalities we 

observed in all three (Magoh, Rbm8a and Eif4a3) EJC mutants.  In addition, we also 

generated germline mutants of Casc3, a component of the EJC previously thought to be 

part of the EJC core. We showed that Casc3 is required for embryo viability and 

development progression. The neurogenesis defects observed in Casc3 hypomorphic 

mutants were mild and different from those in the Magoh mutants, suggesting that the 

requirement of Casc3 may vary from other EJC components during embryonic 

neurogenesis. Unexpectedly, we observed potential cardiac development defects in 

Casc3 mutants, suggesting that Casc3 may function in cardiovascular development.  The 

study presented here increased our understanding of EJC function in the developing 

mammalian brain and provide preliminary data for future study in the molecular 

mechanism of embryonic neurogenesis regulation. Many exciting questions have been 

raised based on our data awaiting to be answered.    

 

5.1 Target Specificity of EJC regulation 

How does the EJC choose its regulatory targets? Our studies and others 

repeatedly showed that depletion of EJC in model systems only disrupted the mRNA 

levels of a small portion of expressed transcripts [134]. Among the 72% of multiexon 

genes showed multiple splicing variants in the mouse embryonic brain [164], we only 

identified a fraction of genes/events whose splicing pattern was altered  in the EJC 
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mutants. This suggests that, in the developing brain, the EJC regulates alternative 

splicing in a target specific manner. Given that the EJC’s binding to RNA is 

sequence/motif independent, it is possible that these RNA targets may contains some 

unique features. Indeed, emerging evidence has suggested that the structure of mRNAs 

plays an important role in posttranscriptional regulation. For instance, transcripts with 

larger intron (>1000bp) have been shown to be more prone to splicing regulation in eye 

and wing disc in Drosophila, which is also observed in human immortal cell lines [81-83]. 

In mouse olfactory neurons, a group of olfactory receptor mRNAs are protected from 

deadenylation-dependent degradation [165]. These mRNAs have higher average AU-

content and lower predicted secondary structure, enrichment of AU-rich elements in 

their 3’-UTR, and upstream open reading frames in 5’UTR, along with shorter 3’UTR 

regions. Another example of RNA structure mediated posttranscriptional regulation 

comes from the translation regulation of a subset of homeobox (Hox) gene mRNAs [166]. 

In addition to the cap-dependent translation inhibition elements (TIE), a subset of Hox 

mRNAs also contain unique 5’-UTR internal ribosome entry sites (IRES), a RNA 

structure that specifically recruits Rpl38 and allows cap-independent translation 

initiation. It’s worth noting that, in addition to binding to the canonic exon-exon junction 

sites, the EJC has also been shown to bind sites in RNAs with recognizable motifs in 

association with SR family proteins [72]. It is plausible that the EJC may also employ 
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sequence or structure dependent features of the RNA to determine the regulation 

targets, potentially mediated by other RBPs targeting the same transcripts.  

 

5.2 Splicing regulation through the EJC during embryonic 
neurogenesis 

Global splicing changes were observed upon depletion of individual EJC core 

components at E10.5. Among the 55 alternatively spliced events identified in all three 

EJC mutants (Appendix B, Table 4) were multiple key regulators of RNA splicing. It is 

likely that the changes to one or several of these key regulators may affect the splicing of 

other genes. To get a clear picture of the molecular mechanism through which the EJC 

regulates embryonic neurogenesis, it is critical for us to distinguish the direct targets of 

the EJC from the indirect ones. To this end, future experiments with RNA-

immunoprecipitation followed by RNA-seq [167] will be a good starting point to 

identify these transcripts directly bound by the EJC.  

In the developing mouse brain, retention of 3’-terminal intron of presynaptic 

proteins blocks the nuclear export of these transcripts and consequently causes their 

degradation through nuclear RNA surveillance machinery independent of the NMD 

pathway[168].  This is used as a program to repress the expression of a subset of pro-

neuronal proteins during early embryonic neurogenesis during which time the RGCs 

mainly undergo self-proliferation.  We also noticed 2-4 fold enrichment of changes to the 

intron retention events in the EJC mutants (Figs. 19A, B) compared to the annotated 
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splicing events. It will be interesting to see if there are functionally related groups, other 

than the splicing factors and ribosomal components, that may be co-regulated by the 

EJC through splicing. Yet, the increased RI events in the EJC mutants might also be an 

indication of impaired NMD machinery. The function of EJC in regulating NMD has 

been proved mostly in immortal cells. It would be interesting to test, in primary cell 

lines, the efficiency of NMD upon depletion of EJC components.  For instance, we can 

characterize the accumulation or degradation rate of PTC containing transcripts/reporter 

constructs in the primary cell culture of the EJC mutants.   

