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Abstract 

The exon junction complex (EJC) is comprised of three core components: 

MAGOH, RBM8A, and EIF4A3. The EJC is canonically known to regulate many aspects 

of RNA metabolism as well as function in mitosis. Previous work on the EJC has 

primarily focused on functions for the EJC as a complex, and thus independent roles for 

EJC components are lacking. It was also recently discovered that EIF4A3 is the 

causative gene in Richieri-Costa-Pereira Syndrome (RCPS), a craniofacial disease 

primarily characterized by a severely undersized mandible.  

We used two systems to examine EIF4A3 function. First, HeLa cells allowed for 

dissection of EJC complex requirements. We depleted EIF4A3, MAGOH, or RBM8A and 

saw that MAGOH and RBM8A protein levels are interdependent, while EIF4A3 levels 

are independent. We next used point mutant constructs that disrupt EJC core formation 

to assay EJC complex requirements during mitosis. Constructs that disrupt MAGOH-

RBM8A from interacting with EIF4A3 were able to rescue prometaphase arrest, 

suggesting they may regulate mitosis independently. Further, localization studies show 

that during mitosis MAGOH and RBM8A localize pericentrosomally whereas EIF4A3 is 

more expanded across microtubules. Biochemistry studies reveal that EIF4A3 is able to 

bind to microtubules in the absence of other EJC components or RNA. We also found 

that overexpression of EIF4A3 results in telophase arrest, suggesting that EIF4A3 

dosage is important throughout mitosis.  

We next used mouse models to examine the developmental requirements of 

Eif4a3 both ubiquitously and in the neural crest. We show that heterozygous loss of 

Eif4a3 at early embryonic ages results in disrupted mandibular arch fusion. These 
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defects later manifest as severe craniofacial abnormalities and loss of adult mandibular 

structures. Examination of the skeletons of these embryos shows premature ossification 

of the clavicle. Parallel studies in patient-derived iPSCs show that neural crest cells are 

less able to migrate and when pushed down an osteogenic lineage, they prematurely 

differentiate into bone. The craniofacial phenotypes seen in Eif4a3 mutant mice are also 

distinct from other EJC mutants. 

From these data we conclude that EIF4A3 has EJC-independent functions in 

mitosis, microtubule interaction, and neural crest development. Future studies that 

disentangle EJC-dependent and independent functions will allow for a more thorough 

understanding of how these proteins work at the molecular level and in human disease. 
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1. The exon junction complex (EJC)  

Discovery of the core EJC 

 

Figure 1: Schematic of canonical EJC function. Core EJC components are depicted 
as a blue circle (M, MAGOH), purple circle (R, RBM8A), and red bean shape (E, 

EIF4A3). All accessory components are labelled in the figure keys. RNA is labelled with 
exons in orange and introns as black lines. Nuclear pores are purple triangles. 
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 The EJC is an RNA binding complex that has been implicated in many different 

roles of RNA metabolism (Fig. 1). Much of the early work in understanding EJC 

components was performed utilizing Drosophila oocyte development. In 1997, the first of 

the EJC components, mago nashi (MAGOH in human and mouse) was discovered. In 

the fly oocyte, there is essential coordination of signaling between the oocyte and 

somatic follicle cells that determine both the anterior-posterior, and dorso-ventral axes. 

Gurken protein is made by the oocyte to induce posterior fate in the follicle cells. 

Subsequently, signaling from the follicle cells triggers the formation of an anterior 

microtubule array that then functions to coordinate the trafficking of gurken mRNA and 

nuclear movement from the posterior to dorsal anterior of the oocyte, bicoid mRNA to 

the anterior pole, and oskar to the posterior pole. There is then a second gurken 

signaling event that results in the polarization of the dorsal-ventral axis1. Mago nashi was 

first shown to be required for the proper localization of many maternal RNA components 

including oskar mRNA to the posterior pole of the developing oocyte. Loss of Magoh in 

this context results in zygotic lethality in nearly all embryos. In the embryos that were 

viable there was a loss of abdominal segmentation and embryonic asymmetry2,3. 

Subsequent studies showed that rather than developing an asymmetric microtubule 

structure to direct these critical mRNAs, Mago nashi mutants had a symmetric 

cytoskeleton and thus mislocalization of the oocyte nucleus, oskar, gurken, and bicoid 

which ultimately created a mirror image embryo4,5. After its identification as a Mago 

nashi binding partner, Rbm8a (Y14) was also shown to be critical for the localization of 

oskar mRNA to the posterior pole in flies5,6. 

Barentsz (Casc3) was identified as another gene required for proper oskar 

localization and polarization of Drosophila oocytes7. It was also known that in 
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Drosophila, Barentsz localization itself was dependent on Mago nashi and Y14. 

However, initial studies could find no physical link between Barentsz and Mago nashi-

Y14 until it was uncovered that Eif4a3 was also part of this polarizing complex in flies. 

Eif4a3 binds to Casc3 and Magoh-Rbm8a, therefore providing the physical tether 

between these trans-acting RNA regulatory factors. Both the loss of Eif4a3 or Barentsz 

resulted in mislocalization of oskar, but the effect was more penetrant when the two 

were combined8. These early papers were the first to implicate the EJC in proper 

subcellular localization of mRNAs (Fig. 1).  

The earliest studies that identified Magoh and Rbm8a in mammalian cells 

demonstrated that these proteins are both serum-inducible. NIH-3T3 (fibroblast) cells 

were synchronized through serum starvation, and MAGOH and RBM8A levels were 

quantified as cells exited G0/G1 and entered the cell cycle. Expression of MAGOH and 

RBM8A was highest during G2/M, and lowest before serum induction. This was the 

earliest data to suggest that core EJC proteins could be important during cell cycle and 

potentially mitosis5,9.  

EIF4A3 was identified as an EJC component in mammalian cells when it was 

shown to be part of a large protein complex that was being deposited onto mRNAs 

approximately 20-24 nucleotides upstream of exon-exon junctions. Unlike its closest 

protein relative (the EIF4A family of proteins, approx. 70% identical at the protein level), 

EIF4A3 exhibits nuclear localization, rather than cytoplasmic and was shown to interact 

with MAGOH and RBM8A purified proteins10.  The paper describing the role of EIF4A3 in 

mammalian cells came out a mere nine days before the Palacios et al. paper showing 

Eif4a3 was part of the EJC in flies8. Together, they demonstrated that EIF4A3 interacts 
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with core components MAGOH and RBM8A, has similar roles in fly and mammalian 

RNA metabolism, and acts uniquely from its known protein family (Fig. 1). 

 

EJC structure 

Structurally, it was unknown how these proteins were coming together to bind 

RNAs. This was uncovered after RBM8A was the first of the core components to be 

recognized as part of a large ribonucleoprotein complex that was RNase protective 

approximately 22 nucleotides upstream of exon-exon junctions11. MAGOH was 

subsequently identified as part of this complex because of its tight association with 

RBM8A and deposition onto RNAs post-splicing12. EIF4A3 was also shown to assemble 

upstream of exon-exon boundaries10. All three of these proteins were shown to shuttle 

between the nucleus and cytoplasm with their RNA cargo. Structural studies of the EJC 

revealed that MAGOH and RBM8A form a tight heterodimer, effectively blocking the 

RNA recognition motif in RBM8A. These studies were confirmed when it was 

demonstrated that purified RBM8A is able to bind RNA in vitro, however, if both MAGOH 

and RBM8A are incubated with RNA, RBM8A is no longer able to bind13. Their binding is 

mediated by hydrophobic interactions and it is thought to be obligate13-16. EIF4A3 

contains a DEAD-box domain that binds to both ATP and RNA. The MAGOH-RBM8A 

heterodimer interacts with EIF4A3, stabilizing the interaction with the RNA, yet does not 

inhibit hydrolysis of ATP17. Instead, the heterodimer prevents the release of ADP+P and 

the RNA from the DEAD pocket. CASC3 is also able to interact with the RNA and 

EIF4A3 which helps to stabilize the EIF4A3-RNA interaction further, after RNA export 

(Fig. 1)15. Together, the EJC functions as a mark of nuclear history that provides 

information for downstream RNA processing. 
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Accessory EJC components and their function in RNA metabolism 

The EJC interacts with RNA export proteins REF and TAP to help enhance 

translocation of mRNAs from the nucleus outside to the cytoplasm11. Following this, 

mRNAs are subject to a host of quality control mechanisms in including nonsense 

mediated decay (NMD), an RNA surveillance mechanism that surveys mRNA to look for 

premature translation termination codons (PTCs). The UPF family of proteins were the 

first identified to function in mRNA degradation in yeast, with highly conserved 

orthologues in humans (UPF1, 2, 3a, and 3b)18. These proteins interact with each other 

and translation release factors. Artificial tethering of these proteins downstream of the 

stop codon results in degradation of the transcript19,20. RBM8A was the first core 

component shown to interact with UPF3B, ultimately providing the connection between 

splicing (when the EJC is deposited onto transcripts) and NMD (Fig. 1)20,21. There is a 

very specific hierarchy of deposition that allows for NMD: first spliceosome machinery 

deposits the EJC upstream of exon-exon junctions, spliceosome machinery is then 

released which allows for association of accessory components UPF3B and CASC3. 

UPF3B and CASC3 then mediate the interaction between the EJC and UPF1 which 

triggers NMD if there is a PTC present. Interestingly, NMD can work through the EJC as 

just described, or independently through RNPS1 and UPF2, independent of EJC 

deposition and interaction. Ultimately, both pathways converge on activated UPF1 to 

mediate degradation of aberrantly processed mRNAs21-24. 

It was well known that RNA processing, in particular splicing events, lead to more 

efficient downstream translation25. The EJC was implicated in this process after it was 

shown that artificially tethering of MAGOH, RBM8A, UPF1, UPF2, or UPF3B to an RNA 

reporter containing no introns results in an increase of its translation26. Partner of Y14 
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and MAGOH (PYM, WIBG) has been shown to bind the MAGOH-RBM8A heterodimer27. 

This interaction disallows EIF4A3 from binding the core complex, and overexpression of 

PYM is sufficient to disassemble EIF4A3 from the heterodimer28. PYM additionally acts 

as the physical link between the MAGOH-RBM8A and the 48S pre-initiation complex to 

help enhance translation27. Interactions with PYM are important for the removal and 

recycling of EJCs off of RNAs that have been fully processed back into the nucleus (Fig. 

1)28,29. 

Historically, the EJC is thought to have a sequence-independent yet canonical 

RNA deposition 20-24 nucleotides upstream of exon-exon junctions. More recently, 

however, genome-wide studies have enabled researchers to gain deeper insight into the 

global positioning of the EJC. It was known that EJC deposition is coincident with 

splicing, however, the first role for EJC in directly regulating splicing was not discovered 

until 2010. Two back-to-back papers demonstrated the EJC is required for intron 

definition for the MAP kinase transcript in Drosophila, which contains especially long 

introns (up to 25kB versus an average of 1.4kB)30,31. Interestingly, Magoh, Rbm8a, and 

Eif4a3 had this effect on splicing while accessory component Casc3 did not30,31. A more 

recent study in mammalian cell implicates RBM8A, EIF4A3, and CASC3 in a wider array 

of splicing events, suggesting there may be some differences compared with flies. 

Additionally, it was found that the splicing changes in mammalian cells affect the rate of 

translation elongation, again strengthening the links between EJC, splicing, and 

translation32.  

Although the simplistic view of EJC deposition posited that all intron containing 

transcripts would have EJCs, recent cross-linking RNA immunoprecipitation studies 

coupled with deep sequencing revealed EJCs do not constitutively bind to all exon-exon 
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junctions but rather to a large subset of them33,34. The specific, rather than global, nature 

of both deposition and splicing events suggests that EJC-mediated RNA metabolism 

events are more highly regulated than previously thought. Additionally, examination of all 

four known RNA binding proteins within the core and peripheral EJC: EIF4A3, CASC3, 

RNPS1, and UPF3B, found that there are vastly different RNA binding signatures for 

each protein. CASC3 emerged as the only “bona-fide” canonical EJC site binding 

protein, binding almost exclusively 20-24 nucleotides upstream of exon-exon junctions. 

The others were found scattered across RNAs suggestive of non-canonical EJC 

functions35.  

 

Evolutionary conservation of EJC components 

Evolutionary conservation implies importance for survival and fitness. MAGOH, 

RBM8A, and EIF4A3 are all highly conserved. In S. pombe, all three core components 

are present and highly conserved at the protein level by sequence (similarity, EIF4A3-

90%, MAGOH-91%, RBM8A-85.5%, please see Appendix A). All three proteins are 

expressed highly in cycling S. pombe with a significant drop off during quiescence, 

similar to mammalian cells. After loss of Magoh or Rbm8a cells are still viable. 

Conversely, loss of Eif4a3 in S. pombe results in decreased mating efficiency, altered 

cell shape (elongation), and abnormal mitotic cell cycle36.  

EIF4A3 is the only core protein with a homolog in S. cerevisiae. One potential 

explanation for why the EJC is present in S. pombe (~43% of genes contain introns) is 

that S. pombe undergoes NMD, while S. cerevisiae (~4% of genes with introns) does 

not37. Since NMD is triggered by EJC position in mammalian cells it was postulated this 

could also be true in some yeasts. It was tested by Wen and Brogna by generating a 
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deletion strain of S. pombe for MAGOH but they saw that this did not affect splicing-

dependent NMD rates in these cells37. They could not make stable EIF4A3 lines since 

there is a cell viability defect, and didn’t generate RBM8A strains since it missing a large 

portion of the N-terminal domain (Appendix A)37. This suggests that the roles of EJC 

proteins in mammalian cells are not necessarily the same in more ancient eukaryotic 

species, although it would be good to test all three orthologs in this role.   

In S. cerevisiae there is an EIF4A3 ortholog that is over 77% identical to 

mammalian EIF4A3 (Fal1p, Appendix A). Null mutations in Fal1p result in lethality, 

primarily due to alternations in 18S rRNA biogenesis. Reintroduction of mammalian 

EIF4A3 was able to rescue defects in S. cerevisiae suggesting these two orthologs are 

functionally equivalent38.   

 

The role of EJC components in mitosis 

During mitosis, the cell undergoes a dramatic transformation that requires the 

breakdown of the nuclear envelope and the building of a mitotic spindle, which is 

primarily composed of microtubules. Spindle orientation, mitotic progression, and DNA 

segregation are dependent in the formation of a sturdy yet dynamic mitotic spindle. 

Microtubules are dynamic protein polymers that perform many functions during both 

mitosis and interphase. Because of the diverse roles microtubules play in the cell, there 

is a large host of microtubule-associated proteins that function to regulate the 

microtubule cytoskeleton in broad ways39.  

During mitosis there are three main subsets of microtubules that comprise the 

spindle. Kinetochore microtubules (K-fibers) emanate from the centrosome and connect 

to the centromeres of condensed chromosomes. K-fiber connection is an essential step 
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to the spindle assembly checkpoint; failure to secure this connection results in mitotic 

arrest. The second set of microtubules extends from the centrosome to the cell cortex 

and are thus called astrals due to their star-like assembly. Astral microtubules are 

essential for spindle orientation. Interpolar microtubules are the final set, acting as 

overlapping structural elements that interact with each other via motor proteins and help 

to generate the force required for centrosomal separation. The centrosome acts as a 

microtubule organizing center. At the centrosome, microtubules root their minus ends 

and grow outward in a plus-directed manner39. 

 

Figure 2: The steps of mitosis.  
Centrosomes labeled in green, microtubules are in red, condensed DNA in blue. 
Midzone proteins of the cytokinetic furrow are labelled in yellow. Cortical actin is 

represented with black lines. The black dotted box shown in telophase shows the area 
that was zoomed in on for late cytokinesis panels.  

 

Mitosis is a process made up of discrete steps (depicted in Fig. 2). After DNA 

condensation and nuclear envelope breakdown, prometaphase occurs. Here, the 
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centrosomes begin to organize arrays of microtubules to reach out and interact with the 

chromosomes via their centromere as well as out to the actin-rich cell cortex. Once 

connection between DNA and spindle has been established, forces made by motor 

proteins (for example EG5) begin to push and pull the centrosomes apart from one 

another. Because each chromosome pair is attached to both centrosomes, these forces 

align chromosomes into a metaphase plate. At this time point astral microtubules 

coordinate with the cell cortex to align the spindle. Further force pulls apart the 

metaphase plate, partitioning an equal amount of DNA into each daughter cell. At 

anaphase, the actomyosin contractile ring begins to form as midzone proteins aggregate 

between the two forming daughter cells. There is ingression of the cleavage furrow, 

which condenses microtubules to form an intercellular bridge and midbody (featured in 

dotted black line square Fig. 2). Abscission is the process by which the two daughter 

cells are completely separated (Fig. 2).   

