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CHAPTER I 

 

GENERAL INTRODUCTION 

 

1. Vertebrate Craniofacial Development 

 

A defining feature of the vertebrate lineage is the presence of a head that is both 

supported and protected by a robust skeleton (Kaucka and Adameyko 2019; Jandzik et al. 2015). 

Development of the head structure involved the acquisition of neural crest cells and ectodermal 

placodes, which was a crucial step and powerful propellant for vertebrate evolution (Gans and 

Northcutt 1983; Horie et al. 2018).    

The head represents the most complex part of the body and its morphogenesis requires 

a sequence of spatio-temporally coordinated events. Craniofacial development encompasses an 

umpteen number of signaling molecules mainly belonging to the Wnt, fibroblast growth factor 

(FGF) and bone morphogenetic protein (BMP) pathways, which precisely coordinate the 

assembly of components from distinct sources including the ectoderm, endoderm and 

mesoderm as well as neural crest cells (Adameyko and Fried 2016).  

 

1.1 Neural Crest Cells  

 

Neural crest cells (NCCs) comprise a transient, multipotent population of migratory cells 

that originates at the border of the neural plate in the developing embryo (Bronner and 

LeDouarin 2012). They contribute to the formation of different systems, including the peripheral 

nervous system (PNS), enteric nervous system (ENS), and cardiovascular system while also 

playing a major role in the development of forebrain and midbrain structures. NCCs are capable 
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of giving rise to cell types as diverse as neurons, glia, melanocytes, endocrine cells, muscle, bone, 

cartilage and connective tissues (Fig. 1). Because of their striking plasticity, unique properties and 

importance in development, the neural crest has been dubbed the “fourth germ layer” of the 

vertebrate embryo (Cordero et al. 2011; Trainor 2013, Zhang et al. 2014). 

 

 

Figure 1. Schematic representation of the wide diversity of neural crest derivatives. The tissue, cell and 
organ names are highlighted with different colors according to its domain origin. Adapted from Vega-
Lopez et al. 2018. 
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During late gastrulation and primary neurulation, the neural crest arises between the 

neural ectoderm that generates the central nervous system (CNS) and the adjacent non-neural 

ectoderm that generates the epidermis, a region known as neural plate border (NPB). The edges 

of the neural plate move upward to form the paired neural folds, which are brought together and 

fuse dorsally to form the neural tube in secondary neurulation. The neural crest cells reside at 

the dorsalmost portion of this hollow tube (Scott 2010).  

After induction and specification, NCCs undergo a process designated as the epithelial to 

mesenchymal transition (EMT) and leaves the neuroepithelium territory through a delaminating 

process. The EMT orchestrates the transition from an epithelial to a mesenchymal cell 

phenotype, which includes enhanced migratory capacity, invasiveness and elevated resistance to 

apoptosis. This biological process encompasses a series of events regulated by a tightly controlled 

network requiring sequential activation and/or repression by molecular effectors (Theveneau 

and Mayor 2012).  

After EMT, NCCs migrate along specific routes throughout the embryo. Once they arrive 

at their destination, they undergo intense proliferation and differentiation as derivative 

structures begin to take shape (Theveneau and Mayor 2012).  

 

1.2 Cranial Neural Crest Cells  

 

The NCCs can be divided into four domains i.e. cranial, cardiac, trunk, and vagal/sacral 

based on their axial level. The NCCs’ fates vary depending upon their domain, where they migrate 

to and settle. Only the cranial or cephalic neural crest cells (CNCCs) have the potential to 

differentiate into cartilage and bone (Scott 2010). 

There are differences in NCC development along the rostrocaudal axis of the embryo as 

well as between species. In mammals, the CNCCs delaminate all at once when the neural tube is 

still open, while in birds it coincides with the fusion of neural folds.    

Nevertheless, the trunk NCCs delaminate progressively after the neural tube closure in all 



15 
 

animals. After delamination, they migrate as a continuous wave moving into distinct streams 

(Bronner and LeDouarin 2012; Theveneau and Mayor 2012).  

CNCCs can be further subdivided into forebrain-, midbrain- and hindbrain-derived 

populations. The rostral CNCCs originate the frontonasal process that generates the bones of the 

face, whereas the posterior cells migrate into the pharyngeal arches to produce the craniofacial 

mesenchyme. The cells that colonize the first (mandibular) pharyngeal arch give rise to the 

jawbones and middle ear bones. On the other hand, the cells from the second, third, fourth and 

sixth pharyngeal arches generate hyoid cartilage of the neck, thymus, parathyroid and thyroid 

glands (Cordero et al. 2011; Santagati and Rijli 2003) (Fig. 2B and C).  

NCCs have specific segment identities according to their position along the anterior-

posterior axis specified by a combination of Hox genes (Parker et al. 2018). However, CNCCs from 

the forebrain, midbrain and anterior hindbrain (rhombomeres 1 and 2) do not express any Hox 

genes (Fig. 2A). The patterning of CNCCs arising from Hox-negative regions are mainly controlled 

by distal-less (Dlx) genes (Depew et al. 2002).  

 

 

Figure 2. Scheme of the fate of cranial neural crest cells (CNCCs). (A) Representation of the Homeobox 
genes by color code, showing the four clusters and 13 paralogous groups present in humans. The physical 
position of each Hox in the cluster correlates with its expression along the anteroposterior axis of the 
embryo. (B) The CNCC migratory pathways and subsequent colonization of the frontonasal process and 
pharyngeal arches are shown in the embryo. (C) The skull indicates comparative contributions of CNCC 
populations to cranial skeletal elements. AS, alisphenoid; DE, dentary; di, diencephalon; FNP, frontonasal 
process; FR, frontal; HY, hyoid; IN, incus; MA, malleus; mes, mesencephalon; MX, maxillary; NA, nasal; PA, 
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parietal; PA1-P3, pharyngeal arches 1-3; R1-R7, rhombomeres 1-7; SQ, squamosal; ST, stapes; ZY, 
zygomatic. Adapted from Santagati and Rijli 2003.  

 

Regarding the development of the mandible, after formation of the mandibular arch the 

CNCC-derived mesenchyme undergoes condensation. Subsequently the mesenchymal cells 

differentiate into chondrocytes and organize into a bilateral rod-shaped cartilage, i.e. Meckel’s 

cartilage (MC), surrounded by the perichondrium. This cartilage comprises a primordial anlage of 

the skeletal element of the mandible, functioning as a morphogenetic template (Amano et al. 

2010). Mesenchymal cells close to the MC start differentiating into osteoblasts and are 

surrounded by an osteogenic front. The MC lengthens ventromedially and dorsolaterally on both 

sides of the mandibular arch and fuses at the distal tip originating the mandibular symphysis. 

Therefore, formation of the bones of the mandible occurs in two different ways: the most distal 

region undergoes endochondral ossification in the symphyseal region, while the middle part 

undergoes intramembranous ossification. Whereas the proximal ends of Meckel’s cartilage 

persist and form the basis of the middle ear bones, the intermediate part is degraded. In addition 

to the MC, mandibular development also involves other secondary cartilages e.g. coronoid and 

condylar cartilages (Parada and Chai 2015; Radlanski et al. 2003; Logjes et al. 2018) (Fig. 3). 
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Figure 3. 3D reconstructions of human mandible at different stages of development. The mandible of 
human embryos is shown in dorsal views (A) and anterior views (B). (A) Figures I-V are arranged according 
to maturation at the same scales. CRL (crown-rump-length) sizes: I 22mm, II 19mm, III 25mm, IV 66mm, 
V 117mm. (B) Figures I-V are arranged according to maturation at the same scales, except I, which shows 
a clos-up view of the symphyseal region. CRL sizes: I 21mm, II 25mm, III 24mm, IV 66mm, V 76mm, VI 
117mm. Bone is represented in brown, Meckel’s cartilage in blue, cartilaginous core of condylar process 
in light blue, cartilaginous core of coronoid process in turquoise, inferior alveolar and lingual nerves in 
yellow, and inferior alveolar artery in red. Adapted from Radlanski et al. 2003.  
 

Anomalies in any step of NCC development, such as neural crest specification, 

delamination, migration, proliferation, survival and differentiation are often associated with the 

pathophysiology of a variety of disorders known as neurocristopathies, which frequently 

encompass craniofacial abnormalities (Vega-Lopez et al. 2018; Knecht and Bronner-Fraser 2002).  

A tightly controlled spatial and temporal signaling network is required for the multistep 

embryonic development, yet the molecular cascades that control human craniofacial 

development have until recently been little understood. The identification and functional studies 

of mutations that cause craniofacial malformations (CFMs) represent a promising approach for 

understanding craniofacial morphogenesis and have given significant insight into how the head 

develops. It is noteworthy that the intricate series of molecular signals orchestrating NCC 

development are distinct across organisms. However, there is a clear conservation of most 
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mechanisms leading to NCC formation and the transcriptional regulators of these processes 

largely overlap (e.g. Snail, Twist and FoxD3 genes) (Barriga et al. 2015).  

 

2. Craniofacial Malformations 

 

As a highly social species, the human face is in many ways the most powerful and 

influential region of our anatomy. The face not only conveys our emotions to others, but also 

constitutes a fundamental aspect of any individual’s identity. Indeed, no physical feature evokes 

more profound reactions when disease disfigures it than the face (Jack and Schyns 2015; Helms 

et al. 2005).  

 Craniofacial malformations comprise a heterogeneous group of disorders that collectively 

represent over one-third of all congenital birth defects. They arise from disturbances in 

craniofacial morphogenesis during embryonic development, affecting tissues of the skull and face 

(Gorlin et al. 2001). 

CFMs can compromise a wide variety of craniofacial tissues at different levels of severity 

and can occur as isolated events or in association with other clinical manifestations (Gorlin et al. 

2001). The most common craniofacial malformations, affecting 1:700 live-births worldwide, are 

the orofacial clefts, characterized by the discontinuity of the structures forming the lip and/or 

palate (Schutte and Murray 1999; Mossey et al. 2009). Another example are the craniosynostosis, 

a condition that involves premature ossification of cranial sutures resulting in abnormal skull 

shape as well as cranial growth restriction and increased intracranial pressure (Khanna et al. 

2011).  

These disturbances lead to functional impairment such as airway obstruction, disorders 

of feeding, hearing, speech and psychosocial difficulties. Accordingly, CFMs demand extensive 

treatment from several distinct health professionals entailing a significant burden to both 

patients and the health care system overall (Hamm and Robin 2015).  

Craniofacial malformations are caused by genetic and/or environmental factors including 

chromosomal alterations and maternal alcohol intake, smoking and nutritional deficits (Jones 



19 
 

2011; Brito et al. 2012; Sabbagh et al. 2015). CFMs are genetically and clinically heterogeneous 

and both monogenic (Mendelian) and multifactorial inheritances have been reported (Twigg and 

Wilkie 2015). We would like to highlight among monogenic forms the subject of this thesis, 

Richieri-Costa-Pereira syndrome, which is described in detail below.  

 

3. Richieri Costa-Pereira Syndrome  

 

Richieri-Costa-Pereira syndrome (RCPS; MIM #268305) is a rare acrofacial dysostosis 

initially described in five unrelated Brazilian females in 1992 (Richieri-Costa and Pereira 1992). In 

the subsequent years, the first male patients (Richieri-Costa and Pereira 1993) as well as 

additional cases have been described mainly in Brazilian individuals. To date, 40 individuals have 

been described in the literature with RCPS, including two non-Brazilian patients (Tabith Júnior 

and Gonçalves 1996; Walter-Nicolet et al. 1999; Richieri-Costa and Brandão-Almeida 1997; 

Golbert et al. 2007; Graziadio et al. 2009; Tabith and Bento-Gonçalves 2003; Guion-Almeida and 

Richieri-Costa 1998; Favaro et al. 2011; Vendramini et al. 2004; Bertola et al. 2018; Raskin et al. 

2013). The fact that the majority of patients are from São Paulo state and a notable number of 

them are from an isolated geographical area named Vale do Ribeira have suggested a founder 

effect for this disorder (Favaro et al. 2011).   

RCPS presents a wide phenotypic spectrum and is characterized by several craniofacial 

and limb abnormalities, including microstomia, Robin sequence (micrognathia, glossoptosis and 

cleft palate), abnormal fusion of the mandible, absence of central lower incisors, epiglottis 

hypoplasia/agenesis, laryngeal and ear anomalies, hypoplastic thumbs, mesomelic shortening of 

upper and lower limbs, clubfeet, learning and speech impairments, and microcephaly, which has 

been recently included (Bertola et al. 2018) (Fig. 4). The phenotype expressivity is variable, 

ranging from only mild defects in fusion of the mandible to severe cases with agenesis of the 

mandible and craniofacial pansynostosis (Raskin et al. 2013). RCPS affects multiple structures 

derived from neural crest cells (NCCs), suggesting that these cells are compromised during 

embryonic development.  
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Figure 4. RCPS patients illustrating typical facial features of the syndrome, including microstomia, 
micrognathia (A, B) and cleft of lower alveolar ridge (C), as well as limb defects, including clubfeet (D) and 
hand anomalies (E). Patients reported by Richieri-Costa and Pereira 1993; Richieri-Costa Pereira and 
Brandão-Almeida 1997; Tabith and Bento-Gonçalves 2003.  
 

3.1 Etiology  

 

In 2014, our group identified the causative mutation of this syndrome by homozygosity 

mapping and targeted sequencing. RCPS is mainly caused by an increased number of repeat 

motifs in the 5'UTR of the EIF4A3, which encodes a core component of the exon junction complex 

(EJC). The EIF4A3 5’UTR is complex, presenting multiple allele patterns varying in size and 

organization of three types of motifs: (1) CA-18nt, TCGGCAGCGGCAGCGAGG; (2) CACA-20nt, 

TCGGCAGCGGCACAGCGAGG and (3) CGCA-20nt, TCGGCAGCGGCGCAGCGAGG (Favaro et al. 

2014).    

RCPS patients show a distinct allelic pattern, determined not only by the larger number 

of motifs but also by the presence of a unique motif containing an A-to-G substitution. The most 

prevalent allelic pattern among controls is an initial CACA-20nt repeated 2 to 9 times, followed 

by one CA-18nt, one CACA-20nt, and a final CA-18nt. However, RCPS patients present an initial 

CACA-20nt, followed by 12 to 13 repeats of CGCA-20nt, another CACA-20nt, and one final CA-
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18nt (Favaro et al. 2014). Therefore, control alleles carry up to 12 repeats whereas disease-

associated alleles carry 15 or 16 repeats (Fig. 5).   

 

 

Figure 5. Cartoon of the repeat motifs within the EIF4A3 5’UTR, ending 43 bases upstream the first ATG. 
The different colors represent the motif types: CA-18nt, CACA-20nt and CGCA-20nt. TSS, transcription 
start site; UTR, untranslated region; CDS, coding sequence. Adapted from Alvizi 2017.   
 

The most part of affected individuals are homozygous for the 16-repeat allele. However, 

a compound heterozygote patient was reported by Favaro et al. carrying a 14-repeat allele in 

trans with a likely pathogenic non-synonymous point mutation (c.809A>G; p.Asp270Gly), who 

interestingly presents a milder phenotype than 16-repeat allele homozygotes (Favaro et al. 

2014).   

EIF4A3 transcript abundance is 30-40 % lower in affected individuals than in controls 

(Favaro et al. 2014). However, the functional effects of the 5’UTR motifs on gene expression and 

whether both the number and sequence of the motifs are involved in EIF4A3 downregulation 

remain to be uncovered. In addition, the origin of the pathogenic alleles (e.g. meiotic instability 

or unequal crossing-over events) is still unknown. Insights into the origin and effect of these 

complex alleles will contribute to a better understanding of regulatory features of 5ʹUTR regions 

and their role in craniofacial development. 

Despite the fact that these repeat motifs are CG rich and their increased number in the 

disease-associated alleles results in a gain of 37 CpG sites, they are not hypermethylated in RCPS 
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patients compared to controls (Alvizi 2017). Therefore, DNA hypermethylation does not explain 

EIF4A3 downregulation in RCPS. Further investigation of potential transcriptional or post-

transcriptional mechanisms is needed to unveil how these motifs interfere with EIF4A3 

expression.    

 

4. The Exon Junction Complex  

 

The EJC plays a central role in gene expression control (Le Hir et al. 2016). It contributes 

at many levels to mRNA metabolism, including splicing, intra-cellular mRNA localization and 

nuclear export, mRNA stability control by nonsense-mediated decay (NMD), translation 

efficiency and rRNA biogenesis (Wang et al. 2014; Hachet and Ephrussi 2004; Chazal et al. 2013; 

Gehring et al. 2003; Le Hir et al. 2001). 

Pre-mRNAs are often associated with nuclear proteins, collectively referred to as 

heterogeneous nuclear ribonucleoproteins (hnRNP). mRNA processing, including capping, 

splicing, and polyadenylation, are accompanied by profound changes in the composition and 

arrangements of these protein complexes (Dreyfuss et al. 2002).  

In particular, the exon junction complex (EJC) is required by the splicing machinery and is 

assembled 20 to 24nt upstream of spliced junctions onto mature spliced mRNAs. EJC binds to 

RNA without sequence specificity and acts as a link between nuclear splicing and cytoplasmic 

processes, as it remains associated on mRNAs when transported to the cytoplasm (Le Hir et al. 

2016). This multiprotein complex is organized around four central proteins that constitute the 

EJC core: eIF4A3, MAGOH, Y14 (also known as RBM8A) and MLN51. MAGOH and Y14 form a tight 

heterodimer and contact the two globular domains (RecA1 and RecA2) of eIF4A3. The MLN51 is 

a long protein that surrounds eIF4A3, binds to MAGOH and contacts one nucleotide, stabilizing 

the complex (Fig. 6). This tetrameric core serves as a platform for multiple peripheral factors 

during different post-transcriptional processes (Andreou and Klostermeier 2013).  
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Figure 6. Organization of the domains of the exon junction complex (EJC) core elements. The N- and C-
terminal RecA-domain of eIF4A3 are depicted in teal and brown, respectively, the RRM domain of Y14 in 
pink, MAGOH in cyan, the Btz of MLN51 in yellow, and the RNA is represented in red. Adapted from 
Andreou and Klostermeier 2013.  
 

4.1 Eukaryotic Translation Initiation Factor 4A3 

 

 There are three paralogues of eIF4A in mammals: eIF4A1, eIF4A2 and eIF4A3. Despite 

sharing 60% sequence identity, the eukaryotic translation initiation factor 4A3 (eIF4A3) is 

functionally distinct from the others, is localized mostly in the nucleus, and is the only one 

incorporated into EJC. eIF4A1 and eIF4A2 are both cytoplasmic proteins and present higher 

structural and sequence similarity, sharing 90% identity to each other. However, they are not 

functionally redundant in vivo, and are involved in translation by the eIF4F translation initiation 

complex (Lu et al. 2014). 

eIF4A3 is a member of the DEAD-box protein family of RNA helicases, which is 

characterized by a number of conserved motifs on a helicase core formed by two RecA-domains. 

The helicase core can unwind short RNA duplexes and also comprise an RNA-stimulated ATPase, 

acting as a nucleotide-dependent molecular switch with different affinities for RNA. In other 

words, in the absence of RNA or ATP, the helicase core adopts an open conformation, and binding 
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of RNA and ATP triggers a transition to a close conformation. It retains the closed conformation 

upon ATP hydrolysis, returning to an open state after phosphate release which in turn leads to 

release of the RNA strand. According, eIF4A3 serves as an RNA clamp (Ballut et al. 2005; Andreou 

and Klostermeier 2013).  
 

4.2 EJC Components and Developmental Disorders  

 

EJC components are mutated in several pathologies, such as in thrombocytopenia with 

absent radii (TAR) syndrome, for example, which is caused by RBM8A mutations and can present 

with microcephaly or Autism spectrum disorder (ASD) (Addington et al. 2011; Laumonnier et al. 

2010; Nguyen et al. 2012; Tarpey et al. 2007; Albers et al. 2012). Copy number variations (CNVs) 

of either EIF4A3 or RBM8A are associated with intellectual disability and brain malformations 

(Nguyen et al. 2013). Furthermore, haploinsufficiency for each of the EJC components (Eif4a3, 

Magoh and Rbm8a) in neural stem cells (NSCs) leads to aberrant neurogenesis and causes p53-

mediated microcephaly in mice (Mao et al. 2016). Altogether, these genetic studies indicate 

disruption of EIF4A3 impairs neurodevelopment. 

It is known that biallelic hypomorphic mutations in EIF4A3 leads to RCPS (Favaro et al. 

2014), postulating EIF4A3 as an essential element during craniofacial development. However, the 

pathogenetic mechanisms responsible for this syndrome are completely unknown. Ultimately, 

the requirements of EIF4A3 for NCC functions is still obscure, and the molecular mechanisms by 

which EIF4A3 mutation causes RCPS remain unclear. 

 

5. Investigating the Pathogenetic Mechanisms of CFMs 

 

The understanding of the molecular and cellular mechanisms governing craniofacial 

morphogenesis is critical to clarify how these CFMs arise. To date, several studies in animal and 
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cellular models have contributed to our understanding of normal or abnormal (disease-

associated) craniofacial development.  

 

5.1 Cellular Models  

 

The use of primary cell cultures cannot cover the study of conditions in which embryonic 

tissues are primarily affected, such as in craniofacial malformations. In addition, the use of 

embryonic stem cells (ESCs) raises major concerns and controversies, mainly sharp ethical and 

political considerations, which have hindered their use for research and clinical applications (Lo 

and Parham 2009). Therefore, the advent of an alternative technology that allowed for 

reprogramming of somatic cells back to a pluripotent state was a remarkable event in the history 

of biological research. Indeed, the development of induced pluripotent stem cell (iPSC) method 

resulted in the 2012 Nobel Prize in Physiology or Medicine being awarded to its pioneer Shinya 

Yamanaka. iPSCs are derived from mature cells that have been genetically reprogrammed to an 

embryonic stem cell-like state and subsequently can be differentiated into multiple cell types 

(Takahashi et al. 2007).  

Since the emergence of iPSCs, enormous progress has been made in stem cell biology. 

Reprogrammed cells have been widely used for drug discovery and testing, cell therapy 

development, and regenerative medicine (Shi et al. 2017). Furthermore, this powerful tool offers 

great promise for understanding basic mechanisms of human development and presents 

opportunities for modeling, and potentially treating human diseases. An increasing number of 

novel pathological mechanisms have been elucidated by using patient-derived iPSCs for disease 

modeling (Bellin et al. 2012; Ishiy 2016; Kobayashi 2016). Cellular models offer a unique approach 

to study cellular phenotypes and molecular mechanisms underlying human disorders, in 

particular those in which is difficult to obtain the tissue of interest such as developmental 

disorders. Assessing cells from patients carrying disease-specific genomic mutations has been a 

promising instrument to conduct functional studies.  
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iPSCs can be differentiated into disease-relevant cell types, such as neural crest cells in 

order to study craniofacial disorders. Recent protocols allow for the efficient generation of iPSC-

derived NCCs by Wnt pathway activation and Smad blockade with the use of small molecules, 

producing homogeneous NCC populations (Fukuta et al. 2014; Menendez et al. 2013). However, 

the available methods for generation NCCs lack a NPB stage and subsequently do not recapitulate 

important steps involved in NCC development such as neural crest specification and EMT. 

 

5.2 Animal Models 

 

 Many different vertebrates including amphibians, birds, teleosts and mice have been used 

to study craniofacial development, mainly by gene targeting/loss of function strategies. Targeting 

specific genes by using RNA interference (RNAi), anti-sense morpholinos or dominant-negative 

constructs enable assessment of their role in embryonic development (Barriga et al. 2015). In 

recent years, novel approaches have been developed as technical advances in genome editing, 

including CRISPR/Cas9 system, Zinc Finger Nuclease (ZFN) and transcription activator-like 

effector nuclease (TALEN) technologies, have opened new possibilities for the study of embryonic 

development as well as disease modeling (Wang and Sun 2019).   

Over the years, one approach to control gene expression that has become increasingly 

widespread is the Cre/loxP system. It is a simple and powerful tool which allows researchers to 

create a variety of transgenic mice (McLellan et al. 2017). Briefly, the cre gene encodes a site-

specific DNA recombinase, which recognizes loxP sequences and recombines these sites leading 

to the excision of the DNA between them. Cre/loxP recombination stands as an important 

strategy to investigate gene function in vivo and has greatly expanded the versatility with which 

biologic questions can be addressed in mouse models, particularly because the desired gene 

modification can be restricted to specific cell types or developmental stages using a spatial and/or 

temporal control of gene expression (conditional mouse mutants) (Kühn and Torres 2002).  

Since mice closely reflect many aspects of human development, they have served as the 

major mammalian model system and have been extensively explored to study gene function in 
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craniofacial development as well as the etiology of disorders. Indeed, many mouse models have 

led to relevant discoveries regarding the pathogenetic mechanisms responsible for CFMs (Chai 

and Maxson 2006; Sakai and Trainor 2009; Fantauzzo and Soriano 2014; Mao et al. 2016). 