 

5.3 EJC function in post-mitotic cells 

 As discussed in Chapter 1, many neural specific RBPs, such as PTBPs and 

nSR100, play significant roles in both neural progenitors and post mitotic neurons. Will 

the EJC also regulate post mitotic cells in the neocortex? Indeed, accumulating evidence 

suggests that the EJC components may be involved in regulating neuronal activity and 

animal behavior.  Giorgi et al. discovered that Eif4a3 is associated with Upf1 in 

messenger ribonucleoprotein (mRNP) complexes in dendrites of hippocampal neurons 

[169]. Loss of Eif4a3 or Upf1 led to accumulation of Arc and increased amplitude of 

miniature excitatory post-synaptic currents (mEPSCs). Eif4a3 is also implicated in Arc 

regulation in the context of novel environment exploration in rats  [169]. These findings 

indicate that the EJC is relevant for synaptic plasticity, which suggests it could have a 
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potential role in learning and memory. What’s more, overexpression of Rbm8a in the 

adult mouse hippocampus alters anxiety and autism-like behaviors [170]. The 

behavioral changes were also accompanied by a reported increase in mEPSC frequency 

observed in primary neuronal culture, which the authors speculate is likely due to 

increased synapse formation. We showed previously that cKO of Magoh with CamkII-

Cre in postmitotic neurons didn’t lead to apoptosis, suggesting that Magoh was not 

required for survival in these cells and that the requirement for Magoh may be different 

between neural stem cells and postmitotic neurons [95].   

In Chapter 4, we also showed that the expression of Casc3 is enriched in the cortical 

plate where the post mitotic neurons reside, suggesting that Casc3 may play a more 

significant role in neuronal regulation. It would be interesting to test the EJC function by 

conditionally depleting individual components in the post mitotic populations at both 

embryonic stages and postnatally. Would the EJC function as a complex?  What would 

be the target genes of the EJC in the neuronal population? How are they different from 

EJC target genes identified in the neural progenitors? Answers to these questions will 

provide new knowledge regarding EJC functions in different cell populations and 

insight into the molecular base of the regulatory mechanism of the EJC. 
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5.4 Ribosomal biogenesis and cell cycle progression in 
corticodevelopment 

Upon EJC depletion, we observed changes to transcriptional, splicing, and 

translational changes to components of ribosomal biogenesis, including ribosomal 

proteins and other factors critical for rRNA processing, suggesting that the neurogenesis 

defects of EJC mutants may be the consequence of, or associated with, early defects in 

ribosomal biogenesis. This is consistent with a recent study of mouse cortex 

transcriptome at different developmental stages.  Deep RNA-Seq in developing mouse 

brains showed that splicing-coupled NMD regulation is a conserved mechanism 

through which brain development is regulated. Yan et al., shows that splicing factors 

and ribosomal proteins are enriched in the RBPs regulated through splicing-NMD in 

mouse brain [164].  

 How could ribosomal biogenesis affect neurogenesis? Previous studies in mouse 

models showed that disrupted ribosomal biogenesis is associated with cell cycle 

progression disruption, which in turn leads to neural differentiation/proliferation 

defects. Point mutation in ribosomal biogenesis protein, Essential for Mitotic Growth 1 

(EMG1), causes Bowen-Conradi syndrome, a disorder characterized by abnormality in 

many parts of the body including microcephaly, dolichocephaly, and cleft palate. 

Depletion of Emg1 in mouse embryos has been shown to cause severe developmental 

delay, neural tube defects, increased number of binucleated cells, suggesting that 

disrupted ribosome biogenesis may cause mitotic progression delay [158,171].  Indeed, 
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we observed mitotic delay in Magoh mutant mouse and primary cell culture that led to 

increased differentiation of neural stem cells into neurons at the cost of progenitor pool 

[95], suggesting that disrupted cell cycle progression will change the outcome of neural 

stem cell differentiation.  In addition, in both Rbm8a and Eif4a3 mutants, we observed 

increased proportion of G2/M cells in E11.5 brain sections when the mutants were 

phenotypically normal, suggesting that cell cycle progression defects may be precedent 

to the neurogenesis defects. It would be of great interest to test the relationship between 

our candidates involved in ribosomal biogenesis and the cell cycle progression in our 

mouse model.  

5.5 Uncovering the interaction of EJC with other RBPs in the 
embryonic neurogenesis 

As discussed in Chapter 1, interactome studies in human immortal cell lines 

show that the EJC forms mega-complex with SR proteins [72], consistent with its 

function in regulating RNA splicing. In mouse hippocampus neuron dendrites, it has 

also been shown that the EJC interacts with other RBPs that are critical for neurogenesis, 

such as FMRP. The EJC-RBP complex binds directly to the mRNA of Arc[161], consistent 

with previous studies showed that Eif4a3 regulates Arc localization in the dendrites. 

However, other mRNA targets of the EJC and its interaction partners still remain largely 

unidentified in the neural stem cells.  

These recent studies suggest that the binding partners of EJC are probably more 

extensive than previously identified, particularly in a tissue specific manner. It would be 
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interesting to identify the interaction partners of EJC in various cell populations in the 

neocortex. Will the EJC interact with the same group of interaction partners in the neural 

progenitors? What will be the RNA targets of the EJC-RBP complex? Most importantly, 

how is the regulation of target RNA coordinated? For instance, FMRP is known to 

repress the translation of target mRNA, while the EJC is mostly known to enhance 

translation of target RNA. How do these two opposite regulatory functions coordinate 

on the same transcripts? All these questions will require extensive transcriptome and 

proteomic analysis in sorted cells in the developing brain.  

 

5.6 Concluding Remarks 

 The formation of neocortex is a complex yet crucial process during 

embryogenesis. Numerous human neurodevelopmental and neurodegenerative 

disorders root from defective embryonic neurogenesis. The expanding knowledge of 

corticodevelopment regulation provides valuable input in the diagnosis and treatment 

of such disorders.  The existing literature build up an intricate multi-layer and cell-type 

specific network of regulation during embryonic neurogenesis. However, the 

exploration to new regulators and mechanisms for regulation is far from completion. 