Our lab previously uncovered roles for core EJC components MAGOH, RBM8A, 

and EIF4A3 in mitosis. In the embryonic mouse brain, loss of Magoh, Rbm8a, or Eif4a3 

results in an increased mitotic index and smaller brain size40-42. Magoh mice also have 

pigmentation defects due to the mitotic arrest of melanoblasts during embryonic 

development43. Mouse embryonic fibroblasts (MEFs) derived from Magoh heterozygous 

mutants in culture have a much longer doubling time than controls, likely due to mitotic 

arrest as well as premature senescence43. MEFs derived from Eif4a3 heterozygous 

mutants also have growth defects and undergo dramatic apoptosis (Fig. 3).  
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Figure 3: Eif4a3 mutant MEFs show severe growth defects.  
100,000 cells were seeded at Day 0 then collected 48h later then total number was 

quantified. A ratio of cells was calculated by normalizing total counts to initial seeding 
density after being set to 1. *, P<0.05 

 

Additionally, knockdown of any three of the core EJC components in HeLa cells results 

in mitotic arrest42. Despite mounting evidence for MAGOH, RBM8A, and EIF4A3 being 

critical for the regulation of mitosis, it was unknown when I began my thesis whether 

these components are working as a complex or as independent proteins. 
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2. EIF4A3 associates with the microtubule cytoskeleton 

and regulates mitosis independently of the EJC 

Because of the known roles for the EJC in mitosis, my thesis sought to better 

understand how EJC components regulate cell division. Particularly, whether mitotic 

regulation is performed together as a complex or independent of EJC formation. We 

focused on EIF4A3 for these studies and uncovered roles for it in microtubule 

cytoskeleton interaction and mitosis. This work was done in collaboration with Dr. Aussie 

Suzuki from Dr. Ted Salmon’s Lab at UNC Chapel Hill.  

 

2.1 EIF4A3 exists independently of the MAGOH-RBM8A 

heterodimer 

To better understand the relationship between components of the EJC, we asked 

whether loss of one core component affected the levels of the others. We have 

previously shown that in HeLa cells, knockdown of MAGOH, RBM8A, or EIF4A3 results 

in mitotic arrest. Knockdown of each core component was performed and lysates were 

collected after both 24h and 48h. Westerns were then run and probed for core EJC 

components (Figs. 4A, B). 
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Figure 4: EJC knockdown shows that EIF4A3 is able to exist independent of other 
core components. (A, B) Western blots against EJC proteins (indicated on the left) in 

lysates from cells treated for 24h (A) or 48h (B) with indicated siRNAs (top). (C, D) 
Densitometry for indicated EJC protein levels in siRNA-treated cells at 24h (C) and 48h 

(D). Levels were normalized to scrambled control (dotted line) and α-TUBULIN as a 
loading control. (E) Quantification of the fraction of G2/M cells as assessed by propidium 

iodide/FACs analysis at 24h and 48h post siRNA knockdown. (F) Western blots 
depicting FLAG IPs of Eif4a3-WT and Magoh-WT transfected cells were probed with 

MAGOH or EIF4A3 antibodies. Error bars, SD. *, Densitometry P<0.05; monopolars and 
propidium iodide P<0.0083, Bonferroni correction. All comparisons not indicated were 

not significant. Gray dots represent the value seen for each independent replicate. 
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At 24h, we saw a substantial loss of all three core EJC components. MAGOH 

protein levels were reduced to approximately 50% at this time point, this led to a 50% 

depletion of RBM8A levels. Following RBM8A knockdown, RBM8A levels were reduced 

almost 70% at 24h, with an apparent loss of almost 50% of MAGOH protein (Figs. 4A, 

C). This suggests that MAGOH and RBM8A levels are interdependent, as knockdown of 

one results in the depletion of the other. EIF4A3 levels are reduced to approximately 

40% at 24h, without reduction of either MAGOH or RBM8A levels. Additionally, loss of 

MAGOH or RBM8A does not seem to affect total EIF4A3 levels.  

At 48h, the same knockdowns were performed and a similar pattern emerged. 

Both MAGOH and RBM8A levels were reduced to similar levels (approximately 50%) 

after either MAGOH or RBM8A knockdown (Figs. 4B, D). It has been previously 

suggested that MAGOH and RBM8A function as an obligate heterodimer and this is 

likely the cause of their interdependency16,32,44. EIF4A3 knockdown at 48h was very 

efficient, resulting in an approximately 90% reduction of original protein. Despite the 

severity of the EIF4A3 knockdown, there was still no significant effect on the levels of 

MAGOH or RBM8A protein levels (Figs. 4B, D). This again suggests that there is an 

interdependent relationship between MAGOH and RBM8A, while EIF4A3 seems to not 

have a role in this relationship. Importantly, after MAGOH and RBM8A knockdown there 

was no significant effect on EIF4A3 protein levels. All together, these data further 

suggest EIF4A3 is able to exist stably and independent of other core EJC components. 

We used propidium iodide to assay mitotic progression. This is a cellular dye 

which marks cells in G2/M based on DNA content. At 24h, propidium iodide counts were 

not significantly changed for any of the EJC knockdown conditions, suggesting at this 

time point there was no mitotic arrest (Fig. 4E). Looking at 24h lessens the concern that 
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any effect on EJC protein level could be due to prolonged mitotic arrest, which one 

would predict would have an effect on the translation rate of many proteins. At 48h, there 

was significant mitotic arrest, as has previously been shown by our lab (Fig.4E)42. 

Together, this suggests that EIF4A3 is able to exist outside the EJC independent of 

mitotic status.  

To further examine the relationship between these core proteins, we examined 

their interactions with one another by performing immunoprecipitations (IPs). Cells were 

transfected with either 3xFLAG-Eif4a3-wildtype (Eif4a3-WT) or 3xFLAG-Magoh-WT 

(Magoh-WT) and FLAG IPs were performed. After Magoh-WT pull-down there was 

abundant EIF4A3 endogenous protein associated (Fig. 4F). However, in Eif4a3-WT co-

IPs, there was little endogenous MAGOH present. Despite much of the EJC literature 

suggesting there is a tight three-protein core formed between MAGOH, RBM8A, and 

EIF4A3, a less strict relationship between EIF4A3 and the heterodimer has been noted 

before. Diem et al. suggested that only trace amounts of EIF4A3 are associated with the 

core complex10,27. Additionally, large scale proteomics studies by Singh et al. show that 

while MAGOH and RBM8A are tightly associated and interact with EIF4A3, IP of EIF4A3 

did not show a high interaction with MAGOH and RBM8A45. Most studies which 

implicated EIF4A3 as a member of the EJC were performed in vitro with purified 

proteins, or with high overexpression of both MAGOH and EIF4A311,21,22. Together with 

our data, this indicates that while EIF4A3 is capable of binding the MAGOH-RBM8A 

heterodimer, it seems to have a high abundance of unassociated protein in cells. 

To better explore how this relationship was possible, we looked at the total 

abundance of MAGOH, RBM8A, and EIF4A3 in HeLa cells. HeLa cells have long been 

used as a laboratory tool, thus we utilized ProteomicsDB, a database that collects large-
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scale, quantitative proteomics datasets and combines them to look at median expression 

of proteins across many cell types and tissues in a uniform way46.  

 

 

Figure 5: EIF4A3, MAGOH, and RBM8A levels in HeLa cells and neural stem cells. 
Relative protein abundance (linearized) in both HeLa cells (A) and the developing brain 

(B) show EIF4A3 levels are much higher than MAGOH and RBM8A. 
HeLa data courtesy of proteomicsdb.org, neural stem cell data is courtesy of Hanqian 

Mao and the Duke Proteomics Facility.    
 

Using this database allowed us to see that EIF4A3 had a median log10 normalized 

intensity-based absolute quantification (iBAQ) of 6.65 in HeLa cells. Conversely, 

MAGOH had a value of 5.32 and RBM8A had a value of 6.25. This suggests that 

EIF4A3 is more than 20-fold more highly expressed than MAGOH and over 2.5-fold 

higher than RBM8A expression (Fig. 5A). A similar pattern held true in the developing 

mouse cortex. Brain samples were collected and submitted for quantitative proteomics. 

Similar to what was seen in HeLa culture, EIf4a3 was significantly more abundant than 

Magoh and Rbm8a (Fig 2B). These data support that an abundance of EIF4A3 may 

exist in an EJC unbound state. These abundances can vary between different cell types 
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and tissues, but for the cells of most interest to our lab, EIF4A3 was found to be most 

abundant. These data opened up the possibility for core EJC components to function 

independently. 

 

2.2 EIF4A3 and the MAGOH-RBM8A heterodimer regulate mitosis 

independently 

 We next wanted to ask if there were independent roles for individual EJC 

components. Loss of any of the three core EJC components results in a mitosis defect, 

we thus used our established monopolar and propidium iodide assays to interrogate this 

question. A panel of point mutant constructs that disrupt specific core EJC interactions 

had previously been designed21,22. Combining these two experimental paradigms 

allowed us to gain a better understanding of core EJC complex requirements during 

mitosis.  
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Figure 6 Requirement of MAGOH-RBM8A heterodimer and EIF4A3 
interaction for mitosis. (A) Schematics showing normal EJC formation (top) and EJC 
formation following expression of MAGOH-41/42 (bottom). Black circle represents the 

point mutations and black lines represent the 3xFLAG tags. M=MAGOH in blue, 
R=RBM8A in purple, E=EIF4A3 in red. (B) Western blots depicting FLAG IPs of Magoh-

WT and Magoh-41/42 transfected cells probed with MAGOH, RBM8A, and EIF4A3 
antibodies. (C) Confocal images depicting EIF4A3 siRNA treated mitotic cells stained for 

α- and γ-TUBULIN to demarcate microtubules and centrosomes, respectively. (D, E) 
Quantification of the fraction of all mitotic cells which exhibit monopolar spindles (D) or 
are in G2/M (E) for each of the indicated rescue conditions. At least six independent 

experiments were performed for each condition, with a minimum of 100 cells counted for 
each monopolar experiment. (F) For each experiment, lysates were collected for all 

rescue conditions to ensure appropriate knockdown of endogenous proteins and 
expression of constructs. Representative western blots showing scrambled and MAGOH 

knockdown lysates, rescue lysates with either Magoh-WT or Magoh-41/42, and 
overexpression samples with Magoh-WT and Magoh-41/42. Westerns were probed with 

antibodies to MAGOH and ACTIN for a loading control. Error bars, SD. *, p<0.003, 
Bonferroni correction. All comparisons not indicated were not significant. Scale bar, 5µM. 
Gray dots throughout figure 6 represent the value seen for each independent replicate. 
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 First, we used 3xFLAG-Magoh-41/42 (Magoh-41/42) which contains two 

mutations that enable Magoh to interact with RBM8A, but prevents its binding to EIF4A3 

(Fig. 6A)21,22. In order to perform rescue experiments in human cells, we generated 

these mutations on a mouse DNA backbone, which is 100% identical at the protein level 

to human MAGOH, but siRNA resistant. Co-IPs demonstrated our mouse constructs 

behaved as expected, with Magoh-WT interacting with both RBM8A and EIF4A3, while 

Magoh-41/42 interacted only with RBM8A (Fig. 6B). To assess the impact of disrupting 

EIF4A3-EJC interactions upon mitosis, we quantified the fraction of cells with monopolar 

spindles (Figs. 6C, D). As an additional way to measure mitotic index, we utilized 

propidium iodide and FACs analysis to look at the fraction of cells in G2/M (Fig 6E).  As 

expected, MAGOH depletion of approximately 50% resulted in an increased of mitotic 

arrest, and introduction of Magoh-WT to near endogenous levels rescued these defects 

(Fig. 6D-F). Surprisingly, Magoh-41/42 expression was also sufficient to rescue mitosis 

defects. As a control, neither Magoh-WT nor Magoh-41/42 caused overt mitosis defects 

(Figs 6D-F). The simplest explanation for this is that the MAGOH-RBM8A heterodimer 

and EIF4A3 regulate mitosis separately.  

To further test this idea, we next utilized another point mutant construct that 

again enabled us to ask whether EJC acts together or separately during mitosis.  First, 

we again made constructs with mouse DNA and re-generated Eif4a3-401/402 as was 

originally characterized by Gehring et al.21,22 which has point mutations in Eif4a3 that 

disallow interaction with the MAGOH-RBM8A heterodimer (Fig. 7A).  
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Figure 7: Eif4a3-401/402 constructs are able to rescue EIF4A3 mitosis 
defects. (A) Schematic showing point mutations in EIf4a3-401/402 constructs (black 

circles) and how it affects complex formation between the MAGOH (blue)-RBM8A 
(purple) heterodimer and EIF4A3 (red). (B) Monopolar and (C) propidium iodide 

quantifications for each of the knockdown or rescue conditions. (D) Representative 
western showing EIF4A3 knockdown efficiency and expression of the rescue constructs. 

(E) Representative western showing IPs of the Eif4a3-WT and Eif4a3-401/402 
constructs. Error bars, SD. *, p<0.003, Bonferroni correction. All comparisons not 

indicated were not significant.  
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We next performed rescue experiments by knocking down endogenous EIF4A3 and re-

introducing either Eif4a3-WT or Eif4a3-401/402 (Figs. 7B-D). After the reintroduction of 

Eif4a3-WT there was a significant rescue of monopolar spindle formation and G2/M 

arrest (Figs. 7B, C). The same was true after rescue with Eif4a3-401/402, however, this 

rescue condition was also significantly different than the control knockdown in our 

monopolar assays (Fig. 7B). This difference was not detectable by propidium iodide (Fig. 

7C). Rescue by Eif4a3-401/402 can thus be classified as a strong, but partial rescue of 

mitosis by our mutant construct. We hypothesize that Eif4a3-401/402 rescue is only 

partial in part because EIF4A3 endogenous knockdown is much more efficient than 

MAGOH knockdown (Figs. 4A-D). Additionally, cells rescued with Eif4a3-401/402 did 

show decreased cell viability, again likely because of the extent of endogenous Eif4a3 

knockdown. We do not believe there is a dominant negative effect of either Eif4a3-WT or 

Eif4a3-401/402 because overexpression of either at the near endogenous levels used 

for rescue did not cause an increase in mitosis defects or death (Figs. 7B-D). An 

additional caveat of this point mutant is that we were unable to verify the inability of 

Eif4a3-401/402 to bind to MAGOH-RBM8A, simply because our Eif4a3-WT construct 

was unable to consistently IP MAGOH-RBM8A (Fig. 7E). Thus, there was no sufficient 

control for us to compare affinities. However, these data are consistent with the notion 

that EIF4A3 and MAGOH-RBM8A function independently to regulate mitosis.  
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Figure 8: PYM overexpression does not induce mitosis defects.  
(A) Representative western showing overexpression of our 3xFLAG-PYM construct. (B) 

Monopolar and (C) propidium iodide quantifications following PYM overexpression.  
 

We next generated constructs that allowed us to ectopically overexpress PYM. It 

was previously shown that because of PYM’s affinity for the MAGOH-RBM8A 

heterodimer, overexpression causes sequestration of MAGOH-RBM8A from EIF4A3 and 

core EJC functions like NMD28. We generated a construct to overexpress a FLAG-

tagged version of PYM (Fig. 8A) and this also did not cause an increase in mitosis 

defects by monopolar or propidium iodide assays (Figs. 8B, C). Again, we had difficulties 

validating this experimental paradigm. It was impossible for us to detect differences in 

interaction between the MAGOH-RBM8A heterodimer and EIF4A3 because we do not 

have antibodies that sufficiently IP endogenous EJC proteins. So while suggestive of the 

idea that MAGOH-RBM8A and EIF4A3 interaction is not required for proper mitotic 

progression, it is not definitive.  
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Figure 9: MAGOH-RBM8A heterodimer formation is required for mitosis.  
(A) Schematic showing the point mutations present in Rbm8a-149/150 that disrupts EJC 

complex formation. (B) Representative western blot showing IPs for both Rbm8a-WT 
and Rbm8a-149/150. (C) Monopolar and (D) propidium iodide quantification for all 

knockdown and rescue conditions. (E) Representative western blot showing knockdown 
efficiency as well as levels of vector expression. Error bars, SD. *, P<0.05, All 

comparisons not indicated were not significant. 
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We also wanted to ask about the requirements for MAGOH-RBM8A formation 

mitosis. We again had point mutation constructs that were originally made by Gehring et 

al.21,22 that we re-made in mouse DNA in order to confer siRNA resistance. Rbm8a-

149/150 has two point mutations that disallow for interaction of the MAGOH-RBM8A 

heterodimer, which in turn doesn’t allow EIF4A3 to interact with these proteins (Fig. 9A). 

We confirmed these interactions by utilizing IP and showed that Rbm8a-WT interacts 

with MAGOH while Rbm8a-149/150 does not (Fig. 9B). We then asked if Rbm8a-WT or 

Rbm8a-149/150 was able to rescue mitosis defects in HeLa cells by knocking down 

RBM8A and again assaying for mitosis defects by counting monopolars and using 

propidium iodide assays. We saw that while Rbm8a-WT significantly rescued mitotic 

arrest, rescue with Rbm8a-149/150 was unable to reduce mitosis defects (Figs. 9C, D). 

Additionally, introduction of Rbm8a-149/150 itself in an overexpression fashion at near 

endogenous levels induced an increase in the number of monopolar cells, albeit at 

significantly lower levels than knockdown (Fig. 9C). A similar pattern held true with 

propidium iodide and FACs sorting, but this change after overexpression of Rbm8a-

149/150 was not seen (Fig. 9D). In these assays we were able to deplete endogenous 

RBM8A by ~50-70% and rescue with near endogenous levels of both proteins (Fig. 9E). 

When these western blots were probed by with MAGOH antibody, re-introduction of 

Rbm8a-WT was able to restore the MAGOH levels in cells. However, re-introduction of 

Rbm8a-149/150 did not restore MAGOH levels, furthering the notion that MAGOH-

RBM8A heterodimer formation is obligate for proper protein levels (Fig. 9E). 
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Figure 10: UPF depletion does not result in overt mitosis defects. 
(A-C) qPCR showing relative expression of (A) UPF1, (B) UPF2, and (C) UPF3B 

after transfection with either GFP or UPF shRNAs. (D) A representative western blot 
showing knock down efficiency of UPF2 and UPF3B shRNAs. (E) Quantification of 

mitosis using propidium iodide following UPF1, 2, or 3B knockdown. *, P<0.05 

 

As a way to test if downstream EJC function is required for mitosis, we focused 

on known EJC accessory proteins and NMD components: UPF1, UPF2, and UPF3B. 