However, some discrepancies in NCC development across species should be taken into 

consideration (Barriga et al. 2015). A valid approach is the combination of human cell culture and 

mouse model systems, which may provide a paradigm to study craniofacial development and 

CFM pathogenesis, address reproducibility and provide validation to data.    
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OBJECTIVES 

 

The main objective of this study was to investigate the cellular and molecular pathogenetic 

mechanisms by which EIF4A3 mutations cause Richieri-Costa-Pereira syndrome (RCPS). We 

carried out genomic and functional studies to test the following hypothesis: (1) the RCPS-

associated allelic patterns arose by unequal crossing-over events; (2) the increased number of 

motifs in the EIF4A3 5’UTR decrease gene expression; (3) the decreased expression of EIF4A3 

impairs NCC functions; (4) the EIF4A3 deficiency in NCCs disrupts splicing and/or expression of 

transcripts related to craniofacial development.  

 

The specific objectives were as follows: 

a) To investigate the origin of the pathogenic alleles associated with RCPS; 

b) To evaluate the functional effects of the 5’UTR repeat motifs on gene expression; 

c) To identify dysfunctions related to RCPS in EIF4A3 depleted hiPSC-derived NCCs; 

d) To access differentially expressed genes/proteins and pathways by studying the 

transcriptome/proteome of patient-derived and control NCCs; 

e) To validate human transcriptomic data using NCCs from conditional EiF4a3 

haploinsufficient mouse embryos; 

 

In parallel with the aforementioned main objective, we also aimed to develop a simple and 

efficient in vitro method for NCC generation to recapitulate developmental events involved in 

NCC specification and epithelial to mesenchymal transition (EMT).  

 

The specific objective was: 

f) To derivate hiPSC-derived NCCs through a neural plate border (NPB)-like stage. 
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ABSTRACT  

 

Repeats in coding and non-coding regions have increasingly been associated with many human 

genetic disorders, such as Richieri-Costa-Pereira syndrome (RCPS). RCPS, mostly characterized by 

midline cleft mandible, Robin sequence and limb defects, is an autosomal-recessive acrofacial 

dysostosis mainly reported in Brazilian patients. This disorder is caused by decreased levels of 

EIF4A3, mostly due to an increased number of repeats at the EIF4A3 5’UTR. EIF4A3 5’UTR alleles 

are CG-rich and vary in size and organization of three types of motifs. An exclusive allelic pattern 

was identified among affected individuals, in which the CGCA-motif is the most prevalent, herein 

referred as “disease-associated CGCA-20nt motif.” The origin of the pathogenic alleles containing 

the disease-associated motif, as well as the functional effects of the 5’UTR motifs on EIF4A3 

expression, to date, are entirely unknown. Here, we characterized 43 different EIF4A3 5’UTR 

alleles in a cohort of 380 unaffected individuals. We identified eight heterozygous unaffected 

individuals harboring the disease-associated CGCA-20nt motif and our haplotype analyses 

indicate that there are more than one haplotype associated with RCPS. The combined analysis of 

number, motif organization and haplotypic diversity, as well as the observation of two apparently 

distinct haplotypes associated with the disease-associated CGCA-20nt motif, suggest that the 

RCPS alleles might have arisen from independent unequal crossing-over events between ancient 

alleles at least twice. Moreover, we have shown that the number and sequence of motifs in the 

5’UTR region is associated with EIF4A3 repression, which is not mediated by CpG methylation. In 

conclusion, this study has shown that the large number of repeats in EIF4A3 does not represent 

a dynamic mutation and RCPS can arise in any population harboring alleles with the CGCA-20nt 

motif. We also provided further evidence that EIF4A3 5’UTR is a regulatory region and the size 

and sequence type of the repeats at 5’UTR may contribute to clinical variability in RCPS. 
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INTRODUCTION 

 

Over two-thirds of the human genome is comprised by repetitive elements (de Koning et 

al., 2011), which have been increasingly associated with functional regulatory roles. 

Consequently, a variety of human genetic disorders are caused by repeats in coding and non-

coding sequences (Cummings and Zoghbi, 2000; Gatchel and Zoghbi, 2005; Mirkin, 2007; La 

Spada and Taylor, 2010; McMurray, 2010; DeJesus-Hernandez et al., 2011; Renton et al., 2011; 

Usdin et al., 2015; Haeusler et al., 2016). Most of these diseases are caused by unstable dynamic 

mutations that usually increase in size during meiotic divisions and have been associated with 

neurologic disorders (Virtaneva et al., 1997; Cummings and Zoghbi, 2000; Renton et al., 2011; 

Haeusler et al., 2016). However, poly-A repeats in HOXD13, the causative mechanism of a 

nonneurological condition, synpolydactyly, represents an exception, in which the most likely 

mechanism leading to increased poly-A tracts are errors in DNA replication (Muragaki et al., 1996; 

Warren, 1997; Brown and Brown, 2004).  

We have shown that an increased number of repeats at 5’UTR of EIF4A3 causes Richieri-

Costa-Pereira syndrome (RCPS; OMIM #268305), a rare autosomal-recessive disorder affecting 

craniofacial and limb development, mainly described in Brazilian patients (Favaro et al., 2011, 

2014; Bertola et al., 2017). RCPS individuals show a distinctive allelic pattern, determined not 

only by the larger number of repeats (>14 as compared to up to 12 repeats in controls), but also 

by the presence of a unique motif containing G instead of A nucleotide (the ‘disease-associated 

CGCA-20nt motif’) (Favaro et al., 2014). As the origin of the RCPS disease alleles remains 

unknown, characterizing the 5’UTR of EIF4A3 in a populational level could give us clues on the 

mechanisms that originate the EIF4A3 pathogenic alleles (e.g., meiotic instability or unequal 

crossing-over events), in addition to providing insights on the chance of RCPS arising in other 

populations.  

We and others have shown that EIF4A3 downregulation in cellular and animal models 

leads to defective neural crest cell migration/differentiation and neural stem cell apoptosis 

during embryonic development, paralleling RCPS cranioskeletal defects and microcephaly, 
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respectively (Mao et al., 2016; Miller et al., 2017). However, the molecular mechanism 

responsible for EIF4A3 downregulation remains entirely unknown.  

Therefore, this work was undertaken to investigate the origin of the pathogenic alleles 

containing the disease-associated CGCA-20nt motif, as well as to evaluate the functional effects 

of the 5’UTR motifs on EIF4A3 expression. Insights into the origin and effect of these complex 

alleles will contribute to a better understanding of regulatory features of 5’UTR regions and their 

role in craniofacial and neural development. 

 

MATERIALS AND METHODS 

 

Ethics Approval Statement 

The protocol was approved by the Ethics Committee of Instituto de Biociências at 

Universidade de São Paulo, Brazil (accession number 1.463.852). All individuals donated 

biological samples after providing signed informed consent. 

 

DNA Samples  

To characterize EIF4A3 5’UTR, 380 DNA samples from unaffected individuals unrelated to 

RCPS families were selected from the biorepository of CEGH-CEL. For haplotype analysis, 13 

additional samples were used, 12 are also from CEHG-CEL (four unaffected individuals without 

CGCA-20nt motifs and four with CGCA-20nt motifs; four Brazilian RCPS patients bearing different 

allelic structures) and one sample of a RCPS patient, from the United Kingdom, was sent for 

diagnosis purposes from North East Thames Genetics Service.  

In order to evaluate the effects of the motifs on EIF4A3 expression, six DNA samples 

carrying EIF4A3 alleles with distinct number of motifs were selected from the biorepository of 

Centro de Estudos do Genoma Humano e Células Tronco (CEGH-CEL) and used for luciferase 

reporter assay.  

For methylation assessment, we used DNA samples of RCPS patients (n = 6; homozygous 

for the 16 repeats allele) from Hospital de Reabilitação de Anomalias Craniofaciais da 
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Universidade de São Paulo (HRAC-USP) and unaffected individuals (n = 7; homozygous for the 

eight repeats allele) from CEGH-CEL.  

All samples were extracted from peripheral blood using the Gentra Systems Autopure LS 

(AutoGen) according to the manufacturer’s protocol. 

 

EIF4A3 5’UTR Characterization and Haplotype Analysis 

Sanger sequencing of EIF4A3 5’UTR (NM_014740.3) and five flanking SNPs (rs11150824, 

rs2289534, rs3829612, rs10782008, and rs12943620) were performed using BigDyeâ Terminator 

v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and the ABI 3730 DNA Analyzer (Applied 

Biosystems). Sequences were analyzed using Sequencher 5.1 (Gene Codes Corporation) and 

Mixed Sequences Reader (Chang et al., 2012) software. The last one allowed us to better 

discriminate the alleles. In order to validate our analysis and obtain more reliability in our data, 

we randomly selected 30 heterozygous samples with different alleles’ structure to sequence each 

allele separately, using the Illustra GFX PCR DNA and Gel Band Purification kit (GE Healthcare) 

followed by Sanger sequencing. 

To facilitate results interpretation, we referred SNPs markers according to their genomic 

relative position on the annotated plus strand (GRCh38/hg38): SNP1 (rs11150824) – SNP2 

(rs2289534) – EIF4A3 – SNP3 (rs3829612) – SNP4 (rs10782008) – SNP5 (rs12943620). Primers 

were designed using Primer-Blast1 (Untergasser et al., 2012) and are described in Supplementary 

Table S1. Linkage disequilibrium and haplotypes were inferred using Haploview software (Barrett 

et al., 2005). 

 

Luciferase Assay 

Although the larger alleles (15 or 16 repeats) have been associated with decreased EIF4A3 

expression, the causal relationship between number and/or pattern of repeats and gene 

downregulation is still unknown. Therefore, we investigated the role of the 5’UTR motifs on 

EIF4A3 expression by luciferase assay.  

Sequences of interest of unaffected and RCPS individuals were amplified by PCR (primer 

sequences in Supplementary Table S1), purified using the Illustra GFX PCR DNA and Gel Band 
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Purification kit (GE Healthcare) and cloned into the pGL4.24[luc2P/minP] vector (Promega), 

upstream of a minimal promoter and the luc2P gene. Sanger sequencing confirmed all constructs: 

pGL4.24 vectors carrying control alleles with 4 repeats (3 CACA-20-nt and 1 CA-18-nt), 7 repeats 

(4 CACA-20-nt, 1 CA-18-nt, 1 CACA-20-nt, and 1 CA-18-nt), 10 repeats (7 CACA-20-nt, 1 CA-18-nt, 

1 CACA-20-nt, and 1 CA-18-nt) and 12 repeats (1 CACA-20-nt, 10 CGCA-20nt, and 1 CA-18-nt); 

pGL4.24 vectors carrying pathogenic alleles with 14 repeats (2 CACA-20nt, 10 CGCA-20nt, 1 

CACA-20nt, and 1 CA-18nt) and 16 repeats (1 CACA-20nt, 13 CGCA-20nt, 1 CACA-20nt, and 1 CA-

18nt). In order to investigate the individual effect of each motif, differing in the composition of 

central nucleotides, we also constructed vectors carrying sequences with only 1 CA-18-nt, 1 

CACA-20-nt, and 1 CGCA-20nt, synthesized by Integrated DNA Technologies (IDT).  

Human embryonic kidney (HEK) 293T cells, cultured in high glucose DMEM supplemented 

with 1% penicillin/streptomycin and 10% fetal bovine serum (FBS) (all provided by Life 

Technologies), were plated in 96-well plates 24 h prior to transfection (2 _ 104 cells/well). 

Transient transfections were performed in triplicate by using TurboFectin 8.0 (OriGene) 

according to the manufacturer’s instruction. Cells were cotransfected with 180 ng of the pGL4.24 

constructs and 20 ng of the pRL-SV40 vector (Promega) containing the Renilla luciferase gene, 

used as a transfection control. The plasmid pLuc generated from pGL3-control template was used 

as positive control (Soltys et al., 2013). Forty-eight hours after DNA transfection, luciferase 

activity was measured with the Dual-Glo R Luciferase Assay System in a GloMax Multi 96-

microplate Luminometer (Promega). Firefly luminescence results were normalized by Renilla 

luminescence and the relative luciferase activity was determined. Statistical analyses were 

performed with one-way ANOVA and Tukey post hoc test. Significance was set at p < 0.05. 

 

Methylation Assay 

Indeed, methylated CpGs are involved in gene repression especially when occurring at 

promoter/5’UTR (Feil and Fraga, 2012; Schübeler, 2015). Since EIF4A3 5’UTR motifs are CG-rich 

and the disease CGCA-20nt allele shows increased number of CpGs compared to control alleles, 

we evaluated DNA hypermethylation as a plausible mechanism behind EIF4A3 downregulation in 

RCPS patients. 
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One microgram of genomic DNA from each sample were submitted to bisulfite conversion 

using EpiTect Bisulfite Conversion Kit (QIAgen). Bisulfite converted DNA was subsequently used 

for PCR, in which primers were designed with MethPrimer2 (Li and Dahiya, 2002) and are shown 

in Supplementary Table S1. Amplicons were checked by agarose electrophoresis and cloned using 

the TOPO TA Cloning Kit for sequencing (Thermo Fisher Scientific). Sanger sequencing was carried 

out for 10 clones per sample using the BigDyeâ Terminator v3.1 Cycle Sequencing Kit (Thermo 

Fisher Scientific) and the ABI 3730 DNA Analyzer (Applied Biosystems). Sequencing files were 

then analyzed for methylation quantification using the online tool BISMA – Bisulfite Sequencing 

DNA Methylation Analysis (Rohde et al., 2010) with lower threshold conversion rate at 95%, 

lower threshold sequence identity at 90%, upper threshold of N-sites at cytosine positions at 20% 

and per threshold gaps allowed at 20% as filtering parameters. Methylation values were 

computed and differences between groups tested using Fisher’s Exact Test. Significance was set 

at p < 0.05. 

 

RESULTS 

 

The EIF4A3 5’UTR is characterized by the presence of 18- or 20-nucleotide-long motifs 

differing in the composition of central nucleotides, namely CA-18nt (TCGGCAGCGGCAGCGAGG), 

CACA-20nt (TCGGCAGCGGCACAGCGAGG), and CGCA-20nt (TCGGCAGCGGCGCAGCGAGG) 

(Favaro et al., 2014). Unaffected individuals have 3–12 repeats composed mostly by CA-18nt and 

CACA-20nt motifs, while RCPS patients have 14–16 repeats, with a higher number of the CGCA-

20nt motif (Favaro et al., 2014). The motif CGCA-20nt will be herein referred as ‘disease-

associated CGCA-20nt motif.’ 

 

Unaffected Individuals Are Mostly Heterozygous and May Also Present CGCA-20nt Motifs 

Sanger sequencing of EIF4A3 5’UTR in 380 unaffected individuals revealed 43 different 

alleles (Figure 1) in heterozygosis in 85% of individuals. The total number of repeats per allele 

varied from 2 to 17, and the most common alleles contained 7 (25.46%) or 8 (23.21%) repeats 
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(Supplementary Figure S1). The number and organization of the CA-18nt or CACA-20nt motifs 

varied between the alleles. We identified not only alleles containing a single motif, but also 

complex alleles with multiple organizations of the CA-18nt or CACA-20nt motifs (Figure 1). For 

example, one allele exclusively constituted by the CA-18nt motif was found. As for the other 

alleles, the number of the first CACA-20nt motifs varied from 2 to 8 with or without different 

combinations of CA-18nt motifs (Figure 1). The most common allele contained seven repeats and 

was constituted by four repeats of CACA-20nt motif followed by 1 CA-18nt, 1 CACA-20nt, and 1 

final CA-18nt. We also identified two atypical alleles comprising 12- or 20-nucleotide-long 

sequences inserted between motifs, which do not align to any viral sequences or neighboring 

genes (data not shown). Finally, the disease-associated CGCA-20nt motif, originally found only 

among RCPS patients, was identified here in eight heterozygous control individuals, within alleles 

with 11 or more repeats (Figure 1). The largest allele (17 repeats) was found in heterozygosis in 

one control individual and contained 14 CGCA-20nt motifs. This allele must be pathogenic when 

in homozygosis. 
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Haplotype Analysis Suggests That the RCPS Allele Originated More Than Once 

To understand the origin of the alleles containing the disease-associated CGCA-20nt 

motif, we initially characterized the haplotypes of 13 samples: five affected individuals (four 

Brazilian and one from the United Kingdom) and eight control individuals (Supplementary Table 

S2), using five SNPs flanking EIF4A3 and spanning 519 kb (Figure 2A). We observed a weak linkage 

disequilibrium in this block (D’ < 0.48). 

The Brazilian RCPS patients showed at least two different haplotypes. The haplotype 

associated with the pathogenic 14-repeat allele is different from the one associated with the 16- 

repeat allele (Figure 2B), which in turn were not observed in any of the tested unaffected 

individuals (Figure 2C). The fact that the two affected alleles with 14 and 16 repeats are 

embedded within different haplotypes, undetected in unaffected individuals, suggests a distinct 

origin for these two different-sized pathogenic alleles in our population. Next, we analyzed the 

homozygous (16 repeats) UK RCPS sample, which showed a different haplotype from those 

observed in the Brazilian RCPS (Figure 2B). However, one UK RCPS haplotype is similar to a 

haplotype observed in three of the unaffected individuals carrying the disease-associated CGCA-

20nt motif (Figures 2B, D). Besides, the alleles in these control individuals also show similarities 

in motif organization in relation to the allele in the UK RCPS patient, suggesting that these alleles 

possibly share a common origin (Figure 2E and Supplementary Table S2). 

 

Transcriptional Activity Is Inversely Correlated to Motif Number at EIF4A3 5’UTR 

To clarify the functional role of the allelic structure at EIF4A3 5’UTR, we generated 

constructs varying in size and composition (Figure 3), and carried out luciferase reporter assays. 

Inverse correlation between number of motifs and luciferase activity was observed (n = 4 

independent experiments; p < 0.05; Figure 3A). Further, by investigating each motif individually, 

there was a discrete reduction in expression for the disease-associated CGCA-20nt, albeit not 

statistically significant (n = 3 independent experiments; Figure 3B). 

In order to address whether the motif sequence plays a role in EIF4A3 gene expression, 

based on data shown in Figure 3A, we calculated the effect per motif type on luciferase activity. 

Comparing the luciferase activity of alleles with similar composition of motifs, carrying 4 and 10 
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repeats (22.45% and 19.69%, respectively), we observed a decrease of 2.76% in expression, 

which represents a reduction of about 0.46% per CACA-20nt motif added in the allele structure. 

On the other hand, between the alleles carrying 12 and 16 repeats (17.8% and 11.96%, 

respectively), with comparable allelic structure, the difference was 5.84%, which means a 

reduction in luciferase activity of 1.46% per CGCA-20nt motif added (three times higher). Based 

on these results, we suggest that both size and allele sequence play a role in gene regulation. 

 

5’UTR Hypermethylation Is Not Responsible for EIF4A3 Downregulation 

We inspected methylation levels at the 5’UTR of EIF4A3, as the increased number of 

repeats in RCPS patients leads to gain of 37 CpG sites. We observed that both RCPS and controls 

did not show abundant methylation of this region (1.7% and 2.8% of methylated CpGs, 

respectively), with a discrete reduction of methylation in RCPS (p < 0.05) (Supplementary Table 

S3). There was no evident methylation variation at any specific CpG between RCPS and controls, 

as both presented low methylation levels. 
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DISCUSSION 

 

Expansions at non-coding regions have been extensively described in neurological 

disorders, and characterization of these regions have greatly contributed to the understanding 

of novel regulatory mechanisms (Gatchel and Zoghbi, 2005; Mirkin, 2007; La Spada and Taylor, 

2010; McMurray, 2010; Russo et al., 2015; Usdin et al., 2015; Haeusler et al., 2016). Despite the 

great advances in genome sequence analysis, DNA of repetitive regions is still difficult to be 

sequenced. In fact, the EIF4A3 5’UTR is not covered in GnomAD database, which reinforces the 

importance of characterizing this region through Sanger sequencing. In this study, Sanger 

sequencing analysis of EIF4A3 5’UTR in 380 unaffected individuals revealed 43 different alleles, 

with the most common alleles containing seven or eight repeats. Some of these alleles presented 

only one type of motif (CA-18nt or CACA-20nt) with different total number of repeats, while 

others presented a visible combination of these two common motifs, suggesting that these 

alleles may have originated through unequal crossing-over events. These results show its 

polymorphic nature and confirm the structural complexity, and uniqueness of this region, which 
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was not comparable to any gene in which dynamic pathogenic expansions at non-coding regions 

had been reported (Brook et al., 1992; Campuzano et al., 1996; Moseley et al., 2006; Daughters 

et al., 2009; Galloway and Nelson, 2009; Sato et al., 2009; DeJesus-Hernandez et al., 2011; 

Kobayashi et al., 2011). In this enlarged cohort, 1% of the alleles (8/760) harbors the disease-

associated CGCA-20nt motif. Interestingly, the largest alleles in this cohort (_11 repeats), 

including one with 17 repeats, contained the disease CGCA- 20nt motif. These results suggest 

that RCPS could occur in any population containing alleles with the CGCA-20nt motif. Indeed, one 

of the patients here included is from United Kingdom (Bertola et al., 2017).  

The haplotype analyses were performed in order to get insights on the origin of the 

pathogenic alleles with increased number of repeats. Results revealed that the pathogenic alleles 

with 14 and 16 repeats of Brazilian patients have distinct origins, which in turn are different from 

the haplotypes of the UK RCPS patient. These results suggest that the pathogenic alleles have 

arisen more than once. It is of note that the UK RCPS patient shares a common haplotype and 

also a similar motif structure with three unaffected individuals carrying the disease-associated 

CGCA-20nt motif, suggesting a common ancestral among them. It is possible that, similarly to the 

alleles in the control population, the affected alleles may have arisen also through unequal 

crossing. This hypothesis is also supported by the observation that the number of repeats at 

EIF4A3 5’UTR seems to be stable across generations (Favaro et al., 2014). This phenomenon is 

more comparable to the one observed in synpolydactyly, in which the poly-A at the 30end of 

HOXD13 might have originated by unequal crossing over as it is quite stable when transmitted 

across generations (Warren, 1997), as opposed to dynamic mutations observed in neurological 

conditions, which have arisen only once (Virtaneva et al., 1997; Gatchel and Zoghbi, 2005; Mirkin, 

2007; La Spada and Taylor, 2010;McMurray, 2010; DeJesus-Hernandez et al., 2011; Renton et al., 

2011; Usdin et al., 2015; Haeusler et al., 2016). 

Next, we demonstrated that the number and allele sequence of motifs at 5’UTR is 

involved in EIF4A3 expression. These results thus suggest a potential cis-acting regulatory 

mechanism for these motifs on gene expression and confirm our previous finding that the 

affected alleles were associated with EIF4A3 downregulation in cells from different tissues from 
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RCPS patients, including peripheral blood (Favaro et al., 2014; Miller et al., 2017). DNA 

hypermethylation is not the mechanism for EIF4A3 downregulation in RCPS patients, as RCPS and 

control blood samples showed similar methylation levels. Hypomethylation, as observed at 

EIF4A3 5’UTR, is consistent with transcriptional activity (Baubec and Schübeler, 2014; Schübeler, 

2015). There could be alternative mechanisms by which the increased number of motifs could 

repress EIF4A3 expression: the disease CGCA-20nt could create binding sites for repressor 

proteins and act as a silencer; or more complex mechanisms, including post-translational events, 

could be involved. Further functional studies are needed to pinpoint the exact molecular 

mechanism underlying EIF4A3 downregulation. 

The inverse correlation between number of repeats and EIF4A3 expression levels suggests 

that the structure of the 5’UTR EIF4A3 may modulate the phenotype. Indeed, a broader 

phenotypic spectrum within RCPS has been observed, ranging from individuals with severe 

phenotype (homozygous for the 16-repeat allele or heterozygous for the 15- and 16-repeat 

alleles) to individuals with less severe skeletal involvements, harboring smaller number of motifs 

(homozygous for the 14- repeat allele or compound heterozygous for 14 repeats and a point 

mutation (c.809A>G) (Favaro et al., 2014; Bertola et al., 2017). Despite limitations in sample size, 

these results suggest that RCPS phenotypic variability depends upon the number and allele 

sequence of repeats at the 5’UTR of EIF4A3. 

 

CONCLUSION 

 

In summary, we provide evidence supporting that the EIF4A3 5’UTR is highly polymorphic, 

comprising at least 43 different alleles, which may have originated through extensive 

recombination in this region. Haplotype analysis in control and in affected individuals suggests 

that there are more than one haplotype associated with the disease and RCPS alleles might have 

originated from unequal crossing-over events. We also provided further evidence that EIF4A3 

5’UTR is a regulatory region, and that EIF4A3 downregulation in RCPS is not mediated by CpG 

methylation. Moreover, our findings provide insights to explain clinical variability in RCPS. 
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Figure S1. Distribution of number of alleles per total number of repeats identified in the 380 samples of 
unaffected individuals. This analysis did not take in consideration the motifs´ structure.  
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Table S1. Primer sequences 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 54 

Table S2. List of the 13 samples used in haplotype analysis and the description of motifs´ structure 
reported in each allele 
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Table S3. Methylation levels in the analyzed regions in RCPS patients and control individuals; p=0.0461, 
Fisher´s Exact Test 
 
 

 
 



 56 

CHAPTER III 

 

EIF4A3 Deficient Human iPSCs and Mouse Models Demonstrate 
Neural Crest Defects that Underlie Richieri-Costa-Pereira Syndrome 

 

Emily E. Miller1†, Gerson S. Kobayashi2†, Camila M. Musso2, Miranda Allen1, Felipe A. A. 