 In this work, I describe our recent findings in the role of the exon junction 

complex in embryonic neurogenesis. Data from genetically modified mouse models, 

transcriptome and proteomic analysis suggest that the EJC is critical for brain 
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development and posttranscriptionally regulates a subset of genes involved in splicing, 

ribosomal biogenesis, and transcriptional regulation in the developing brain. Our 

findings along with other studies in different model organisms also highlighted the 

dynamics of the composition and tissue-specific regulatory mechanism of the EJC. In the 

future study, it would be interesting to further examine the cellular and molecular basis 

through which the EJC regulates embryonic neurogenesis. Furthermore, increasing 

evidence has suggested that the EJC may play a role in brain function beyond embryonic 

stage. It will be of great value to evaluate the potential function of the EJC in postnatal 

neuronal activities and the etiology of neurodegenerative disorders. The new 

information from these studies, particularly the molecular mechanism, can contribute to 

the understanding of pathogenesis of human diseases.  

 Overall, we present here the dynamic role of a RNA metabolism surveillance 

complex, the EJC, in neurogenesis. Our studies highlighted the importance of 

posttranscriptional regulation in cortico-development. 
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Appendix A 

A.1 Chapter 2 Materials and Methods 

A.1.1 Mouse Husbandry and Generation of Conditional Rbm8a allele 

All experiments were performed in agreement with the guidelines from the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 

IACUC. Plug dates were defined as embryonic day (E) 0.5 on the morning the plug was 

identified. The conditional targeting vector for ES cell targeting was designed and 

generated by the Transgenic Facility at Duke University Cancer center. Positive ES clones 

were selected by performing long-range PCR of both arms. For long-range PCR of 5’ arms, 

the following conditions were used: 94°C X 2 min (1X); 98°C X 15 s, 60°C X 15 s, 68°C X 

7.5 min (40X); 72°C X 7 min. 5’ F1: ATGCCTCCCTTCTAAGACAGGCTG; 5’ R1: 

AAGGGTTATTGAATATGATCGGAATTGG. For long-range PCR of 3’ arms, the 

following conditions were used: 94°C X 2 min (1X); 98°C X 15 s, 60°C X 15 s, 68°C X 2.5 

min (40X); 72°C X 10 min. 3’ F1:CATTCGCCTTCTTGACGAGTTCTTC; 3’ 

R1:GTCTGCTCTTCCAGCTCACAACTG. Positive clones were electroporated into 

C57BL/6J blastocysts, and the resulting chimeras were mated to C57BL/6J females to 

obtain germ-line transmission. All experiments to analyze this line were done on an 

inbred C57BL/6J background. For genotyping Rbm8aloxp mice, the following conditions 

were used: 94°C X 2 min (1X); 94°C X 15 s, 58°C X 30 s, 72°C X 30s (30X); 72°C X 7 min 

(1X). LoxF1: CGGACGTGCTGGATCTTCAC; LoxR1: GCACACAGACTCCCCATAGG. 
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The following strain was acquired from Jackson labs: Emx1-Cre (B6.129S2-

Emx1tm1(cre)Krj/J).  

 

A.1.2 Western Blot and qRT-PCR Analysis 

E11.5 embryonic cortices were collected from Emx1-Cre and Emx1-Cre;Rbm8aloxp/+ 

mice and lysed in RIPA lysis buffer with protease inhibitors (Pierce, Rockford, IL). Cortical 

lysates were run on 4-20% pre-casted SDS–Polyacrylamide gels (Bio-Rad). Gels were 

transferred onto nitrocellulose membranes and blotted using the following primary 

antibodies: rabbit anti-Rbm8a (1:200, Bethyl Laboratories), mouse anti-Rbm8a (1:200, 

Novus), mouse anti-α-Tubulin (1:10,000, Sigma). Blots were developed using ECL reagent 

(Pierce). Densitometry was performed using ImageJ. Final values were quantified by 

normalizing Rbm8a levels to loading controls (Tubulin) and analyzed for significance 

using a Student’s t test. E10.5, E11.5, and E12.5 and E14.5 embryonic cortices were 

collected from C57BL/6J (wild-type), Emx1-Cre and Emx1-Cre;Rbm8aloxp/+ embryos and 

RNA was extracted using the RNeasy kit (Qiagen). At E10.5 the entire cortex was used, 

whereas at all other ages, only dorsal neocortex was included. DNA was prepared 

according to the iScript kit (Bio-Rad). qPCR was performed in triplicates using Taqman 

probes (Life Technologies): Rbm8a (Mm04214345_s1), Pax6 (Mm00443081_m1), and Gapdh 

(4352339E). For wild-type samples at different developmental stages, absolute qRT-PCR 

was performed. A standard curve was generated with a 5 serial 10-fold dilution of cDNA 



 

131 

from an independent E14.5 wild-type embryo. For E10.5 and E12.5 Emx1-Cre and Emx1-

Cre;Rbm8aloxp/+ samples, comparative qRT-PCR was performed. Values were normalized 

to Gapdh control. For each genotype, three embryos were examined. 