First we identified shRNAs that deplete UPF proteins at either the RNA or protein level 

by utilizing qPCR for all three components (Figs. 10A-C), and western blot analysis for 

UPF2 and UPF3B (Fig. 10D). We then assayed if knockdown of these NMD proteins 

resulted in mitosis defects by utilizing propidium iodide and FACs analysis and saw no 

obvious mitosis defects (Fig. 10E). This was confirmed by the database Mitocheck, 
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which performed high throughput live imaging of mitosis in HeLa cells after knockdown 

of all available genes47. All together, these experiments help to suggest that canonical 

EJC function and formation is not required for mitotic progression.  

 

2.3 MAGOH, RBM8A, and EIF4A3 localize to the mitotic spindle 

We next asked if EIF4A3 exhibits similar sub-cellular localization as MAGOH and 

RBM8A in mitotic cells. We examined MAGOH, RBM8A, and EIF4A3 subcellular 

localization using immunofluorescence against endogenous proteins.  

 

Figure 11: MAGOH, RBM8A, and EIF4A3 exhibit distinct sub-cellular 
localization during mitosis. (A-D) Confocal images depicting mitotic cells stained for 
MAGOH (A, red), RBM8A (B, red), EIF4A3 (C-D, red) and α-TUBULIN (A-D, green) in 

control (A-C) and EIF4A3-knockdown after 48h (D). Cells were fixed in either PFA (A, C-
D) or methanol (B). (E-H) Confocal images showing EIF4A3 colocalization (green) with 
α-TUBULIN (red) in control conditions (E), after treatment with nocodazole (F). Scale 

bars, 10 µM. Credit for panels A, C, D, E, and F, Aussie Suzuki. 
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During metaphase, MAGOH and RBM8A were primarily peri-centrosomal, a localization 

pattern previously reported by others using a different set of antibodies (Figs. 11A, B)44. 

In contrast, EIF4A3 localized both peri-centrosomally and along metaphase microtubules 

(Figs. 11C, D). This localization pattern was confirmed with three independent, 

commercially available antibodies and using two different fixation protocols. As a control 

for antibody specificity, mitotic localization was abolished upon EIF4A3 siRNA 

knockdown (Figs. 11C, D). This is also consistent with western blot analyses, in which a 

single band is detected in control samples but eliminated following EIF4A3 knockdown. 

We used microtubule destabilizing drug nocodazole to disassemble the mitotic spindle 

and see that this treatment abolished EIF4A3 localization to the spindle, further 

supporting extensive localization to the polymerized microtubules of the spindle by 

EIF4A3 (Figs. 11E, F). 
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Figure 12:  EIF4A3 localization during different cell cycle stages.  
(A) Confocal images depicting cells of indicated cell cycle stage and stained for 

EIF4A3 (red) and α-TUBULIN (green).  Scale bar, 10 µM. Credit, Aussie Suzuki 

 

 We next wanted to look at localization of EIF4A3 across mitosis (Fig. 2, Fig. 

12A). While EIF4A3 is initially very similar in localization to MAGOH and RBM8A, there 

are differences as mitosis progresses. During interphase, EIF4A3 is primarily nuclear. At 

late G2 we were able to observe EIF4A3 beginning to accumulate at the centrosomes. 

This localization persisted until metaphase where EIF4A3 was observed stretched along 

the length of the spindle microtubules. At telophase, after the nuclear envelope began to 

reform, EIF4A3 localized to the nucleus and midbody.  
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Figure 13: Endogenous EIF4A3 spindle localization is not diminished upon 
siRNA depletion of MAGOH or RBM8A.  

(A-E) Confocal images depicting co-localization of EIF4A3 (red) with α-TUBULIN 
(green) 48h after treatment with scrambled siRNA (A) MAGOH siRNA (B, C) and 

RBM8A siRNA (D, E). Cells exhibiting both monopolar and bipolar spindles are depicted. 
Independent knockdowns and subsequent analyses were performed simultaneously, 
and all images were at an identical exposure. Scale bar, 10 µM. Credit, Aussie Suzuki 

 

 We next asked if EIF4A3 localization to mitotic microtubules was dependent 

upon MAGOH or RBM8A. After knockdown of MAGOH or RBM8A, EIF4A3 still localized 

to mitotic microtubules of both bipolar and monopolar spindles (Fig. 13). Together, these 

results demonstrate that EIF4A3 localizes to mitotic microtubules in a pattern distinct 

from that of MAGOH and RBM8A and independent of core EJC proteins. This further 

supports the idea that EIF4A3 could have functions independent of MAGOH and 

RBM8A. 
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Figure 14: EIF4A3 and MAGOH localization during interphase.  
Colocalization of EIF4A3 (red) with α-TUBULIN (green) during interphase at 1x 

(A) and ~2.2x (B) zoom. White box in (A) outlines enlarged area in (B). (C-D) 
Colocalization of MAGOH (red) with α-TUBULIN (green) at 1x (C) and ~2.2X (D) zoom. 

White box shown in (C) represents enlarged area in (D). Scale bars, 10 µM. Credit: 
Aussie Suzuki 

 

We were also interested in more closely examining the localization of EIF4A3 

during interphase. To this end, we stained cells for EIF4A3, MAGOH, and α-TUBULIN to 

look at co-localization with the interphase microtubule cytoskeleton. Neither EIF4A3 nor 

MAGOH showed much overlap with α-TUBULIN (Figs. 14A-D). All together, these data 

suggest there is a relationship between EIF4A3 and microtubules, but that in cells, this 

relationship is primarily restricted to M phase. Interphase localization of EIF4A3 is further 

discussed in Appendix 2.  
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2.4 EIF4A3 sediments with microtubules in a MAGOH and RNA 

independent manner 

 

Figure 15: EIF4A3 co-sediments with microtubules in an RNA and MAGOH 
independent fashion.  
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(A) Schematic representing a microtubule co-sedimentation assay showing the 
supernatant (S, yellow), glycerol cushion (blue) and microtubule pellet (P, tan). (B) 

Representative western blot depicting lysates subjected to microtubule polymerization or 
depolymerization then subsequent co-sedimentation assay and western then probed for 

EIF4A3 and α-TUBULIN. Each lane includes the entire pellet, 1/3 of supernatant, and 
1/10 of total lysate for input. Densitometry measurements from n=3 experiments 

represented here by gray dots. Errors bars, SD. (D) 1% DEPC agarose gel showing 
rRNA from samples either mock treated or treated with RNaseA to degrade single 

stranded RNAs. (E) Representative western blots depicting mock and RNase treated 
lysates subjected to microtubule polymerization and co-sedimentation, probed for 

EIF4A3 and α-TUBULIN. (F) Densitometry measurements of EIF4A3 levels from n=5 
experiments. (G) Representative western blots depicting scrambled or MAGOH-siRNA 
treated lysates after 48h subjected to microtubule polymerization and co-sedimentation, 

probed for MAGOH, EIF4A3, and α-TUBULIN antibodies. (H) Densitometry 
measurements for EIF4A3 levels from n=7 experiments. (I) Western blot depicting 

scrambled and EIF4A3 knockdown lysates after 48h subjected to microtubule 
polymerization and co-sedimentation, probed for EIF4A3 and α-TUBULIN. In EIF4A3 

knockdown lysates no EIF4A3 was detectable in the α-TUBULIN microtubule enriched 
pellet. Representative of n=4 experiments. (J) Representative western blots showing 
3xFLAG-EIF4A3-WT and 3xFLAG-MAGOH-WT lysates that were sedimented and 

probed for FLAG (to show exogenous EIF4A3), MAGOH (to show both exogenous and 
endogenous MAGOH), and α-TUBULIN. Representative of n=2 experiments. Error bars, 

SD. Gray dots represent the values seen for each independent replicate of the 
experiment. 

 

Given these localization patterns, we predicted that EIF4A3 associates with 

microtubules. To test this, we performed microtubule co-sedimentation assays using 

HeLa cell lysates. Microtubules in lysates were allowed to polymerize in the presence of 

the microtubule stabilizing drug taxol and were ultracentrifuged onto a glycerol cushion 

to sediment the polymerized microtubule pellet (Fig. 15A) Intriguingly, EIF4A3 within 

these lysates consistently sedimented with these microtubules (Figs. 15B-H). We utilized 

HeLa cells that had been treated with microtubule depolymerizing agent nocodazole 

prior to performing microtubule sedimentations in order to determine if EIF4A3 

associated with polymerized microtubules. Treatment with nocodazole resulted in a 
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drastic reduction of both the α-TUBULIN and EIF4A3 signal in the cytoskeletal pellet 

(Fig. 15B, C). This suggests that EIF4A3 sediments with polymerized microtubules. 

Because EIF4A3 is an RNA binding protein, we next asked if RNA cargo and 

interactions with other RNA binding proteins were necessary for EIF4A3 to co-sediment 

with microtubules. To this end, we treated HeLa cell lysates with RNaseA to degrade 

single stranded RNA (Fig. 15D). Co-sedimentation assays using RNA-depleted lysates 

showed an enrichment of EIF4A3 in the pellet to a similar extent in the presence or 

absence of RNase (Figs. 15E, F). This indicates that RNA cargoes, or association with 

larger ribonucleoprotein granule proteins, is not required for EIF4A3 to associate with 

microtubules.  

We also asked if MAGOH and RBM8A are required for EIF4A3 to bind 

microtubules. For this experiment, we performed co-sedimentation assays using lysates 

from MAGOH knockdown cells, which reduces both MAGOH and RBM8A levels (see 

Fig. 4). Consistent with the RNase experiments, MAGOH knockdown also did not 

diminish EIF4A3 co-sedimentation with microtubules (Figs. 15G, H). Moreover, MAGOH 

itself did not co-sediment with microtubules, providing further evidence that EIF4A3-

microtubule interactions are independent of MAGOH (Fig. 15G). Taken together with the 

localization analysis, these results suggest that EIF4A3 is able to interact with 

microtubules independent of its interaction with the core EJC.  

We wanted to control for the specificity of this interaction, so we performed 

microtubule sedimentation assays with EIF4A3 knockdown lysates. Although α-

TUBULIN was still apparent in the microtubule pellet, EIF4A3 was absent, both in the 

input and pellet (Fig. 15I), suggesting the band we see is specific to EIF4A3. We 

additionally wanted to test if an exogenously expressed EIF4A3 could interact with 
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microtubules. We transfected cells with Eif4a3-WT or Magoh-WT constructs and 

performed sedimentation assays with these lysates. We saw that Eif4a3-WT was 

abundant in the microtubule rich pellet, while both endogenous and exogenous MAGOH 

were present in the supernatant (Fig. 15J). Together, these suggest that EIF4A3 

specifically sediments with microtubules, while MAGOH does not and that this is likely 

an EJC independent property of EIF4A3. 

 

2.5 EIF4A3 interacts directly with microtubules 

 To test if this interaction between EIF4A3 and microtubules is direct or indirect, 

we performed sedimentation assays with purified GST-EIF4A3 and BSA (negative 

control) or polymerized microtubules.  
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Figure 16: GST-EIF4A3 preparations show relatively clean isolation of 
relevant protein.  (A) TGX technology (Biorad) allows for total protein to be seen. 

Representative gel showing entire lane and purity of GST-EIF4A3 at 4, 6, and 24h post 
IPTG induction. (B) Western blot showing specificity of EIF4A3 preparation at the same 

time points. Expected protein sizes: GST (26kDa) + EIF4A3 (47kDa) = 73kDa total. 

 

 To examine the purity of our GST-EIF4A3, we did a time course of IPTG 

induction and examined both the total protein (TGX Biorad gels) and performed western 

blot analysis to ensure the protein we were making was indeed GST-EIF4A3. At 4h post 

IPTG induction, there was some GST-EIF4A3 present, although more was apparent at 

6h and 24h. However, the total protein gel also showed that 4h induction was the 

cleanest preparation and thus we used this protein for subsequent microtubule 

sedimentations (Fig. 16A, B).  
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Figure 17: GST-EIF4A3 interacts with polymerized microtubules.  
(A) Representative western blot showing results from co-sedimentations with 1) 

polymerized microtubules alone, 2) polymerized microtubules with GST-EIF4A3, and 3) 
BSA with GST-EIF4A3. Total protein TGX gels shows that polymerized microtubules are 

in the pellet while BSA is in the supernatant fraction. Western analysis shows that 
EIF4A3 is present in the pellet when microtubules are present, but not BSA. (B) Co-

sedimentations were quantified as a ratio of the amount of GST-EIF4A3 present in the 
microtubule pellet compared to the amount in the BSA pellet (set to 1) for n=8 

experiments (independent replicates represented by gray dots). (C) A titration of purified 
GST with polymerized microtubules was performed to test for interaction between GST 
tag and microtubules. TGX total protein gels show both microtubules and GST on the 

same gel. MTs in figure is an abbreviation for “microtubules.” 
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When sedimented alone, microtubules were abundant in the pellet (Fig. 17A). GST-

EIF4A3 was present in the pellet when sedimented in the presence of microtubules, 

however was absent when incubated with BSA and no microtubules (Fig. 17A). This was 

quantified as a ratio between the amount of EIF4A3 in microtubule pellet/BSA pellet for 

each independent experiment that was performed, with an average of 6-fold more GST-

EIF4A3 in the microtubule pellet than BSA pellet (Fig. 17B). As an additional control, 

purified GST was sedimented with microtubules at equimolar or greater amounts as 

GST-EIF4A3 (Fig. 17C). Indeed, when GST was incubated with microtubules and 

subjected to sedimentation, it is still readily apparent in the supernatant fraction 

suggesting that GST is not responsible for the interaction between GST-EIF4A3 and 

microtubules.  

 

 



 

38 

2.6 EIF4A3 overexpression causes mitotic defects and increased 

telophase cells  

 

Figure 18: EIF4A3 overexpression causes cell death and a plethora of 
mitosis defects.  

(A) Representative confocal images of control vs. EIF4A3-overexpressing cells show 
that there is an increased amount of EIF4A3 after transfection. Dying cells and mitotic 

cells increased following EIF4A3 overexpression.  Note interphase cells overexpressing 
EIF4A3 show no striking defect in microtubules. (B) Graph showing the percent of cells 

that were in mitosis/total cell population or undergoing cell death/total cell population. (C) 
Two examples of EIF4A3 overexpression and the effect seen on total number of 

telophase cells. (D) Quantification of the total number of cells in telophase per total 
mitotic cell population. Error bars, SD. *, P<0.05, any comparison that did not reach 
significance is unlabeled. Scale bars, 20µm, n numbers refer to the number of cells 

counted for each experimental paradigm. Credit, Aussie Suzuki 

 

As another way to explore the role of EIF4A3 dosage in microtubule regulation 

and mitosis, we decided to overexpress EIF4A3 in HeLa cells and look for any changes 

in cellular phenotype. Apparent in EIF4A3-WT expressing cells compared to control was 
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an increase in both mitotically arrested and apoptotic cells (Figs. 18A, B). In control cells 

approximately 6% of cells are in mitosis per total cellular population. Conversely, EIF4A3 

overexpressing cells had an increase to nearly 12% of the population in mitosis (Figs. 

18A, B). Also, in control cells there was little apparent cell death as ascertained by DAPI 

staining, however in EIF4A3 overexpressing cells, over 8% of the cell population was 

undergoing cell death (Figs. 18A, B).  

To further examine the mitosis arrest, we calculated the amount of cells in each 

step of mitosis (Fig. 2) and noticed an increase in the amount of cells in telophase. We 

calculated a telophase index or number of telophase cells per total mitotic cells and saw 

a significant increase with nearly 60% of mitotic cells in telophase following EIF4A3 

overexpression vs. approximately 37% in control cells (Figs. 18C, D).  

 

Figure 19: EIF4A3 overexpression results in mitotic defects. Representative 
micrographs of a variety of mitosis defects were seen after EIF4A3 overexpression. 

Scale bars, 10µm. Credit, Aussie Suzuki 
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We wanted to examine the other steps of M phase as well, especially given the 

phenotypes seen after EIF4A3 depletion. EIF4A3 overexpression results in defects such 

as multipolar spindles, unaligned or lagging chromosomes, as well as cytokinetic failure 

in over 10% of cells vs. approximately 4% of control cells. So although these defects 

were less prevalent than telophase delay, it seems that EIF4A3 overexpression is able 

to affect mitosis in multiple ways. It is also important to note that EIF4A3 localizes to the 

spindle, cytokinetic furrow, and midbody after overexpression (Figs. 18A, C, Fig. 19). 

These are microtubule-rich structures that are essential for the completion of mitosis. 

Together these results suggest that overexpression of EIF4A3 results in mitotic defects 

in particular, telophase abnormalities. 

Cytokinesis is also highly dependent on the actin cytoskeleton. Coordination of 

these two cytoskeletal elements are thus an interesting avenue of research. Some 

preliminary data for a role in EIF4A3 and the actin cytoskeleton has been generated 

(please refer to Appendix B).  
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3. Contexts for understanding EJC independent roles for 

MAGOH, RBM8A, and EIF4A3 

In this portion of my thesis, we demonstrated that core EJC components 

MAGOH, RBM8A, and EIF4A3 are potent regulators of mitosis from the same complex, 

yet they regulate mitosis in HeLa cells in an independent fashion. Further exploration of 

EIF4A3 revealed that it can interact with microtubules and has potent overexpression 

phenotypes. Together, it suggests that further exploration of the roles for each EJC 

component individually as well as a complex will be a fruitful future direction.  