Ishiy2, Luiz C. de Caires Jr2, Ernesto Goulart2, Karina Griesi-Oliveira2, Roseli M. Zechi-

Ceide3, Antonio Richieri-Costa3, Debora R. Bertola2, Maria Rita Passos-Bueno2*, Debra L. 

Silver1,4,5,6* 
 

1Department of Molecular Genetics and Microbiology, Duke University Medical Center, Durham, USA 
2Centro de Estudos do Genoma Humano e Células Tronco, Departamento de Genética e Biologia Evolutiva, 

Instituto de Biociências, Universidade de São Paulo, São Paulo, Brazil 
3Hospital de Reabilitação de Anomalias Craniofaciais, Universidade de São Paulo, Bauru, Brazil 
4Department of Neurobiology, 5Department of Cell Biology and 6Duke Institute for Brain Sciences, Duke 

University Medical Center, Durham, USA  

†Co-first authors 
*Corresponding author  

 

Keywords: phenotype, congenital abnormality, mutation, cartilage, chondrogenesis, clavicle, 
craniofacial abnormalities, embryo, micrognathism, neural crest, osteogenesis, mandible, 

Meckel’s diverticulum, mice 

 
 
 
 
This chapter was published in Human Molecular Genetics, 2017 
 
Miller, E.E., Kobayashi, G.S., Musso, C.M., et al. 2017. EIF4A3 deficient human iPSCs and mouse 
models demonstrate neural crest defects that underlie Richieri-Costa-Pereira syndrome. Human 
Molecular Genetics 26(12), pp. 2177–2191. 
https://doi.org/10.1093/hmg/ddx078 
 



 57 

ABSTRACT  

 

Biallelic loss-of-function mutations in the RNA-binding protein EIF4A3 cause Richieri-Costa-

Pereira syndrome (RCPS), an autosomal recessive condition mainly characterized by craniofacial 

and limb malformations. However, the pathogenic cellular mechanisms responsible for this 

syndrome are entirely unknown. Here, we used two complementary approaches, patient-derived 

induced pluripotent stem cells (iPSCs) and conditional Eif4a3 mouse models, to demonstrate that 

defective neural crest cell (NCC) development explains RCPS craniofacial abnormalities. RCPS 

iNCCs have decreased migratory capacity, a distinct phenotype relative to other craniofacial 

disorders. Eif4a3 haploinsufficient embryos presented altered mandibular process fusion and 

micrognathia, thus recapitulating the most penetrant phenotypes of the syndrome. These 

defects were evident in either ubiquitous or NCC-specific Eif4a3 haploinsufficient animals, 

demonstrating an autonomous requirement of Eif4a3 in NCCs. Notably, RCPS NCC-derived 

mesenchymal stem-like cells (nMSCs) showed premature bone differentiation, a phenotype 

paralleled by premature clavicle ossification in Eif4a3 haploinsufficient embryos. Likewise, nMSCs 

presented compromised in vitro chondrogenesis, and Meckel’s cartilage was underdeveloped in 

vivo. These findings indicate novel and essential requirements of EIF4A3 for NCC migration and 

osteochondrogenic differentiation during craniofacial development. Altogether, complementary 

use of iPSCs and mouse models pinpoint unique cellular mechanisms by which EIF4A3 mutation 

causes RCPS, and provide a paradigm to study craniofacial disorders. 
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INTRODUCTION 

 

Richieri-Costa–Pereira syndrome (RCPS; OMIM #268305) is a rare autosomal-recessive 

acrofacial dysostosis in which mandible development, particularly the distal and medial regions, 

may be 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 findings (1). 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 mandible (1-3).  

RCPS is mainly caused by non-coding 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 normal individuals has 5-12 repeats, whilst the 

majority of affected individuals harbor 14–16 repeats. In addition, a missense mutation has been 

found in trans to an expansion allele in one RCPS patient (3). 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.  

EIF4A3 encodes a DEAD-box helicase that is a core component of the RNA-binding exon 

junction complex (EJC), which controls post-transcriptional events, including alternative splicing, 

non-sense-mediated mRNA decay, translation initiation and RNA localization (4). EIF4A3 binding 

to mRNA is stabilized by two additional core components, MAGOH and RBM8A. Eif4a3 

knockdown in zebrafish results in embryos with alterations in craniofacial cartilage/bone 

development and clefting of the lower jaw (3). Eif4a3 is also required in Xenopus for embryonic 

development including formation of the peripheral nervous system and melanocytes (5,6). In 

mice, conditional haploinsufficiency of Eif4a3 or other EJC components in the brain impairs 

neural progenitor proliferation, differentiation and survival (7). Although a relationship between 

EIF4A3 loss of function and RCPS has been established, the requirement of Eif4a3 for mammalian 

embryonic craniofacial development and the pathogenic cellular mechanism responsible for the 

syndrome is entirely unknown.  
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The craniofacial structures compromised in RCPS are suggestive of disturbances in neural 

crest or neural crest-derived tissue development. Neural crest cells (NCCs) are a transient cell 

population originating from the neuroectoderm located at the neural plate border during 

neurulation. The foremost segment of the neuraxis gives rise to cranial NCCs, which migrate and 

populate the mesenchyme of the developing pharyngeal arches. Mandibular arches fuse to form 

a mesenchymal mandible. The cranial NCC-derived mesenchyme then undergoes proliferation 

and differentiation, generating most of the cranioskeleton (including Meckel’s cartilage, followed 

by the mandible), ear components and larynx, amongst others (8–10). NCC defects in apoptosis, 

proliferation, and cell migration underlie some craniofacial disorders, including Treacher Collins 

syndrome and Nager syndrome, raising the question as to their potential role in RCPS pathology 

(11-13). Furthermore, NCC mesenchymal differentiation could also play a role in RCPS (14). In 

order to understand the etiology of RCPS it is critical to define which, if any, of these cellular 

mechanisms are relevant.  

In this study, we addressed these gaps, using two novel models, induced pluripotent stem 

cells (iPSCs) and mouse mutants, with a particular focus on mandible development. Owing to the 

natural limitations in studying human embryos, integration of these approaches offers invaluable 

insight into human craniofacial malformations; NCCs and their derivatives can be generated from 

patients and screened for disease-relevant phenotypes (15,16), which can be further examined 

in mice. We found that RCPS patient-derived iPSCs differentiated toward a NCC lineage exhibited 

autonomous defects in cell migration and those differentiated into mesenchymal derivatives 

were prone to premature ossification and altered chondrogenesis. Eif4a3 haploinsufficiency in 

mice caused altered fusion of mandibular processes, impaired development of Meckel’s 

cartilage, and premature skeletal ossification. These defects were caused by an autonomous 

requirement of Eif4a3 in NCC and resulted in significant loss of mandibular structures, thus 

modelling common malformations of RCPS. Together, complementary use of iPSCs and mouse 

models pinpoint developmental mechanisms by which EIF4A3 mutation causes RCPS. 
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RESULTS 

 

Derivation of iPSC cultures 

We first set out to establish iPSC lines from RCPS patients. Two of the RCPS 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 (3); controls were 

homozygous for the 6-repeat allele (F9048-1) and heterozygous for 7-repeats/6-repeats (F7405-

1 and F8799-1) (Supplementary Material, Table S1; see Materials and Methods). Information 

regarding sample usage in experiments is shown in Supplementary Material, Table S1. After 

reprogramming, all iPSC lines displayed pluripotent stem cell-like morphology and positive 

staining for pluripotency markers OCT3/4 and SSEA-4 (Supplementary Material, Fig. S1A), as well 

as expression of OCT3/4, NANOG and ALP transcripts (Supplementary Material, Fig. S1B-D). 

Further, iPSCs were able to generate teratoma-containing tissues from all three germ layers in 

vivo (Supplementary Material, Fig. S1F-H). All iPSCs showed no detectable signs of aneuploidy or 

genomic integration of the episomal vectors (Supplementary Material, Fig. S1E and I). 

 

NCCs can be derived from RCPS iPSCs and exhibit migration defects 

iPSC-derived NCCs (iNCCs) were induced from RCPS and control iPSCs under a 

methodology based on TGF-b/Activin pathway blockade and WNT pathway activation without 

the presence of caudalization factors (17,18), which has been shown to favor cranial NCC 

formation (19). After differentiation, iNCC populations were positively stained for NCC markers 

p75 and HNK1 with proportions of double-positive cells ranging between 84.7 and 97.6% in both 

control and patients’ cells (Supplementary Material, Fig. S2A-H). Furthermore, RT-qPCR assays 

showed upregulation of NCC markers PAX3, SOX10, ZIC1 and TFAP2A, and downregulation of the 

pluripotency marker OCT3/4, when compared with the originating iPSCs (Supplementary 

Material, Fig. S2I-M). Moreover, RCPS iNCCs showed reduction of ~70% in EIF4A3 mRNA and 

~50% in protein expression compared with control iNCCs (Fig. 1A and B). 
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Alterations involving proliferation, apoptosis, or migration of NCCs or their cellular 

derivatives are considered to be underlying mechanisms in a number of NCC-related diseases 

(9,20). To screen for cellular phenotypes associated with RCPS, we examined cell cycle, apoptosis 

and migration of RCPS iNCCs, compared with controls. No significant differences in cell cycle 

distribution or basal apoptosis were detected between patients and controls (Supplementary 

Material, Fig. S3A-G). Wound-healing migration assays, however, revealed significantly 

decreased migratory capacity in RCPS iNCCs when compared with iNCCs from control individuals 

(Fig. 1C and D). This phenotypic assessment reveals delayed NCC migration may contribute to 

early defects of RCPS. 

 

 

Figure 1. 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/b-actin protein level, in iPSCs 
from controls and RCPS patients. (C) Bar graph depicting the rate of cell migration [cell-covered area (%)], 
at 24 h; data shown are representative of two independent assays and three independent measurements 
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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. 
 
 

Mesenchymal stem-like cells can be derived from iNCCs and exhibit differentiation defects 

One of the hallmarks of the cranial neural crest is the ability to generate mesenchymal 

precursors that give rise to the craniofacial skeleton and other structures during embryonic 

development (9,21). Therefore, to screen for cellular phenotypes associated with the RCPS 

phenotype, we generated NCC-derived mesenchymal stem-like cells (nMSCs) from RCPS and 

control iNCCs. nMSCs showed significant transcriptional upregulation of mesenchymal marker 

ENG (CD105) and downregulation of neural crest marker TFAP2A in comparison to iNCCs 

(Supplementary Material, Fig. S4A and B). Moreover, nMSCs exhibited typical and homogeneous 

mesenchymal immunophenotype, with positive staining (>82%) for mesenchymal markers CD73, 

CD166 and CD90, and negative staining (<5%) for endothelial marker CD31 (Supplementary 

Material, Fig. S4C); accordingly, nMSCs could be differentiated into mesenchymal derivatives in 

vitro (Supplementary Material, Fig. S4D). These results are in agreement with the expected 

mesenchymal stem cell phenotype seen in previous work by our group (22-24). Finally, a discrete, 

significant reduction (~15%) of EIF4A3 mRNA expression was observed in RCPS nMSCs in 

comparison to controls (Supplementary Material, Fig. S5A). 

 

EIF4A3 deficiency is associated with premature osteogenic differentiation in vitro 

Next, we hypothesized that the craniofacial phenotypes seen in RCPS could also be caused 

by disturbances in NCC mesenchymal differentiation, leading to alterations in cartilage formation 

and/or intramembranous ossification, particularly during mandible development. We therefore 

investigated chondrogenic and osteogenic differentiation in nMSCs from RCPS and control 

individuals. Since differences in cell density may influence results of in vitro chondrogenic and 

osteogenic differentiation, all nMSCs were first subjected to proliferation and apoptosis assays. 

No significant differences in either parameter were detected between RCPS and control nMSCs 

(Supplementary Material, Fig. S5B and C). 
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We performed chondrogenic differentiation and then assessed mRNA expression of key 

chondrogenesis markers, SOX9 and ACAN. In relation to controls, RCPS nMSCs showed 

augmented expression of early chondrogenesis marker SOX9 and lower expression of late 

chondrogenesis marker ACAN, after 9 days of differentiation (Fig. 2A and B). During osteogenic 

differentiation, alkaline phosphatase (ALP) enzymatic activity was significantly increased in RCPS 

cells after 9 days of osteoinduction, and Alizarin Red staining revealed greater matrix 

mineralization evident as brown precipitate after 21 days, in comparison to controls (Fig. 2C-E). 

Next, we assessed expression of key genes involved in osteogenesis during the initial 6 days of 

differentiation. Compared with controls, at day 6 of osteoinduction, RCPS cells exhibited 

upregulation of transcription factor RUNX2, as well as upregulation of early osteoblast marker 

COL1A1, and late-stage osteoblast marker BGLAP. At day 6 of differentiation, ALP expression was 

higher in RCPS samples, but did not reach statistical significance (Fig. 2F-I). These findings suggest 

that RCPS nMSCs show premature osteogenic differentiation in comparison to controls. 

Altogether, use of iNCCs and nMSCs point to defective NCC migration and dysregulation of 

osteo/chondrogenesis in RCPS pathology. 
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Figure 2. 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 alkaline phosphatase (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 post-tests; (F-I) Student’s t-test; *P-value <0.05, **P-value <0.01, ***P-value <0.001, Scale 
bars, (E) 1000 µm. 
 
 

Eif4a3 germline haploinsufficient embryos are developmentally delayed with craniofacial 

abnormalities 

To complement analyses of human iPSCs, we next investigated Eif4a3 function in 

craniofacial development using mouse models. We generated germline Eif4a3 haploinsufficient 

mice, by crossing our previously described Eif4a3lox/+ mice (7) to ubiquitous CMV-Cre lines. To 

examine craniofacial development, embryos were collected at embryonic days (E) 10.5, E11.5 

and E12.5 (Table 1). Heterozygous animals were recovered at normal Mendelian ratio at both 

E10.5 and E11.5; however, lethality was noted by E12.5 (Table 1). Thirty percent of E10.5 Cmv-

Cre;Eif4a3lox/+ embryos (n=8) exhibited marked developmental delay relative to control, as 

evidenced by reduced body size and delayed eye and limb development (defined as type A 
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mutants with 2 mandibular arches) (Fig. 3A, B and K). Eleven percent of E10.5 Cmv-Cre; Eif4a3lox/+ 

embryos (n=3) showed developmental delay and severe facial malformations (defined as type B 

mutants with 1 apparent mandibular arch) (Supplementary Material, Fig. S6A-C). 

Relative to E10.5, E11.5 Cmv-Cre; Eif4a3lox/+ embryos showed a more penetrant and wider 

spectrum of phenotypes including developmental delay (reduced body size, reduced eye 

pigmentation, delayed limb development), neural tube kinking or delayed closure, and facial 

malformations (Fig. 3C–J). In marked contrast to control Cmv-Cre littermates, 74% of Cmv-Cre; 

Eif4a3lox/+ embryos were developmentally delayed (type A) (Fig. 3F, H and K). Six percent were 

especially severe with developmental delay and holoprosencephaly, showing a single mandible 

formation which lacks two distinct mandibular arches, and has no apparent brain septation (type 

B) (Fig. 3K; Supplementary Material, Fig. S6D–F). EIF4A3 protein levels were reduced in Cmv-Cre; 

Eif4a3lox/+ embryos by ~50% compared with control (Fig. 3L). As further evidence of a role for 

EIF4A3 in mandible development, we confirmed EIF4A3 expression in the developing mandible 

(Supplementary Material, Fig. S6G and H). These findings indicate that reduced EIF4A3 impairs 

embryonic development and may model mandible malformations of RCPS syndrome. 
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Figure 3. Ubiquitous Cre-mediated Eif4a3 haploinsufficiency causes developmental delay and craniofacial 
defects. 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 types A and 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 is 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. 

 
 

We next examined fusion of the mandibular processes in type A E10.5 and E11.5 tissue 

sections (Fig. 4A-F). At E10.5, when these processes are just beginning to fuse (25), 

intermandibular groove depth was equivalent between control and Cmv-Cre; Eif4a3lox/+ mutants 
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(285 and 281 µm, respectively) (Fig. 4A-C). By E11.5, mandibular processes have normally begun 

to fuse, as evidenced by groove depth of 87 µm in control. In contrast, intermandibular grooves 

of E11.5 Cmv-Cre; Eif4a3lox/+ embryos were significantly deeper, on average 170 µm (Fig. 4D-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.  

We next investigated potential causes of mandibular process fusion defects. Mitosis of 

mesenchymal progenitors that generate cartilage is important for mandibular development (26). 

Quantification of mitotic cells within mandibular processes, using phospho-histone 3 (PH3) 

staining, showed no significant differences between E10.5 control and Cmv-Cre; Eif4a3lox/+ 

embryos (Fig. 4G-I). However, we observed a slight, but not quite significant, increase in mitosis 

in E11.5 mutants (Fig. 4J-L). This suggests mitosis delays could contribute to mandible 

developmental defects but is unlikely the primary cause. Restriction of apoptosis has also been 

shown to be critically important for mandibular development, as evidenced in Twsg1 mutants 

(27). Terminal deoxynucleotidyl transferase UTP nick end labeling (TUNEL) staining of E10.5 

whole mount embryos showed evidence of apoptosis only in the most severe type B E10.5 Cmv-

Cre; Eif4a3lox/+ mutants (Supplementary Material, Fig. S7A-I). These results exclude massive 

apoptosis as a main cause of the mandibular fusion defects in this mouse model. 
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Figure 4. Mandibular formation defects in ubiquitous Eif4a3 haploinsufficient embryos. 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. Images depicting PH3 staining in E10.5 CMV-Cre (G) and type A Cmv-Cre; 
Eif4a3 lox/+ embryos (H) at E10.5 (G, H, n=6 controls, n=4 mutants) and E11.5 (J, K, n=4 controls, n=5 
mutants). Arrowheads point to mitotic figures while 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. 
 

Neural crest specific haploinsufficiency of Eifa3 disrupts craniofacial development 

We further probed the mechanism by which Eif4a3 deficiency impairs mandible 

development by asking what is the cell autonomous requirement of Eif4a3 during fusion of the 

mandibular processes. Given defects seen in patient-derived iNCCs, we hypothesized that Eif4a3 

functions in NCCs in vivo. To deplete Eif4a3 specifically in NCCs, we generated Wnt1-Cre; 
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Eif4a3lox/+ embryos. Compared with control (n=26), E11.5 Wnt1-Cre; Eif4a3lox/+ embryos exhibited 

severe and 100% penetrant craniofacial malformations (n=10) (Fig. 5A-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. This argues that unlike Cmv-Cre; Eif4a3lox/+ embryos there is no significant developmental 

delay in Wnt1-Cre; Eif4a3lox/+ embryos. 100% of Wnt1-Cre; Eif4a3lox/+ embryos exhibited 

micrognathia (Fig. 5B, C, E, F, H and I). Similar to Cmv-Cre; Eif4a3lox/+ embryos, Wnt1-Cre; 

Eif4a3lox/+ embryos (n=3) showed deeper intermandibular grooves than control (n=6) (Fig. 5J, K 

and M). Some mutant embryos (n=4) also had more shallow grooves than control, highlighting a 

spectrum of phenotypes associated with Eif4a3 haploinsufficiency (Fig. 5J, L and M). Increased 

apoptosis (CC3+ staining) was primarily evident in lateral facial structures of Wnt1-Cre; Eif4a3lox/+ 

embryos, to a slightly greater extent than in Cmv-Cre; Eif4a3lox/+ embryos (Supplementary 

Material, Fig. S8A-I). This suggests that apoptosis may contribute in part to mandible groove 

defects, but is likely not the only cause. Importantly, together with the iNCC results, these data 

argue that Eif4a3 expression in NCCs and its derivatives contributes to RCPS pathogenesis.  
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Figure 5. Wnt1-Cre mediated haploinsufficiency of Eif4a3 in NCCs causes craniofacial defects. 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 for B, 
C). 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 mandible 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) 1mm, (J-L) 50 µm. 
 

Given that patient nMSCs exhibited dysregulated chondrogenesis and precocious 

osteogenic differentiation, we next monitored formation of Meckel’s cartilage and clavicle 

ossification in vivo (Fig. 6). Compared with control, the head structures of E14.5 Wnt1-Cre; 

Eif4a3lox/+ embryos were markedly dysmorphic, missing ears, face and skull. E14.5 mutant 

embryos were also slightly reduced in body size, but had relatively normal limbs, similar to E11.5 

embryos (Fig. 6A and B). Meckel’s cartilage serves as the template for the future mandible (28). 

In skeletal preparations of E14.5 control embryos (n=25), Meckel’s cartilage was evident as a V-

shaped structure, as previously described (Fig. 6C and E). In contrast, this structure was markedly 

absent or reduced in E14.5 Wnt1-Cre; Eif4a3lox/+ embryos (n=4) (Fig. 6D and F). Owing to loss of 

this structure, to examine bone ossification we focused on the clavicle, which is also affected in 

a subset of RCPS patients (2,29,30) and shares a NCC origin with the mandible (31). Alizarin red 
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staining of the clavicle revealed ossification of only 25% of control embryos (5/20) compared with 

100% of E14.5 Wnt1-Cre; Eif4a3lox/+ embryos (4/4) (Fig. 6C–G; Supplementary Material, Fig. S9A-

D). This indicates that NCC-specific haploinsufficiency of Eif4a3 disrupts formation of Meckel’s 

cartilage and causes premature clavicle ossification. This parallels observations made with human 

RCPS nMSCs, and provides a mechanistic explanation for mandibular and clavicular anomalies 

seen in patients.  

 

 

Figure 6. 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. 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) 1mm. 

 

Finally, we assessed the impact of NCC-specific Eif4a3 haploinsufficiency upon 

craniofacial structures at the end of gestation. Compared with control (n=8), E18.5 Wnt1-Cre; 

Eif4a3lox/+ embryos exhibited severely hypoplastic mandibles (n=5) (Fig. 7A and B). We observed 

additional phenotypes associated with defective NCC development, including reduced eyelid 

closure, loss of outer ear structures, and in some cases exencephaly. Hematoxylin and eosin 

(H&E) analyses of control mandibles demarcated the tongue, dental papilla, dental epithelium, 
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nasal cavities, whisker follicles and maxillary structures (Fig. 7C and E). Conversely, no defined 

mandibular structures or nasal passages were evident in mutant embryos, although tongues 

were present without clefts, similar to RCPS patients (Fig. 7D and F; Supplementary Material, Fig. 

S10A-H). Taken together, these findings reveal an essential requirement of Eif4a3 in NCCs and 

their mesenchymal derivatives during craniofacial development. 

 

 

 

Figure 7. 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. 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) 1mm. 
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DISCUSSION 

 

RCPS is a craniofacial syndrome caused by loss-of-function mutations in the RNA-binding 

protein EIF4A3. The cellular mechanisms by which reduced EIF4A3 causes the phenotypic 

specificity of this syndrome have been entirely unknown. Here, we employed two 

complementary approaches to gain fundamental new insights into the underlying pathology of 

this developmental syndrome. Patient-derived iPSCs highlight delayed NCC migration and 

precocious bone differentiation in RCPS pathology. Eif4a3 haploinsufficient mice recapitulate 

mandibular and craniofacial abnormalities associated with RCPS, and establish in vivo 

requirements for Eif4a3 in NCC development and differentiation. Altogether this points to 

specific and converging alterations of NCC as an underlying cause of RCPS.  

One major unsolved problem concerning craniofacial development and disease is the 

existence of a number of clinically discernible syndromes caused by mutations in genes that exert 

basic and ubiquitous functions. Genetic mutations affecting mRNA splicing and ribosome 

biogenesis, for example, manifest tissue-specific phenotypes restricted to craniofacial structures 

not only in RCPS but in additional disorders such as Treacher Collins syndrome (11,32-34). 

Elucidating the pathogenetic mechanism behind RCPS will aid in clarifying the etiology of these 

other craniofacial syndromes and understanding developmental pathways critical for craniofacial 

morphogenesis. 

 

Generation of RCPS patient-derived iPSCs and a new mouse model 

Here, to elucidate the pathogenetic mechanism responsible for RCPS, we generated 

patient-specific, iPSC-derived iNCCs and nMSCs. All iPSCs showed hallmarks of pluripotent stem 

cells, including high expression of pluripotency-associated genes, no aneuploidies and in vivo 

teratoma formation, showing that reduced EIF4A3 in RCPS patients’ cells does not negatively 

impact iPSC generation. Moreover, iPSCs were efficiently differentiated into iNCCs exhibiting 

typical p75(NTR)/HNK1 double-positive staining and high expression of NCC markers. The neural 
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crest identity of all iNCCs was further confirmed through generation of homogeneous nMSC 

populations with mesenchymal immunophenotype and ability to give rise to mesenchymal 

derivatives in vitro, as previously reported for other iNCC lines (17,18,35). Taken together, our 

strategy successfully yielded disease-relevant cell types to study RCPS in vitro.  