 

A.1.3 Immunohistochemistry and quantification  

Brains were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, followed by 

submersion in 30% sucrose until sinking, as previously described (Silver et al., 2010). Brain 

cryostat sections (20 µm) were prepared and stored at -80°C until use. Sections were 

permeabilized with 0.25% TritonX-100 for 10 min and blocked with MOM block reagent 

(Vector laboratories) for 1 hour at room temperature (RT). Sections were incubated with 

primary antibodies for 2 hours at RT or overnight at 4°C. Sections were then incubated in 

species appropriate secondary antibodies and Hoechst for 15 min at room temperature. 

The following primary antibodies were used: rabbit anti-CC3 (diluted 1:200; Cell 

Signaling), rabbit anti-Tbr2 (1:1,000; Abcam), rabbit anti-Pax6 (1:1,000; Millipore); rabbit 

anti-Rbm8a (1:200, Bethyl Laboratories), mouse anti-Pax6 (1:50; DSHB); rabbit anti-Tbr1 

(1:200; Abcam), rabbit anti-Foxp1 (1:200; Abcam), rabbit anti-Cux1 (1:100; Santa Cruz), 

mouse anti-TuJ1 (1:400; Covance); mouse anti-Flag (1:200; Sigma), and chicken anti-GFP 

(1:2000, Abcam). The following secondary antibodies were used: Alex Fluor 488, Alex 

Fluor 568, Alex Fluor 594 and Alex Fluor 647 (1:200; Invitrogen). TUNEL staining was 

done in accordance with the manufacturer’s directions using an Apoptag fluorescein in 
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situ apoptosis kit (Millipore). High magnification images were captured using a Zeiss 

Axio Observer Z.1 microscope coupled with an apotome. Cortical thickness was 

measured with Zen software. Cell quantification was performed with ImageJ. Three 

sections from anatomically comparable regions per embryo and three biological replicates 

from control (Emx1-Cre) and mutant (Emx1-Cre;Rbm8aloxp/+) were measured/quantified.  

 

A.1.4 Primary progenitor analysis  

E11.5 to E14.5 embryonic dorsal cortices were dissected and dissociated with 

0.25% Trypsin-EDTA (Life Technologies) at 37°C for 5 min and triturated with flame-

polished Pasteur glass pipette. Dissociated cells were washed once with room 

temperature PBS and plated on poly-D-Lysine coated cover slips in 6-well culture dishes. 

Cells were incubated in DMEM (1X) culture media (Life Technologies) supplemented 

with B27, N2, bFGF, and N-Acetyl-L-cysteine (Sun et al., 2005) at 37°C with 5% CO2 for 3 

hours. Cells were then fixed with 4% PFA for 10 min before staining with any of the 

following: rabbit anti-Rbm8a (1:200; Bethyl laboratories), mouse anti-Pax6 (1:50; DSHB), 

rabbit anti-Pax6 (1:1000; Millipore), mouse anti-TuJ1 (1:1000; Covance), and Hoechst. For 

EdU analysis, cortical cells were dissociated and allowed to settle for an hour in culture 

media. Cells were pulsed with 10 µm EdU for 30 min according to manufacturer’s 

protocol (Life Technologies). Cells were incubated for 24 hours then EdU detection was 

performed using Click-iT® EdU Alexa Fluor® 647 Imaging Kit (Life Technologies) and 
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co-stained with rabbit anti-Ki67 (1:200, Vector Laboratories), mouse anti-TuJ1 (1:1000; 

Covance), and Hoechst. For all primary cell analysis, high magnification images were 

captured using a Zeiss Axio Observer Z.1 microscope, coupled with an apotome. Cell 

quantification was performed with ImageJ. 

  

A.1.5 In utero electroporation  

Gene transfer into embryonic wild-type mice was done by in utero electroporation 

as described with the Harvard apparatus BTX electroporator (Saito, 2006). E13.5 embryos 

were electroporated with 2.7 µg of DNA in a total volume of 1 µl (2 µg of either pCAGGS-

EX or pCAGGS-Flag-RBM8A accompanied by 0.7 µg of pCAGGS-EGFP). E16.5 embryonic 

brains were prepared as described above. Flag-RBM8A was subcloned into a pCAGGS 

vector from a pCL-Flag-RBM8A vector, a gift from Dr. Niel Gehring’s lab. Graphs include 

analyses of the following: pCAGGS-EX plus pCAGGS-EGFP (n=9-11 sections, three to four 

brains), pCAGGS-Flag-RBM8A plus pCAGGS-EGFP (n=9 sections, three brains).  

 

A.1.6 Zebrafish analysis  

The full-length cDNA of RBM8A was obtained from Life Technologies (Clone ID 

10383, ultimate ORF collection) and was cloned into pCS2 vector. Capped mRNA was 

synthesized in vitro utilizing the mMessage mMachine SP6 kit (Life Technologies, 

AM1340). We injected 100 ng of RBM8A mRNA into wild-type zebrafish embryos at the 
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one- to two-cell stage. Injected embryos were either fixed at 2 dpf for immunostaining or 

fixed at 4.5 dpf for head-size measurement; the distance across the convex tips of the 

eyecups was measured and compared with an age-matched control group from the 

same clutch. Whole-mount immunostaining with HuC/D (post mitotic neurons) was 

performed for investigating neuronal development and head-size regulation at a cellular 

level. Embryos were fixed in 4% PFA overnight and stored in 100% methanol at −20°C. 