 

Known independent functions of EJC components: 

There are known examples of EJC components working outside of their 

canonical complex. For example, RBM8A functions to enhance NFKB activation, a 

process which is actually negatively regulated by MAGOH interaction. Additionally, both 

EIF4A3 and RBM8A have been shown to function in post mitotic neurons, a microtubule 

rich cell type. EIF4A3, but not MAGOH is increased in the striatum of rats during novel 

exploration and learning. RBM8A overexpression in the striatum has been shown to 

induce anxiety-like behaviors in mice. These two studies performed RNA IPs with either 

EIF4A3 or RBM8A and see different RNA families are bound by the two EJC core 

components. This could be because of different brain and cellular context, or it could be 

that RBM8A and EIF4A3 are targeting different RNA families during neurological 

function.  
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EIF4A3 interacts with microtubules directly and independent of the EJC 

 Our data has begun to suggest that EIF4A3 may exist in two forms: one that is 

associated with the core EJC and another that is free of the EJC. Given that the 

available data suggest EIF4A3 is highly abundant compared to MAGOH and RBM8A, at 

least in HeLa cells and neural stem cells, this could help to explain how EIF4A3 is able 

to perform both these roles. We have some preliminary data which suggests that in a 

MAGOH knock down context, EIF4A3 sedimentation with microtubules may increase 

(Fig. 15). Given the inherent noise to this system, however, it is difficult to discern how 

biological and consistent this phenomenon is. Future studies directed at defining how 

EIF4A3 interacts with microtubules and how this affects its relationship to other EJC 

components would likely be very informative.  

 There are already examples of subcellular context affecting EJC formation. 

Nuclear fractionation experiments were performed to see the affinity for core EJC 

members with one another in the nucleus vs. the cytoplasm. Interactions between the 

heterodimer and EIF4A3 were much stronger in the nucleus than in the cytoplasm10,27. 

Perhaps in mitosis, given the cell’s nucleus-free state, a similar relationship holds true, 

more easily allowing EIF4A3 and MAGOH-RBM8A to localize distinctly and function 

independently. 

Independent roles for EIF4A3 are particularly interesting given that EIF4A3 has a 

S. cerevisiae homolog. Screens in yeast have shown that Fal1p binds BNI148, which is 

known to influence the mitotic spindle via association with microtubules and cortical 

actin. The mammalian BNI1 orthologs are mDia1 and mDia2, the former of which 

localizes to the mitotic spindle and is important for cell adhesion, polarity, and cell 

migration, all cytoskeletal-dependent functions49,50. Hence, the ability of EIF4A3 to 
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interact with microtubules may have evolved from its early function in yeast. It is also 

interesting to consider yeast for future studies. Given that S. cerevisiae only has Fal1p, 

this could be an important model system for examining EIF4A3 independent roles. It 

would be especially interesting to understand how Fal1p works in this system because it 

has had 100s of millions of years of divergence from S. pombe to act in isolation from 

the core EJC. Knowing that human EIF4A3 is functionally equivalent in S. cerevisiae, as 

it is able to rescue some phenotypes, suggests exploration would be relevant for higher 

organisms.  

 

The EJC in human disease  

 Both RBM8A and EIF4A3 are human disease genes. An 80% protein reduction 

of RBM8A causes TAR syndrome, which is characterized by the absence of a radius 

bone in the forearm and reduced platelets in the blood. EIF4A3 mutation causes RCPS. 

A 30% reduction of EIF4A3 at the mRNA level results in a severe craniofacial disorder, 

striking primarily the mandible. These patients also have limb defects, but to a lesser 

extent than TAR syndrome patients, and thus far no blood disorders have been 

described. While there are certainly parallels between these two diseases, there are also 

distinct differences, particularly when looking at the dosage of these genes seen in 

human patients. Recently, our lab described how all three core components converge on 

p53 and ribosome pathways during neurogenesis, the process by which neurons are 

generated in the developing brain40. Using both RNAseq and quantitative proteomic 

analysis we showed these proteins affect many of the same p53 and ribosome related 

genes. However, despite overlap between Magoh, Rbm8a, and Eif4a3, these omics 

studies also show there is a considerable number of non-shared targets (Please see 
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Chapter 7 for additional discussion). Further, roles for EIF4A3 in neurons and 

microtubules become more substantiated when considering patients with copy number 

gains in EIF4A3 have been found to have intellectual disability. Although patients with 

intellectual disability have also been shown to have copy number variants in RBM8A. 

These findings thus support a potential independent role for EIF4A3. Understanding the 

roles of Magoh, Rbm8a, and Eif4a3 both as part of the EJC and separately will help to 

better elucidate what is at the root of these developmental diseases. 
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4. EIF4A3 is the causative gene in Richieri-Costa-Pereira 

Syndrome (RCPS) 

 

Discovery of Richieri-Costa Pereira Syndrome and its causative gene 

 Richieri-Costa-Pereira Syndrome (RCPS; OMIM #268305) is a rare autosomal-

recessive acrofacial dysostosis in which mandible development is severely affected. It is 

characterized by midline mandibular cleft usually associated with failure of mandibular 

symphyseal fusion,  Robin sequence, laryngeal abnormalities, radial and tibial defects, 

among other clinical findings51. Phenotype expressivity is variable, ranging from only 

mild defects in mandibular fusion or laryngeal clefts to more severe clinical 

manifestations associated with agenesis of the mandible51-53.  

 It was first described in 1992, after five unrelated patients living in rural Brazil 

were described as being short in stature with severe craniofacial and limb defects that 

varied from previously described acrofacial dystoses52. Initially, it was described that 

male patients were more severely affected, with more males dying stillborn or within the 

first week of life54. However, subsequent studies suggested that there is no gender 

difference in the disease after they found older children of both sexes in another family55. 

This disease likely derived from a founder effect given that the patients are almost 

entirely from the same rural area of Brazil. There has only been one patient ever 

described outside of Brazil to have RCPS, living in France56. The first adult patient with 

RCPS was found in 2009 (previously only infants and young children had been studied). 

She was a 19-year-old woman with subtler phenotypes, for example, rather than a cleft 

mandible she was only missing her lower incisors57. As more patients have been 
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identified, additional less common symptoms have been uncovered, including failure of 

skull bones to fuse proper, clavicle defects, and severe limb abnormalities (Table 1). 

 

Table 1: Phenotypes associated with RCPS patients 
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 The first attempt at finding the causal gene in RCPS was made in in 200358. 

Researchers looked at 15 different families, examining affected individuals, unaffected 

relatives, and unaffected non-relatives, then performed linkage analysis on 497 

polymorphic markers. They performed sequencing on 10 candidate genes (PITX1, 

PITX2, MSX1, DLX5, DLX6, PAX9, TBX4, TBX5, XLIMB2, and FGF8) in their coding 

regions, but were unable to identify the causative gene. In 2014, Favaro et al. used 

homozygosity mapping to identify the gene responsible for RCPS52. RCPS was shown to 

be caused by noncoding expansions in the 5’UTR of the gene EIF4A3. This region is 

characterized by multiple allelic patterns that vary in size and organization of repeat 

motifs. The most prevalent allelic pattern among control individuals has 5 to 12 repeats, 

whilst the majority of affected individuals harbor 14-16 repeats. An additional missense 

mutation in the coding region of EIF4A3 has been found in trans to the expansion allele 

in one RCPS patient. These alterations are believed to cause partial loss of function of 

EIF4A3, as 30-40% reduction of EIF4A3 mRNA expression has been reported in RCPS 

patients’ lymphocytes and adult mesenchymal cells. 

 

 



 

48 

Neural crest is implicated in craniofacial development  

 

Figure 20: Mandibular developmental timeline. 
(A-C) En face views of mouse faces at indicated embryonic days. Mandibles, maxillas 

and developing brain are labelled. The red dotted line in (A-C) indicates the cross 
section of cartoons in (D-F) with similar views used for (G-I), just later in development.  

(D-F) Views looking transversely at mandible fusion, (G) mesenchyme condensation, (H) 
Meckel’s cartilage formation, and (I) initiation of ossification. MA1 and 2 are referring to 
the two separate mandibular arches. Mesenchyme condensation represented by dark 

brown, cartilage in blue, capillaries in red, and bone in pink.  
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 Facial development requires the coordination of mitosis and migration of cranial 

neural crest cells (NCCs). NCCs are a transient cell population derived from the 

foremost segment of the neural tube and migrate throughout much of the developing 

embryo to contribute to a wide array of cell types besides the face including the 

peripheral nervous system, melanocytes (pigment cells), and smooth muscle. During 

craniofacial development, there are five highly mitotic and migratory developmental 

tissues that contribute to the developing face. The frontonasal prominence is populated 

by rostral NCCs and develops into the forebrain and nose. Posterior NCCs populate the 

pharyngeal arches (PAs). PA1, also known as the mandibular arch (MA), splits into a 

pair of maxillary prominances which populate the palate and upper face, and a pair of 

mandibular arches that come together and fuse into a mesenchymal mandible structure 

(Figs. 20A-F). Also derived from NCCs are the ear, both internal bones and superficial 

structures, the clavicle, and the larynx59,60.  

 After mandibular fusion events, Meckel’s cartilage is developed to serve as the 

template for the future mandible bones which are formed via intramembranous 

ossification. This type of ossification is specific to certain kinds of neural crest derived 

bones such as the mandible, clavicle, ear, and skull bones59. In this type of ossification, 

the cartilage does not ultimately end up as part of the bone structure, it merely acts as a 

precursor or template for bone formation61 (Figs. 20G-I). Instead, mesenchymal cells 

proliferate and undergo condensation to form compact nodules. These cells differentiate 

into both capillaries and osteoblasts, which are the precursors for adult bone61. 

Osteoblasts secrete collagen-proteoglycan matrix which binds to calcium salts and thus 

initates calcification. Also early in bone development, these cells express alkaline 

phosphotase (ALP), an important enzyme that also promotes mineralization61. A large 
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number of regulatory pathways have been described to control these early calcification 

events. RUNX2 is a so-called master regulator of skeletalization since mice missing this 

gene are able to generate cartilgate but are missing a functional skeleton62. Additionally, 

WNT, SHH, and HOX pathways have been shown to be critically important for the 

formation and patterning of craniofacial bone60.  
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5. Eif4a3 depletion in mice and human induced 

pluripotent stem cells (iPSCs) models RCPS 

The underlying etiology of RCPS remains to be elucidated. It is unknown what 

cellular mechanisms of EIF4A3 function are driving this developmental disease. For my 

thesis I helped to develop a mouse model to examine the role of Eif4a3 in craniofacial 

development. We collaborated with a Brazilian group that had made patient-derived 

iPSCs that were pushed down a NCC lineage, to help better understand the cellular 

mechanisms that underlie RCPS. Integration of both approaches helped to bolster the 

limitations that are inevitable in either mouse or human cell culture models. Together, 

complementary use of iPSCs and mouse models allowed for the discovery of 

developmental mechanisms by which EIF4A3 mutation causes RCPS.  
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5.1 Eif4a3 germline haploinsufficient embryos are 

developmentally delayed with craniofacial abnormalities 

 

Figure 21: Ubiquitous Cre-mediated Eif4a3 haploinsufficiency causes 
developmental delay and craniofacial defects.  

(A-H) Whole mount embryos of indicated genotypes at E10.5 (A, B) and E11.5 (C-H).  
Both lateral views (E,F) and frontal views (G,H) of head only are shown for CMV-cre 
(A,C,E,G) and Cmv-cre; Eif4a3lox/+ (B,D,F,H). Cmv-cre; Eif4a3lox/+embryos shown are 
type A (developmental delay with two mandibular prominences) (F,H). Mandibles are 

indicated by arrows (E,F) and a dotted line (G,H).  (I, J) Schematics with relevant labels 
for facial features in the lateral (I) and frontal views (J). (K) Graph depicting quantification 

of type A and type B (more severe with developmental delay, craniofacial abnormality, 
and single mandibular prominence for indicated) ages and genotypes. Total number of 
embryos examined in each category are indicated. (L) Western blot analysis of whole 
body from indicated genotypes probed for EIF4A3 and total protein. Relative to control 
and following normalization for total protein levels, Cmv-Cre; Eif4a3lox/+embryos have 
50% reduction of EIF4A3 (right). n=5 controls, n=5 mutants. Error bars, SD, P<0.05, 

Student’s t-test. Scales bars, 1mm. 
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To gain insight into the etiology of RCPS we crossed Eif4a3loxp/+ mice to CMV-

Cre (whole body) drivers to generate Eif4a3 heterozygous mice. Embryos were collected 

at gestational days e10.5 and e11.5 (Figs. 21A-H). The most common defect seen in 

CMV-Cre;Eif4a3loxp/+ mutant embryos at e10.5 was developmental delay, characterized 

by smaller embryo size as well as delayed limb development (30%, type A) (Figs. 21A, 

B, K). At e11.5 there was a broader spectrum of defects including developmental delay 

(smaller body size, delay in eye development and pigmentation, delayed limb 

development), neural tube closure defects, and facial defects (74%, type A) (Figs. 21C-

K). We confirmed that Eif4a3 was successfully depleted by performing western analysis 

on whole bodies from CMV-Cre or CMV-Cre;Eif4a3lox/p embryos. We see that there is an 

approximately 50% reduction of Eif4a3 at e10.5 in mutants after normalization to total 

protein (Fig. 21L).  
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Figure 22: Phenotypic characterization of Cmv-Cre;Eif4a3lox/+ embryos and EIF4A3 
expression.  

(A-C) E10.5 Cmv-Cre;Eif4a3lox/+ type B embryos exhibit reduced body size and severe 
craniofacial abnormalities resembling holoprosencephaly as outlined with a black dotted 

line in (B). (D-F) E11.5 type B Cmv-Cre;Eif4a3 mutant embryos are developmentally 
delayed and exhibit holoprosencephaly and only one mandibular arch as outlined with a 
black dotted line in (E). (G-H) Sections of E11.5 mandible in Eif4a3lox/+ embryos show 

EIF4A3 expression is primarily nuclear at 1x (G) and 3.77x zoom (H). n=number of 
embryos. Scale bars, 1 mm (A-E); 50 µm (G-H). 
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At both e10.5 and 11.5 there was a smaller subset of mutant embryos that were 

displayed very severe craniofacial malformations. At e10.5 this was evident as one 

mandibular arch, rather than two (11%, type B) (Figs. 21K, 22A-C). At e11.5 severe 

embryos exhibited holoprosencephaly, with a single mandibular arch and no apparent 

brain septation. (6%, type B) (Figs. 21K, 22D-F). Expression of Eif4a3 in the mandible 

was also confirmed by performing immunofluorescence on e11.5 embryos with 

endogenous EIF4A3 antibody. Expression of Eif4a3 was primarily nuclear as would be 

expected (Figs. 22G, H). Together, these findings show that we are able to successfully 

reduce the levels of Eif4a3 in developing embryos and this results in developmental 

defects and craniofacial malformations.  
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Figure 23: Mandibular formation defects in ubiquitous Eif4a3 haploinsufficient 
embryos. (A-F) Images depicting phalloidin staining to highlight cell architecture of 
mandibular prominences in CMV-Cre (A,D) and type A Cmv-Cre; Eif4a3lox/+embryos 
(B,E), at E10.5 (A, B, n=6 controls, n=3 mutants) and E11.5 (D, E n=4 controls, n=5 

mutants). (C,F) Graphs depicting average quantification of mandible clefts at E10.5 (C) 
and at E11.5 (F) for indicated genotypes. (G-L) Images depicting PH3 staining in E10.5 

CMV-Cre (G) and type A Cmv-Cre; Eif4a3lox/+embryos (H). (G,H), n=6 controls, n=4 
mutants) and E11.5 (J,K, n=4 controls, n=5 mutants). Red arrows point to mitotic figures 

while blue arrows point to background vasculature. (I, L) Graphs depicting average 
quantification of mitotic index at E10.5 (I) and at E11.5 (L) for indicated genotypes. Error 

bars, SD, **, P<0.005, Student’s t-test, scale bars, 50 µm. 
 

Because the most penetrant phenotype in human patients is malformations of the 

mandible, we wanted to more closely examine the developing mandible in our mice. To 

do this we sectioned both e10.5 and e11.5 type A embryos. At e10.5, the age where 
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arches are just beginning to meet and fuse (Fig. 20), we see that there is an 

intermandibular groove depth in both control and mutant mice averaging approximately 

280µm (Figs. 23A-C).  As the intermandibular groove between the mandibular arches 

begins to shorten at e11.5, control embryos show a much shallower intermandibular 

groove with an average depth of 87µm (Fig. 23D). However, in mutant embryos there is 

a delay or inability for this intermandibular groove to fuse as well and the depth is 

significantly deeper at approximately 170µm (Figs. 23E, F). This phenotype was evident 

across multiple stage-matched mutant and control embryos, suggesting that 

developmental delay is insufficient to explain delayed fusion. These results indicate that 

Eif4a3 is required between E10.5 and E11.5 for mandibular process outgrowth and 

fusion. 