We also generated two new Eif4a3 mouse models that recapitulate several anomalies 

seen in RCPS patients, including abnormal mandible development, microstomia, micrognathia, 

ear anomalies and clavicle defects. RCPS is caused by recessive hypomorphic EIF4A3 alleles, 

resulting in 15-70% reduction in EIF4A3 levels depending on cell type (3). It is noteworthy that 

haploinsufficiency in mice reduces EIF4A3 levels by 50% yet results in comparable phenotypes to 

humans whose EIF4A3 levels are more varied. These potential differences in susceptibility to 

disease phenotypes could be because that humans are genetically diverse, whereas mice are 

inbred. In addition, some of the phenotypic variability in the Eif4a3 Cre-lox mouse models could 

be due to Cre efficiency. The use of Wnt1-Cre enabled us to investigate how Eif4a3 depletion 

affects craniofacial development; however, this Cre is not active in the developing limb (36). In 

the future, it will be of interest to employ other Cre drivers to recapitulate additional relevant 

RCPS phenotypes. Regardless, given that the Eif4fa3 haploinsufficient mice present with the most 

penetrant phenotypes of RCPS, these models are valuable for gaining mechanistic insights into 

RCPS pathology. Beyond this, the Eif4a3 haploinsufficient mice also demonstrate new biological 

functions for Eif4a3 in NCC and craniofacial development. These roles are likely conserved given 

requirements for Magoh and Eif4a3 in development of NCC-derived cell types in mice and 

Xenopus, respectively (5,37). 

  

Neural crest defects underlying RCPS 

The use of patient-derived iPSCs pinpoints defective NCC migration as one key cellular 

mechanism to explain RCPS etiology. We speculate EIF4A3 depletion delays NCC migration at 

early developmental stages, causing defective mandibular fusion and formation, as seen in 

Eif4a3-deficient embryos. This may be due to reduced mesenchymal progenitors populating the 

pharyngeal arches and/or impaired cartilage and bone formation. Although migration defects are 

common in mouse models with micrognathia, they have not been observed in animal models for 
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the craniofacial disorders ribosomopathies (12,38) or spliceopathies (11,13), despite the clinical 

overlap of RCPS with these conditions. This highlights an interesting and potentially unique role 

for NCC migration in RCPS etiology.  

Although some NCC-related disorders have been attributed to increased cell death or 

altered proliferation (13,38,39), neither RCPS iNCCs and nMSCs nor mouse models showed 

massive alterations in either process. This suggests that aberrant apoptosis and proliferation are 

not a major cause of RCPS, however the possibility remains that low levels of apoptosis and 

proliferation delays could impair outgrowth and fusion of mandibular arches and thus contribute 

to RCPS pathogenesis. Indeed, apoptosis was detectable in especially severe Cmv-Cre and Wnt1-

Cre Eif4a3 mouse mutants. Additionally, mitotic index was increased, albeit not quite 

significantly, in Eif4a3 haploinsufficient mandibular processes, consistent with known roles for 

EIF4A3 and its binding partners in mitosis (40,41,42).  

Both in vitro and in vivo experiments also demonstrate that dysregulation of 

chondrogenesis and osteogenesis is highly relevant for RCPS. Paralleling observations with RCPS-

derived nMSCs, NCC-specific depletion of Eif4a3 disrupts formation of Meckel’s cartilage and 

causes premature clavicle ossification. Development of the cranioskeletal elements affected in 

RCPS relies upon proper differentiation of NCC and their progeny residing in the craniofacial 

mesenchyme. In particular, mandible morphogenesis is thought to depend upon proper 

formation of Meckel’s cartilage before intramembranous ossification (14,43). Altogether this 

suggests a mechanistic explanation for mandibular and clavicular anomalies seen in RCPS 

patients. 

 

Eif4a3 deficiency and phenotypic variability 

Both iPSC and mouse models established here recapitulate deficiencies in mandibular 

development, amongst the most relevant craniofacial alterations of RPCS. 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 family (1,3). Several RCPS patients have died in early infancy 

owing to severe micrognathia associated with severe respiratory distress or required surgical 
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interventions for survival (1,2,44). 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 patients (7). 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 families 

[reviewed in (1)]. 

 

Eif4a3 mechanisms and RCPS etiology 

Going forward it will be important to build upon the cellular mechanisms defined here, to 

further understand how EIF4A3 functions in NCCs and in particular how it influences early 

ossification. Predictions can be made from studies in the developing brain, where 

haploinsufficiency of Eif4a3 and other EJC components impair neural progenitor proliferation, 

leading to precocious neuronal differentiation (7). In the case of the EJC component, MAGOH, a 

prolonged mitosis of neural stem cells is sufficient to trigger altered neuronal differentiation in 

these mutants (41). Perhaps Eif4a3 has parallel requirements in mitosis of NCCs, which leads to 

precocious ossification. In the brain, Eif4a3 haploinsufficiency also triggers aberrant p53 

activation and altered expression of ribosomal components. Dysregulation of ribosome 

biogenesis and p53 signaling are linked to many craniofacial disorders, including Treacher Collins 

syndrome (12). Given this connection, along with parallel roles for Eif4a3 in bone differentiation, 

it is fascinating to consider if EIF4A3 regulates ribosome biogenesis and p53 signaling in NCCs, 

and if this contributes to RCPS pathology. Moreover, craniofacial disorders similar to RCPS can 

be caused by mutation of spliceosomal components (11). Given its canonical role in the EJC, it 

will also be of interest to elucidate if EIF4A3 influences NCC via splicing regulation. For example, 

EIF4A3 may bind and regulate levels and/or splicing of pro-chondrogenic transcripts required for 

ossification. Investigation of transcriptome-wide RNA regulation and splicing control in Eif4a3 

mutants will provide valuable insights into how EIF4A3 influences chondrogenesis at a molecular 

level.  
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In summary, we integrate iPSC technology with mouse models to study a craniofacial 

syndrome, establishing a foundation for characterizing biological mechanisms responsible for 

craniofacial disorders. Using patient-derived iPSCs we could recapitulate NCC migration and 

mesenchyme differentiation in vitro, and show both are compromised in EIF4A3 depleted cells. 

Likewise, Eif4a3 deficient mouse models exposed defective mandible process formation and 

bone ossification in vivo. Altogether, this points to critical cellular mechanisms within NCCs which 

help explain aberrant mandible development in RCPS patients. Going forward, the models 

established here are valuable for further elucidating how EIF4A3 mutations causes RCPS, and 

more broadly, for establishing an experimental framework to study craniofacial disorders. 

 

MATERIALS AND METHODS 

 

Dermal fibroblast and erythroblast cultures 

Skin biopsies were extracted from the lower posterior flank region with the use of 2-mm 

punch instruments and stored in DMEM/high glucose (Life Technologies) supplemented with 100 

mg/ml of Normocin (Invivogen), at 4 °C. Within 24 h, biopsies were rinsed with PBS and incubated 

in a Dispase solution (1 mg/ml; Sigma-Aldrich) in DMEM/high glucose, overnight at 4°C. 

Specimens were then rinsed two times with PBS, their epidermis was removed and the dermis 

was minced with a scalpel and seeded into 25cm2 culture flasks containing fibroblast medium 

consisting of DMEM/high glucose supplemented with 1% penicillin–streptomycin and 10% fetal 

bovine serum (FBS, Life Technologies). CD71. cells from whole blood samples were 

reprogrammed according to Okita et al. (45). Briefly, peripheral blood mono-nuclear cells 

(PBMCs) were isolated by adding 2 mM EDTA in PBS to whole blood samples, and after 

centrifugation at 1000g for 10 min, transferring the diluted blood to a Leucosep tube pre-filled 

with Ficoll-Paque (GE Healthcare). Then, the tube was centrifuged at 400g for 30 min at 18°C, the 

plasma was discarded, and the cells from white ring collected. PBMCs were cultured in Stem Span 

Medium (Stem Cell) supplemented with 50 ng/ml of recombinant human stem cell factor (SCF; 

R&D), 500 U/ml of erythropoietin (EPO; R&D), 1 mM dexamethasone (Sigma), 40 ng/ml of IGF-1, 
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10 ng/ml of interleukin 3 and 10 mg/ml gentamicin (Miltenyi Biotec) in a 24-well ultra-low 

attachment plate (Corning). After 4 days in culture, magnetic sorting of CD71+ cells was 

performed with the use of microbeads (Miltenyi Biotec). 

 

Generation of iPSCs 

Dermal fibroblast cultures were derived from skin punch biopsies from three RCPS 

patients (F8417-1, F8417-2 and F6099-1), previously genotyped elsewhere (3), and from two 

controls (F9048-1 and F7405-1). Erythroblast cultures were derived from peripheral blood 

collection from one control (F8799-1). Fibroblasts and erythroblasts were reprogrammed with 

the use of episomal vectors (pCXLE-hOCT3/4-shP53-F, addgene plasmid 27077; pCXLE-hSK, 

addgene plasmid 27078; pCXLE-hUL, addgene plasmid 27080), as described (45), in an Amaxa 

Nucleofector II (program U-020 for fibroblasts and T-016 for erythroblasts) with either NHDF 

(fibroblasts) or CD34+ (erythroblasts) nucleofector kits (Lonza), according to the manufacturer’s 

recommendations. Two days after nucleoporation, cells were co-cultivated with irradiated 

murine embryonic fibroblasts (Millipore) in embryonic stem cell medium (DMEM/F12 

supplemented with 2 mM GlutaMAX-I, 0.1 mM non-essential amino acids, 100 mM 2-

mercaptoethanol, 20% of knockout serum replacement, 0.1% Gentamicin, 10 ng/ml of bFGF (all 

provided by Life Technologies), 2 mM SB431542, 0.5 mM valproic acid sodium salt, 0.25 mM 

sodium butyrate (Sigma-Aldrich), 0.5 mM PD0325901 and 2 mM Thiazovivin (Miltenyi Biotec). 

Typical iPSC colonies were transferred to 60-mm Matrigel (BD-Biosciences)-coated plates and 

expanded in iPSC medium consisted of Essential 8TM Medium (Life Technologies) supplemented 

with 100 mg/ml of Normocin (Invivogen). 

Total DNA was extracted from iPSC cultures with the use of NucleoSpin Tissue (Macherey-

Nagel), following supplier’s instructions. For PCR reactions, primers targeting the OriP gene 

present in the backbone of the episomal vectors were used (Supplementary Material, Table S2), 

according to recommendations provided elsewhere (Epi5 Episomal iPSC Reprogramming Kit, Life 

Technologies). Multiplex ligation-dependent probe amplification (MLPA) analysis was performed 

with subtelomeric kits (P036 and P070; MRC-Holland) to detect chromosomal imbalances, as 

previously described (46). One of the control iPSCs used in this study (F7405-1) had been 
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generated with retroviral transduction and has already been described and characterized 

elsewhere (47). 

 

Differentiation of iNCCs from iPSCs 

Procedures for iNCC derivation were based on previously published methodology (17,18). 

Before differentiation, iPSC colonies were adapted to single-cell passaging by rinsing cells with 

PBS followed by dissociation with Accutase (Life Technologies) for up to 5 min at room 

temperature (RT), followed by centrifugation at 200g for 4 min and seeding onto 60-mm 

Matrigel-coated petri dishes. After two subcultures, single cells were seeded onto 60-mm 

Matrigel-coated dishes at 1x 104 cells/cm2. Two days post-seeding, medium was changed to iNCC 

differentiation medium, composed of Essential 6TM Medium (Life Technologies) supplemented 

with 8 ng/ml bFGF (Life Technologies), 20 mM SB431542 (Sigma-Aldrich), 1 mM CHIR99021 

(Sigma-Aldrich) and 100 mg/ml Normocin; differentiation medium was changed every single day. 

After ~2–4 days, neural crest-like cells were seen detaching from colony borders. The cells were 

split before reaching confluence, using Accutase, at RT, until differentiated cells detached. Cell 

suspensions were centrifuged at 200g for 4 min and re-seeded into new 60-mm Matrigel-coated 

dishes in fresh iNCC differentiation medium. With this method, passaging was performed 

whenever necessary, for 15 days, after which morphologically homogeneous iNCC cultures were 

obtained. Differentiated iNCCs were cultivated for up to eight passages in iNCC differentiation 

medium, replenished daily. In all procedures involving single-cell passaging, media were 

supplemented with 5 mM Rock inhibitor (Sigma-Aldrich) upon seeding and maintained for 24 h; 

after about 4 days of iNCC differentiation, Rock inhibitor was no longer needed to maintain cell 

viability. 

 

Wound healing assay 

For the wound healing assay (48), iNCCs were seeded at 5x 105 cells/cm2 into non-coated 

24-well plates (Corning), in iNCC medium. When cells reached 90–100% confluence, the 

monolayer was scratched in a straight line with a p200 pipette tip. Debris was removed and the 

edge of the scratch was smoothed by washing two times with DPBS (Life Technologies). Then, 
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the culture medium was replaced and cell migration was monitored. Cells were seeded in 

quadruplicates and three fields were selected in each well, which were photographed every 30 

min during 24 h, using the High Content Imaging InCell Analyzer 2200 (GE Healthcare) at the 

CEFAP facility, Institute of Biomedical Sciences, University of São Paulo, Brazil. All samples were 

assessed simultaneously in two independent experiments. The percentage of the wound covered 

by migrating cells after 24h was quantified in RCPS and controls iNCCs, on ImageJ. Differentiation 

of nMSCs from iNCCs nMSC populations were obtained through culturing of iNCCs with 

mesenchymal stem cell medium, as previously described (17). In brief, iNCCs were seeded at 2x 

104 cells/cm2 onto noncoated 60-mm tissue culture dishes in nMSC medium (DMEM/ F12 

supplemented with 10% FBS, 2 mM GlutaMAX-I, 0.1 mM non-essential aminoacids and 100 

mg/ml Normocin. Cells were differentiated for 6 days and passaged with TrypLETM Express (Life 

Technologies) when needed. nMSC cultures were expanded in nMSC medium for up to 6 

passages, with medium changes every 3 days. 

 

nMSC chondrogenic, osteogenic and adipogenic differentiation 

For the osteogenic induction, cells were seeded in 12-well plates (Corning) (104 

cells/cm2), in triplicates. After 3 days, medium was replaced with osteogenic induction medium 

(StemPro Osteogenesis Kit, Life Technologies); in parallel, negative controls were cultivated in 

nMSC medium. Differentiation and nMSC media were changed every 2–3 days. After 9 days, ALP 

activity was quantified through incubation with phosphatase substrate (Sigma-Aldrich), and the 

resulting p-nitrophenol was quantified colorimetrically using a Multiskan EX ELISA plate reader 

(Thermo Scientific) at 405 nm; after 21 days, extracellular matrix mineralization was assessed 

through alizarin red staining at 450 nm. In both assays, absorbance data were normalized by 

subtracting from undifferentiated, negative controls. For chondrogenesis, 1x 105 cells/well were 

plated into 6-well plates and after 3 days nMSC growth medium was replaced with chondrogenic 

medium (StemPro Chondrogenesis Kit; Life Technologies). To quantify chondrogenic markers, 

total RNA was extracted after 9 days of differentiation. After 21 days, pellets were fixed and 

frozen in Tissue-Tek O.C.T (Sakura) and then, cut in 5-µm cryosections which were fixed with 4% 

paraformaldehyde and stained with Alcian Blue 0.1% in 0.1 M HCl. Adipogenic differentiation was 



 81 

performed on 1x 104 cells/cm2 seeded into 6-well plates. After cells achieved 80% confluence, 

nMSC growth medium was replaced with adipogenesis medium (StemPro Adipogenesis Kit, Life 

Technologies). Cells were differentiated for 21 days, after which Oil red staining was performed. 

Cells were washed with PBS, fixed in 4% paraformaldehyde and stained with 0.5% Oil Red in 

isopropanol. Pictures were taken under an Axiovision microscope (Zeiss). 

 

Apoptosis, proliferation and cell cycle assays in vitro 

For the apoptosis assays, a total of 105 cells/well was seeded into 6-well culture plates 

(Corning). On the next day, apoptotic activity was measured with a kit based on Annexin V and 

7-AAD staining (Guava Nexin Reagent; Millipore), following the manufacturer’s instructions. Cells 

treated with 10 mM H2O2 for 30 min were used as staining controls. Subpopulations were 

ascertained in a Guava flow cytometer (EMD Millipore) as follows: non-apoptotic cells-Annexin 

V(-) and 7-AAD(-); early apoptotic cells-Annexin V(+) and 7-AAD(-); late-stage apoptotic and dead 

cells-Annexin V(+) and 7-AAD(+). Cell proliferation was assessed with the use of an XTT assay (Cell 

Proliferation Kit II; Roche), following supplier’s instructions. Briefly, cells were seeded into 96-

well culture plates at 2x 103 cells/well, in quadruplicates. To quantify metabolically active cells, 

medium was changed to DMEM/F12 without phenol red (Life Technologies), a solution of XTT 

was added, and cells were incubated at 37 °C for 3h. Immediately following incubation, plates 

were colorimetrically assessed in a microplate spectrophotometer (Epoch; BioTek) at 450 nm. To 

determine the percentage of cells in G0/G1, S and G2/M phases based on DNA content, a cell 

cycle assay was performed, using the Guava Cell Cycle Reagent (Millipore), in a Guava easyCyte 

flow cytometer (Millipore), according to the manufacturer’s instructions. 

 

Flow cytometry 

To assess the immunophenotype of iNCCs, cells were detached with Accutase, and 

washed two times with two volumes of blocking solution (4% BSA in PBS). iNCCs were incubated 

with the conjugated antibodies in blocking solution in the dark for 1h at 4°C, washed two times 

with PBS, and fixed in 1% paraformaldehyde/PBS. The following antibodies were used: IgM K FITC 

Mouse Anti-Human CD57 (anti-HNK1; BD Pharmingen 561906), IgG1 K Alexa Fluor 647 Mouse 
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Anti-Human CD271 (anti-p75NTR; BD Pharmingen 560877), FITC Mouse IgM K isotype control 

(BD Pharmingen 555583) and Alexa Fluor 647 Mouse IgG1 K isotype control (BD Pharmingen 

557714). Antibody concentrations followed the manufacturer’s recommendations. A minimum 

of 5000 events were acquired in a FACS Aria II flow cytometer (BD Biosciences) and analyzed on 

FlowJo (X 10.0.7r2). nMSCs were dissociated with TrypLE Express and washed two times with two 

volumes of blocking solution (1% BSA in PBS without Ca2. and Mg2.). nMSCs were incubated in 

the aforementioned conditions with the following conjugated antibodies: FITC Mouse Anti-

Human CD31 (BD Pharmingen 555445), APC Mouse Anti-Human CD73 (BD Pharmingen 560847), 

PE Mouse Anti-Human CD90 (BD Pharmingen 555596), PE Mouse Anti-Human CD166 (BD 

Pharmingen 559263) and FITC, PE and APC Mouse IgG1 K Isotype Controls (BD Pharmingen 

555748, 554681 and 555749, respectively). Antibody concentrations followed the 

manufacturer’s recommendations. At least 5000 events were acquired in FACS Aria II equipment 

and analyzed on FlowJo (X 10.0.7r2).  

 

Real-time quantitative PCR (RT-qPCR)  

Total RNA was obtained from cell samples with the use of Nucleospin RNA II extraction 

kit (Macherey-Nagel) following the manufacturer’s recommendations. Briefly, 1 mg of total RNA 

was converted into cDNA using Superscript IV (Life Technologies) and oligo-dT primers according 

to the manufacturer’s recommendations. RT-qPCR reactions were performed with 2x Fast SYBR 

Green PCR Master Mix (Life Technologies) and 50-400nM of each primer. Fluorescence was 

detected using the 7500 Fast Real-Time PCR System (Life Technologies), under standard 

temperature protocol. Primer pairs were either designed with Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/; date last accessed March 10, 2017) or 

retrieved from Primer Bank (http://pga.mgh.harvard.edu/primerbank/; date last accessed March 

10, 2017) primers are listed in Supplementary Material, Table S2 and their amplification 

efficiencies (E) were determined by serial cDNA dilutions log10-plotted against Ct values, in which 

E=10-1/slope. Gene expression was assessed relative to a calibrator cDNA (DCt). NormFinder (49) 

was used to determine the most stable endogenous control (among ACTB, TBP, HMBS, GAPDH 

and HPRT1), and calculate normalization factors (E-DC) for each sample. The final relative 
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expression values were determined based on a previous method (50) by dividing E-DCt of target 

genes by E-DCt the endogenous control. All relative expression values were log-transformed for 

analysis and graphed in linear scale, unless stated otherwise. Primers were supplied by Exxtend. 

 

Western blot analyses  

Cells were grown until 80% confluence in complete culture medium. Total protein lysates 

were obtained using RIPA buffer (Sigma) supplemented with protease and phosphatase inhibitor 

cocktails (Sigma-Aldrich). Protein concentration was determined using a bicinchoninic acid (BCA) 

assay kit according to the manufacturer’s instructions (Thermo Fisher Scientific). Cell lysates were 

denatured by adding Tris–glycine SDS sample buffer (Life Technologies) containing 0.3 M 2-

mercaptoethanol (Sigma). Then, 20 mg of total cell lysates were separated by SDSPAGE and dry-

transferred to nitrocellulose membranes with the iBlot system (Life Technologies) according to 

the manufacturer’s recommendations. Membranes were blocked in buffer TBS-T (1 M Tris–HCl 

pH 7.5, 5M NaCl, 0.1% Tween-20) with 5% BSA under constant stirring for 1h at RT, washed four 

times with TBS-T, and incubated with Rabbit anti-EIF4A3 (1:2000 dilution in TBS-T/BSA; sc-33632; 

Santa Cruz) primary antibody, overnight at 4°C, under constant stirring. Detection was performed 

using anti-rabbit IgG, HRP-linked Antibody (1:2500 dilution in TBS-T/ BSA; #7074; Cell Signaling) 

under constant stirring for 1h at RT, followed by incubation with ECL Prime (GE Healthcare) and 

capture in the Image Quant LAS 4000 Mini (GE Healthcare). b-Actin was used as a loading control 

(1:30 000 dilution in TBS-T/BSA; ab49900, Abcam). Densitometric analyses were performed on 

the Image Quant TL 8.1 software (GE Healthcare). EIF4AIII protein levels were quantified and 

normalized to the corresponding b-actin levels.  

Embryos were lysed in RIPA lysis buffer (Thermo Scientific) with protease inhibitors 

(Pierce). BCA assays were performed (Pierce) and 20 mg of lysate was run on 4–20% gradient 

precast TGX gels (Biorad), activated following Biorad’s standard protocol, then transferred onto 

PVDF membranes (Biorad). Membranes were blocked with 5% milk then blotted with rabbit anti-

EIF4A3 1:50 (sc67369, Santa Cruz) and protein levels normalized to total protein as determined 

by TGX activation using UV. Imaging was performed with a Biorad ChemiLab XRS+ machine with 

ImageLab software. 
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Immunofluorescence and H and E staining 

Cells were fixed in 4% paraformaldehyde for 20 min at RT, followed by permeabilization 

with PBS 0.2% Triton X-100, for 30 min, at 4°C. Blocking was carried out with PBS 5% BSA for 1h 

at RT, followed by incubation with primary antibodies in blocking solution overnight, at 4°C, 

under constant stirring. After washing two times with PBS, cells were incubated with secondary 

antibodies in blocking solution at 4°C for 1h, in the dark, followed by two PBS washes and 

counterstaining with DAPI solution (Life Technologies) for 2 min at RT. After a final PBS wash, 

cells were analyzed with a fluorescent microscope (Axiovision; Zeiss). The primary Anti-OCT4 

antibody (ab19857; Abcam), secondary Goat anti-Rabbit IgG (H.L) antibody—Alexa Fluor 546 

conjugate (A-11010; Life Technologies), primary Anti-SSEA4 antibody [MC813] (ab16287; Abcam) 

and secondary Goat anti-Mouse IgG (H.L) antibody—Alexa Fluor 488 conjugate (A-11001; Life 

Technologies) were used. Antibody concentrations followed the manufacturer’s 

recommendations.  

Embryos were fixed overnight in 4% paraformaldehyde (PFA) at 4°C, followed by 

submersion in 10% sucrose, then 20% sucrose until sinking, then embedded in NEG50 and kept 

at -80°C. Face cryostat sections (20 µm) were prepared and either stored at -80°C or prepared 

for staining. Sections were permeabilized with 0.25% Triton X-100 for 10 min and blocked with 

either 5% NGS or MOM block reagent (Vector laboratories) for 1h at RT. Primary antibodies were 

used at the following dilutions: rhodamine phalloidin 1:100 (R415, Molecular Probes), PH3 1:200 

(06-570, Millipore), EIF4A3 1:500 (A302-980A, Bethyl), CC3 (9661, Cell Signaling) for 2h at RT or 

overnight at 4°C. Sections were counterstained with Hoescht for 15 min at RT with secondary 

antibodies (Thermo Scientific) which were used at 1:200. Standard H&E protocols were used, in 

brief: sections were dehydrated in Xylene for 1.5 min, Flex100 48 s (Thermo Scientific), Flex 95 

24 s (Thermo Scientific), running water for 30 s, then put through a series of dyes and enhancers, 

hematoxylin (Ricca Chemical Company) 1.5 min, water 1 min, clarifier 30 s (Thermo Scientific), 

running water 30 s, bluing reagent (Thermo Scientific) 24 s, running water 30 s, Flex95 24 s, Eosin 

Y 24 s (Harleco), then again dehydrated in Flex100 48 s x2, Xylene 48 s x2 before mounting. Depth 

was calculated by drawing a straight line from the two highest points of each arch and measuring 

downward into the deepest part of the cleft. Mitotic index was calculated by counting the 
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number of mitotic figures (based on both PH3 staining and DNA morphology) and dividing by the 

total number of cells as determined by Hoescht staining.  