After rehydration in PBS, PFA-fixed embryos were washed in immunofluorescence (IF) 

buffer (0.1% Tween-20 and 1% BSA in PBS 1×) for 10 min at room temperature. The 

embryos were incubated in the blocking buffer (10% FBS and 1% BSA in PBS 1×) for 1 hr 

at room temperature. After two washes in IF buffer for 10 min each, embryos were 

incubated in the primary antibody solution, 1:1,000 anti-HuC/D (A21271, Life 

Technologies), in blocking solution overnight at 4°C. After two washes in IF buffer for 10 

min each, embryos were incubated in the secondary antibody solution, 1:1,000 Alexa 

Fluor goat anti-mouse IgG (A11001, Life Technologies), in blocking solution for 1 hr at 

room temperature. 

 

A.2 Chapter 3 Materials and Methods 

A.2.1 Mouse Husbandry and Generation of Conditional Eif4a3 allele  

All experiments were performed in agreement with the guidelines from the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 
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IACUC. Plug dates were defined as embryonic day (E) 0.5 on the morning the plug was 

identified. The conditional targeting vector for ES cell targeting was designed and 

generated by the Transgenic Facility at Duke University Cancer center. Positive ES clones 

were selected by performing long-range PCR of both arms. For long-range PCR of 5’ arms, 

the following conditions were used: 94°C X 1 min (1X); 98°C X 10 s, 60°C X 15 s, 68°C X 

8.5 min (40X); 72°C X 10 min. 5’ F1:GTCCCAGAAATATCAGTGAGAATC; 5’ 

R1:CTTGTCATCGTCGTCCTTGTAGTC. For long-range PCR of 3’ arms, the following 

conditions were used: 94°C X 2 min (1X); 98°C X 10 s, 60°C X 15 s, 68°C X 2.5 min (40X); 

72°C X 10 min. Positive clones were electroporated into CD1 blastocysts, and the resulting 

chimeras were mated to C57BL/6J females to obtain germ-line transmission. For 

genotyping Eif4a3lox mice, the following conditions were used: 94°C X 3 min (1X); 94°C X 

15 s, 62°C X 20 s, 72°C X 30s (30X); 72°C X 10 min (1X). 5’ forward: 

CTTGCAGTTGTCTTTCTGCGG; 3’ Reverse: CACACATGGCGATCCGCTCG. The 

following strain was acquired from Jackson labs: Emx1-Cre (B6.129S2-Emx1tm1(cre)Krj/J).  

 

A.2.2 Western Blot and qRT-PCR Analyses  

E10.5 neocortices and E11.5 dorsal cortices were collected from Emx1-Cre, Emx1-

Cre;Eif4a3lox/+, Emx1-Cre;Rbm8alox/+ , and Emx1-Cre;Magohlox/+  mice and lysed in RIPA lysis 

buffer with protease inhibitors (Pierce, Rockford, IL). Cortical lysates were run on 4-20% 

pre-casted SDS–Polyacrylamide gels (Bio-Rad). Gels were transferred onto nitrocellulose 
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membranes and blotted using the following primary antibodies: rabbit anti-Eif4a3 (1:200, 

Santa Cruz) and mouse anti-α-Tubulin (1:10,000, Sigma). Blots were developed using ECL 

reagent (Pierce). Densitometry was performed using ImageJ. Final values were quantified 

by normalizing EJC protein levels to loading controls (Tubulin) and analyzed for 

significance using a Student’s t test. For qPCRs, E10.5 neocortices and dorsal cortices of 

E11.5, and E12.5 and E14.5 embryos were collected from C57BL/6J (wild-type), Emx1-Cre, 

Emx1-Cre;Eif4a3lox/+, Emx1-Cre;Rbm8alox/+ , and Emx1-Cre;Magohlox/+  embryos and RNA was 

extracted using Trizol reagent (Invitrogen) followed by the RNeasy kit (Qiagen). cDNA 

was prepared according to the iScript kit (Bio-Rad). qPCR was performed in triplicates 

using Taqman probes (Life Technologies): Rbm8a (Mm04214345_s1), Eif4a3 

(Mm00836350_g1), Magoh (Mm00487546_m1), and GAPDH (4352339E). For wild-type 

samples at different developmental stages, semi-quantitative qRT-PCR was performed. A 

standard curve was generated with a 5 serial 10-fold dilution of cDNA from an 

independent E14.5 wildtype embryo. Final values were normalized to GAPDH loading 

control. For E10.5 control and conditional mutant samples, comparative qRT-PCR was 

performed. Values were normalized to GAPDH control. For each genotype, 3 embryos 

were examined, a student’s t test was run to determine the significance. For all 

experiments, 3 biological samples for each genotype were used.  
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A.2.3 Immunohistochemistry of tissue sections  

Brains were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, followed by 

submersion in 30% sucrose until sinking, as previously described (Silver et al. 2010). Brain 

cryostat sections (20 µm) were prepared and stored at -80°C until use. Sections were 

permeabilized with 0.25% TritonX-100 for 10 min and blocked with MOM block reagent 

(Vector laboratories) for 1 hour at room temperature (RT). Sections were incubated with 

primary antibodies for 2 hours at RT or overnight at 4°C. Sections were then incubated in 

species appropriate secondary antibodies and Hoechst for 15 min at room temperature. 