To explore a well-known role for Eif4a3 in the context of the mandible, we stained 

e10.5 and e11.5 embryos for phospho-histone 3 (PH3), a marker of mitosis to see if 

there was a cell division phenotype associated with failure of mandibular fusion as well. 

These developmental ages are also critical because at this time the mesenchymal 

progenitors that go on to generate cartilage are undergoing many mitotic divisions (Fig. 

20). We quantified the number of mitotic or PH3 positive over Hoescht cells to generate 

a mitotic index. At e10.5 there was no significant difference in mitotic index between 

control and CMV-Cre; Eif4a3lox/+ embryos (Figs. 23G-I). At e11.5 there is a near 

significant increase in the mouse mandible (Figs. 23J-L). We suspect this is because of 

an arrest or slowing of mitosis given previous findings in both HeLa cells and the 

brain40,42, but it could also be an increase in the number of mitotic cells. This finding is 

surprising given the prevalence of mitosis defects in other cell types. We conclude from 
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these data that while mitosis could be contributing to the failure of mandible fusion, it is 

unlikely the primary cause of mandible outgrowth defects.  

 

Figure 24: Cmv-Cre;Eif4a3lox/+ Type B mutants show cell death throughout 
the body and in developing face.  

(A-C) Representative brightfield images of Cmv-Cre (A), type A Cmv-
Cre;Eif4a3lox/+ (B) and type B Cmv-Cre;Eif4a3lox/+ embryos (C). (D-I) The same embryos 
depicted in A-C with TUNEL staining to highlight cell death with lateral views (D-F) and 
ventral views (G-I). Dotted lines demarcate the whole embryo (D-F) and mandible and 

heads (G-I) and white arrows point to the developing mandible (D-F). Scale bars, 1 mm. 
 

Another phenotype associated with Eif4a3 depletion, particularly in highly mitotic 

cell populations is cell death40. To examine the role of cell death in the phenotypes we 

see associated with Eif4a3 haploinsufficiency we performed terminal deoxynucleotidyl 

transferase dUTP nick end labeling (TUNEL) staining on whole mount embryos. This 

assay labels the fragmented DNA that occurs when cells undergo death. In both control 

and type A CMV-Cre; Eif4a3lox/p e10.5 embryos there was little TUNEL staining apparent 
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(Figs. 24A, D, G, B, E, H). Conversely, in type B mutants there was TUNEL staining 

apparent throughout the entire body as well as the developing face (Figs. 24C, F, I). 

These results exclude massive apoptosis as a main cause of the mandibular fusion 

defects in this mouse model, although given the apoptosis in type B mutants, it may 

contribute to the more severe phenotypes seen in this subset of mutant embryos. 

 

Table 2: Most CMV-cre;Eif4a3lox/+ mice die between e11.5 and e12.5 

 

 

With our CMV-cre mouse model we were examining the very earliest stages of 

mandible fusion and formation, prior to the formation of Meckel’s cartilage or bone (Fig. 

20). We wanted to examine these phenotypes in older embryos, yet we were unable to 

generate the proper Mendelian ratio of mutants at e12.5 whereas neither e10.5 nor 

e11.5 mice were significantly deviated from expected numbers (Table 2). To counteract 

this embryonic lethality, we generated mutants utilizing Wnt1-cre, which is a neural crest 
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specific cre driver. This driver also enabled us to look at the cell autonomous 

contribution of NCC to craniofacial phenotypes. 

 

5.2 Neural crest-specific haploinsufficiency of Eif4a3 disrupts 

craniofacial development  

 

Figure 25. Wnt1-Cre mediated haploinsufficiency of Eif4a3 in NCCs causes 
craniofacial defects.  

(A-I) Whole mount embryos of indicated genotypes at E11.5 showing lateral views (A-F) 
and frontal views (G-I) shown for Eif4a3lox/+ (A,D,G, n=27 embryos) and Wnt1-Cre; 
Eif4a3lox/+ (B,C,E,F,H,I, n=10 embryos total). (J-L) Images of mandibular processes 

stained for phalloidin for Eif4a3lox/+ (J) or Wnt1-Cre; Eif4a3lox/+ (K,L). Less severe 
(B,E,H,K) and more severe (C,F,I,L) Wnt1-Cre; Eif4a3lox/+embryos are depicted. (M) 
Graph depicting quantification of intermandibular grooves for indicated genotypes, 

representing embryos with deeper grooves (n=3), those with shallow grooves (n=4) and 
controls (n=6). Mean values shown for all embryos. Error bars, SD, P<0.05, Student’s t-

test. Scales bars, (A-I) 1 mm, (J-L) 50 µm. 
 

We first wanted to examine Wnt1-Cre;Eif4a3lox/+ mice at e11.5 to determine 

parallels and differences between out Wnt1-Cre;Eif4a3lox/+ and CMV-Cre;Eif4a3lox/+ 

mouse models. Compared to control embryos, 100% of embryos displayed striking 
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phenotypes, including smaller size, reduced or delayed eye pigmentation, and 

micrognathia (Figs. 25-I). The overall limb development of mutant embryos was 

relatively normal; although their body size was slightly reduced, other features of 

developmental progression such as formation of hair follicles were intact. At the whole 

mount level, there was obvious malformation of the mandible, with some embryos 

looking very similar to CMV-Cre; Eif4a3lox/+ animals (Figs 25B, C, E, F, H, I). This was 

confirmed by sectioning through the mandibles of these Wnt1-Cre;Eif4a3lox/+ mutants 

and measuring intermandibular groove depth as before. Indeed, there is a subset of 

Wnt1-Cre;Eif4a3lox/+ embryos that display a significantly deeper intermandibular groove 

(n=3 embryos) (Figs. 25J, K). Interestingly, there was also a subset of Wnt1-

Cre;Eif4a3lox/+ embryos that had a much shallower intermandibular groove (n=4 

embryos), a phenotype different than what was seen with the majority of CMV-

Cre;Eif4a3lox/+ animals (Fig. 25L). This suggests that depletion of Eif4a3 from whole body 

mutants and specifically neural crest severely disrupts craniofacial defects, and alters 

early mandibular fusion events.  
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Figure 26: Cmv-Cre;Eif4a3lox/+ and Wnt1-Cre;Eif4a3lox/+ embryos show few 
CC3-positive cells in the mandible midline.  

(A) Schematic representing a frontal view of an embryo with midline regions 
indicated for (B-F) and lateral regions indicated for (G-I). (B,C) Images of CC3 staining of 

the mandible midline in E11.5 Cmv-Cre control (B) and type A Cmv-Cre;Eif4a3lox/+ 
embryos (C), showing little cell death in either genotype. (D-I) Images of CC3 staining of 
the mandible midline (D-F) and lateral mandible (G-I) in E11.5 Eif4a3lox/+ control (D, G) 

and Wnt1-Cre;Eif4a3lox/+  embryos (E,F,H,I). Note there is little cell death at midline but in 
the lateral mandible, away from the groove defects, there is apparent CC3 staining and 

cell death. Mouth openings are labeled to help orient the image. Red arrows point to 
some cells undergoing apoptosis. Scale bars, 50 µm. 
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Since severe apoptosis medially in the mandible has been shown to impede 

outgrowth of the mandible63, we wanted to look more closely at the amount of cell death 

in both the CMV-Cre and Wnt1-Cre models. Cleaved caspase 3 (CC3) staining marks 

cells that are destined to undergo p53 mediated apoptosis. We looked at both the medial 

and lateral mandibles for both sets of mutants (Fig. 26A). Staining performed in CMV-

Cre;Eif4a3lox/+ type A mutants revealed very little cell death compared to control embryos 

(Figs 26B, C). In Wnt1-Cre;Eif4a3lox/+ mutants, there was little cell death midline 

compared to controls (Figs. 26D-F), yet laterally there was an increase in cell death 

(Figs. 26G-I). This suggests that perhaps apoptosis is contributing more to the defects 

we see in our Wnt1-Cre;Eif4a3lox/+ model, but is unlikely to be the primary cause of the 

phenotypes for either sets of mice. Together, these data allow us to conclude that NCCs 

contribute to craniofacial defects in a similar manner to whole body heterozygous 

mutants and are likely contributing to the craniofacial defects we have observed.  

 

5.3 Eif4a3 Wnt1-Cre mutants have an underdeveloped Meckel’s 

cartilage and prematurely ossified clavicles  

Because of the severe effect Eif4a3 haploinsufficiency had on the mandible, 

examination of the underlying skeletal structure became paramount. To accomplish this, 

we collected embryos at e14.5 when they were undergoing early stages of skeletal 

development.  
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Figure 27: Wnt1-Cre mediated haploinsufficiency of Eif4a3 disrupts Meckel’s 
cartilage development and causes premature clavicle ossification.  

(A, B) Whole mount E14.5 Eif4a3lox/+ (A) and Wnt1-Cre; Eif4a3lox/+ embryos (B) with 
number of embryos analyzed indicated. (C-F) Skeletal preparations of E14.5 

Eif4a3lox/+(C,E) and Wnt1-Cre; Eif4a3lox/+ embryos (D,F) showing low magnification and 
higher magnification images. Note cartilaginous and well-formed Meckel’s cartilage (blue 
staining, white circle) in control but underdeveloped in mutants (C-F). Note controls lack 
clavicle ossification (purple, white arrows) which is present in mutant clavicles (C-F). (G) 
Graph depicting quantification of fraction of embryos with ossified clavicles. Scales bars, 

(A, B) 5mm, (C-F) 1 mm. 

 

At e14.5 embryos displayed severe craniofacial abnormalities including missing ears, 

exencephaly (brain growing outside the skull), and severely hypoplastic mandible. Again 

embryos were smaller than controls, but had relatively normal limb development (Figs. 

27A, B). We performed skeletal preparations to look at both cartilage and bone in the 

developing embryos. Utilizing e14.5 control or Wnt1-Cre;Eif4a3lox/+ embryos we were 

able to clear the tissue and look at the developing Meckel’s cartilage (Figs. 27C-F). In 

control mice, it is an obvious cartilage-based, V-shaped structure (Figs. 27C, E). In 

Wnt1-Cre;Eif4a3lox/+ mutants there was either a severely reduced or missing Meckel’s 

cartilage (1 in 4 mutant embryos had visible Meckel’s cartilage) (Figs. 27D, F). Because 

of the absence of the mandible, in order to examine ossification, we looked to the 

clavicle, one of few bones in the body to undergo intramembranous ossification. The 
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clavicle is the first bone to ossify, with the mandible ossifying second. In most control 

animals, there was no apparent ossification of the clavicle yet at e14.5 (Figs. 27C white 

arrows, G, 25% ossified). Conversely, in the mutant animals there was Alizarin red, or 

bone staining in the clavicle in 100% of the mutants tested (Figs. 27D white arrows, G). 

The control animals with clavicular ossification looked much older in terms of skeletal 

state, as in cranial structures, the mandible, and many other long bones were also 

beginning to ossify.  We performed Alizarin red stain alone as a way to examine 

ossification without the potentially masking effects of cartilage staining. We again see 

that Wnt1-Cre;Eif4a3lox/+ embryos have more bone ossification compared to controls, 

particularly in the clavicle (Figs. 28A-D).  

 

 

Figure 28: Skeletal preparations depicting clavicle ossification in E14.5 
Wnt1-Cre;Eif4a3lox/+  embryos.  

(A-D) Whole mount E14.5 Eif4a3lox/+ control embryos (A,C) and littermate Wnt1-
Cre;Eif4a3lox/+ embryos (B,D) stained with Alizarin red. Note presumptive bone in the 

developing limb of control and conversely ossification occurring in limbs, clavicles 
(arrows), and ribs of mutant. Scale bars, 1 mm. 
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Together, these data indicate that reduced EIF4A3 results in disruption of Meckel’s 

cartilage and premature ossification of the clavicle. Since human patients have highly 

penetrant mandible malformations as well as clavicle defects (Table 1), this provides 

potential mechanistic insight for why these anomalies are present in human populations.  

 

5.4 At the end of gestation, Wnt1-Cre;Eif4a3 mutants are 

severely dysmorphic and are missing adult mandibular 

structures 

 

Figure 29: Wnt1-Cre mediated Eif4a3 haploinsufficiency causes 
underdevelopment of the mandible and craniofacial defects.  

(A,B) E18.5 whole mount Eif4a3lox/+ (A) and Wnt1-Cre; Eif4a3lox/+ (B) embryos with 
number of embryos listed.  (C-F) H&E staining of sagittal tissue sections from Eif4a3lox/+ 

(C, E) and Wnt1-Cre; Eif4a3lox/+ embryos (D, F) showing low and 3X high magnification 
images of the same embryos.t-tongue, p-dental papilla, b-brain, de-dental epithelium, 
nc-nasal cavity, md-mandible, wf-whisker follicle, mx-maxilla. Scales bars, (A,B) 5mm, 

(C-F) 1 mm. 
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Finally, we assessed the impact of NCC-specific Eif4a3 haploinsufficiency upon 

craniofacial structures at the end of gestation. At the whole mount level, we observed 

100% penetrant phenotypes including severely hypoplastic mandible, failure of eyelid 

closure, absence of outer ear structures, all processes known to be dependent on NCC 

function (Figs. 29A, B). Hematoxylin and eosin (H&E) analyses of control mandibles 

demarcated the tongue, dental papilla, dental epithelium, nasal cavities, whisker follicles, 

and maxillary structures, however in mutant embryos there were no definitive adult 

structures in the mandible (Figs. 29C-F).  
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Figure 30: E18.5 Wnt1-Cre;Eif4a3lox/+ embryos have severe craniofacial 
defects but develop a non-clefted tongue.  

(A-H) Whole mount images of lateral view (A,C,E,G) and ventral view of face 
(B,D,F,H) of an Eif4a3lox/+ control embryo (A,B) and three different Wnt1-Cre;Eif4a3lox/+ 

mutant embryos (C-H). Scale bars, 5 mm. 
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However, en face views of Wnt1-Cre;Eif4a3lox/+ mutant embryos show that embryos have 

visible nasal, yet malformed nasal passages (Figs. 30A-H). The tongue is also intact at 

the end of gestation (Figs. 30B, D, F, H). Taken together, these findings reveal an 

essential requirement of Eif4a3 in NCCs and their mesenchymal derivatives during 

craniofacial development.  

 We formed a collaboration with Maria Rita dos Santos e Passos-Bueno’s group 

in Sao Paulo, Brazil. They had generated patient derived iPSC lines and pushed them 

down a neural crest lineage. Together, we performed parallel studies to better examine 

the role of EIF4A3 in neural crest. The human patient derived data was generated by 

both Gerson Kobayashi and Camila Manso Musso. 

 

5.5 Neural crest cells derived from patient iPSC cultures show 

reduced migratory capacity  

Cell lines were established from both affected and unaffected patient samples. 

Two patients (F8417-1 and F8417-2) were homozygous for the 16-repeat allele, while a 

third patient (F6099-1) had a 14-repeat allele in trans with the missense mutation 

p.Asp270Gly. Unaffected patients were homozygous for the 6-repeat allele (F9048-1) 

and heterozygous 7-repeats/6-repeats (F7405-1 and F8799-1), both well within the 

normal repeat numbers (non-phenotypic up to 12 repeats, RCPS with 14+ repeats). 
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Figure 31: Characterization of induced pluripotent stem cells (iPSCs).  
(A) Immunofluorescence staining of pluripotency markers OCT3/4 (red) and 

SSEA-4 (green) in iPSCs (10x magnification); DAPI nuclear staining is in blue. (B-D) RT-
qPCR analysis showing transcriptional upregulation of pluripotency-associated genes 

OCT3/4, NANOG, and ALP in controls and RCPS patients (with n=number of biological 
samples). Graphs were plotted relative to expression data of adult fibroblasts. (E-G) 

Representative images of teratoma generated by subcutaneous injection of iPSCs into 
nude mice; hematoxylin and eosin tissue staining depict tissue originating from the three 
germ layers. (E) Arrowheads: pigmented epithelium with melanin granules (ectoderm); 

E E F G 
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arrow: gastrointestinal epithelium with goblet cells (endoderm). (F) HC: hyaline cartilage 
and CT: connective tissue (mesoderm). (G) Arrows: ciliated respiratory epithelium 

(ectoderm). Data are represented as mean ± SEM, (***) p-value < 0.001, (**) p-value < 
0.01, Student’s t-test. Credit, Gerson Kobayashi and Camila Manso Musso 

 

To check for pluripotency, cells lines were tested for protein expression of 

OCT3/4 and SSEA-4 (Figure 31A), as well as expression of OCT3/4, NANOG, and ALP 

transcripts (Figures 31B-D). Additionally, iPSCs were able to generate teratomas 

containing tissues from all three germ layers in vivo (Figures 31E-G).  
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Figure 32: Characterization of iPSC-derived neural crest cells (iNCCs).  
(A-H) Biparametric flow cytometry dot plots for HNK-1/FITC and p75/Alexa Fluor 

647 expression in RCPS and control cells. Values in upper right quadrants represent 
p75+/HNK-1+ events. (I-M) RT-qPCR assessment of neural crest markers (PAX3, 

SOX10, ZIC1 and TFAP2A) and pluripotency marker (OCT3/4) in iPSCs (black) and 
iNCCs (gray) from controls and RCPS patients with n=number of biological samples; 
values represent mean ± SEM, (***) p-value < 0.001, (**) p-value< 0.01, (*) P < 0.05, 
(n.s.) not significant, Student’s t-test. Credit, Gerson Kobayashi and Camila Manso 

Musso 
 

To induce a NCC fate in our iPSC cell lines (iNCCs) the TGF-β/Activin pathway 

was blocked while WNT pathway was activated in the absence of caudalization factors64-

66. To check for differentiation, iNCC cells were stained for known NCC markers p75 and 
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HNK1 and sorted to look at the relative positive populations. Over 87% of cells were 

double positive, suggestive of a successful induction of NCC fate (Figs. 32A-H). 