 

Mouse husbandry and genetics  

Plug dates were defined as embryonic day (E) 0.5 on the morning the plug was identified. 

Cmv-Cre mice and Wnt1-Cre2 mice were from Jackson labs (36). As Cmv-Cre is X-linked, we 

generated embryos for all analyses using both Cmv-Cre females and males. No phenotypic 

differences were observed in both types of crosses. Animals reported in Table 1 were generated 

using Cmv-CreTg/+ females crossed to Eif4a3lox/+ males. Eif4a3lox/lox mice were generated as 

previously described (7). Genotyping primers and conditions are listed in Supplementary 

Material, Table S3. 

 

TUNEL assay 

The ApoTag Fluorescein In Situ Apoptosis Detection Kit (Millipore) was utilized for whole 

mount TUNEL staining. Standard protocols were slightly modified as follows: embryos were fixed 

in 1% PFA for 20 min at 4°C, washed in 1x PBS and forebrain and heart were pierced with a needle. 

Embryos were dehydrated in a series of Ethanol washes (25% 10 min, 50% 10 min, 70% 10 min, 

95% 10 min x2, 100% 5 min x3) and then rehydrated in reverse order. Embryos were pretreated 

with Proteinase K (20 mg/ml) for 15 min at RT then washed with 1x PBS 2 min x2. Embryos were 

put into equilibration buffer for 5 min at RT, then working strength TdT Enzyme for 2h at 37°C in 

a humidified chamber. The reaction was completed by putting the embryos into STOP/WASH 

buffer for 40 min at 37 °C. The embryos were then washed 3 min x3 in 2 mM levamisole, then 1 

min x3 in 1x PBS. Anti-digoxigenin conjugate was used at working strength for 40 min RT in the 

dark then the embryos were washed 2 min x4 in 1x PBS and then imaged.  

 

Skeletal preparations  

E14.5 embryos were dissected and fixed in 100% EtOH overnight at 4°C, then 100% 

acetone overnight at 4°C. Alcian blue staining solution stock was prepared as follows: 5 ml 0.4% 
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Alcian Blue 8 GX in 70% EtOH, 5 ml glacial acetic acid, 70 ml 95% EtOH, 20 ml water, then to 10 

ml of staining solution 100 µL of 0.5% Alizarin Red was added. Bone only skeletal preps were 

performed the same way but without 0.4% Alcian Blue 8GX. Embryos were rocked overnight in 

staining solution at RT then destained with 1% KOH for approximately 2h. Embryos were then 

put through an increasing glycerol gradient then stored in 50% glycerol. 

 

Statistics 

All iPSC experiments were performed in triplicate, unless stated otherwise herein. 

Statistical comparisons were performed on the GraphPad Prism software (v6.0). Values were 

represented as means ± standard error of the mean (SEM). The level of statistical significance was 

set at P<0.05. Mouse experiments were represented as means6standard deviation (SD). All P-

values were represented as *<0.05, **<0.005. Significance for all experiments was performed 

using a standard Student’s two-tailed t-test with the exception of the mouse lethality table (Table 

1) which was done using Chi-square analysis. 
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Figure S1. 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) End-point PCR for vector backbone gene 
OriP; DNA from one iPSC line in which genomic integration had been detected was used as positive 
control. (F-H) 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. (F) 
Arrowheads: pigmented epithelium with melanin granules (ectoderm); arrow: gastrointestinal epithelium 
with goblet cells (endoderm). (G) HC: hyaline cartilage and CT: connective tissue (mesoderm). (H) Arrows: 
ciliated respiratory epithelium (ectoderm). (I) MLPA analysis with peak ratios for subtelomeric probes 
(blue dots) and control probes (green dots) using P036 and P070 kits. Data are represented as mean ± 
SEM, (***) p-value < 0.001, (**) p-value < 0.01, Student’s t-test. 
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Figure S2. 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-value < 0.05, (n.s.) not significant, Student’s t-test. 
 
 

 

 



 94 

 

Figure S3. 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. 
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Figure S4. 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-value < 0.01, (*) p-value < 0.05, 
Student’s t-test. 
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Figure S5. 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. 
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Figure S6. Phenotypic characterization of Cmv-Cre; Eif4a3lox/+ embryos and EIF4A3 expression. (A-C) E10.5 
Cmv-Cre; Eif4a3lox/+ mutant type B embryos exhibit reduced body size and severe craniofacial 
abnormalities resembling holoprosencephaly as outlines 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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Figure S7. 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. 
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Figure S8. 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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Figure S9. 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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Figure S10. E18.5 Wnt1-Cre; Eif4a3lox/+ embryos have severe craniofacial defects but develop an 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 Eif4a3lox/+ control embryo (A, B) and three different Wnt1-Cre; Eif4a3lox/+ mutant embryos (C-H). Scale 
bars, 5 mm. 
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Table S1. Cell samples 
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Table S2. Primer sequences used in RT-qPCR 
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Table S3. Mouse genotyping primers  
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ABSTRACT  

 

Richieri-Costa-Pereira syndrome (RCPS) is an autosomal-recessive condition mainly characterized 

by craniofacial and limb abnormalities. This disorder is caused by hypomorphic biallelic mutations 

in the EIF4A3 5’UTR, which is a core component of the exon junction complex (EJC). We have 

previously shown that EIF4A3 deficiency leads to defective neural crest cell (NCC) migration and 

dysregulated osteogenic/chondrogenic differentiation of NCC mesenchymal derivatives. Yet 

despite the requirement of EIF4A3 for NCC and craniofacial development, the pathogenetic 

molecular mechanisms responsible for the impaired NCC functions are entirely unknown. Here, 

we employed the use of patient iPSC-derived NCCs combined with conditional Eif4a3 

haploinsufficient mouse model to uncover altered pathways underlying RCPS pathogenesis. 

Transcriptomic and proteomic analyses indicated that reduced levels of EIF4A3 alter expression 

and/or splicing of cell-extracellular matrix (ECM) interaction components as well as ribosomal 

and neurogenesis-related genes. Altogether, this study associates aberrant splicing of 

riboproteins and defective cell-adhesion with NCC migration/differentiation defects in RCPS 

etiology.   
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INTRODUCTION 

 

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

acrofacial dysostosis reported mostly in Brazilian patients. RCPS is characterized by several 

craniofacial abnormalities, including midline cleft of the mandible, microstomia, Robin sequence, 

absence of central lower incisors, laryngeal and ear anomalies along with limb defects and 

learning impairments (Favaro et al. 2011), as well as microcephaly which has recently been 

included in the phenotypic spectrum of this disorder (Bertola et al. 2018).  

RCPS is mainly caused by an increased number of repeat motifs within the EIF4A3 5'UTR, 

which in turn results in 15-70 % reduction in EIF4A3 expression depending on cell type (Favaro et 

al. 2014; Hsia et al. 2018; Miller et al. 2017). The RNA-binding protein eIF4A3 is a core component 

of the exon junction complex (EJC), which is involved in various aspects of mRNA metabolism 

including splicing, mRNA export and subcellular localization, nonsense-mediated RNA decay 

(NMD), and translational control (Palacios et al. 2004; Le Hir et al. 2016).  

We have demonstrated that EIF4A3 deficiency impairs neural crest cell (NCC) 

development, a finding that is consistent with the clinical features of RCPS patients, which involve 

malformation of craniofacial structures originated from NCCs. Patient-derived NCCs presented 

decreased migratory capacity and defective osteogenic/chondrogenic differentiation of NCC 

mesenchymal derivatives (Miller et al. 2017), However, the molecular mechanisms underlying 

these impaired cell functions remain unclear.   

Numerous disorders beyond RCPS, known collectively as neurocristopathies (Bolande 

1974) comprise congenital malformations caused by disruption of neural crest cell development 

e.g. Diamond Blackfan Anemia, Frontonasal Dysplasia and Auriculo-Condylar syndrome (Vega-

Lopez et al. 2018). NCCs are a transient multipotent stem cell population originating from the 

neural plate border and give rise to the peripheral neurons, glia, muscle, bone, cartilage and 

connective tissues that generate most of the cranioskeleton (Cordero et al. 2011; Trainor 2013). 

Here, in order to expose candidate targets and pathways controlled by EIF4A3 at the 

onset of NCC development, we assessed transcriptome sequencing of two complementary 



 

109 
 

models, RCPS patient-derived iPSCs and conditional mouse mutants. A better understanding of 

the pathogenetic mechanisms by which EIF4A3 mutations impair NCC development will not only 

shed light on RCPS pathophysiology but will also clarify the molecular underpinnings that regulate 

craniofacial development.    

 

RESULTS 

 

Transcriptional changes in RCPS hNCCs 

iPSCs were differentiated towards NCCs by using a combination of WNT activation and 

SMAD inhibition without the presence of caudalization factors (Miller et al. 2017; Menendez et 

al. 2013; Fukuta et al. 2014), as well as without regulation of cranial positioning (Suga et al. 2017). 

Although it has been shown that this method favors cranial NCC formation (Huang et al. 2016), 

the human iPSC-derived neural crest cell (hNCCs) are representative of a mixed population 

comprising all NCC domains.  

Information regarding all human samples used in this study is depicted in table S1 and 

both the iPSC and NCC lineages were extensively characterized elsewhere (Miller et al. 2017), 

with the exception of the novel F11167-1 cl1 line (Fig. S1; see Material and Methods). Briefly, 

iPSCs displayed positive staining for pluripotency markers OCT3/4 and SSEA-4, did not present 

aneuploidies, and demonstrated the ability to generate teratomas in vivo, as well as were 

successfully differentiated in homogenous NCC populations with high expression of NCC markers 

and p75/HNK1 double-positive staining.  

Comparative transcriptome analysis between patient-derived and control NCCs revealed 

alterations in expression of 121 transcripts (FDR, q<0.1) amongst the 13,915 detectable coding 

and noncoding transcripts expressed in NCCs, corresponding to 0.9 % of the total. Out of the 121 

differentially expressed transcripts (DEGs), 92 (76 %) are coding and the remaining are noncoding 

and pseudogenes (Table S4).   

Hierarchical clustering of the DEGs revealed segregation of control and RCPS patient-

derived samples, as shown in the heatmap of figure 1A. A higher number of transcripts (77) were 
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upregulated in RCPS patients (Fig. 1B and 1C; Table S4). Several identified DEGs (CCDC80, CAV1, 

CELF2, LFNG, SOX1, POSTN, COL4A1 and COL4A2) were validated by RT-qPCR assays, which 

showed similar trends to RNA-seq data (Fig. 1D).  

 

EIF4A3 deficiency disrupts expression of cell adhesion to ECM components in hNCCs 

Next, we assessed molecular pathways that are altered in response to decreased EIF4A3 

expression. GSEA using the DAVID KEGG analysis demonstrated a significant enrichment (p<0.1) 

of extracellular matrix- (ECM) receptor interaction and focal adhesion (FA) pathways (Fig. 1E; 

Table S5), which are known to be important during cell migration and wound healing.  

Closer inspection of the DEGs within each GO category revealed enrichment mainly of 

extracellular matrix and plasma membrane components, related to cell projection and ECM 

structural organization (p<0.05) (Fig. 1E).  

DEGs related to regionalization and pattern specification (e.g. KIAA1324L, AMER2, FRAT2 

and the homeobox genes MSX2, HOXD1, HOXC10 and HOXD3) were also observed. Additionally, 

one category that encompasses a notable proportion of the coding DEGs (23.14 %) is nervous 

system development (GO:0007399), which includes genes that play important roles in cell fate 

decision and neurogenesis (e.g. SOX1, PAX5, CHURC1, FEZ1, MAP2, SEMA3C and EPHA5). 
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Figure 1. Transcriptome analysis of EIF4A3 deficient human iPSC-derived neural crest cells. (A) Heatmap 
showing z-score normalized expression for all 121 transcripts identified as significantly different between 
RCPS patients and controls (FDR, q<0.1), and the hierarchical clustering of the samples based on all genes 
using a correlation distance with complete linkage. (B) Volcano plot indicating the -log10 of p-value (y axis) 
for each transcript plotted against its log2 fold-change (x axis). Transcripts significantly affected are 
displayed in red dots. (C) Pie chart of the distribution of upregulated and downregulated DEGs. (D) RT-
qPCR validation of CCDC80, CAV1, CELF2, LFNG, SOX1, POSTN, COL4A1 and COL4A2 compared to relative 
RNA-seq values. Control samples were normalized to 1.0 and data are represented as mean ± SEM; 
Student’s t test, *p<0.05, **p<0.01, ***p<0.001. (E) Gene set enrichment analysis of DEGs, depicting the 
enriched KEGG pathways (q<0.1) and GO terms (q<0.05) identified by DAVID; Modified Fisher Exact test 
(EASE Score), −log10 of p-values are displayed.  
 

EIF4A3 deficient hNCCs show aberrant splicing of riboproteins  

Considering the requirement of the EJC in splicing, we next analyzed differential splicing 

between controls and RCPS patients’ NCCs. We identified 234 alternative splicing (AS) events 

(FDR, q<0.1) (Table S6). These events occurred in 128 different genes, since some genes 

presented more than one AS event, as represented in the Venn Diagram (Fig. 2B). Out of these 

genes, 116 (90.6 %) are protein coding and the remaining are pseudogenes and long non-coding 

RNAs (Table S6).   

The splicing events were mainly skipped exons (SE; 140), representing approximately 60 

% of all AS events, followed by mutually exclusive exons (MXE; 44), with a lower proportion of 

alternative 5’ or 3’ splice sites (A5SS; 21 and A3SS; 15) and retained introns (RI; 14) (Fig. 2A). RT-

qPCR assays validated four events localized in FANCA, RPS9, SAT2 and RPL9 (Fig. 2C) and one was 

not validated (RPS28).  

We performed GSEA on our set of genes with significant alteration in splice variant 

expression. Remarkable, ribosomal transcripts made up 5.6 % of AS events (MRPL18, MRPS10, 

RPL37A, RPL9, RPS2, RPS28, PRS9). KEGG analysis revealed enrichment of ribosome and 

metabolic pathways (Fig. 2D). This finding was supported by GO analysis, which also detected 

ribosome as an enriched category in addition to biological processes related to cell cycle/division 

and translation (Fig. 2D; Table S7). 
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Figure 2. Splicing analysis of EIF4A3 deficient human iPSC-derived neural crest cells. (A) Pie chart of the 
distribution of alternative splicing among skipped exon (SE), mutually exclusive exon (MXE), alternative 5’ 
splice site (A5SS), alternative 3’ splice site (A3SS) and retained intron events. (B) Venn diagram illustrating 
the number of overlapping genes between AS events. (C) RT-qPCR validation of two SE events (FANCA and 
RPS9), an A5SS (SAT2) and a RI (RPL9). Graphs depicting the relative incidence of a single variant (RIV) in 
controls and RCPS patients. RIV is defined as the amount of a splicing variant relative to the amount of 
the external control; Student’s t test, *p<0.05. (D) IGV view of increased number of reads of FANCA exon 
(between 28-29 / 43 total) in RCPS patients compared to controls (red frame), confirming SE event. (E) 
Gene set enrichment analysis of alternatively spliced genes, showing the enriched KEGG pathways (q<0.1) 
and GO terms (q<0.05) identified by DAVID; Modified Fisher Exact test (EASE Score), −log10 of p-values are 
displayed.  
 

EIF4A3 deficiency influences protein levels of ribosome and proteasome components in hNCCs 

We also assessed the proteome of EIF4A3 deficient and control NCCs using liquid 

chromatography mass spectrometry (LCMS)-based proteomics. A total of 625 proteins were 

detected. Out of the 625, 14 were found exclusively in RCPS patients and 6 were found exclusively 

in control individuals (Fig. 3B; Table S8) and the remaining proteins were expressed in both 

groups (605, 96.8%). Two exclusively expressed proteins (EEPs) also presented AS events in their 

corresponding genes (RPS9 and CTPS1).  

Ultimately, we identified 13 (2.1 %) differentially expressed proteins (DEPs), of which 9 

were upregulated and 4 were downregulated in RCPS patients (p<0.05). Hierarchical clustering 

of the DEPs revealed segregation of control and RCPS patient samples (Fig. 3A). In accordance 

with prior transcriptome data, the altered proteins enclose a considerable fraction of ribosomal 

and proteasome components (18.2 %). There was no overlap between DEGs and DEPs. 

GSEA KEGG analysis of DEPs and EEPs revealed proteasome and ribosome enriched 

pathways and GO analysis reinforced ribonucleoprotein complex and proteasome complex as 

enriched terms along with biological processes mainly related to ubiquitination and regulation of 

ligase activity (Fig. 3D; Table S9).  
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Figure 3. Proteome analysis of EIF4A3 deficient human iPSC-derived neural crest cells. (A) Heatmap 

showing z-score normalized expression for all 13 proteins identified as significantly different (DEPs) 

between RCPS patients and controls (FDR, q<0.05), and the hierarchical clustering of the samples and 

proteins by correlation distance with complete linkage. (B) Venn diagram illustrating the number of 

overlapping proteins in both RCPS and control NCCs and proteins exclusively identified in each group 

(EEPs). (C) STRING network analysis of DEPs and EEPs; co-expression-based associations are represented 

by black lines and experimentally determined by pink lines. (D) Gene set enrichment analysis of altered 

proteins, depicting the enriched KEGG pathways (q<0.1) and GO terms (q<0.05) identified by DAVID; 

Modified Fisher Exact test (EASE Score), −log10 of p-values are displayed.  

 

Eif4a3 haploinsufficiency in mouse NCCs 

 We generated a NCC-specific conditional haploinsufficient mouse model to assess the 

expression profile of Eif4a3 deficient developing NCCs. Wnt1-Cre2 males, which express Cre 

recombinase in cranial and cardiac neural crest cells, were crossed to Eif4a3lox/lox (Lewis et al. 

2013) (cre.jax.org). Genotyping of genomic DNA confirmed the heterozygosity and the Wnt1-Cre; 

Eif4a3lox/+ E9.5 mice presented reduction of 40 % of Eif4a3 expression in NCCs compared to wild 

type cells (Wnt1-Cre; Eif4a3+/+) (p=0.0004; Fig. 4B). In mice, NCC migration begins at E8.0 and the 

cranial neural crest cells are the first to invade the pharyngeal arches. We focused on E9.5 

embryos because this embryonic stage correlates with late migration of cranial neural crest cells 

and early post-migration patterning/proliferation (Trainor, 2013). 

Transcriptome analysis of Eif4a3 haploinsufficient mNCCs revealed alterations in 

expression levels of 1,522 transcripts (FDR, q<0.1), corresponding to 9.4 % of the 16,264 coding 

and non-coding transcripts detected in cranial neural crest cells (Table S10). 

Hierarchical clustering of the mDEGs evidenced segregation of control and mutant 

samples, as shown in the corresponding heatmap (Fig. 4C). An equivalent proportion of 

transcripts were up or downregulated (713 and 809, respectively) (Fig. 4D; Table S10). Four 

mDEGs (Col4a1, Col4a2, 9330182L06Rik and Epha5) were validated by RT-qPCR assays, which 

showed similar trends to RNA-seq data (Fig. 4E).  

For GSEA, we focused on the 1,149 transcripts differentially expressed with high 

significance (q<0.05). KEGG analysis revealed enrichment of several cancer pathways, p53 and 

MAPK signaling (Table S11) along with EMC-receptor interaction and focal adhesion, an 

observation that corroborates human data (p<0.1) (Fig. 4F). GO analysis demonstrated 
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enrichment mainly of extracellular matrix and plasma membrane components, skeletal system 

development, organogenesis and morphogenesis and transcription regulation (p<0.05) (Fig. 4F). 

It is noteworthy that 22.45 % of mDEGs are associated with nervous system development 

(GO:0007399).  

It is known that haploinsufficiency for each of the core EJC components (i.e. Magoh, 

Eif4a3 and Rbm8a) in neural stem cells (NSCs), using the Emx1-Cre conditional model to drive Cre 

expression in the developing brain, leads to aberrant neurogenesis and causes p53-mediated 

microcephaly in mice (Mao et al. 2016). Since on embryonic day 9.5 the expression of Wnt1 can 

also be detected in the developing midbrain and forebrain beyond cranial NCCs (Harrison-Uy and 

Pleasure 2012; Lewis et al. 2013) and we dissected mouse embryos taking the entire portion 

upper to the second pharyngeal arch (Fig. 4), there are potentially some NSCs from telencephalon 

in our cell populations sorted by TdTomato/Wnt1 expression. In this context, we checked 

common DEGs between Wnt1-Cre and Emx1-Cre Eif4a3 mutants and noted an overlap of 45 

transcripts, representing ~3 % of our mDEGs set. Interestingly, GSEA of these transcripts reveals 

p-53 signaling pathway enrichment, which includes 5 genes upregulated in both models (Bbc3, 

Gtse1, Ccng1, Sesn2 and Zmat3) (Table S11).  
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Figure 4. Transcriptome analysis of EIF4A3 deficient mouse cranial neural crest cells. (A) Diagrammatic 
overview of RNA-sequencing analysis of mouse NCCs carrying the indicated genotypes. The cranial NCCs 
were isolated from E9.5 mouse embryos by sorting of tdTomato-expressing cells. (B) Graph depicting 
expression of Eif4a3 in the NCCs from control and mutant embryos. Data are represented as mean ± SEM; 
Student’s t test, ***p<0.001. (C) Heatmap showing z-score normalized expression for all 1,149 transcripts 
identified as significantly different between Eif4a3 haploinsufficient and control NCCs. (FDR, q<0.05), and 
the hierarchical clustering of the samples based on all genes using a correlation distance with complete 
linkage. (D) Pie chart of the distribution of upregulated and downregulated DEGs. (E) RT-qPCR validation 
of Col4a1, Col4a2, 9330182L06Rik and Epha5 compared to relative RNA-seq values. Control samples were 
normalized to 1.0 and data are represented as mean ± SEM; Student’s t test, *p<0.05, **p<0.01, 
***p<0.001. (F) Gene set enrichment analysis of mDEGs, depicting the enriched top 10 significant KEGG 
pathways (q<0.1) and top 5 significant GO terms for each GO category (q<0.05) identified by DAVID; 
Modified Fisher Exact test (EASE Score), −log10 of p-values are displayed.  
 

Additionally, the overlapping expression patterns connecting cellular and animal model 

were assessed. We noted 10 common DEGs between human and mouse NCCs data: Nkx1-2, 

Hoxd3, Col4a1, Col4a2, Lfng, Pax5, Crb2, Gsn, Mcf2l and Chn2. In addition, 9 alternatively spliced 

genes (GFPT2, HEATR6, AHSA2, TRPS1, RPS9, IGF2BP3, NSL1, OS9 and CPNE1) and 5 altered 

proteins (RPS9, LIG3, ISYNA1, VDAC2 and SRRM2) in human cells were included in the mouse DEG 

set. The only element that overlapped amongst three data sets (human AS events and exclusively 

expressed proteins as well as mouse DEGs) is the RPS9, which seems to be a central node in 

STRING analysis (Fig. 3C).  

 

DISCUSSION 

 

EIF4A3 is essentially required in NCC development, especially for migration and 

osteochondrogenic differentiation during craniofacial morphogenesis as we demonstrated using 

patient-derived NCCs and Eif4a3 haploinsufficient mouse models (Miller et al. 2017). However, 

the mechanisms by which EIF4A3 mediates NCC development are not fully known, as well as how 

mutations in genes that exert basic and ubiquitous functions such as EIF4A3 cause very specific 

phenotypes is still poorly understood. In this study, to elucidate causes for the cellular 

dysfunctions behind RCPS pathogenesis and clarify how EIF4A3 deficiency mainly compromises 

craniofacial development, we pinpoint targets and molecular pathways regulated by the EIF4A3 
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at the onset of craniofacial development based on transcriptome and proteome analyses of 

patient iPSC-derived NCCs and Eif4a3 haploinsufficient mouse model.  

Despite the fact that eIF4A3 is a core component of the EJC complex, a central regulator 

of mRNA metabolism, only a small fraction of transcripts was altered by decreased levels of 

EIF4A3 in human NCCs (0.9 %), although considering the more drastic depletion of Eif4a3 

expression in mouse NCCs, this fraction increases (9.3 %). It is noteworthy that human samples 

are genetically diverse whereas mice are inbred, which exposes alterations that are normally 

masked in human samples. Furthermore, despite the majority of human cells are cranial NCCs, 

they are still representative of a mixed population of NCCs, while mouse cells are particularly 

cranial NCCs. Therefore, the small number of identified DEGs can be due this heterogenous 

background of human cells.  