The following primary antibodies were used: rabbit anti-CC3 (1:200; Cell Signaling), 

rabbit anti-Pax6 (1:1,000; Millipore); rabbit anti-Satb2 (1:1000; Abcam), rabbit anti-

foxp1(1:500, Abcam); mouse anti-Pax6 (1:50; DSHB); rabbit anti-P53 (1:250, Leica), mouse 

anti-TuJ1 (1:400; Covance), mouse anti-rRNA (1:200, Novus). The following secondary 

antibodies were used: Alex Fluor 488, Alex Fluor 568, Alex Fluor 594 and Hoechst (1:400; 

Invitrogen). High magnification images were captured using a Zeiss Axio Observer Z.1 

microscope coupled with an apotome. Cortical thickness was measured with Zen 

software. Cell quantification was performed with ImageJ. 3 sections from anatomically 

comparable regions per embryo and 3 biological replicates from control (Emx1-Cre) and 

mutant (Emx1-Cre;Eif4a3lox/+) were measured/quantified. 
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A.2.4 Primary progenitor analysis 

 E11.5 embryonic dorsal cortices were dissected and dissociated with 0.25% 

Trypsin-EDTA (Life Technologies) at 37°C for 5 min and triturated with flame-polished 

Pasteur glass pipette. Dissociated cells were washed once with room temperature PBS and 

plated on poly-D-Lysine coated 8-well incubation chamber (Lab-Tek). Cells were 

incubated in DMEM (1X) culture media (Life Technologies) supplemented with B27, N2, 

bFGF, and N-Acetyl-L-cysteine {Sun:2005fw} at 37°C with 5% CO2 for 12 hours. For 

fluorescence in situ hybridization (FISH) with RNA probes, cells were fixed in 4% PFA in 

Rnase free water and permeablized with 70% Ethanol in Rnase free PBS overnight at 4 

degree. Cells were then stained with customized Stellaris® RNA probes against mature 

18s rRNA/5.8s rRNA (Quasar® 670 Dye) and intermediate pre-rRNAs (Quasar® 570 Dye) 

at the concentration of 4uM/ml per probe following manufacturer’s protocol (LGC 

Biosearch Technologies)(S7 Table). For immunofluorescence staining, cells were fixed 

with 4% PFA for 10 min before staining with mouse anti-rRNA (1:200, Novus), rabbit anti-

Pax6 (1:1000, Millipore) and Hoechst. For all primary cell analysis, high magnification 

images were captured using a Zeiss 510 inverted confocal microscope at 100X. The 

imaging parameters were identical for each conditional mutant and the littermate control. 

Individual cell was outlined based on DIC images. Total fluorescence intensity of nuclear 

and cytoplasmic FISH signal for mature 18s rRNA/5.8s rRNA (whole cell) and pre-rRNAs 

(nuclear localized signal), immunofluorescence signal of 5.8s rRNA in individual cells was 
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quantified with ImageJ. At least 60 cells from two embryos were quantified for each 

conditional mutant and its littermate control for both FISH and immunofluorescence 

staining. The pairwise comparison of 18s rRNA FISH signal and 5.8s rRNA florescence 

intensity was analyzed with a student’s t test. The distribution of 5.8s rRNA in individual 

cells were determined by comparing the nuclear 5.8s rRNA signal with total 5.8s rRNA 

intensity. 

 

A.2.5 RNA-Seq, splicing and Bioinformatics  

Control and EJC mutant embryonic neocortices were dissected at E10.5. Samples 

were flash-frozen in liquid nitrogen and stored at -80C° till further treatment. RNA was 

extracted with Trizol (Invitrogen) followed by micro-RNeasy kit (Qiagen) according to 

manufacturer’s protocol. The library was generated with Kapa stranded mRNA-seq Kit. 

The fragmented poly-A RNAs were sequenced using Illumina Hi-Seq 2000 double end 

sequencing with 100nt length. RNA-seq data was processed using the TrimGalore toolkit 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore) which employs 

Cutadapt to trim low quality bases and Illumina sequencing adapters from the 3’ end of 

the reads (Martin 2011). Only pairs where both reads were 20nt or longer were kept for 

further analysis. Reads were mapped to the NCBIM38r73 version of the mouse genome 

and transcriptome using the STAR RNA-seq alignment tool (Dobin et al. 2012). Reads 

were kept for subsequent analysis if they mapped to a single genomic location.  Gene 
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counts were compiled using the HTSeq tool (http://www-

huber.embl.de/users/anders/HTSeq/). Only genes that had at least 10 reads in any given 

library were used in subsequent analysis. Normalization and differential expression was 

carried out using the EdgeR Bioconductor package with the R statistical programming 

environment (www.r-project.org) (Robinson & Smyth 2008). The exact test method was 

used to identify differentially expressed genes between the different mouse genotypes. 

Inspection of reads using integrative genomics viewer (IGV) software confirmed altered 

regulation of pseudogenes. Heatmaps were prepared for z-score transformed normalized 

expression for genes with an FDR correct p-value <=5%. To calculate significant overlap 

for Venn diagrams the following criteria were used: genes must with a q<0.05 and using 

a Significance test for overlap between any two conditions: Fisher’s Exact Test. For 

alternative splicing analysis, Mixture-of-isoforms (MISO) (Katz et al, 2010) model was 

used to analyze RNA-Seq data and estimate the percent of splicing isoforms (Ψ values, 

for ‘Percent Spliced Isoform’), and the differentially spliced events are identified using a 

stringent filter (∆Ψ >0.1 and bayes-factor >20). The program was run with pooled samples 

of 3 biological replicates to reduce sampling biases.  