Additional NCC markers, PAX3, SOX10, ZIC1 and TFAP2A were tested for increased 

expression with qRT-PCR, as well as depletion of pluripotency marker OCT3/4 (Figs. 

32I-M). 

 

 

Figure 33: Cell cycle and apoptosis analysis of iNCCs.  
(A-F) Flow cytometry graphs depicting percentage of cells in the G1/G0, S, or 

G2/M phase based on DNA content (PI), of iNCCs from RCPS patients and control 
subjects. (G) 7-AAD/Annexin V flow cytometry results showing the fraction of live cells 
and cells undergoing early and late apoptosis in iNCCs; the percentages represent the 

sum of early and late apoptotic events; n=number of biological samples. Data are 
represented as mean ± SEM. Credit, Gerson Kobayashi and Camila Manso Musso 

 

To test for parallels to our mouse models we tested patient iNCC cultures for 

changes in proliferation and apoptosis compared to controls. There were no obvious or 

significant changes to cell cycle distribution or cell death levels in patient cultures (Figs. 



 

74 

33A-G). Similar to what we saw in mouse models, neither mitosis defects nor massive 

cell death is likely to explain phenotypes found in patient-derived iNCCs.  

 

 

Figure 34: Reduced cell migration in RCPS iNCCs.  
(A, B) RT-qPCR assessment of EIF4A3 mRNA expression (A) and protein levels 

(B) with western blot assay showing relative EIF4A3/ACTIN protein levels, in iPSCs from 
controls and RCPS patients. (C) Bar graph depicting the rate of cell migration (cell-

covered area (%), at 24h; data shown are representative of 2 independent assays and 3 
independent measurements in each. (D) Representative phase-contrast micrographs 
acquired immediately after wounding and at 6, 12, 18 and 24h afterwards; All values 

represent mean ± SEM, and sample numbers (n) are indicated (*) p-value < 0.05, (**) p-
value < 0.01; Student’s t-test. Credit, Gerson Kobayashi and Camila Manso Musso 

 

iNCCs were also assayed for EIF4A3 expression at both the RNA (70% 

reduced), and protein (50% reduced) levels (Figs. 34A, B). We next tested these cell 

cultures for changes to migratory capacity, by performing wound-healing scratch assays 
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(Figs. 34C, D). Compared to controls, RCPS iNCCs were less able to migrate, with 

significantly slower healing times (Fig. 33C). This suggests that perhaps changes in 

migration of NCCs could contribute to RCPS phenotypic outcomes.  

 

5.6 Mesenchymal stem-like cells can be derived from iNCCs and 

exhibit osteogenic differentiation defects 

NCCs have the innate capacity of generate mesenchymal precursors that later 

give rise to craniofacial structures, including the cartilage and bones of the mandible. 

Thus, we induced mesenchymal stem-like cells (nMSCs) from our iNCC cultures to 

assay additional RCPS phenotypes.  
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Figure 35: Characterization of nMSCs.  
(A, B) RT-qPCR analysis showing upregulation of mesenchymal marker ENG 

(CD105) (A) and downregulation of neural crest marker TFAP2A (B) in nMSCs 
compared to iNCCs with n=number of biological samples. (C) Flow cytometry 

immunophenotype profile of nMSCs showing positive staining for mesenchymal markers 
CD73, CD90 and CD166, and negative staining for endothelial marker CD31. 

Histograms represent event count (y-axis) vs. fluorescence (x-axis). Experimental data 
(red) were plotted in overlay with data from isotype controls (blue). (D) Representative 

images of osteogenic, chondrogenic, and adipogenic differentiation of nMSCs, detected 
with Alizarin Red staining (10x magnification), Alcian Blue staining (10x magnification), 
and Oil Red staining (40x magnification), respectively. Data are represented as mean ± 
SEM. (**) P< 0.01, (*) P< 0.05, Student’s t-test. Credit, Gerson Kobayashi and Camila 

Manso Musso 
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First, to generate nMSCs, we took our iNCCs and cultured them in plastic dishes for a 

week in DMEM/F12 with 10% FBS, 1% non-essential amino acids and 1% glutaMAX. 

Known mesenchymal marker ENG was shown to be upregulated compared to the iNCC 

populations in both control and RCPS patients (Fig. 35A). In turn, NCC marker TFAP2A 

was downregulated after nMSC induction (Fig. 35B). FACs analysis showed positive 

staining for CD73, CD166, and CD90 in over 90% of nMSCs, while less than 5% of 

nMSCs stained for CD73, an epithelial marker (Fig. 35C). Moreover, lineage potential 

was tested, and iMSCs were able to generate osteogenic, chondrogenic, and adipogenic 

lineages, as expected from these multipotent precursors (Fig. 35D).  

 

Figure 36: Proliferation and apoptosis analysis of nMSCs.  
(A) RT-qPCR assessment of EIF4A3 mRNA expression in nMSCs from controls 

and RCPS patients. (B) XTT assay depicting the proliferation profile of control and 
RCPS nMSCs. (C) 7-AAD/Annexin V flow cytometry results showing the fraction of live 

cells and cells undergoing early and late apoptosis in nMSCs; the percentages represent 
the sum of early and late apoptotic events. Values represent mean ± SEM, n=number of 

biological samples. (*) p-value < 0.05, Student’s t-test. Credit, Gerson Kobayashi and 
Camila Manso Musso 
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We were also able to see that nMSCs had a significant 15% reduction in EIF4A3 mRNA 

(Fig. 36A). Again, to examine any changes in proliferation or cell death due to EIF4A3 

depletion, we examined cell populations changes to both and saw no significant 

differences (Figs. 36B, C).  

 

 

Figure 37: Alterations in osteogenic potential in RCPS nMSCs.  
(A, B) RT-qPCR assessment of SOX9 (A), ACAN (B) in nMSCs from controls 

and RCPS patients. (C) Quantification of ALP enzymatic activity, after 9 days, and (D) 
alizarin red after 21 days of osteoinduction, in RCPS cells in comparison to controls. 
Measurements from differentiated cells were normalized to paired, undifferentiated 

negative staining controls. (E) Representative alizarin red staining micrographs showing 
matrix mineralization (in dark brown) of RCPS samples vs. one representative control 

(osteogenic differentiation); micrographs are shown paired to respective negative 
controls (undifferentiated cells). (F-I) Transcriptional profile of osteogenesis markers 
(RUNX2, ALP, BGLAP and COL1A1) during the initial 6 days of osteoinduction. All 

values represent mean ± SEM, and sample numbers (n) are indicated. (A,B) two-way 
ANOVA with Bonferroni posttests; (F-I) Student’s t-test; (*) P<0.05, (**) P<0.01, (***) 

P<0.001, Scale bars, (E) 1000 µm. Credit, Gerson Kobayashi and Camila Manso Musso 

 

 As nMSCs are a precursor for cartilage and bone in vitro we decided to see if 

human patient cells have any defects in chondrogenesis and osteogenesis like we see in 

our mouse model. To induce osteogenesis we treated nMSCs with the StemPro 
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Osteogenic Differentiation Kit. At 9 days post-induction we examined SOX9, a known 

marker of chondrogenesis and see that it is significantly increased in RCPS cultures 

compared to control (Fig. 37A). Conversely, ACAN which is an early cartilage marker is 

significantly decreased in patient-derived cultures compared to controls (Fig. 37B). Also 

at 9 days post induction we measured alkaline phosphatase (ALP) which is known to be 

excreted by osteoblasts, bone precursor cells, to help induce mineralization of bone. We 

see that RCPS cultures have significantly higher ALP expression (Fig. 37C). These 

same cultures are allowed to differentiate over the course of 21 days, at which point 

Alizarin red (the same bone marker as was used to mouse skeletal preps) was 

assessed. Alizarin red marks matrix mineralization or early bone, and again we see that 

RCPS cultures have significantly higher Alizarin red expression compared to control 

cultures (Figs. 37D, E). We also checked known genetic signatures for cartilage and 

bone induction over the course of this differentiation process and saw that RUNX2, a so-

called master regulator of bone differentiation was significantly increased in RCPS 

culture, as well as COL1A1 which is an early osteoblast marker, and BGLAP, a late-

stage osteoblast marker. In gene expression assays ALP trended higher, but did not 

reach statistical significance (Figs. 37F-I). Together, these data show that in neural crest 

lineage RCPS patient-derived cells, there is premature osteogenic differentiation, which 

parallels what is seen in our Wnt1-cre neural crest specific mouse model. This suggests 

that dysregulation of the bone and cartilage development may underlie phenotypes seen 

in RCPS pathology.  
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6. Using both mouse and patient-derived iPSC models to 

elucidate the etiology of RCPS 

 

Human disease in light of known Eif4a3 cellular and molecular functions 

 Many basic functions of Eif4a3 have been discovered through the use of different 

model systems. For example, in our lab we discovered that haploinsufficiency of Eif4a3 

as well as other core EJC components Magoh and Rbm8a results in large alternations to 

ribosomal components40. Treacher-Collins Syndrome is a severe craniofacial disease 

with variable presentation including reduced jaw size, cleft palate, underdevelopment of 

the facial bones, as well holoprosencephaly67. TCOF1 is the gene most commonly 

altered in Treacher-Collins Syndrome67. It has also been shown to regulate mitosis in the 

brain of mice, loss of which results in microcephaly68. Both the human disease and the 

mouse model for Treacher-Collins parallel much of what we see in RCPS patients and 

Eif4a3 mutant mice. Perhaps commonalities between RCPS and Treacher-Collins may 

be influenced by defects in both mitosis and ribosome biogenesis69.  

Eif4a3 has been previously implicated in neural crest development in Xenopus. 

After knockdown in frogs, there is complete paralysis of these animals as well as a loss 

of peripheral nervous system components, pigmentation cells, and defects in heart 

development70. These structures are all derived from neural crest cells. It was found with 

these frogs that mis-splicing of a particular transcript Ryanodine receptor (Ryr) is 

altered71. Disruption of Ryr directly parallels the paralysis phenotypes in frogs suggesting 

it is at least partially responsible71. This suggests that roles of Eif4a3 in RNA metabolism 

could play a role in behavior of neural crest.  
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Splicing changes have been frequently implicated in craniofacial disease. 

Despite spliceosome changes being ubiquitous throughout the body there are a 

multitude of these spliceosomeopathies that show a preferential effect on the developing 

head, often with limb involvement72. Because of the wide array of roles Eif4a3 plays, 

future studies aimed at understanding direct vs. indirect involvement of Eif4a3 will be 

important to consider. 

 

Contribution of migration, mitosis, and apoptosis to RCPS 

Migration defects were one of the predominant phenotypes we have seen in the 

patient-derived iNCCs. Although there is no direct evidence of migration defects in our 

mouse model, the delay in mandibular arch fusion could be explained by altered 

migration. Early in mandibular arch formation, cells must migrate and proliferate to 

populate MA1.  Migration continues to be critical as MA1 splits into both the precursors 

for the maxilla and mandible, both of which are affected in RCPS patients60. Migration 

defects are common in mouse models with micrognathia. For example, Wnt1-Cre 

knockout of Notch signaling results in reduced migration of NCCs. These mice exhibit 

similar defects to what we see in Wnt1-cre;Eif4a3lox/+ animals, including exencephaly and 

reduced jaw size73.  

In our mouse models we saw subtle mitosis and apoptosis defects. Although we 

believe these are unlikely to be the primary cause of the phenotypes we see, both of 

these processes have been heavily implicated in many other craniofacial diseases. Thus 

it is important to keep in mind that there may be some contribution the final craniofacial 

phenotypes. Particularly, the more severe cases in our whole body knock out have wide-

spread cell death (Fig. 24). Since there are known cases of spontaneous abortion in 
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families affected by RCPS, this could help to explain some of the observed early 

embryonic death51.  

Mitosis is known to be important for defining the cell types critical for mandibular 

development. Early studies showed that prechondrocyte mitosis ends after 

chondroblasts, (the mesenchymal progenitor cells that go on to make cartilage) are 

made. If chondroblasts differentiate too rapidly the prechondrocytes sense the cartilage 

is not sufficient and resume mitosis until enough cartilage has formed74. Only then are 

skeletoblasts able to differentiate into osteoblasts. Similarly, in chick embryos it was 

shown that cross-talk between the epithelium and mesenchyme in the developing 

mandible induced mitosis at critical times for bone differentiation. A balance between 

proliferation and differentiation is important for the proper development of the mandible 

in both size and function.  

 Restriction of apoptosis has also been shown to be critically important for 

mandibular development. In Twist mutant mice with premature mandibular arch fusion 

(akin to our type B mice) there are high levels of apoptosis in early e9.5 mandibular 

arches63. They attribute differences in the amount of apoptosis as being the cause for 

phenotypic variability of craniofacial defects seen in both mouse mutants and human 

patients. Ultimately, cell death affects developmental protein gradients that lead to 

premature fusion and outgrowth failure. Perhaps even small amounts of death laterally, 

like what we see in our Wnt1-cre driven Eif4a3 mutants, could play an important role in 

altering mandibular outgrowth.  
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Eif4a3 deficiency and phenotypic variability 

Both iPSC and mouse models established here recapitulate deficiencies in 

mandibular development which is amongst the most relevant craniofacial alterations of 

RCPS.  A large spectrum of phenotypic variability in development of mandibular 

processes is observed in Eif4a3 haploinsufficient mice. This parallels RCPS, where 

there is great clinical variability amongst patients, even within the same family51,52. 

Several RCPS patients have died in early infancy due to severe micrognathia associated 

with severe respiratory distress or required surgical interventions for survival52,53. A 

fraction of embryos with either ubiquitous or NCC-specific Eif4a3 depletion presented 

with especially severe phenotypes not so far described in humans, including 

holoprosencephaly or exencephaly. Likewise, Eif4a3 haploinsufficiency in neural 

progenitors causes severe microcephaly, also not reported in patients40. These 

phenotypic differences could be explained by inbred genetic backgrounds of mice, 

exposing phenotypes masked in humans. Alternatively, brain malformations in humans 

could be embryonic lethal. Consistent with this possibility, spontaneous abortions have 

been reported in RCPS families51 

 

Alteration of ossification in neural crest disorders 

The clavicle is a neural crest-derived bone that is the first to undergo 

intramembranous ossification75. The mandible, as well as bones of the developing face 

and skull are the only other bones in mammalian development to undergo this type of 

ossification. The clavicle ossifies through two separate ossification centers that come 

together to form the final bone. Although the hallmark of RCPS is an undersized 

mandible, there are occurrences of clavicular defects as well (Table 1). Two RCPS 
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patients, one with pseudoarthrosis, or failure of the medial portion of the clavicle to 

ossify, the other with bilateral sternoclavicular chondral dysfunction as well as fracturing 

in the right clavicle at birth, have been described53,76. There are many examples of 

animal models with premature ossification co-current with craniofacial defects. For 

example, Sox9 heterozygous mice display premature ossification of the bones in the 

face and vertebra77. Runx2 has been shown to be a master regulator of ossification. 

Runx2 knock out mice are known to have a complete loss of bone62. Human patients 

with Runx2 mutations can be born without any clavicles or with clavicular hypoplasia78. 

This suggests that perhaps the clavicle is poised to be severely affected possibly in part 

because of its rapid and early ossification.  

Because of the severe effect Eif4a3 mutation has on the mouse mandible, it was 

impossible to look at the ossification of this structure. Another phenotype seen in RCPS 

patients was pansynostosis, or a premature and complete fusion of skull bones. Given 

the prevalence of exencephaly in Wnt1-cre;Eif4a3lox/+ mutant, examination of the skull 

bones could be an important future direction. The parallels between clavicle, skull, and 

facial bone development, as well as their shared cellular origin combine to suggest 

premature ossification as a disease mechanism underlying RCPS.  

.  
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7. The future of understanding Eif4a3 function 

 My thesis has helped to open up new questions that will be very important for 

understanding the role of EIF4A3 both at the molecular level and in human disease. 

Teasing apart differences in EJC component behavior is paramount for the future 

studies of EIF4A3. 

 

Direct interaction between EIF4A3 and microtubules 

Our data indicate that EIF4A3 is capable of directly binding to microtubules. We are 

thus very interested in understanding how this interaction takes place, as this would 

allow us to directly test whether microtubule interaction is required for EIF4A3 to regulate 

mitosis. We have attempted some experiments to address this, but have come to realize 

it is a difficult question to answer. 
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Figure 38: Identification of a putative microtubule binding domain in EIF4A3. 
(A, B) Amino acid sequences show the (A) predicted microtubule interaction domain and 

(B) the successful deletion of amino acids 206-213. (C) Crystal structure15 showing 
EIF4A3 in blue, MAGOH in brown, and RBM8A in green, with putative microtubule 

domain highlighted in yellow. (D) HeLa cells transfected with vectors for 3xFLAG-Eif4a3-
WT or 3xFLAG-Eif4a3-Δ206-213 and stained with FLAG antibody. (E) Representative 

western showing scrambled, EIF4A3 knockdown, and rescue conditions with either 
Eif4a3-WT or 3xFLAG-Eif4a3-Δ206-213. (F) Representative western blot showing 
Eif4a3-WT or 3xFLAG-Eif4a3-Δ206-213 overexpression. (G) Western blot showing 
microtubule sedimentation performed with GST-Eif4a3-Δ206-213. (H) Densitometry 

measurements of GST-Eif4a3-Δ206-213 in microtubule pellet compared to BSA pellet. 
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We ran the primary sequence for EIF4A3 through MapAnalyzer, a program which 

uses known and extrapolated microtubule binding motifs to predict an microtubule area 

of interaction for a protein of interest79. Amino acids 206-213 of EIF4A3 were identified 

as a putative microtubule binding domain, and vectors for both bacterial and mammalian 

expression were generated (Figs. 38A, B). In 3-D structure this domain was shown to be 

localized to the opposing side of the EJC in a bend of the ribbon structure (Fig. 38C)15.  