We have previously shown that defective NCC migratory capacity is a key cellular 

mechanism to explain RCPS etiology (Miller et al. 2017). Cell migration is a highly integrated 

process which is a crucial step in the formation of frontonasal mass and branchial arches during 

craniofacial development (Kurosaka and Kashina 2008). GSEA of hNCC DEGs revealed enrichment 

of elements of ECM-receptor interaction and focal adhesion pathways, highlighting up-regulation 

of a major component of caveolae (CAV1), an integrin (ITGA8) and collagen molecules (COL4A1, 

COL4A2). Mouse data supported these findings. The regulatory mechanisms of migration have 

been extensively studied and ECM interaction and focal adhesion features (e.g. size, shape and 

turnover dynamics) have long been associated with cell migration (Ridley et al. 2003; Kim and 

Wirtz 2013; Perris and Perissinotto 2000). CAV1 has been linked to the regulation of focal 

adhesions and integrin-mediated actin remodeling (Goetz et al. 2008; Grande-García et al. 2007). 

Its overexpression is associated with decreased migratory ability in tumor cells (Zhang et al. 

2000). Conversely, CAV1-depleted fibroblasts display increased cell migration and invasion (Lin 

et al. 2015). Moreover, decreased CAV1 is associated with loss of stiffness-sensing ability, 

increased migratory ability and upregulation of fibrogenesis-associated RUNX2 expression, which 

in turn leads to an ECM overproduction in dermal fibroblasts (Hsu et al. 2018). These alterations 

in cell-ECM interaction dynamic may explain cell migration disturbance underlying RCPS 
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pathogenesis. However, future experiments will be needed for clarifying EIF4A3 roles in cellular 

adhesion regulation. 

Furthermore, we have found that EIF4A3 regulates alternative splicing events in human 

NCCs as also evidenced in both Drosophila and HeLa cells (Wang et al. 2014; Hayashi et al. 2014). 

In particular, we demonstrated aberrant splicing of ribosomal components. The splicing events 

were mainly skipped exons, representing approximately 60 %, consistent with previous reports 

in which EIF4A3 depletion in cancer cells (Wang et al. 2014) as well as in mouse NSCs (Mao et al. 

2016) resulted in a majority of exon skipping events. 

Ribosomal components appear to be especially sensitive to EIF4A3 deficit, since we 

identified aberrant splicing as well as alterations at the proteomic level in EIF4A3 deficient NC 

cells. In fact, several human genetic conditions are caused by defects in ribosome biogenesis i.e. 

ribosomopathies (Mills and Green 2017), a diverse group of disorders encompassing 

heterogeneous clinical manifestations but a surprising tendency toward tissue specificity, such 

as Treacher Collins and Bowen-Conradi syndromes (Choesmel et al. 2007; Sakai and Trainor 2009; 

Armistead et al. 2009), which interestingly have phenotype overlap with RCPS. Additionally, 

altered expression of ribosomal components was demonstrated in mouse brains deficient for 

each of the core EJC components (Mao et al. 2016), reinforcing that EJC may be a strong regulator 

of protein homeostasis machinery. Therefore, alteration of ribosomal components may 

contribute to RCPS pathogenesis. Another evidence for this association is a study showing that 

expression of human eIF4A3 restore the ribosome biogenesis defects in Fal1p depleted yeast 

cells, which is a functional orthologous to EIF4A3 (Alexandrov et al. 2011). However, how EIF4A3 

influences ribosomal components is still unknown and may be an important question for the 

future.  

RPS9 is a promising ribosomal gene for further investigation, being an element that 

overlapped amongst four data sets. RPS9 suffered two AS events in RCPS patients’ NCCs and the 

protein was exclusively expressed in control NCCs, as well as it was differentially expressed 

between control and EIF4A3 deficient mouse NCCs. Additionally, two RPS9 AS events were also 

identified in EIF4A3 deficient mouse NSCs (Mao et al. 2016), supporting this finding. Howbeit, 

there are few relevant information about RPS9 roles during embryonic development in the 
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literature. Regarding expression during craniofacial development, SysFACE (Systems tool for 

craniofacial expression-based gene discovery) tracks show that RPS9 has highest maxilla and 

frontonasal process specific expression but is also expressed in the developing mandible.  

EIF4A3 is super stoichiometric relative to other EJC members in mammalian cells (Singh 

et al. 2015; Singh et al. 2012). In line with this fact, EIF4A3 and RBM8A mutations result in RCPS 

syndrome and TAR syndromes (Brunetti-Pierri et al. 2008; Mefford et al. 2008); Albers et al. 2012; 

Favaro et al. 2014), with overlapping yet diverse phenotypes. TAR is a rare condition 

characterized mainly by reduced number of platelets and absence of the radius and can involve 

microcephaly or autism spectrum disorder (ASD) (Albers et al. 2012). Both are autosomal-

recessive disorder and compromise craniofacial and limb development, but with distinguishable 

phenotypes which are likely from distinct pathogenic mechanisms. In this context, EIF4A3 may 

potentially plays EJC-independent roles and insufficient EIF4A3 expression may disturb functions 

in cells with high EIF4A3 demand during embryonic development. In addition, ribosomal protein 

composition is heterogeneous, endowing ribosomes with selectivity for translating specific 

mRNAs (Shi et al. 2017), which may reflect tissue requirements and explain tissue-specific 

defects.  

Our analyses showed alteration in expression of genes associated with regionalization and 

specification, as well as transcription factors related to neural development in patient-derived 

NC cells. EIF4A3 deficient NCCs revealed upregulation of canonical neurogenesis regulators such 

as PAX5 and SOX1, which play a role in neural cell fate determination and differentiation, 

attenuating Notch signaling and Wnt pathways (Tafforeau et al. 2013; Badertscher et al. 2015; 

Kan et al. 2004). Mouse mutant data corroborate this finding and revealed a similar proportion 

of genes related to neural development altered (22.45 % mDEGs compared to 23.14 % of hDEGs). 

It suggests a potential imbalance of important signaling pathways for cell fate decisions and 

differentiation, which should be confirmed in future analysis.  

It has been shown that haploinsufficiency for each of the core EJC components in the 

developing brain leads to aberrant neurogenesis and causes p53-mediated microcephaly in mice 

(Mao et al. 2016). We noted an enrichment of p-53 signaling pathway elements in the 

overlapping DEGs between the published data from EIF4A3 deficient NSCs (Emx1-Cre) (Mao et 
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al. 2016) and our data from EIF4A3 deficient mouse NCCs (Wnt1-Cre). Since at E9.5 mouse 

embryos, Wnt1 can also be detected in the telencephalon beyond cranial NCCs (Harrison-Uy and 

Pleasure 2012; Lewis et al. 2013) and no significant difference in apoptosis were detected 

between RCPS patients and control-derived NCCs (Miller et al. 2017), it may reflect a little 

contamination of mNCC samples with neural stem cells. This finding suggests that p53-associated 

apoptosis is not a mechanism underlying defective NCC development.   

Altogether, this study reveals novel mechanisms to help explain RCPS pathogenesis. We 

demonstrated altered expression of cell-ECM interaction and focal adhesion components, 

suggesting a cell adhesion dynamic impairment as a major contributor to reduced migratory 

capacity in EIF4A3 deficient NCCs. Furthermore, we showed a dysregulation in expression of 

genes with central roles in pattern specification and determination of cell fate during embryonic 

development. Finally, this study associates aberrant splicing of riboproteins and defective NCC 

development underlying RCPS. 

This work focused on neural crest cells and craniofacial development although RCPS is 

also characterized by limb anomalies. The limb bud has distinct origins than craniofacial 

structures (Zuniga 2015) and Wnt1-Cre is not active in the developing limb, thus not useful in the 

investigation of limb development. It will be of interest to employ other Cre drivers to investigate 

additional, relevant RCPS phenotypes in future experiments.  

 

MATERIALS AND METHODS 

 

Ethics statement  

The experimental procedures using human samples were approved by the Ethics 

Committee of the Instituto de Biociências at Universidade de São Paulo (accession number 

1.463.852). All subjects donated biological samples after providing signed informed consent. The 

animal experiments were approved by Duke University IACUC and were performed in agreement 

with the guidelines of the Division of Laboratory Animal Resources at Duke University School of 

Medicine.  
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Human neural crest cell samples  

Induced pluripotent stem cells (iPSCs) were generated by episomal (Okita et al. 2013) or 

retroviral (Takahashi et al. 2007) reprogramming of dermal fibroblast cultures derived  from skin 

punch biopsies or erythroblast cultures derived from peripheral blood collections as previously 

described (Miller et al. 2017). Three RCPS patient lines (F6099-1 cl1, F8741-1 cl3 and F8417-2 cl3) 

and three control lines (F7405-1 cl1 and cl2,  F8799-1 cl1 and F9048-1 cl2) were genotyped and 

characterized elsewhere (Miller et al. 2017; Favaro et al. 2014) (Table S1). For this study, an 

additional iPSC line was generated from a mild RCPS patient (F11167-1 cl1) harboring a 14-repeat 

expansion in homozygosity (Bertola et al. 2018), characterized and differentiated to NCCs (Fig. 

S1). iPSC colonies were cultured on Matrigel-coated dishes (BD-Biosciences) using Essential 8™ 

Medium (Life Technologies) supplemented with 100 µg/ml Normocin (Invivogen).  

We generated NCCs from iPSCs following methodology based on Wnt signaling activation 

and a Smad pathway blockage  (Miller et al. 2017; Menendez et al. 2013; Fukuta et al. 2014). 

Detailed procedures for hNCC derivation were previously described (Miller et al. 2017). hNCCs 

were cultivated on Matrigel-coated dishes using Essential 6™ Medium (Life Technologies) 

supplemented with 8 ng/ml bFGF (Life Technologies), 20 mM SB431542 (Sigma-Aldrich), 1 mM 

CHIR99021 (Sigma-Aldrich), and 100 µg/ml Normocin. Medium was replenished daily.  

During the expansion process, both iPSCs and NCCs were split before reaching confluence 

using Accutase (Life Technologies) at 37 °C for up to 5 min. Cell suspensions were then 

centrifuged at 200 g for 4 min and re-seeded into new Matrigel-coated dishes using fresh medium 

supplemented with 5 µM ROCK inhibitor (Sigma-Aldrich).  

 

Mouse husbandry and genetics  

Plug dates were defined as embryonic day (E) 0.5 on the morning the plug was identified. 

The Wnt1-Cre2 (Lewis et al. 2013) and Ai14 transgenic mice used in this study were acquired 

from JAX (129S4.Cg-E2f1Tg(Wnt1-cre)2Sor/J and B6;129S6-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J, 

respectively), and the conditional Eif4a3 allele was generated as previously described (Mao et al. 

2016; Lewis et al. 2013). We obtained mouse embryos with Eif4a3 haploinsufficient and 

tdTomato-expressing neural crest cells (Wnt1-Cre; Eif4a3lox/+; Ai14lox/+) by crossing Wnt1-Cre2 
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males with Eif4a3lox/lox; Ai14lox/+ females.  Control embryos (Wnt1-Cre; Eif4a3+/+; Ai14lox/+) were 

generated using Wnt1-Cre2 males crossed with Eif4a3+/+; Ai14lox/lox females.  Genotyping primers 

and PCR conditions are listed in Table S2.   

 

Mouse neural crest cell samples  

E9.5 mouse embryos were isolated from extra-embryonic tissues in ice-cold DEPC PBS 

under a dissection microscope. Tails were trimmed and used for genotyping (Table S2). The 

segments containing mouse cranial neural crest cells (mNCCs) were dissected by placing the 

embryos laterally, inserting the scissors at the level of the otic vesicle and making one transverse 

cut down to the second pharyngeal arch (Fig. 4A). The tissue samples were washed in ice-cold 

DEPC PBS, transferred to a collagenase-dispase solution by using sterile transfer pipets and 

incubated in a 37 °C water bath for 7 min. After digestion, they were transferred to ice-cold HBSS 

with 10 % fetal bovine serum (FBS), 5 μg/ml DAPI, and 2 units/ml DNase I (New England Biolabs) 

then triturated 6-10 times with glass pipettes. Single-cell suspensions were obtained by passing 

samples through a 30 μm strainer into sorting tubes. Finally, mNCCs were isolated by FACS using 

the lineage-labeled expression of tdTomato (Fig. 4A). 

 

RNA-sequencing and bioinformatics  

Human RNA samples were extracted from NCC lysates with NucleoSpin TriPrep kit 

(Macherey-Nagel) according to the manufacturer’s protocol (n=3 biological replicates for each 

group). The libraries were generated with TruSeq Stranded mRNA kit. Coding poly-A RNAs were 

clustered with TruSeq Rapid PE Cluster kit and then sequenced using TruSeq Rapid SBS kit on the 

HiSeq 2500 system (paired-end, 2x100 cycles) (all provided by Illumina). RNA-seq data were 

mapped using  the GSNAP alignment (Wu and Nacu 2010) and gene counts were performed using 

the HTSeq tool (http://htseq.readthedocs.io/). Subsequent differential gene expression analysis 

was carried out using DESeq2 (Love et al. 2014) and alternative splicing analysis performed using 

rMATS (Shen et al. 2014).  

Mouse RNA samples were extracted from sorted NC cells using the RNeasy Plus Micro kit 

(Qiagen) following the manufacturer’s instructions (n=3 biological replicates each group). The 
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libraries were generated and sequenced with the Ultra Low Input RNA kit for sequencing 

(Clontech Laboratories) on the HiSeq 4000 (Illumina) (single-end, 1x50). RNA-seq data were 

processed using the TrimGalore tool 

(http://www.bioinformatics.babraham.ac.uk/projects/trim_galore), which employs Cutadapt 

(Martin 2011) to trim low-quality bases and Illumina sequencing adapters. Only reads that were 

20 nt or longer after trimming were kept for further analysis. Reads were mapped to the 

GRCm38v73 version of the mouse genome and transcriptome (Kersey et al. 2012) using the STAR 

RNA-seq alignment tool (Dobin et al. 2013).  Reads were kept for subsequent analysis if they 

mapped to a single genomic location. Gene counts were compiled using the HTSeq tool 

(http://htseq.readthedocs.io/) and differential expression analysis was carried out using the 

DESeq2 Bioconductor package (Love et al. 2014; Huber et al. 2015).  

Only genes that had at least 10 reads in any library were used in the analyses. Heatmaps 

were generated using z-score transformed normalized expression for genes with an FDR, q<0.1 

using the program Expander. RT-qPCR assays were carried out to validate RNA-seq results 

(primers are listed in Table S3), along with inspection of reads using integrative genomics viewer 

(IGV) software. Gene set enrichment analysis (GSEA) was carried out using the Database for 

Annotation, Visualization and Integrated Discovery (DAVID 6.7) (http://david.ncifcrf.gov), to 

identify Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathways associated with altered gene expression. 

 

Mass spectrometry and data processing  

For extraction of proteins, hNCC pellets were obtained by rinsing cells with PBS followed 

by dissociation with Accutase for up to 5 min at room temperature (RT) and centrifugation at 200 

g for 4 min (n=3 biological replicates each group). Cell samples were lysed using a buffer 

containing 100 mM Tris-HCl pH 7.5, 5 mM EDTA, 1 mM PMSF, 8 M Urea, 2 M Thiourea, and 

protease inhibitor cocktail. Homogenates were sonicated for 20 sec and centrifuged for 10,000 g 

for 10 min at 4 °C. The supernatants were collected and protein content was determined by 

Bradford assay (Bradford 1976). Protein samples were digested using trypsin for 16 h at 37 °C 

and then desalted using Stage Tips (Rappsilber et al. 2007).  



 

127 
 

Raw mass spectrometry data were processed with MaxQuant software 

(http://www.maxquant.org/). The label-free quantification (LFQ) values were imported into 

Perseus for subsequent analyses according to the LNBio/CNPEM tutorial 

(http://lnbio.cnpem.br/wp-content/uploads/2012/11/Tutorial_MaxQuant-protein-

identification_release-v1_28052015.pdf). The differentially expressed proteins (DEPs) were 

further subjected to GSEA by DAVID 6.7 (http://david.ncifcrf.gov) and protein-protein interaction 

analysis using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING) database 

(www.string-db.org). Statistical significance was tested by two-sample t-test using Perseus 

software.  

 

Real-time quantitative PCR (RT-qPCR)  

Total RNA was obtained from hNCCs using the NucleoSpin RNA II kit (Macherey-Nagel) 

and 1 ìg of RNA was converted into cDNA using Superscript IV (Life Technologies) with oligo-dT 

primers according to the manufacturer’s recommendations. RT-qPCR reactions were performed 

with Fast SYBR Green PCR Master Mix (Life Technologies) in the QuantStudio 5 System (Life 

Technologies) under standard cycling protocol. Total RNA from mNCCs was extracted using 

RNeasy Plus Micro kit (Qiagen) and 500 ng of RNA was converted into cDNA using iScript cDNA 

Synthesis kit (Bio-Rad) following the manufacturer’s recommendations. RT-qPCR reactions were 

performed with iTaq Universal SYBR Green Supermix (Bio-Rad) in the Step One Plus Real-Time 

PCR System (Applied Biosystems) under standard cycling protocol.  

Primer pairs were designed with Primer-BLAST 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast) and are listed in Table S3. 100–400 nM of 

each primer was used for RT-qPCR reactions and their amplification efficiencies © were 

determined by log10 serial cDNA dilutions plotted against Ct values. NormFinder (Andersen et al. 

2004) was used to determine the most stable endogenous control for human cells (among HMBS, 

HPRT1 and TBP). ACTB was used as an endogenous control for mouse gene expression 

normalization. The relative expression values were determined by dividing E-DC of target genes 

by normalization factors (E-DC of endogenous control) (Pfaffl 2001).  
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Statistical comparisons were performed using the GraphPad Prism software and the level 

of statistical significance was set at p<0.05. All relative expression values were log-transformed 

for analysis and graphed in linear scale. 
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Figure S1. (A) Diagrammatic overview of RNA sequencing of human NCCs. Patient- and control-derived 
fibroblasts or erythroblasts were reprogrammed into iPSCs, which were subsequently differentiated 
toward NCCs.  (B-D) Characterization of the novel iPSC lineage F11167-1 cl1. (B) End-point PCR for vector 
backbone gene OriP; DNA from an iPSC line in which genomic integration had been detected was used as 
positive control. (C) Immunofluorescence staining of pluripotency markers SSEA4 (green) and OCT3/4 
(red); DAPI nuclear staining is in blue (10X magnification). (D) Graph depicting expression of EIF4A3 in the 
NCCs from control and RCPS patients. RNAseq data are represented as mean ± SEM; Student’s t test, 
*p<0.05. (E-F) Characterization of the novel NCC lineage F11167-1 cl1. (E) Biparametric flow cytometry 
dot plots for HNK1/FITC and p75/Alexa Fluor 647 expression. Value in upper right quadrant represent 
p75+/HNK1+ events. (F) Immunofluorescence staining of NCC markers Vimentin (green) and p75 (red); 
DAPI nuclear staining is in blue (10X magnification).  
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Table S1. Human cell samples 
 

Subject ID / clone Cell type Phenotype Age* Gender EIF4A3 genotype Reprogramming method 

F11167-1 F11167-1 cl1 Erythroblasts RCPS patient 16 Female 14 repeats / 14 repeats Episomal 

F6099-1 F6099-1 cl1 Fibroblasts RCPS patient 10 Male 14 repeats / c.809A>G Episomal 

F7405-1 
F7405-1 cl1 

Fibroblasts Control 27 Male 7 repeats / 6 repeats Retroviral 

F7405-1 cl2 

F8417-1 F8417-1 cl3 Fibroblasts RCPS patient 11 Female 16 repeats / 16 repeats Episomal 

F8417-2 F8417-2 cl3 Fibroblasts RCPS patient 9 Male 16 repeats / 16 repeats Episomal 

F8799-1 F8799-1 cl1 Erythroblasts Control 20 Female 7 repeats / 6 repeats Episomal 

F9048-1 F9048-1 cl2 Fibroblasts Control 20 Male 6 repeats / 6 repeats Episomal 

 
*age upon sample collection 
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Table S2. Mouse genotyping primers and conditions  
  

Target Forward primer (5’-3’) Reverse primer (5’-3’) Conditions 

Eif4a3lox 
CTTGCAGTTGTCTTTCTGCGG 

 
CACACATGGCGATCCGCTCG 

94 °C x 30s (1x); 94 °C x 30s, 62 °C x 30s, 65 
°C x 30s (35x); 65 °C 10min (1x) 

Cre  
GCATTACCGGTCGATGCAACGAGTGATGAG 

 
GAGTGAACGAACCTGGTCGAAATCAGTGCG 

 
94 °C x 3min (1x); 94 °C x 30s, 61 °C x 30s, 

72 °C x 30s (36x); 72 °C 10min (1x) 

FABP (internal 
control) 

TGGACAGGACTGGACCTCTGCTTTCCTAGA 
 

TAGAGCTTTGCCACATCACAGGTCATTCAG 
 

94 °C x 3min (1x); 94 °C x 30s, 61 °C x 30s, 
72 °C x 30s (36x); 72 °C 10min (1x) 

Ai14 WT AAGGGAGCTGCAGTGGAGTA CCGAAAATCTGTGGGAAGTC 
96 °C x 3min (1x); 96 °C x 30s, 58 °C x 30 s, 

72 °C x 1min (35x); 72 °C 7min (1x) 

Ai14lox GGCATTAAAGCAGCGTATCC CTGTTCCTGTACGGCATGG 
96 °C x 3min (1x); 96 °C x 30s, 58 °C x 30 s, 

72 °C x 1min (35x); 72 °C 7min (1x) 
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Table S3. RT-qPCR primer sequences   
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ABSTRACT 

 

Neural crest cells (NCCs) contribute to the morphogenesis of several cell types and tissues 

during vertebrate embryonic development. NCCs are specified from neuroepithelial cells at 

the neural plate border (NPB), undergoing a series of tightly regulated cellular events, such 

as epithelial-mesenchymal transition (EMT), migration, and differentiation. Disturbances in 

these processes are associated with several human cancers and congenital malformations, 

highlighting the importance of establishing experimental frameworks that enable 

recapitulation of human embryonic NCC development. Here, we report that the E6 minimal 

neural induction method transiently produces PAX6low/SOX1-/Musashi1+ neural plate 

border-like cells (NBCs), which can be converted into NCC populations with near 100% 

efficiency. We also show that NBC-to-NCC induction elicits a shift of cellular states showing 

sequential molecular and cellular hallmarks of NCC specification and EMT, including 

downregulation of NPB factors and upregulation of NCC specifiers and EMT inducers 

coupled with EMT-associated E/N-cadherin modulation, recapitulating observations so far 

largely restricted to animal models. Recapitulation of these early NCC developmental steps 

in vitro will be useful in future research focusing on human development and disease. 

 

Highlights 

§ PAX6low/SOX1-/Musashi1+ NBCs emerge during the E6 neural induction method 

§ NBCs can be efficiently redirected towards the NCC fate 

§ NBC-to-NCC induction recapitulates sequential steps involved in NCC specification 

and EMT  

 
In Brief 

In this work, Kobayashi et al. show that neural conversion of hiPSCs in minimal conditions 

produces PAX6low/SOX1-/Musashi1+ neural plate border-like cells that can be efficiently 

converted into NCCs. This enables observation and recapitulation of sequential molecular 

and cellular events involved in NCC specification and EMT so far mostly explored in animal 

models, providing an in vitro platform for investigating human NCC specification and 

associated disorders.  
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INTRODUCTION 

 

 Neural crest cells (NCCs) are a multipotent cell population that plays pivotal roles in 

vertebrate embryonic development (Zhang et al., 2014). In late-blastula stages, 

intermediate BMP levels specify epiblast cells residing between the prospective neural plate 

and non-neural ectoderm into neural plate border (NPB) cells (Pla and Monsoro-Burq, 

2018). Within the NPB territory, inductive signals that include FGF, BMP and WNT pathway 

molecules initiate NCC specification and epithelial-mesenchymal transition (EMT), a series 

of molecular events that orchestrates transitioning from an epithelial to a mesenchymal cell 

phenotype. These events depend upon tightly controlled molecular programs within a gene 

regulatory network involving sequential activation and/or repression of NPB and NCC 

specifiers, cadherins and other adhesion molecules (Theveneau and Mayor, 2012). After 

EMT, NCCs migrate along stereotypical routes through the head and trunk regions of the 

embryo, contributing to the morphogenesis of a wide range of cells and tissues, such as 

craniofacial cartilage and bones, melanocytes, sensory and autonomic neurons, Schwann 

cells, and smooth muscle (Le Douarin and Dupin, 2003; Trainor et al., 2003). 

 Several human congenital disorders are caused by neural crest-related disturbances. 

These disorders (termed ‘neurocristopathies’) have been attributed to genetic mutations 

leading to neuroepithelial cell death in the NPB prior to NCC migration (e.g. Treacher Collins 

syndrome (Dixon et al., 2006; Sakai et al., 2016), and Nager syndrome (Devotta et al., 2016) 

and reduced migratory behavior (e.g. familial dysautonomia (Lee et al., 2009), while others 

arise due to defects in genes closely associated with NCC EMT, including SNAI2 

(Waardenburg syndrome type 2D/piebaldism (Cordero et al., 2011), CHD7 (CHARGE 

syndrome (Bajpai et al., 2010), and ZEB2 (Mowat-Wilson syndrome (Van de Putte et al., 

2007; Wakamatsu et al., 2001). These observations place NCCs under focus of intense 

research aimed at understanding and treating these conditions; however, access to human 

embryonic tissues to study NCC biology is limited, and knowledge on the pathophysiological 

mechanisms behind neurocristopathies has been largely derived from experimentation and 

observation in animal embryos, which may not completely recapitulate human embryonic 

development (de Bakker et al., 2016; Thyagarajan et al., 2003).  