 

A.2.6 Pathway analyses for proteomic and RNA seq 

Enriched pathways were determined by assessing significant hits for RNA seq (q 

value <0.05), for splicing analysis (MISO, Bayes factor >20), and for proteomics (p value 

http://www.r-project.org)/
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<0.05 for proteomics). DAVID Annotation, Visualization and Integrated Discovery was 

analyzed (including biological process, molecular function, and cellular component) or 

GSEA was used which applied a ranked list of all genes (ranked by 1-p value). Significance 

of enrichment in GO term analyses was calculated using the p value function within the 

DAVID database. For splicing analysis, STRING (Search Tool for the Retrieval of 

Interacting Genes/Proteins) analysis was carried out with transcripts show significant 

splicing changes (Bayes>20) in all 3 EJC mutants. For proteomic anlaysis, STRING was 

carried out with significantly changed (p<0.05) proteins in the ribonucleoprotein complex 

GO term. All components not connected to other genes/proteins were not included in 

figures.  

 

A.2.7 Proteomics and Bioinformatics 

We performed relative quantitation proteomic study using the Duke Proteomics 

Core Facility. E11.5 dorsal cortices were dissected in cold PBS and flash-frozen in liquid 

nitrogen. Samples were stored in -80 degree till use. 200uL of 8M urea in 50 mM 

ammonium bicarbonate was added for every E11.5 dorsal cortices. Samples were 

subjected to 3 rounds of probe sonication for 5s each with an energy setting of 30%. 

Samples were then centrifuged at 12,000g and 4C° for 5 minutes. All samples were run 

by LC/MS/MS and total ion current was used to normalize sample loading for final 

analysis. Samples were supplemented with 800uL of 50 mM ammonium bicarbonate to 
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reduce the urea concentration to 1.6M. Samples were reduced with 10 mM DTT at 80C 

for 15 min and then alkylated at 25 mM iodoacetamide at room temperature for 30 min. 

Trypsin (1.7ug) was added to each sample and allowed to proceed for 18 hr at 37C°. 

Samples were then acidified with 6uL of TFA and  subjected  to a  C18  cleanup  using  

the  50  mg  (1 cc)  C18 Sep-Pak columns (Waters). After elution, the samples were   spun 

to ~50%   dryness in the vacuum centrifuge, frozen, and lyophilized to dryness. Samples 

were randomized in their run order and QC samples were run periodically throughout 

the acquisition window. Samples were initially resuspended in 12 uL of 1% TFA/2% 

acetonitrile with 10 fmol/uL yeast alcohol dehydrogenase. To create a “QC pool” sample 

to assess analytical reproducibility, 3 uL of each sample was removed and pooled. 

Quantitative LC/MS/MS was performed on 2 uL of each sample, using  a  nanoAcquity  

UPLC  system (Waters Corp)  coupled  to  a Thermo  QExactive Plus high resolution 

accurate mass tandem mass spectrometer (Thermo)  via a nanoelectrospray ionization 

source. Briefly, the sample was first trapped on a Symmetry C18 300 mm × 180 mm 

trapping column (5 µl/min at 99.9/0.1v/v water/acetonitrile), after which the analytical 

separation was performed using a 1.7 um Acquity  BEH130  C18  75mm  × 250mm  

column  (Waters Corp.) using 90-min  linear gradient   of  5   to  40%   acetonitrile   with   

0.1%   formic   acid   at   a   flow   rate   of  400 nanoliters/minute (nL/min) with a column 

temperature of 55C. Data collection on the QExactive Plus mass spectrometer was 

performed in a data-dependent acquisition (DDA) mode of acquisition with a r=70,000 
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(@ m/z 200) full MS scan from m/z 375 – 1600 with a target AGC value of 1e6 ions 

followed by 10 MS/MS scans at r-17,500(@ m/z 200) at a target AGC value of 5e4 ions. 

Following the  12 LC-MS/MS analyses, data  were  imported into Rosetta Elucidator v3.3 

(Rosetta Biosoftware, Inc), and  all LC-MS/MS runs were  aligned based on the accurate 

mass and  retention  time  of detected ions  (“features”)  which  contained  MS/MS 

spectra using  PeakTeller  algorithm  (Elucidator). A mean normalization of the high 

confidence identified peptide features excluding the highest and lowest 10% of the 

identified signals (i.e. a robust mean normalization) was then employed. The relative 

peptide abundance was calculated based on area-under-the-curve (AUC) of aligned 

features across all runs. Database searching was performed within Mascot Server v2.5 

(Matrix Science) and annotated using the Peptide Teller algorithm within Rosetta 

Elucidator at a peptide false discovery rate of 1%. To calculate significant overlap for 

Venn diagrams the following criteria were used: genes must with a p<0.05 and using a 

significance test for overlap between any two conditions: Fisher’s Exact Test. Proteins 

representing membrane, nuclear and cytoplasmic fractions were present in the data. 