To see if we could express this construct in mammalian cells, we transfected 

HeLa cells with EIF4A3 siRNA and either 3xFLAG-Eif4a3-WT or 3xFLAG-Eif4a3Δ206-

213 and stained for FLAG expression. As expected, EIF4A3-WT was primarily nuclear 

and very abundant (Fig. 38D). Conversely, little FLAG expression was seen via 

immunofluorescence after transfection with 3xFLAG-EIF4A3Δ206-213 (Fig. 38D). 

Western blots were performed with scrambled knockdown, EIF4A3 knockdown, and 

EIF4A3 knockdown with either Eif4a3-WT or Eif4a3Δ206-213 vectors and probed for 

EIF4A3 to visualize both endogenous and exogenous EIF4A3 (Fig. 38E). While the 

Eif4a3-WT construct was easily seen, Eif4a3Δ206-213 was not apparent. Additionally, 

overexpression lysates without EIF4A3 knockdown were also visualized with FLAG 

antibody and again while Eif4a3-WT was visible, Eif4a3Δ206-213 was not (Fig. 38F). 

Thus, we were unable to see if this putative microtubule domain altered behavior of 

HeLa cells.  

 GST-EIF4A3Δ206-213 was expressed and purified in bacteria in the same 

manner as GST-EIF4A3-WT (Fig. 17) and subjected to microtubule sedimentation. While 

EIF4A3Δ206-213 was present in the microtubule pellet, it was also equally abundant in 

the BSA negative control pellet (Figs. 38G). Densitometry was performed comparing the 

amount of EIF4A3Δ206-213 in the microtubule pellet vs. BSA. This showed de-
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enrichment with an average value of 0.74 compared to the value we saw with EIF4A33-

WT averaging 6.1 (Figs. 38H, 16). Together, this suggests that perhaps protein folding is 

aberrant after the deletion of amino acids 206-213. Unfortunately, this renders the 

experiment uninterpretable, since it non-specifically sediments with microtubules. Future 

studies with more careful execution, perhaps with alanine scanning instead of domain 

deletions will hopefully allow us to determine the regions responsible for EIF4A3 binding 

to microtubules. Only then will we be able to assess whether microtubule binding is 

directly responsible for the mitosis defects we see following EIF4A3 depletion. For now, 

localization and phenotypes all suggest a tight correlation between localization and 

onset of phenotype, but this is not direct evidence. 

 

Molecular cause of Eif4a3 phenotypes in human disease 

An understanding of the molecular mechanisms underlying RCPS will require 

integration of our knowledge of both EJC-dependent and independent functions of 

EIF4A3. Already there are some known functions in different systems that begin to hint 

at how EIF4A3 might function in human disease. For example, after exploring a novel 

environment, rats have an increase of Eif4a3 in the neurons of their striatum, while 

Magoh is not increased80. Additionally, specific neuronal RNA targets are very different 

between Rbm8a and Eif4a3 in neurons81,82. Although this could be because these 

studies were performed in different cells types. It will be important in the future to do 

direct comparison side-by-side for both Rbm8a and Eif4a3. 

In human patient populations both RBM8A and EIF4A3 copy number gains have 

been implicated in neurological disorders. Far fewer genetic variants have been found 

yet for MAGOH. In the two diseases known to be caused by mutations in EJC core 
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components, there are similarities and also distinct differences. Thrombocytopenia-

absent radius (TAR) syndrome is a blood and bone disorder characterized by a missing 

radius (in the limb) and platelet deficiency. It is known to be caused by a compound 

mutation where there is a microdeletion (1q21.1) combined with a SNP in RBM8A83. 

Although RCPS has been shown to have limb involvement, it is much less dramatic. 

Also there are no craniofacial abnormalities yet to be associated with TAR syndrome. 

Nor are there any reported blood phenotypes in RCPS populations. Also of note is that 

TAR results in an approximate 80% reduction of RBM8A while EIF4A3 levels are 

reduced only by approximately 30%. Differences in gene dosage sensitivity could be due 

to the complex genetic backgrounds in human populations, or it could be that 

independent roles for these proteins exist.  

 Our collaborators have generated RNA-seq data on the patient-derived human 

NCCs. Thus far they see approximately 87 genes with a 2-fold difference in expression 

or more. We attempted to use our mouse model to look at molecular parallels between 

the two systems. Thus far, we have not been able to validate any targets. This is likely 

because of the complexity of a developing mouse face vs. the homogeneity of cultured 

NCCs. In the future, to draw these parallels and gain insight into the molecular 

mechanism, I propose two alternatives: 1) use in situ hybridization to look at changes in 

expression of promising candidates from the human NCCs, or 2) use a tomato reporter 

mouse to generate Wnt1-cre;Eif4a3lox/+ mutants, collect at an early time point shortly 

after cre induction (approximately e9.5 or e10.5), and sort out the tomato positive cells 

for subsequent RNA sequencing. This would be a work-around for the heterogeneity of 

the mouse and would generate a closer equivalent to the human NCCs that have 

already been sequenced. 
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Functional independence of EIF4A3 from the core EJC 

Proteomics 

To understand how EIF4A3 might be acting independently from the EJC, it will be 

important in future work to understand other protein interactions that may be 

contributing.  

 

Figure 39 Proteomics of EIF4A3 and MAGOH reveal shared and distinct 
interactions. (A) Venn diagram showing shared vs. distinct interactions between 

Magoh-WT and Eif4a3-WT. (B,C) The top 10 most abundant proteins in (B) Magoh-WT 
or (C) Eif4a3-WT IPs. (D) Additional accessory EJC components that were present in 

the IPs but not in the top 10 most abundant proteins. (E) Known microtubule associated 
proteins that were present in these IPs. (F, G) GO analysis for distinct interactors in 

Magoh-WT and Eif4a3-WT IPs. 
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As a first pass, we utilized semi-quantitative proteomic analysis to identify nodes of 

interaction that differ between the MAGOH-RBM8A heterodimer and EIF4A3 in an 

unbiased fashion. We transiently transfected HeLa cells with our Eif4a3-WT and Magoh-

WT constructs and performed IPs. As a negative control we incubated pre-conjugated 

FLAG beads with wildtype HeLa lysates, thus identifying non-specific interactors.  

 Proteins were considered as putative, enriched interactors if they had three or 

more detectable peptide counts in experimental samples and one or less detectable 

peptide counts in the negative control. In total, this included 77 MAGOH-interacting 

proteins, 66 EIF4A3-interacting proteins, with 40 proteins in common to both MAGOH 

and EIF4A3 (Fig. 39A). 26 proteins were EIF4A3 enriched (39% of its interactors) and 37 

were MAGOH enriched (48% of its interactors) (Fig. 39A). This supports the notion that 

EIF4A3 and MAGOH can have both overlapping and distinct binding partners. The top 

10 most abundant proteins for Eif4a3 and Magoh had shared and non-shared proteins 

(Figs. 39B, C). Magoh-WT had many known EJC proteins including RBM8A, UPF2, and 

PYM (Fig. 39B). Conversely, the top 10 most abundant protein in the Eif4a3-WT IP did 

not include any known EJC core or accessory proteins (Fig. 39C). In fact, when 

additional accessory EJC components were surveyed, only ALY-REF, MAGOH, and 

RBM8A were detectable in the Eif4a3 IP, at very low levels (Figs. 39B, D).  Interestingly, 

microtubule associated proteins were seen in both Magoh and Eif4a3 IPs (Fig. 39E).  

 We probed these datasets using Gene Ontology (GO) analysis. Consistent with 

their canonical roles in the EJC, both EIF4A3 and MAGOH interactomes included RNA 

metabolism proteins (Figs. 39F, G). Strikingly, mitotic interactions were particularly 

prominent amongst the Eif4a3-enriched interactors. 54% of Eif4a3-enriched interactors 

were either annotated as mitotic regulators (as evidenced by 5 of the top 10 most 
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significant GO terms) and/or identified in screens for mitotic defects (Fig. 39G, 

Mitochek.org)47. Taken together, these proteomic analyses reveal that EIF4A3 exhibits 

both canonical (predicted) interactions as well as non-canonical interactions with mitotic 

regulators.  

This is an imperfect way of sorting this data. As it is semi-quantitative, the 

interactions do not take into account protein abundance or size. In future work, more 

precise proteomics will be necessary, where fold calculations will be possible. More 

rigorous proteomics will enable us to have statistical power and enriched candidates will 

be more easily picked out. Thus, our proteomics data represent a starting off point to 

understand not only the EJC interactions that are common, but those that are different 

amongst core complex components. Datasets such as these could help to dissect EJC 

core and independent functions. 
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RNA sequencing 

 

Figure 40 RNA seq analysis shows common and distinct RNA changes following 
depletion of core EJC components.  

(A) Venn diagram40 showing overlapping and distinct targets after heterozygous loss of 
MAGOH (blue), RBM8A (purple), or EIF4A3 (red). (B) GO analysis on all RNA changes 

following EIF4A3 loss (contained within the red circle). (C) GO analysis on EIF4A3 
specific changes (shaded in gray). 

 

 A previous publication from our lab performed RNAseq on brain-specific (Emx-

cre) EJC mutants for each of the core components40. Analysis revealed that MAGOH, 
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RBM8A, and EIF4A3 haploinsufficiency converged on p53 signaling, proteasome, and 

ribosome pathways. Perhaps surprisingly, 31 Eif4a3 loss induced changes overlap with 

Magoh and Rbm8a. 48 changes are shared between Rbm8a and Eif4a3, while there is 

only one target common to just Magoh and Eif4a3 (Fig. 40A). Over 50% of the RNA seq 

changes in Eif4a3 mutants did not overlap with changes in Magoh or Rbm8a mutants. If 

we look at all Eif4a3 changes (shared or not, 172 genes altered, red circle) GO analysis 

revealed potentially insightful commonalities in these RNA changes (Fig. 40B). Both 

canonical Wnt and Notch signaling pathways are shown to be altered after Eif4a3 

heterozygous loss in the brain. As well as RNA targets that are important for cell 

migration, cell death, and anterior-posterior axis formation. These changes could be 

important targets to examine for understanding why the face is so specifically altered in 

RCPS. For example, altered transcripts include SHH, HEY1, and HEY2.  

 SHH knockout mice are known to have severe craniofacial disorders84. Dosage 

and timing of SHH is critically important for facial development and alterations to these 

gradients can result in phenotypes ranging from severe holoprosencephaly and cyclopia 

to cleft lips and palates85.  

 HEY1 and HEY2 are downstream effectors of the Notch signaling pathway. Loss 

of many different components that control Notch signaling have been shown to cause 

craniofacial malformations in both mice and humans. For example, Notch receptor JAG1 

mutations are responsible for Alagille syndrome, which has an array of phenotypes 

including small sized mandibles86. JAG2 mice have cleft palate and limb defects87. Mice 

with heterozygous mutations in both Dll3 and Notch1 show mandibular and maxillary 

abnormalities during development, with significantly less mandibular outgrowth. There 

were also skeletal defects of the ribs and vertebrae of these mice88. Thus it will be of 
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interest to look at these classical developmental signaling pathways in the context of 

RCPS and Eif4a3 function.  

 At first glance, Eif4a3 specific changes were at best confounding, with the most 

prevalent GO terms showing involvement in metal metabolism, particularly of copper and 

zinc ions (Fig. 40C)89,90. Further examination shows two genes common to all metal 

metabolism related categories, MT1 and MT2, both of which were significantly 

downregulated in the RNAseq. Both genes encode transmembrane metallomatrix 

proteins (MMPs) that bind to both zinc and copper. MT1 has been implicated heavily in 

cell migration and invasion89,91. Both genes when lost have been shown to cause 

craniofacial defects, including overall smaller snouts. Interestingly, these defects are 

shown to be due to misregulation of collagen breakdown. There was a failure in MT1 

mice for their skull bones or properly fuse as well as defects in long bones91,92. This 

shows an important role for MMPs and metal ion regulation in neural crest development 

and osteogenesis93.  

 Although understudied, there are incidences in human populations where zinc 

supplementation during pregnancy has been shown to help prevent craniofacial 

abnormalities like cleft lip and palate, the latter of which is seen in RCPS patients94. In 

rats, zinc deficiency has been shown to cause a wide array of developmental 

abnormalities particularly of the vertebrae, cleft palate, brain malformations, and 

micrognathia. In the skeleton, there was a severe delay in calcification of embryos as 

well. In areas of bone mineralization there is a high concentration of zinc ions 

concentrated in the early mineralizing regions95. Zinc deficiency has also been 

implicated in micropthalmia (abnormally small or missing eyeballs)96, which is something 

we have observed in our Eif4a3 mouse models. Modulating zinc levels in the diet of our 
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pregnant mice to see if this can change the penetrance or severity of Eif4a3 loss 

induced phenotypes we have observed could be a potentially elegant study. Although it 

is unlikely that metal ion misregulation is the sole cause of the phenotypes we see in 

Eif4a3 deficient mice and human patients, it might contribute to the differences we 

observe between our Eif4a3 and Rbm8a models. 

 

Figure 41 Eif4a3 and Rbm8a deficient mice have distinct phenotypes. 
(A-C) e14.5 control (A) or Wnt1-cre;Eif4a3 embryos (B,C). (D-F) e14.5 control 

(D) or CMV-Cre;Rbm8alox/+ mutant embryos. White arrow points to the developing 
mandible 

  

 To compare the two genes in our mouse models we crossed Rbm8alox/+ mice to 

our CMV-cre driver and collected at e14.5. Similar to what is seen in Eif4a3 mutant mice 

(albeit crossed to Wnt1-cre drivers because of the lethality seen in CMV-Cre), CMV-

cre;Rbm8alox/+ mice exhibit exencephaly compared to their control littermates (Figs. 41A-
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F). Both mutant types are also smaller overall. What is strikingly different is the 

mandibular outgrowth in CMV-cre;Rbm8alox/+ compared to Wnt1-cre;Eif4a3lox/+ mice 

(Figs. 41C, F, white arrows). Our Eif4a3 mutants had incredibly small mandibles, with 

little outgrowth whereas Rbm8a mutants had seemingly normal mandibles compared to 

overall embryo size. MagohMos2/+ mutants were examined for neural crest defects in an 

earlier publication from our lab at similar embryonic ages. While there was a penetrant 

pigmentation defect in these mice, there were no overt mandibular or craniofacial 

malformations43.  So while these data suggest that all three EJC core components 

regulate some aspects of neural crest behavior, the phenotypic outcome is strikingly 

different. By examining both molecular and gross phenotypic differences, we will be able 

to better parse through complex differences and similarities in EJC component 

phenotypes.  