 Human induced pluripotent stem cells (hiPSCs) can be propagated indefinitely and 
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generate derivatives of all three embryonic germ layers, including NCCs. hiPSCs are a 

powerful tool to investigate human embryonic development and pathophysiological 

mechanisms, and also to develop therapeutic strategies via drug screening or tissue 

engineering and cell therapy (Avior et al., 2016). The first methods for generating human 

NCCs majorly relied on BMP pathway blockade to produce neuroepithelial intermediates 

from which NCCs arose, in accordance with in vivo observations (Curchoe et al., 2010; Jiang 

et al., 2009; Lee et al., 2007, 2010; Pomp et al., 2005). NCC generation was further refined 

mainly through modulation of BMP signaling activity combined or not with WNT pathway 

activation (Fukuta et al., 2014; Huang et al., 2016b; Kreitzer et al., 2013; Lee et al., 2009; 

Leung et al., 2016; Liu et al., 2012; Menendez et al., 2011, 2013; Mica et al., 2013; Miller et 

al., 2017; Noisa et al., 2014; Tchieu et al., 2017; Thier et al., 2019). Importantly, many of 

these strategies either lack a NPB stage or are unable to fully convert neuroepithelial cell 

populations into NCCs, potentially hindering investigation of the various stages of neural 

crest specification. 

Here, we report a simple approach to recapitulate developmental events involved in 

NCC specification from NPB cells. This process recapitulates gene expression dynamics and 

hallmarks associated with embryonic NPB cells transitioning from a neuroepithelial to a 

neural crest mesenchymal state, allowing for time-series assessment of neural crest 

specification and EMT. This strategy can be used to model human NCC development and 

associated disorders in vitro, particularly those associated with these early events of neural 

crest development. 

 

RESULTS 

 

E6 neural induction transiently produces PAX6low/SOX1-/Musashi1+ cells 

In order to evaluate early steps of NCC induction, we first converted hiPSCs into 

neuroepithelial cell cultures, from which NCCs would be induced. This step was performed 

under with the “E6 method”, which enables generation of PAX6-positive neuroepithelial 

cells in minimal conditions without BMP inhibitors or other exogenous factors, in 6 days 

(Lippmann et al., 2014) (Fig. 1A).  
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Three hiPSC lines derived from healthy donors (F7405-1c1, F8799-1c1 and F9048-

1c2) were grown in minimal conditions (E8 medium) then subjected to the E6 neural 

induction, and expression of selected markers was assessed to follow alterations in cellular 

differentiation states. After 4 days of differentiation, epiblast/pluripotency markers OCT3/4 

and NANOG were transcriptionally downregulated, while neural markers SOX2 and PAX6 

showed elevated expression at day 4, persisting until day 6 (Fig. 1B). At the end of the 

neuroepithelial induction (day 6), PAX6 was expressed in cell nuclei, while Musashi-1, a 

stem cell marker that regulates cell fate transitions (MacNicol et al., 2015), was expressed in 

the cytoplasm, and N-Cadherin (CDH2) was localized to plasma membranes at cell-cell 

contact sites (Fig. 1C). Flow cytometry analysis confirmed that all cells attained neural 

identity at day 6, as evidenced by positive staining for PAX6 (99.80 ± 0.07 %) and Musashi-1 

(99.70 ± 0.13 %). SOX1, a neural marker co-expressed with PAX6 in human neural progenitor 

cells (Li et al., 2017) was detected in 46.67 ± 8.02 % of cells (Fig. 1D).  

Considering the peak expression for PAX6, we also assessed lineage commitment at 

day 4 of differentiation. In this timepoint, cells were negative for SOX1 expression (1.61 ± 

1.36 %), while nearly all cells already expressed Musashi-1 (98.6 ± 0.6 %) and PAX6 (98.6 ± 

0.8 %) (Fig.1D). Moreover, despite staining positive, PAX6 protein was expressed at lower 

intensity (PAX6low) in cells at day 4 compared to day 6 (PAX6high) (Fig. 1D and 1D’). Since 

activation of SOX1 is observed only at day 6, together, results suggest that PAX6low/SOX1-

/Musashi1+ cells at day 4 represent a transient stem cell population still not completely 

committed towards the neural fate. 

 

PAX6low/SOX1-/Musashi1+ cells show a NPB-like transcriptional profile 

PAX6low/SOX1-/Musashi1+ (day 4) neuroepithelial cells showed elevated expression 

of PAX6 and SOX2, which have also been reported in embryonic NPB cells that contribute to 

NCC formation (Roellig et al., 2017; Thier et al., 2019). Thus, to further investigate the 

identity of day-4 cells, we assessed mRNA expression patterns for additional NPB factors 

during neural induction. We found that key NPB specifiers DLX5, PAX3, ZIC1 and MSX2 were 

markedly upregulated in comparison to hiPSCs (day 0), rising to their highest expression 

values at day 4 of differentiation; TFAP2A followed the same behavior, but starting at day 2 

since it was not detected in hiPSCs (Fig. 1E). Cadherin interplay is important for definition of 
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the neural crest territory in the NPB (Dady and Duband, 2017), so we also examined the 

expression profile of cadherins (CDH1, CDH2, CDH6, CDH7 and CDH11) known to modulate 

NCC development across animal models (Taneyhill and Schiffmacher, 2017). Throughout the 

6 days of differentiation, mRNA expression of CDH1 (E-cadherin) and CDH2 (N-cadherin) is 

maintained and upregulated at day 4, respectively. CDH6 and CDH7, which are expressed in 

the NPB region in chick and rat early embryos (Dady and Duband, 2017; Takahashi and 

Osumi, 2008), are upregulated and reach peak expression at day 4. Finally, CDH11, 

expressed in chick neural plate/tube (Bell et al., 2004; Darnell et al., 2007), is also 

upregulated at day 4, and reaches peak expression at day 6 (Fig. 1F). Given the observed 

expression patterns for NPB genes, these results indicate that day-4 neuroepithelial cells 

may represent or be enriched with NPB cells, so we renamed this differentiation timepoint 

to ‘Neural plate Border-like Cells’ (NBCs), which were selected to undergo NCC induction. 
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Figure 1. Neural induction with the E6 method elicits a NPB-like (NBC) transcriptional profile to 
differentiating cells. (A) Schematic representation of the E6 differentiation method and time points 
assessed to investigate cellular identity. (B) Time-series assessment of neural conversion via RT-qPCR 
for neural fate markers SOX2 and PAX6, and epiblast/pluripotency markers OCT3/4 and NANOG. (C) 
Representative immunofluorescence staining for neural markers PAX6 (nuclear) and Musashi-1 
(cytoplasmic) at day 6 of neural induction. Insets: 2x magnification. Scale bar = 45 μm. (D) Flow 
cytometry analysis for PAX6, Musashi-1 and SOX1 at day 4 and day 6 of neural induction. 
Quantification of the fraction of positively stained cells (colored lines) was performed in relation to a 
negative control (dashed gray line). (D’) Representative contour plots comparing marker expression 
between day 4 (blue) and day 6 (red) of neural induction. FSC values were plotted against 
fluorescence to discriminate populations. (E) RT-qPCR for NPB specifiers PAX3, DLX5, MSX2, ZIC1 and 
TFAP2A during neural induction. (F) RT-qPCR for cadherins involved in NCC development CDH1, 
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CDH2, CDH6, CDH7 and CDH11 during neural induction. n = 3 biological replicates; RT-qPCR data are 
plotted as mean ± SEM. ***p<0.001 ** p<0.01, *p<0.05; One-way ANOVA with Dunnett’s correction. 
 

NBCs can be efficiently directed towards NBC-derived neural crest cells (NBC-NCCs) 

Within the NPB domain, NCCs are specified under still unclear mechanisms involving 

inductive signals from the mesoderm that include WNT and FGF ligands. Therefore, NCCs 

were induced from NBCs with a modified NCC induction method that employs E6 medium 

supplemented with bFGF, an Activin pathway blocker (SB431542), and a WNT pathway 

activator (CHIR99021), for 15 days (Menendez et al., 2013; Miller et al., 2017). Additionally, 

this NCC induction strategy was chosen because it efficiently converts hiPSCs into NCCs with 

use of a defined E6-based medium in monolayer cultures, obviating the need for complex 

media formulations, suspension cultures, or cell sorting.  

During the NBC-to-NCC differentiation, we observed gradual upregulation of NCC 

specifiers SOX9 and SOX10, in addition to NCC marker NGFR (p75), and neural 

crest/mesenchymal marker VIM (Fig. 2A). Flow cytometry analysis of NBC-NCCs at the end 

of differentiation (day 15) evidenced high conversion efficiency of NBCs into NCCs, showing 

94.04 ± 9.06 % of double-positive cells for neural crest markers p75 and HNK-1 (n=5 

attempts; Fig. 2B and data not shown).  

We further characterized day 15 NBC-NCCs by evaluating their differentiation 

potential. After random differentiation, we observed cells positive for αSMA (Fig. 2C), and 

after treatment with Heregulin-β1, expression of glial/Schwann cell precursor marker S100B 

was evident (Fig. 2D), indicating lineage commitment towards smooth muscle and glia, 

respectively. We also converted NBC-NCCs into ectomesenchymal stem cells, as evidenced 

by positive staining (>94 % of cells) for mesenchymal stem cell markers CD29, CD73, CD166 

and CD90, and negative staining (<0.45 %) for endothelial marker CD31 and haematopoietic 

marker CD45 (Fig 2E). These cells could be further differentiated towards adipocyte, 

osteoblast and chondrocyte lineages, as evidenced by Oil Red-O, Alizarin Red, and Alcian 

Blue staining, respectively (Fig. 2F). Taken together, these results show that this strategy 

generates multipotent NCCs with high efficiency from a NPB-like neuroepithelial stage 

(NBCs).  
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Figure 2. NBCs can be converted to multipotent NCCs with high efficiency. (A) RT-qPCR for neural 
crest specifiers SOX9 and SOX10, neural crest marker NGFR (p75), and mesenchymal marker VIM 
(vimentin) during the 15 days of NBC-to-NCC induction. Data are plotted as mean ± SEM. (B) 
Representative biparametric flow cytometry analysis for neural crest markers HNK-1 and p75 
depicting double-positive cells (blue) versus isotype control staining (red). (C-F) Differentiation 
potential of NBC-NCCs. (C) Immunofluorescence for αSMA (smooth muscle). (D) 
Immunofluorescence for S100B (glial progenitors). (E) Flow cytometry profiles of ectomesenchymal 
stem cells differentiated from NBC-NCCs for mesenchymal markers CD73, CD90, CD166 and CD29, 
endothelial marker CD31, and hematopoietic marker CD45. Experimental data (colored lines) are 
plotted in overlay with data from representative isotype controls. (F) Representative Oil Red-O, 
Alizarin Red and Alcian Blue staining for adipogenic, osteogenic and chondrogenic differentiation, 
respectively. Scale bars: 45 μm (immunostaining), 400 μm (Oil Red-O). (+) differentiated cells; (-) 
negative control. 



 

 147 

NBC-to-NCC differentiation activates the neural crest specification transcriptional program 

and EMT 

The NPB domain is established by activation of NPB specifiers (e.g. TFAP2A/B, 

DLX5/6, PAX3/7, and ZIC1) in epiblast cells. Within the NPB, NCCs are specified via activation 

of neural crest specifiers (e.g. SOX8/9/10, FOXD3, SNAI1/2, TWIST1) that act in concert with 

already active NPB specifiers (e.g. TFAP2A/B, PAX3/7, ZIC1), while other NPB factors are 

downregulated (e.g. SOX2, DLX5/6) (Pla and Monsoro-Burq, 2018; Prasad et al., 2019). In 

this process, the resultant cellular regulatory state triggers neural crest EMT, transitioning 

cells from a neuroepithelial to a mesenchymal cell phenotype; this is invariably 

accompanied by transition from expression of E/N-cadherin, usually associated with 

epithelial cells, to expression of mesenchymal cadherins (Strobl-Mazzulla and Bronner, 

2012).  

From day 0 to 15 of NBC-to-NCC differentiation, we observed gradual morphological 

changes in all cell populations reminiscent of EMT. At day 2 of differentiation, cells were still 

largely organized as an epithelial monolayer with evident cell-cell adhesions, which were 

gradually lost as cells detached from each other until fully individualized by the end of 15 

days of differentiation (Fig. 3A). To confirm whether these changes result from activation of 

the neural crest specification program we examined mRNA expression of several specifiers 

and markers. To better visualize gene expression dynamics associated with early NCC 

specification events, we included the initial 4 days (hiPSC to NBC) followed by the 15 days 

(NBC to NCC) of induction (Fig. 3B).  

After upregulation from hiPSCs to NBCs, neural/NPB factors PAX6 and SOX2 were 

downregulated during the 15 days of NBC-to-NCC induction, with undetectable PAX6 

expression by the end (at days 12 and 15); NPB factor DLX5 is also downregulated, remains 

undetected from days 9-12, and is later expressed at day 15, possibly reflecting later 

functions in NCC patterning in the pharyngeal arches (Shimizu et al., 2018) (Fig. 3C). After 

initial upregulation in NBCs (day 0), expression of NPB specifiers also required in NCC 

specification was either generally maintained high (TFAP2A and MSX2) or further increased 

(PAX3) until day 15 (Fig. 3D). 

From days 0 to 15 of NBC-NCC induction we also observed upregulation of NCC 

specifiers/EMT inducers TWIST1, SNAI2, FOXD3 and ETS1. Contrary to TWIST1, which is 

continually upregulated from day 0 onwards, the EMT inducers FOXD3, SNAI2 and ETS1 are 
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upregulated only after day 2: SNAI2, a NPB factor in Xenopus, was initially upregulated at 

day 0, remains stable at day 2, and further increases expression from days 4-9; ETS1, a 

cranial-specific NCC specifier, initially remains stably expressed and is also upregulated after 

day 2; FOXD3, an NCC specifier that is transiently expressed in the neural plate/border 

region and later reactivated during NCC specification/EMT (Khudyakov and Bronner-Fraser, 

2009) is initially upregulated at day 0, downregulated at day 2, but then recovers expression 

from day 4 onwards (Fig. 3E).  

Finally, a shift in expression was evident for cadherin transcripts throughout the 

entire process: expression of CDH1 and CDH2 was already observed at day 0 and then 

reduced, with CDH1 particularly showing pronounced downmodulation from day 7 

onwards; in contrast, mesenchymal cadherins CDH6/7/11, which exert different functions in 

NCC specification and migration across organisms (Taneyhill and Schiffmacher, 2017), either 

retained high expression (CDH6 and CDH7) or were further upregulated (CDH11) from day 0 

to 15 (Fig. 3F). These observations show that the differentiating NBC-NCC populations 

recapitulate the transcriptional program for neural crest specification, showing transition of 

a NPB-like (neuroepithelial) to a NCC (mesenchymal) transcriptional profile. 

During EMT, de-epithelization takes place via deconstruction of cell-cell junctions by 

different mechanisms, including silencing of epithelial adhesion molecules by Snail family 

genes (SNAI1/2) and cleavage of epithelial cadherins (E/N-Cadherin) at the plasma 

membrane (Clay and Halloran, 2011; Lamouille et al., 2014). Since we observed 

transcriptional silencing of CDH1/2 and upregulation of SNAI2 during NBC-NCC induction, 

we sought to investigate protein expression and localization of CDH1 (E-cadherin) and its 

transcriptional repressor SNAI2 during the 15 days of NBC-to-NCC induction. Confocal 

immunofluorescence analysis revealed evident E-Cadherin expression localized to plasma 

membranes at cell-cell contact sites from day 0 to day 2 in all samples (Fig. 3G and Fig. S1). 

From day 4 onwards, sharp E-cadherin expression could be detected at cell-cell boundaries 

until day 6 for F8799-1c1, and until day 4 for F9048-1c2, and day 8 for F7405-1c1 (Fig. S1). 

On average, E-Cadherin disappearance from these locations takes place between days 2 and 

8 of differentiation; in the timepoints following day 8, E-Cadherin was no longer expressed 

at plasma membranes (Fig. 3G). SNAI2 protein expression was also confirmed at day 0 

(NBCs), localized to DAPI-depleted nuclear foci. During differentiation, this occasionally 

shifted to a less defined, scattered nuclear SNAI2 staining pattern (day 2 of F8799-1c1, and 
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day 8 of F7405-1c1 and F9048-1c2). Nevertheless, nuclear expression of SNAI2 could be 

observed in all timepoints, and by the end of the NBC-to-NCC differentiation, SNAI2 was 

strongly expressed in nuclear foci (Fig. 3H and Fig. S1).  

We also examined protein expression of CDH2 (N-Cadherin), which is cleaved at cell 

junctions and translocated to nuclei to promote expression of pro-EMT genes during chick 

NCC development (Shoval et al., 2007; Strobl-Mazzulla and Bronner, 2012). Like E-Cadherin, 

N-Cadherin expression is lost at intercellular contact sites as cells move from epithelial to 

mesenchymal identity. Initially, N-cadherin was clearly observed at those sites from days 0-4 

in all samples (Fig. 3G’ and Fig. S2). From day 4 onwards, N-Cadherin could still be detected 

in patches of plasma membrane between neighbouring cells until day 6 in F7405-1c1, and 

day 8 in F8799-1c1 and in F9048-1c2. In one sample (F7405-1c1), a diffuse N-cadherin 

expression pattern could still be observed at day 11 in some plasma membranes, although 

cells were already fully individualized at this day in this and the other cell lines (Fig. S2 and 

data not shown). On average, strong expression and localization of N-Cadherin between 

epithelial cells gradually become less evident from days 4 to 8 (Fig. 3G’). Contrasting 

observations in chick embryos (Shoval et al., 2007; Strobl-Mazzulla and Bronner, 2012), N-

Cadherin showed no evidence of nuclear accumulation during NBC-NCC induction; instead, 

at 15 days of induction, the mesenchymal staining pattern of N-Cadherin was cytoplasmic, 

while E-Cadherin showed evident nuclear accumulation in all samples (Fig. 3I). Overall, we 

observed gradual disappearance of E-Cadherin and N-Cadherin at epithelial cell-cell 

junctions between days 2 and 8, which roughly coincides with the upregulation time frame 

observed for some NCC specifiers/EMT inducers, including SNAI2, ETS1 and FOXD3 (Fig.3E). 

Together, the above findings show that the NCC specification and EMT programs are 

activated during NBC-to-NCC induction. 
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Figure 3. NBC-to-NCC differentiation recapitulates neural crest specification and EMT. (A) 
Representative phase-contrast micrographs depicting epithelial-to-mesenchymal morphological 
changes during NBC-to-NCC differentiation. Scale bars: 400 μm. (B) Schematic representation of the 
differentiation setup encompassing hiPSC-to-NBC followed by NBC-to-NCC derivation. (C-F) Time-
series RT-qPCR analysis of: (C) NPB factors PAX6, SOX2 and DLX5, (D) NPB/NCC specifiers PAX3, 
MSX2, TFAP2A and ZIC1, (E) NCC specifiers/EMT inducers TWIST1, SNAI2, ETS1 and FOXD3, and (F) 
cadherins involved in NCC specification and EMT CDH1, CDH2, CDH6, CDH7 and CDH11. Expression 
values were plotted relative to day -4 except for PAX6 and TFAP2A. RT-qPCR data are plotted as 
mean ± SEM (n=3 biological replicates). (G,G’) Representative time-series immunofluorescence 
analysis showing expression patterns for (G) E-cadherin (CDH1) and SNAI2, and for (G’) N-cadherin. 
Arrows indicate E/N-cadherin expression at cell-cell junctions. (H) Representative 
immunofluorescence showing SNAI2 expression patterns observed in: NBCs (day 0), during NBC-NCC 
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induction (occasionally observed from day 2-8), and in NBC-NCCs (day 15). (I) Representative 
immunofluorescence showing mesenchymal expression patterns for E-cadherin and N-cadherin in 
NBC-NCCs at day 15. For G-I: Scale bars = 45 μm. Insets: 2x magnification. See also figure S1 and S2. 
 

DISCUSSION 

 

Neural crest development occurs through sequential activation of a series of 

regulatory circuits comprising NPB and neural crest factors that carry out NCC 

specification/EMT, transitioning cells from a neuroepithelial towards a mesenchymal state. 

Owing to the relevance of the neural crest in vertebrate body formation, understanding the 

mechanisms orchestrating these steps in human cells is important to shed light on human 

development and neural crest-related disorders. In view of the obvious difficulties to study 

the human embryo, development of pluripotent stem cell-based strategies to dissect human 

NCC development has been a promising alternative approach. Here, we show that 

neuroepithelial induction of hiPSCs without altering BMP signaling (E6 method) confers a 

NPB-like transcriptional state to differentiating cells, which can be directed towards the 

neural crest fate with near 100% efficiency, recapitulating for the first time the sequential 

steps that orchestrate NCC specification and EMT.  

 We observed that neural induction with the E6 method confers a NPB-like (NBC) 

transcriptional state to differentiating hiPSCs. This method was originally designed to 

produce PAX6+/N-cadherin+ neuroepithelial cells, in 6 days without modulating BMP 

signaling (Lippmann et al., 2014). Although we confirmed production of PAX6+ 

neuroepithelial cells under these conditions, we noted that at day 4 nearly all cells (>98 %) 

already expressed Musashi-1 and PAX6 at lower levels (PAX6low) compared to cells at day 6 

(PAX6high). Notably, SOX1, which is co-expressed with PAX6 in neural progenitor cells (Li et 

al., 2017), was not expressed at day 4 and is only partially expressed at day 6 here and in the 

original report describing the E6 method (Lippmann et al., 2014). Considering the marked 

upregulation of key NPB specifiers at this differentiation day, we hypothesize that neural 

induction without BMP inhibition in fact enables hiPSCs to attain a transient, PAX6low/SOX1-

/Musashi1+ NPB identity at day 4, which is further directed towards neural commitment at 

day 6 under PAX6high expression by maintaining E6 induction. In vivo experimentation shows 

that the NPB domain is specified under intermediate BMP activity orchestrated by signals 
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from the prospective neural (low BMP activity) and non-neural (high BMP activity) 

ectoderm, allowing for transient co-expression of both neural and non-neural factors that 

act as NPB specifiers (Maharana and Schlosser, 2018; Roellig et al., 2017). This includes 

activation of AP2-alpha (TFAP2A), followed by stabilization of PAX3, ZIC1, and MSX1/2 

(Betancur et al., 2010; de Crozé et al., 2011; Reichert et al., 2013; Schille and Schambony, 

2017; Simões-Costa and Bronner, 2015), in addition to Cadherin-6B, which modulates BMP 

signaling and segregation of the neural crest territory from the NPB and promotes neural 

crest EMT in chick embryos (Dady and Duband, 2017; Park and Gumbiner, 2010). In line with 

those findings, 4 days of E6 induction enabled elevated expression of several NPB 

transcripts, including TFAP2A and downstream specifiers DLX5, PAX3, ZIC1, and MSX2, in 

addition to peak expression of CDH6. Thus, lack of BMP blockade could be recapitulating 

early inductive signals and producing NPB cells under native (intermediate) BMP pathway 

activity, which translates into the highly effective derivation of NCCs observed here. Precise 

adjustment of BMP activity via combination of exogenous inhibitors and activators has been 

recently proposed to produce human NCCs in vitro either directly or through a PAX6+ 

hindbrain NPB-like intermediate; however, these strategies require complex media 

formulations or cell sorting to obtain pure populations (Hackland et al., 2017; Thier et al., 

2019), whereas 94 % efficiency was attained under the simple NCC induction setup reported 

here. Still, although homogeneous expression of PAX6low in NBCs was evident, PAX6 is not 

an exclusive NPB marker and more studies will be necessary to further characterize NBC 

populations and evaluate the proportion of bona-fide NPB cells within NBCs. 

 Our results show that redirecting NBCs towards the neural crest fate generates NCCs 

with high efficiency while recapitulating molecular events of NCC specification. At the end of 

the 15 days of differentiation, NBC-NCC populations showed over 94 % of p75/HNK1 

double-positive cells, upregulation of NCC markers such as SOX9/10, NGFR (p75) and VIM, 

and they could be further directed towards neural crest derivatives. These results attest the 

neural crest identity of NBC-NCCs and demonstrate that they possess equivalent 

characteristics to NCCs directly derived from pluripotent stem cells (Fukuta et al., 2014; 

Menendez et al., 2013; Miller et al., 2017). Notably, the gene expression profile of 

differentiating NBC-NCCs recapitulates the NCC developmental program ascertained in 

animal models (Prasad et al., 2019): from day 0 to 15 of differentiation, we observed 

downregulation of NPB factors not involved in NCC specification (DLX5, PAX6, SOX2), 
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increment or maintenance in expression of factors involved both in NPB and in NCC 

specification (PAX3, MSX2, TFAP2A, ZIC1), and upregulation of NCC specification factors 

(SNAI2, TWIST1, ETS1, and FOXD3). Accordingly, as expected during transition from an 

epithelial to a mesenchymal cellular state, these changes were accompanied by a shift in 

cadherin expression, where CDH1/2 expression is downregulated in favor of mesenchymal 

cadherins CDH6/7/11, a hallmark of neural crest EMT (Strobl-Mazzulla and Bronner, 2012).  