 

A.3 Chapter 4 Material and Methods 

A.3.1 Mouse Husbandry and Generation of Casc3 mutant alleles 

All experiments were performed in agreement with the guidelines from the 

Division of Laboratory Animal Resources from Duke University School of Medicine and 
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IACUC. Plug dates were defined as embryonic day (E) 0.5 on the morning the plug was 

identified. The Casc3Gt(RRU345)Byg (Casc3RRU345) gene trap allele ES cells were acquired from 

MGI. The Casc3tm1(KOMP)Vlcg (Casc3Null) allele was acquired from the KOMP Repository 

Knockout mouse project from UCDAVIS. All experiments to analyze these lines were 

done on an inbred C57BL/6J background. For genotyping Casc3RRU345 mice, the following 

conditions were used: 94°C X 2 min (1X); 94°C X 15 s, 65°C X 30 s, 72°C X 30s (30X); 72°C 

X 7 min (1X). For the gene trap allele: LacZ Forward: GATCCGCGCTGGCTACCGGC; 

LacZ Reverse: GGATACTGACGAAACGCCTGCC with internal control primers 

Rapmycin Forward: AGCTTCTCATTGCTGCGCGCCAGGTTCAGG Rapmycin Reverse: 

AGGACTGGGTGGCTTCCAACTCCCAGACAC. For the wildtype allele: Casc3 WT 

Forward: CAGCCACTTGACTGGCTCCTCA, Casc3 WT Reverse: 

GGGCTAAGGCAGAACACTCCGC. For genotyping Casc3Null mutant allele, SU Forward: 

AGAAGAGCTCGAAACCCTCC; LacZRev Reverse: GTCTGTCCTAGCTTCCTCACTG.  

 

A.3.2 Western Blot 

E16.5 embryonic dorsal cortices and bodies were collected from C57BL/6J 

(wildtype), Casc3RRU345/+, and Casc3RRU345 mice and lysed in IP lysis buffer with protease 

inhibitors (Pierce, Rockford, IL). Cortical lysates were run on 4-20% pre-casted SDS–

Polyacrylamide staining free gel (Bio-Rad). Gels were transferred onto nitrocellulose 

membranes and blotted using the following primary antibodies: rabbit anti-Casc3 (1:500, 



 

145 

gift from Dr. Michael Kiebler, Germany). Blots were developed using ECL reagent 

(Pierce). Densitometry was performed using ImageJ. Final values were quantified by 

normalizing Casc3 levels to loading controls (UV-induced interaction between trihalo 

compounds with tryptophan residue visualized by the gel read) and analyzed for 

significance using a Student’s t test.  

 

A.3.3 qRT-PCR Analysis 

Embryonic cortices were collected from E12.5, E14.5, and E16.5 C57BL/6J (wild-

type), Casc3RRU345 and E10.5 Casc3Null mice embryos and RNA was extracted using the 

RNeasy Micro kit (Qiagen). cDNA was prepared according to the iScript kit (Bio-Rad). 

qPCR was performed in triplicates using Taqman® probes (Life Technologies): 

Casc3(Mm01296308_m1), and GAPDH (4352339E) with Taqman® Real-Time PCR master 

mix (Thermo Fisher Scientific). Values were normalized to Gaphd loading control and the 

value of wildtype were set to 1.0 at each age. Student’s t test was used to determine the 

significance of mRNA level changes. For each genotype, three embryos were examined. 

 

A.3.4 Immunohistochemistry and quantification 

Brains were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, followed by 

submersion in 30% sucrose until sinking, as previously described (Silver et al., 2010). 

Brain cryostat sections (20 µm) were prepared and stored at -80°C until use. Sections 
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were permeabilized with 0.25% TritonX-100 for 10 min and blocked with MOM block 

reagent (Vector laboratories) for 1 hour at room temperature (RT). Sections were 

incubated with primary antibodies for 2 hours at RT or overnight at 4°C. Sections were 

then incubated in species appropriate secondary antibodies and Hoechst for 15 min at 

room temperature. The following primary antibodies were used: rabbit anti-CC3 

(diluted 1:200; Cell Signaling), rabbit anti-Tbr2 (1:1,000; Abcam), rabbit anti-Pax6 

(1:1,000; Millipore); mouse anti-TuJ1 (1:400; Covance). The following secondary 

antibodies were used: Alex Fluor 488 and Alex Fluor 594 (1:200; Invitrogen). Hoechst 

(Thermo Fisher Scientific) was used for nucleus counterstain. High magnification images 

were captured using a Zeiss Axio Observer Z.1 microscope coupled with an apotome. 

Cortical thickness was measured with Zen software. Cell quantification was performed 

with ImageJ. Three sections from anatomically comparable regions per embryo and 

three biological replicates from control (wildtype) and mutant alleles (Casc3Null/+, 

Casc3RRU345/+ , Casc3RRU345, and Casc3Null/RRU345 ) measured/quantified. 

 

A.3.5 Prenatal and postnatal viability test 

Yolk sac from embryos and ear clips from P12 animals were collected for 

genomic DNA preparation. Genotypes was carried out as aforementioned. Chi-square 

test was carried out to determine the viability. 
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Appendix B 

Table 4: Alternative splicing events identified in all three EJC mutants. 

 
Abbreviation: SE: skipping exon, A3SS: 3’ splicing site, A5SS: 5’ splicing site, RI: 

Retained Intron 
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