  My thesis helps to establish the groundwork for understanding EIF4A3 outside 

canonically known EJC functions and in roles for human disease. Ultimately, integration 

of these two themes will help yield the most insight into understanding how EIF4A3 

functions in its widely diverse roles. 
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Appendix A-Conservation of EJC components in yeast 

S. cerevisiae Fal1p vs. M. musculus protein alignment for Eif4a3: 
 
 

msEif4a3     MAANATMATSGSARKRLLKEEDMTKVEFETSEEVDVTPTFDT-MGLRED-LL-RGIYAYG  57 

                            :: : |:::|: | ||  ::|  ||:  :: : :     :  ::  

Fal1p      --------------MSFDR-EEDQKLKFKTSKKLKVSSTFESMNLKDDLLRGIYSYGFEA  45 

 

 

msEif4a3 FEKPSAIQQRAIKQIIKGRDVIAQSQSGTGKTATFSVSVLQCLDIQVRETQALILAPTRE  117 

             : :::   : :|:   ::::: : : ::| :: : ::::: : :  :: ::: : ::::  

Fal1p      PSSIQSRAITQIISGKDVIAQAQSGTGKTATFTIGLLQAIDLRKKDLQALILSPTRELAS  105 

 

 

msEif4a3     LAVQIQKGLLALGDYMNVQCHACIGGTNVGEDIRKLDYGQHVVAGTPGRVFDMIRRRSLR  177 

             :::|  |:| :  ::::: ::    ::::: : :| ::: ::: :  ::: :  :::: | 

Fal1p      QIGQVVKNLGDYMNVNAFAITGGKTLKDDLKKMQKHGCQAVSGTPGRVLDMIKKQMLQTR  165 

 

 

msEif4a3 TRAIKMLVLDEADEMLNKGFKEQIYDVYRYLPPATQVVLISATLPHEILEMTNKFMTDPI  237 

             ::: ::|::: :::::::|||:||||::::|| : |||  |||  : |||:|:|||:||  

Fal1p      NVQMLVLDEADELLSETLGFKQQIYDIFAKLPKNCQVVVVSATMNKDILEVTRKFMNDPV  225 

 

 

msEif4a3 RILVKRDELTLEGIKQFFVAVEREEWKFDTLCDLYDTLTITQAVIFCNTKRKVDWLTEKM  297 

             :|||||||: ||||||  |:| :||||||||||:|| ||||| |||||||:||||| ::: 

Fal1p      KILVKRDEISLEGIKQYVVNVDKEEWKFDTLCDIYDSLTITQCVIFCNTKKKVDWLSQRL  285 

 

 

msEif4a3 REANFTVSSMHGDMPQKERESIMKEFRSGASRVLISTDVWARGLDVPQVSLIINYDLPNN  357 

             :: || |:|||||| |:|| : |: || |:|||||||||||||:||:|||| ||||||:: 

Fal1p      IQSNFAVVSMHGDMKQEERDKVMNDFRTGHSRVLISTDVWARGIDVQQVSLVINYDLPEI  345 

 

 

msEif4a3 RELYIHRIGRSGRYGRKGVAINFVKNDDIRILRDIEQYYSTQIDEMPMNVADLI  411 

             :| ||||||||||:|||||||||::::|:: ||:|| :||: |::||:|:|:|  

Fal1p      IENYIHRIGRSGRFGRKGVAINFITKADLAKLREIEKFYSIKINPMPANFAELS  399 

 

 
 
 
 
S. pombe vs. M. musculus protein alignment for Eif4a3: 
 

 

msEif4a3     ----------------MAD-EIMENVELTTSEDVNAVSSFEEMNLKEDLLRGIYAYGYET  43 

                               : |:|::||: ||| |::   |::|:|:||||||||||| |: 

pEif4a3      MAANATMATSGSARKRLLKEEDMTKVEFETSEEVDVTPTFDTMGLREDLLRGIYAYGFEK  60 

 

 

msEif4a3     PSAVQSRAIIQICKGRDVIAQAQSGTGKTATFSIGILQSIDLSVRDTQALILSPTRELAV  103 

             ||| | |||:|| |||||||| |||||||||||:::||::|: || |||||| ||||||| 

pEif4a3      PSAIQQRAIKQIIKGRDVIAQSQSGTGKTATFSVSVLQCLDIQVRETQALILAPTRELAV  120 
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msEif4a3     QIQNVVLALGDHMNVQCHACIGGTSVGNDIKKLDYGQHVVSGTPGRVTDMIRRRNLRTRN  163 

             |||:: |||||:||||||||||||:|| ||:||||||||| |||||| ||||||:||||: 

pEif4a3      QIQKGLLALGDYMNVQCHACIGGTNVGEDIRKLDYGQHVVAGTPGRVFDMIRRRSLRTRA  180 

 

 

msEif4a3     VKMLILDEADELLNQGFKEQIYDIYRYLPPGTQVVVVSATLPQDVLEMTNKFTTNPVRIL  223 

              |||:||||||:||:||||||||:|||||| ||||  |||||:  ||||||| |:| ||| 

pEif4a3      IKMLVLDEADEMLNKGFKEQIYDVYRYLPPATQVVLISATLPHEILEMTNKFMTDPIRIL  240 

 

 

msEif4a3     VKRDELTLEGLKQYFIAVEKEEWKFDTLCDLYDTLTITQAVIFCNSRRKVDWLTEKMREA  283 

             ||||||||||:|| |:|||:||||||||||||||||||||||||| :||||||||||||| 

pEif4a3      VKRDELTLEGIKQFFVAVEREEWKFDTLCDLYDTLTITQAVIFCNTKRKVDWLTEKMREA  300 

 

 

msEif4a3     NFTVTSMHGEMPQKERDAIMQDFRQGNSRVLICTDIWARGIDVQQVSLVINYDLPANREN  343 

             |||| ||||:||||||  ||: ||:|:|||||:||:||||:||:|||| ||||||:|||  

pEif4a3      NFTVSSMHGDMPQKERESIMKEFRSGASRVLISTDVWARGLDVPQVSLIINYDLPNNREL  360 

 

 

msEif4a3     YIHRIGRSGRFGRKGVAINFVTNEDVRILRDIEQYYSTVIDEMPMNIGDMV  394 

             ||||||||||:||||||||||:|:| |||||||||||| |||||||: |   

pEif4a3      YIHRIGRSGRYGRKGVAINFVKNDDIRILRDIEQYYSTQIDEMPMNVADLI  411 

 

 
S. pombe vs. M. musculus protein alignment for Magoh: 
 
 

msMagoh      MESDFYLRYYVGHKGKFGHEFLEFEFRPDGKLRYANNSNYKNDVMIRKEAYVHKSVMEEL  60 

             | ||||:|||:||:|:||||||||::::|| :||||||||:||: ||||: |:  | :|: 

pMagoh       M-SDFYVRYYSGHHGRFGHEFLEFDYHSDGLARYANNSNYRNDSLIRKEMFVSELVLKEV  59 

 

 

msMagoh      KRIIDDSEITKEDDALWPPPDRVGRQELEIVIGDEHISFTTSKIGSLIDVNQSKDPEGLR  120 

              ||:||||| ||:| :|||::::|:|||||:::::||:| |:|:|||:|| :|:|||||: 

pMagoh       QRIVDDSEIIKESDESWPPENKDGKQELEIRMNGKHIMFETCKLGSLADVQNSDDPEGLK  119 

 

 

msMagoh      VFYYLVQDLKCLVFSLIGLHFKIKPI--  146 

             ||||| |||| |:||||:|:||::|:   

pMagoh       VFYYLIQDLKALCFSLISLNFKLRPVKN  147 

 

 
 
 
S. pombe vs. M. musculus protein alignment for Rbm8a: 
 
 
msRbm8a      MADVLDLHEAGGEDFAMDEDGDESIHKLKEKAKKRKGRGFGSEEGSRARMREDYDSVEQD  60 

                                                                          

pRbm8a       ------------------------------------------------------------  0 

 

 

msRbm8a      GDEPGPQRSVEGWILFVTGVHEEATEEDIHDKFAEYGEIKNIHLNLDRRTGYLKGYTLVE  120 

                 :| :||||:|::|||||:|||||: :|:|| :|: ||:|||||||||| ||| |:| 

pRbm8a       ---MRPAKSVEGYIIIVTGVHPEATEEQVEDLFADFGPVKNLHLNLDRRTGYVKGYALIE  57 
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msRbm8a      YETYKEAQAAMEGLNGQDLMGQPISVDWCFVRGPPKGKRRGGRRRSRSPDRRRR------  174 

             | |:::|| |: : |: :|:: ::: |: |:::|:: :|:::: ||||::::::       

pRbm8a       YATLEQAQKAVDEKNLSLLDEKLEV-DFAFLEPPERAPRPSISTRSRSQSPEVQHRDRDV  116 

 

 

msRbm8a      -----  174 

                   

pRbm8a       AMAEP  121 
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Appendix B-The role of EIF4A3 in the actin cytoskeleton 

 

The actin cytoskeleton in cell motility, adhesion, and mitosis 

 Much like the tubulin cytoskeleton, actin dynamics are regulated by a huge host 

of actin binding proteins. Actin must switch between two states, monomeric actin or 

polymerized, filamentous actin (F-actin) in order to play its roles in diverse cellular 

activities. In interphase, the actin cytoskeleton is required for cell migration, adhesion, 

morphogenesis, and cell polarity. In mitosis, the actin cytoskeleton must be dynamic yet 

sturdy as it allows for attachment of the microtubules to the cell cortex, must help attach 

cells to their substrate, and also generate the forces required to separate one cell into 

two cells during cytokinesis and abscission (Fig. 2). 

 Focal adhesions (FAs) are large macromolecular complexes that allow for the 

adherence of cells to extracellular matrices by mediating integrin signaling with the actin 

cytoskeleton. During migration, nascent FAs are found in the leading edge of the cell. 

Here, they are small and dot-like and act in an exploratory manner and are less 

adherent. Conversely, older FAs are streak-like and provide power for movement by 

helping to coordinate and regulate actin and actin binding proteins97. The treadmilling 

between initial contact and power generation allows for directed movement. In 

interphase, FA proteins are easily observed in both motile and stationary cells. Markers 

such as vinculin and paxillin are adaptor proteins that function to strengthen the 

adherence of cells to their environment. In mice, Vinculin knockouts die young and have 

very fragile tissue. MEFs taken from these animals are less able to adhere to surfaces 

and have smaller FAs. Interestingly, they are better able to migrate suggesting a balance 

between adherence and migration is critically important. Indeed, some cancer lines have 
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reduced vinculin expression. Reintroduction of vinculin into these cells is able to inhibit 

their ability to migrate and thus could be important for metastasis. In more stationary 

cells like MEFs or HeLa, focal adhesions are much less dynamic than a highly migratory 

cell. However, there is still cycling in and out of FAs by proteins such as vinculin and 

paxillin. So while FA turnover itself may be slow, FA protein turnover is more constant 

and dependent on outside signaling cues97.  

 During mitosis entry (prophase), there is a mass retraction of focal adhesions 

and formation of a rigid cortical actin structure to allow for cell rounding98. In confined 

space, failure of cell rounding can result in mitotic delay and defects99. These defects 

can be rescued by altering microtubule dynamics and length. There is a proposed FA 

de-assembly checkpoint, prior to entering mitosis. Disruption of proteins in the FA 

disassembly pathway will slow mitotic entry, perhaps as a way to ensure mitotic 

rounding and proper mitotic entry, which ultimately reduces mutation100. This suggests 

an intricate relationship between the actin and microtubule cytoskeletons during mitosis.  

 A large family of proteins known as formins act as actin and microtubule 

regulatory proteins. Formins are able to nucleate filamentous actin and have also been 

shown to modulate microtubule dynamics101. Formin proteins are defined by the 

presence of a formin-homology domain (FH1 or FH2). Canonically, mDIA1 and 2 are the 

most closely related mammalian homologs of Drosophila Diaphanous, which was shown 

to use its FH domains to elongate actin. mDIA has been shown to associate with known 

microtubule regulatory proteins such as EB1. Diaphanous was shown to be critically 

important for cytokinesis, depletion would often result in cytokinetic and abscission 

failure (Fig. 2). mDIA1 decorates the mitotic spindle and both mDIA1 and 2 localize to 

the midbody49. mDIA proteins have been implicated in stabilizing microtubules which is 
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critical for midbody formation. Given its dual roles in both microtubule and actin 

regulation, it follows that mDIA would be implicated in multiple stages of mitosis. Given 

the roles we found for EIF4A3 in prometaphase and telophase in cells, as well as the 

roles we found for EIF4A3 in cell migration, we wanted to examine the possibility that 

EIF4A3 might play a role in actin cytoskeleton as well.  

 

EIF4A3 localizes to filamentous actin and affects focal adhesion formation 

 We first asked if there was a context in which EIF4A3 localizes with the actin 

cytoskeleton. To do this we first looked at MEFs derived from e12.5 wildtype mice and 

stained with phalloidin and Eif4a3 antibodies. We saw that Eif4a3 localized to the 

nucleus but also in large puncta at the end of F-actin which resembled mature FAs (Fig. 

42A). We next asked if we could see a similar localization in HeLa cells using the same 

assays (Fig. 42B). Again we saw the large streak-shaped puncta at the end of F-actin. 

We next treated with a drug cytochalasin D for 30min, which is known to bind and sever 

polymerized actin polymers. We saw, as expected, after cytochalasin D treatment, F-

actin is localized to globular puncta rather than long filaments. We also saw that EIF4A3 

in these puncta was disrupted (Fig. 42C). Together, these data suggest that EIF4A3 is 

able to localize to the actin cytoskeleton in interphase cells, and that this localization is 

dependent on filamentous actin. Future studies looking at localization after EIF4A3 

knockdown, exogenous expression, or additional antibodies will be important controls to 

test for specificity of this localization. 
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Figure 42 EIF4A3 localizes to the actin cytoskeleton during interphase. 
(A) Micrographs showing MEFs derived from wildtype mice were stained for Eif4a3 

(green) and phalloidin (F-actin, red). (B-C) HeLa cells were stained with EIF4A3 (green) 
and phalloidin (red) in (B) DMSO treated cultures and in (C) cytochalasin D treated cells. 

Scale bars 5µm. White squares in merge are areas that are zoomed in on to the right. 
 

 Focal adhesion size has been shown to correlate to migratory capacity102. 

Additionally, focal adhesion number has been used to predict migratory capacity and 

invasiveness103,104. Alterations to FA number have also been used to define and discover 

novel FA associated and regulatory proteins103,105,106. We thus used vinculin, an FA 

marker, as read out for EIF4A3 function in FA maintenance.  
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Figure 43 EIF4A3 depletion results in a loss of focal adhesions.  
(A, B) Control and EIF4A3 depleted HeLa cells were stained for FA protein 

vinculin. (C) The number of vinculin spots per cell was calculated and averaged over 3 
experiments. *, P<0.05. Scale bar is 5µm. 

 

We depleted EIF4A3 expression in HeLa cells with siRNAs for 48h. We then 

fixed the cells and stained for vinculin, a known FA protein component. Cell conditions 

were blinded and images taken of interphase cells, then the number of vinculin spots per 

cell counted and averaged. We see that after loss of EIF4A3 there is a significant 

depletion of the number of focal adhesions per cell. Additionally, the size of focal 

adhesion was much smaller after loss of EIF4A3 (Figs. 43A-C).  

 

EIF4A3 mitosis phenotypes are partially rescued by actin depolymerization 

 Focal adhesions are lost during mitosis, yet cortical actin and push-pull forces 

are incredibly important for mitotic progression. To ask if there could be a role for actin in 

the mitosis defects we see in EIF4A3 depleted cells, we again knocked down EIF4A3 for 
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48h, randomized and blinded the cells, then performed monopolar assays on either 

DMSO or cytochalasin D treated for 30min cells. We see that in scrambled knockdown 

cells, cytochalasin D did not significantly change the number of monopolar cells. As 

expected, EIF4A3 depletion resulted in a large increase in the amount of mitotically 

arrested cells. Surprisingly, EIF4A3 depleted cells treated with cytochalasin D had 

significantly fewer monopolar cells (Fig. 44A). This suggests that weakening the actin 

cytoskeleton somehow permits the EIF4A3 depleted spindle to right itself.  

 

 

Figure 44: Treatment with cytochalasin D is able to partially rescue mitotic arrest. 
(A) Cells were treated with either scrambled or EIF4A3 targeting siRNAs. The cells were 
split equally into two dishes and after 48h treated with either DMSO or cytochalasin D for 

30min. Cells were then fixed and collected for monopolar analysis. Cytochalasin D 
abbreviated to CytoD in figure. *, P<0.05. 
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EIF4A3 as an actin regulator 

 These experiments represent a starting point for understanding another 

unprecedented role for EIF4A3. It also raises potentially fascinating questions regarding 

EIF4A3 as a regulator of both microtubules and actin. Given that EIF4A3 has been 

shown to interact with formins in yeast, it would be of great interest to see if a 

relationship between mDIA and EIF4A3 exists in mammalian cells as well. Connecting 

microtubule and actin cytoskeletal roles would open up an entirely new understanding of 

EIF4A3 function. 

 These experiments are imperfect. HeLa cells are not the best model for 

understanding actin dynamics as future studies will require assays such as migration or 

cell adhesion assays. HeLa cells are not particularly motile. Additionally, given their 

strong mitotic arrest following EIF4A3 knockdown, this adds an additional caveat for 

every experiment. Mitotic cells are not going to be able to migrate, thus this precludes 

HeLa cells again from being the optimal cell of choice. Also, monopolar assays are 

inherently biased, since an investigator must count the cells by hand. Although you can 

blind the researcher, there are still caveats to these experiments. This is why for most 

cellular assays we also perform propidium iodide analysis. However, treatment with 

cytochalasin D after 30min is not enough time for the no longer monopolar cells to 

complete mitosis. Cytochalasin D treatment also causes cytokinetic failure so it would be 

impossible to use G2/M readout as a secondary assay to confirm findings via monopolar 

counts107.  

 MEFs are a more motile group of cells, but also more difficult to work with. 

Knockdown is difficult with MEFs. Cells could be taken from our CMV-cre models at 

e11.5, but as we have shown there is a significant loss of cells, likely due to cell death in 
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these cultures (Fig. 3). Since we have already defined a role for EIF4A3 in migration in 

our iNCCs, perhaps future studies looking at localization in these cells to focal adhesions 

would be the most ideal. They additionally do not have an obvious mitotic arrest or cell 

death which would eliminate some of the major concerns we have with our other 

cultured cell models.  

 Future work for the role of EIF4A3 in actin cytoskeleton regulation will very likely 

focus on interaction between EIF4A3 and other known actin-associated or FA-

associated proteins. We already have mDIA as a candidate from yeast. Additionally, 

mDIA and EIF4A3 have strikingly similar localization patterns to the spindle during early 

and late mitosis49. Both mDIA1 and 2 are known to affect focal adhesion turnover and 

cell migration50,108. It will be of interest to do colocalization studies, co-IPs, and also see 

if depletion of mDIAs affects EIF4A3 localization or vice-versa.  

 Further studies could look at the effect of EIF4A3 depletion or overexpression on 

actin treadmilling, particularly during cytokinesis when it localizes at the cytokinetic 

furrow. This could be particularly important given the roles we see for EIF4A3 in 

telophase and abscission. We have just begun to scratch the surface of the relationship 

between EIF4A3 and actin. However, given that two of the most prominent phenotypes 

we see in mouse models implicate mitosis40 and cell migration (Figs. 23, 34) this is likely 

to be a very interesting avenue to research. 
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