 Another important finding is that NBC-NCC differentiation allows for stepwise 

observation of events associated with EMT. In vivo, NCC EMT is initiated upon activation of 

a gene regulatory network that drives acquisition of a mesenchymal, migratory phenotype 

(Milet and Monsoro-Burq, 2012; Nieto, 2009; Theveneau and Mayor, 2012) that depends on 

proper regulation of multiple cadherins and adhesion molecules by EMT inducers (Scarpa et 

al., 2015; Taneyhill, 2008). This was evidenced by gradual morphological and molecular 

hallmarks of EMT in the course of 15 days, including upregulation of NCC EMT inducers 

SNAI2, ETS1 and FOXD3 from days 2 to 7, coupled to downregulation of E/N-Cadherin 

mRNA, and reduction of E/N-Cadherin protein localization to cell-cell contact sites from days 

2 to 8. Therefore, despite the variation in timing for these events across samples, EMT-

related changes in gene expression and cadherin localization take place between days 2 and 

8. Remarkably, after the shift from epithelial to mesenchymal cell states, E-Cadherin and N-

Cadherin protein expression is not completely ablated; rather, we observed nuclear 

accumulation of E-Cadherin and cytoplasmic expression of N-Cadherin in NBC-NCCs. These 

observations are in line with the novel roles ascribed to these cadherins in NCC EMT and 

migration in animal models, in which N-Cadherin fragments are translocated to nuclei 

instead of E-Cadherin (Bahm et al., 2017; Cousin, 2017; Huang et al., 2016a; Piloto and 

Schilling, 2010; Powell et al., 2015; Strobl-Mazzulla and Bronner, 2012). In humans, E-

cadherin fragments are translocated to nuclei via p120 catenin activity to activate gene 

expression in some cell lines (Ferber et al., 2008), and nuclear accumulation of E-cadherin is 

also found in several cancers (Rodriguez et al., 2012). Our results support the notion that 

E/N-cadherin can exert functions beyond cell adhesion, and indicate that E-cadherin may 

play novel roles in human NCC development. Further investigation will be required to shed 

light on the roles played by cadherins and other factors involved in human neural crest 

specification, as well as to elucidate the similarities and dissimilarities between human and 

animal models.  
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 The present differentiation setup provides time-series information on human neural 

crest development while attaining high NBC-to-NCC conversion rates. The ability to assess 

progression of EMT and other key molecular and cellular processes participating in NCC 

specification will be important to investigate both normal human development and 

disorders suspected to arise from alterations in these events of NCC development. These 

disorders include, besides congenital neurocristopathies, neural crest-derived tumors such 

as neuroblastoma, melanoma, ganglioneuroma and others, in which the embryonic neural 

crest developmental program is recapitulated, contributing to malignancy and metastasis 

(Kerosuo and Bronner-Fraser, 2012; Maguire et al., 2015; Powell et al., 2013). In addition, 

the simple and efficient method for generating NBC-NCCs reported here could be further 

developed towards drug/genetic screening and cytotoxicity tests for future therapeutic 

applications. Finally, it provides a human in vitro model to investigate the functional effects 

of candidate genetic variants detected by next-generation sequencing or other methods, 

which is a current challenge in Medical Genetics research.  

 

MATERIAL AND METHODS  

 

Generation and maintenance of hiPSCs 

Human induced pluripotent stem cells (hiPSCs) were reprogrammed from two 

dermal fibroblast (F9048-1c2 and F7405-1c1) and one erythroblast culture (F8799-1c1) 

according to previous protocols (Miller et al., 2017; Okita et al., 2013). hiPSCs were 

maintained in defined medium consisted of Essential 8TM Medium (E8 medium; Life 

Technologies) supplemented with 100 μg/mL of Normocin (Invivogen), in feeder-free 

condition. Cells were cultured in Matrigel (BD Biosciences)-coated vessels (60-mm petri 

dishes or 6-well plates), and routinely passaged with Accutase (Life Technologies). The hiPSC 

lines used in this work had already been generated and characterized, as reported 

elsewhere (Ishiy et al., 2015; Miller et al., 2017). Importantly, hiPSCs must be conditioned to 

E8 minimal medium before neuroepithelial induction (Lippmann et al., 2014). 
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Differentiation of hiPSCs to NPB-like neuroepithelial cells (NBCs) 

hiPSC-derive NBCs were generated based on previously published methodology (‘E6 

method’) (Lippmann et al., 2014). In brief, hiPSCs were seeded onto 60-mm Matrigel-coated 

dishes (1x105 cells/cm2) in E8 medium with 5 μM ROCK inhibitor (Sigma-Aldrich), and one 

day post-seeding, medium was changed to Essential 6™ Medium (E6 medium; Life 

Technologies) supplemented with 100 μg/mL of Normocin. Medium was replenished daily, 

and differentiation was monitored every 2 days via RT-qPCR analysis, for 6 days.   

 

Differentiation of NBCs to neural crest cells (NBC-NCCs) 

NCCs were differentiated from NBCs under WNT pathway activation and TGF-

β/Activin pathway blockade (Fukuta et al., 2014; Menendez et al., 2013; Miller et al., 2017). 

At day 4 of neuroepithelial differentiation, cells were washed once with PBS, detached with 

Accutase, and collected by centrifugation. Then, 3x104 cells/cm2 were seeded on Matrigel-

coated dishes in E6 medium supplemented with 5 μM ROCK inhibitor. In the following day, 

medium was changed to NCC differentiation medium, composed of E6 medium 

supplemented with 100 μg/mL of Normocin, 8 ng/mL bFGF (Life Technologies), 20 μM 

SB431542 (Tocris), 1 μM CHIR99021 (Sigma-Aldrich). Cells were split before reaching 

confluence with Accutase at room temperature (RT) whenever necessary. Since cells 

continue to replicate as differentiation takes place, cell collection was timed with 

subculturing to comprise the 15 days of differentiation in 8 timepoints for RT-qPCR and 8 

timepoints for confocal immunofluorescence analyses. For flow cytometry characterization, 

a total of 5 differentiation experiments were carried out (once for F7405-1c1 and twice for 

F8799-1c1 and F9048-1c2).  

 

Differentiation of NBC-NCCs towards neural crest derivatives 

To produce smooth muscle cells, NBC-NCC cultures were spontaneously 

differentiated in NCC medium for 7 days, according to previous work (Kreitzer et al., 2013). 

For peripheral glia commitment, NCCs were treated with NCC medium supplemented with 

20 ng/mL Heregulin-β1 (PeproTech) for 10 days (Liu et al., 2012). NCC-derived 

ectomesenchymal stem cell populations were obtained by culturing NCCs with DMEM/F12 

supplemented with 10 % fetal bovine serum, 2 mM GlutaMAX, 0.1 mM non-essential 
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aminoacids (all provided by Life Technologies), and 100 μg/mL of Normocin. NCCs were 

seeded at 2x104 cells/cm2 onto non-coated 60-mm dishes and were differentiated for 6 

days, and passaged with TrypLE™ Express (Life Technologies) whenever needed. Cell 

cultures were expanded for up to 6 passages with medium changes every 3 days, before 

further differentiation into osteoblasts, chondrocytes and adipocytes. 

 

Alizarin Red, Alcian Blue, and Oil Red staining 

 Osteogenic, chondrogenic and adipogenic differentiation were induced with the use 

of commercial kits (StemPro Osteogenesis, Chondrogenesis and Adipogenesis kit, Life 

Technologies), following the manufacturer’s recommendations. Staining procedures were 

performed on cells treated with differentiation medium and on non-treated cells (negative 

controls), as previously reported (Miller et al., 2017). 

 

Confocal immunofluorescence analysis 

For immunofluorescence, cells were fixed in 4 % paraformaldehyde for 20 min at RT. 

Permeabilization was carried out with PBS 0.2 % Triton X-100 for 30 min followed by 

blocking with PBS 5 % BSA for 1 h at RT. Then, cells were incubated with primary antibodies 

overnight at 4 °C, washed three times with PBS and incubated with secondary antibodies at 

4 °C for 1 h, protected from light. After washing with PBS two times, cells were 

counterstaining with DAPI solution (Life Technologies) for 2 min at RT. For NBCs, primary 

anti-PAX6 (42-6600; Thermo Scientific), anti-N Cadherin (ab19348; Abcam) and anti-Musashi 

1 (ab52865; Abcam) were used. For neural crest derivatives, we used anti-alpha smooth 

muscle Actin (αSMA; ab5694; Abcam) and anti-S100B (SAB1402349; Sigma Aldrich).  For 

staining of cells under NBC-to-NCC differentiation, anti-E Cadherin (ab1416; Abcam), anti-N 

Cadherin (ab19348; Abcam) and anti-Slug (SNAI2) (#9585; Cell Signaling Technology) were 

used. Secondary Goat anti-Mouse IgG (H+L) antibody - Alexa Fluor 488 conjugate (A-11001; 

Life Technologies) and Goat anti-Rabbit IgG (H+L) antibody – Cyanine3 conjugate (A10520; 

Invitrogen) were used. Antibody concentrations followed the manufacturer’s 

recommendations. Slides were analyzed under a confocal microscope (Zeiss LSM 800) and 

captured Z-stacks were processed on ImageJ.  
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Flow cytometry  

For flow cytometry analyses, NBCs and NBC-NCCs were dissociated with Accutase, 

and washed twice with PBS supplemented with 4 % BSA. Cells were incubated with 

conjugated antibodies, in the dark for 1 h at 4 °C, followed by two PBS washes and fixed in 

PBS 1 % paraformaldehyde. FIX & PERM (Life Technologies) was used for fixation and 

permeabilization. Primary anti-SOX1 (Cell Signaling, #4194), anti-Musashi (Abcam, ab52865) 

and anti-PAX6 (Thermo Fisher; 42-6600) antibodies were used with secondary Goat anti-

Mouse IgG (H+L) antibody - Alexa Fluor 488 conjugate to assess NBC identity. To assess NCC 

immunophenotype, IgM Κ FITC 23 Mouse Anti-Human CD57 (anti-HNK1; BD Pharmingen, 

561906), IgG1 Κ Alexa Fluor 647 Mouse Anti-Human CD271 (anti-p75NTR; BD Pharmingen, 

560877), FITC Mouse IgM Κ isotype control (BD Pharmingen 555583), and Alexa Fluor 647 

Mouse IgG1 Κ isotype control (BD Pharmingen 557714) were used. Mesenchymal stem cells 

were detached with TrypLE Express and washed twice with PBS 4 % BSA. Incubation 

procedures were done as aforementioned, using FITC Mouse Anti-Human CD31 (BD 

Pharmingen 555445), APC Mouse Anti-Human CD73 (BD Pharmingen 560847), PE Mouse 

Anti-Human CD90 (BD Pharmingen 555596), PE Mouse Anti-Human CD166 (BD Pharmingen 

559263), and FITC, PE and APC Mouse IgG1 Κ Isotype Controls (BD Pharmingen 555748, 

554681 and 555749, respectively). All antibodies were used at concentrations 

recommended by the manufacturers. At least 5,000 events were acquired in a FACS Aria II 

equipment and analyzed on FlowJo (X 10.0.7r2). For best visual comparison, histograms 

were normalized to mode of cell count (y-axis).  

 

Real-time quantitative PCR (RT-qPCR) 

NucleoSpin RNA II extraction kit (Macherey-Nagel) was used to obtain total RNA 

from cells, and 1 μg of RNA was converted into cDNA with Superscript IV (Life Technologies) 

and oligo-dT primers according to the manufacturer’s recommendations. RT-qPCR reactions 

were performed with 2X Fast SYBR Green PCR Master Mix (Life Technologies) and 50–400 

nM of each primer. Fluorescence was detected in a 7500 Fast Real-Time PCR System or 

QuantStudio 5 (Life Technologies), under standard cycling protocol. Primer sequences are 

described in Table S1 and were supplied by Exxtend. Primer pairs were either designed with 

Primer-BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/) or retrieved from Primer 
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Bank (http://pga.mgh.harvard.edu/primerbank/) and their amplification efficiencies (E) 

were determined by serial cDNA dilutions or directly calculated from amplification plots 

with LinRegPCR (Ramakers et al., 2003). NormFinder (Andersen et al., 2004) was used to 

determine the most stable endogenous control (among ACTB, TBP, HMBS, GAPDH, and 

HPRT1). Relative mRNA quantity was calculated as previously described (Pfaffl, 2001), 

relative to a calibrator sample. Results were log-transformed before statistical analyses. 

Primer sequences are shown in table S1. 

 

Statistical analyses 

 Gene expression values were log-transformed before statistical analyses. One-way 

ANOVA was conducted to compare the effect of differentiation (days) on gene expression 

across samples. When means were significantly different (p<0.05), Dunnett’s multiple 

comparison post-hoc test (α=0.05; 95 % CI) was performed, and significance was indicated 

in comparison to day 0 of differentiation, unless otherwise stated. Analyses were carried out 

on GraphPad Prism v5.03 (GraphPad Software Inc.). 
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Figure S1. Time-series immunofluorescence analysis showing expression patterns for E-cadherin 
(CDH1) and SNAI2 during NBC-to-NCC differentiation in all samples. Arrows indicate E-cadherin 
expression at cell-cell junctions. Arrowheads indicate scattered nuclear SNAI2 expression. Scale bars 
= 45 μm. Insets: 2x magnification. Related to figure 3. 
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Figure S2. Time-series immunofluorescence analysis showing expression patterns for N-cadherin 
(CDH2) during NBC-to-NCC differentiation in all samples. Arrows indicate N-cadherin expression at 
cell-cell junctions. Arrowheads indicate membrane patches with diffuse N-cadherin expression. Scale 
bars = 45 μm. Insets: 2x magnification. Related to figure 3. 
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Table S1. Primer sequences 
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CHAPTER VI 

 

GENERAL DISCUSSION 

 

Richieri-Costa-Pereira syndrome (RCPS) is a rare autosomal-recessive disorder that affects 

craniofacial and limb development and is reported almost entirely in Brazilian patients (Favaro 

et al. 2011). RCPS is caused by an increased number of repeat motifs within the EIF4A3 5’UTR 

(Favaro et al. 2014). Specifically, the noncoding 5’ region presents a complex pattern of three 

distinct motifs varying in both size and organization among individuals. In chapter II, variability in 

the EIF4A3 5’UTR was characterized in a large cohort in order to investigate the mechanism that 

originated the RCPS-associated allelic pattern. This approach was important not only to clarify 

the origins of the pathogenic alleles but also to provide clues on the chance of RCPS arising in 

other populations. Despite advances in genome sequencing, repetitive regions remain difficult to 

sequence and noncoding regions lack detailed analysis in routine NGS pipelines. Indeed, the 

5’UTR of EIF4A3 is not covered in GnomAD database. Notably, RCPS is described in only two non-

Brazilian patients to date, which may potentially be due to missing diagnoses of this condition 

leading to an underestimation of affected individuals, reinforcing the importance of 

characterizing this region and publishing results in an international journal. We have found 43 

different variations amongst unaffected individuals, which shows the polymorphic nature and 

structural complexity of this region (Hsia et al. 2018). Based on these allele patterns and 

haplotype analyses, we suggest that RCPS-associated alleles have arisen from independent 

unequal crossing-over events between ancient alleles. The fact that the number of repeats in the 

EIF4A3 5’UTR seems to be stable across generations (Favaro et al. 2014) supports this hypothesis. 

RCPS etiology is comparable to synpolydactyly, in which polyalanine expansion may have resulted 

from unequal crossing over of HOXD13 (Warren 1997), contradistinguishing from several 

neurological disorders caused by unstable dynamic expansion mutations that have arisen only 

once and increase in size during meiotic divisions (Cummings and Zoghbi 2000; Gatchel and 
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Zoghbi 2005; Mirkin 2007; La Spada and Taylor 2010; McMurray 2010; Haeusler et al. 2016; 

DeJesus-Hernandez et al. 2011; Renton et al. 2011; Usdin et al. 2015; Virtaneva et al. 1997).  

Furthermore, considering the restricted inclusion of CGCA-20nt motifs in the largest 

alleles along with the difference in allele pattern between Brazilian patients and the sole UK 

patient (Hsia et al. 2018), we propose that the pathogenic alleles have originated more than once 

and that RCPS can potentially occur in any population containing alleles with the disease-

associated CGCA-20nt motif. 

Additionally, we demonstrated a direct association between the number of motifs and 

EIF4A3 expression, revealing a potential cis-acting regulatory mechanism for these repeat motifs 

(Hsia et al. 2018). The inverse correlation between number of motifs and expression levels 

suggests that the 5’UTR structure plays a central role in phenotypic modulation. Another 

interesting finding is that the disease-associated CGCA-20nt motif showed a reduction in 

expression compared to CACA-20nt and CA-18nt motifs, albeit not statistically significant, 

suggesting that both the number and sequence of the motif regulate EIF4A3 expression. Indeed, 

a broad clinical variability is observed in RCPS patients. Specifically, individuals homozygous for 

the 16-repeat allele present more severe phenotypes than both the compound heterozygote 

carrying a 14-repeat allele in trans with a nucleotide change (Favaro et al. 2014) and the 

homozygote carrying the 14-repeat alleles, which was recently reported with a very mild 

phenotype (Bertola et al. 2018). Therefore, RCPS phenotypic variability may depend on the 

number and sequence of the motifs in the EIF4A3 5’UTR. 

Since hypermethylation is not the mechanism by which the motifs repress EIF4A3 

expression in RCPS (Hsia et al. 2018), there could be alternative mechanisms responsible for this 

decreased expression that may involve creation of binding sites for repressors or post-

translational events. Further studies are needed to better understand the mechanisms behind 

EIF4A3 downregulation.  

Next, the chapters III and IV described the functional evaluation of neural crest cells in 

order to unravel the pathological mechanisms of RCPS. Foremost, this work reinforced the 

applicability of induced pluripotent stem cell (iPSC)-based disease modeling in deciphering the 

etiology and pathogenetic mechanisms underlying human craniofacial disorders. Patient iPSC-
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derived cell cultures have proven to be a very powerful and effective approach in contributing to 

our knowledge of embryonic development in both normal and disease contexts. Likewise, 

haploinsufficient mouse mutants were valuable for investigating Eif4a3 functions in craniofacial 

development. The integrative use of iPSC technology with mouse models establishes a 

foundation for studying craniofacial malformations such as RCPS.  

 iPSCs highly expressed pluripotency markers, did not present aneuploidies, and 

demonstrated the ability to generate teratomas in vivo. iPSCs were successfully differentiated 

into NCCs which in turn exhibited p75(NRT)/HNK1 double-positive staining and high expression 

of NCC markers. RCPS patient-derived NCCs showed decreased EIF4A3 mRNA and protein levels 

compared to controls. All NCC lineages were able to generate mesenchymal stem cells (nMSCs) 

with the typical immunophenotype, which gave rise to osteoblasts, chondrocytes and adipocytes 

(Miller et al. 2017).  Taken together, these data demonstrated that our strategy efficiently yielded 

disease-relevant cell types, which allowed us to assess cellular and molecular phenotypes 

associated with RCPS in vitro. The mouse models recapitulated several anomalies seen in RCPS 

patients including mandibular and craniofacial abnormalities, indicating essential requirements 

of EIF4A3 for NCC development. Both iPSC-derived cells and haploinsufficient mouse embryos 

contributed to clarify the NCC dysfunctions behind RCPS pathogenesis.   

The cellular mechanisms by which reduced EIF4A3 causes RCPS have been elucidated in 

chapter III (Miller et al. 2017). Patient-derived iPSCs differentiated toward a NCC lineage revealed 

defective migration and those differentiated into mesenchymal derivatives exhibited premature 

ossification and dysregulated chondrogenesis. Albeit some neurocristopathies have shown 

increased apoptosis and/or impaired proliferation involved in their pathogenesis (Devotta et al. 

2016; Dixon et al. 2006; Brugmann et al. 2010), neither NCCs, nMSCs nor mouse models displayed 

commitment of either process. Cell death and cell cycle alteration was detectable only in 

extremely severe mouse mutants. Therefore, aberrant apoptosis, proliferation or mitosis delay 

are not major causes of RCPS. Depletion of Eif4a3 in mice disrupted formation of Meckel’s 

cartilage that is critically important for proper mandible morphogenesis and led to precocious 

clavicle ossification, which parallels observations made with human nMSCs.  
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We provided evidence that impaired NCC migratory capacity is a key cellular dysfunction 

involved in RCPS pathogenesis. Delayed migration at early developmental stages can reduce 

mesenchymal progenitors populating the pharyngeal arches and subsequently impair cartilage 

and bone formation leading to abnormal or absence of mandibular fusion, which is amongst the 

most relevant RCPS phenotypes. Migration defects seem to be unique to RCPS etiology, since 

they have not been observed in other craniofacial disorders (Lehalle et al. 2015; Mills and Green 

2017; Jones et al. 2008; Dixon et al. 2006) despite the clinical overlap. Additionally, 

chondrogenesis and osteogenesis dysregulation have been demonstrated in both in vitro and in 

vivo models and may contribute to the mandibular and clavicular anomalies seen in RCPS 

patients.  

Despite presenting phenotypes comparable to humans, whose EIF4A3 levels are varied 

depending on cell type, Eif4a3 haploinsufficient mice also displayed severe phenotypes not so far 

described in humans (Miller et al. 2017). These phenotypic differences could be due to Cre 

efficiency or because humans are genetically diverse whereas mice are inbred, which exposes 

phenotypes that are normally masked in humans. In addition, the reported high rates of 

spontaneous abortion in RCPS families (Favaro et al. 2011) suggest that severe phenotypes in 

humans, particularly brain malformations, may be embryonic lethal. 

One interesting fact that deserves our attention is that while EIF4A3 exerts basic and 

ubiquitous functions as a core component of exon junction complex (EJC) which is involved in 

many aspects of mRNA metabolism, mutations in this gene lead to very specific phenotypes. 

Indeed, this paradox does not happen only in RCPS, but also in other disorders such as Diamond-

Blackfan anemia, Hoyeraal-Hreidarsson and Bowen-Conradi syndromes (Boria et al. 2010; 

Armistead et al. 2009; Heiss et al. 1998). Accordingly, these diverse disorders may potentially be 

related at a molecular level. 

Chapter IV described the study of the molecular mechanisms by which EIF4A3 depletion 

impairs NCC functions. To assess these mechanisms, we employed transcriptomic and proteomic 

analyses of RCPS patient-derived NCCs in order to expose candidate targets and pathways 

controlled by EIF4A3 at the onset of craniofacial development. In addition, we used conditional 

mouse models for validation and further understanding of transcriptome data.  
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Gene set enrichment analysis (GSEA) of both human and mouse data revealed enrichment 

of extracellular matrix (ECM)-receptor interaction and focal adhesion pathway elements in 

response to decreased EIF4A3 expression. Closer inspection demonstrated enrichment for GO 

categories of extracellular matrix and plasma membrane components. Optimal cell migration 

requires dramatic changes in cell shape and interaction with the ECM, which involves actin 

polymerization and continuous formation and disassembly of adhesions (Gardel et al. 2010). 

Focal adhesions (FA) are macromolecular assemblies that function as a physical connection 

between the cell and the ECM through interaction of integrin receptors and the actin 

cytoskeleton, mediated by numerous FA-associated proteins (Wu 2007). The interaction with 

ECM and focal adhesion features e.g. size, shape, and turnover dynamics, have long been 

associated with cell migration (Ridley et al. 2003; Kim and Wirtz 2013; Perris and Perissinotto 

2000). Moreover, overexpression of CAV1, an identified DEG upregulated in RCPS patients, has 

been linked to decreased migration in tumor cells (Zhang et al. 2000). These findings suggest that 

impairment of cell adhesion dynamics is implicated in the cell migration defects underlying RCPS 

pathogenesis. However, future experiments will be needed for further clarifying the involvement 

of EIF4A3 on migration.   

Several human genetic conditions that manifest as tissue-specific phenotypes restricted 

to craniofacial structures are caused by mutations affecting mRNA splicing and ribosome 

biogenesis, known collectively as spliceopathies and ribosomopathies, respectively (Danilova and 

Gazda 2015; Yelick and Trainor 2015; Armistead and Triggs-Raine 2014; Mills and Green 2017; 

Lehalle et al. 2015). Treacher Collins and Bowen-Conradi syndromes are examples of such 

conditions (Choesmel et al. 2007; Sakai and Trainor 2009; Armistead et al. 2009; Jones et al. 

2008), and notably both have phenotype overlap with RCPS. Ribosomes appear to be especially 

sensitive to deficits in EJC components, since we identified aberrant splicing as well as alterations 

at the proteomic level of ribosomal components in EIF4A3 deficient hNCCs. Furthermore, 

haploinsufficiency for each of the core EJC components (i.e. Magoh, Eif4a3 and Rbm8a) resulted 

in altered expression of ribosomal components in mouse brains (Mao et al. 2016). These data 

suggest that ribosome defects contribute to RCPS pathogenesis, reinforcing the idea that the EJC 

is a strong regulator of protein homeostasis machinery. 
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Bearing in mind that EIF4A3 is super-stoichiometric to other EJC members in mammalian 

cells (Singh et al. 2015; Singh et al. 2012) and ribosome composition is heterogeneous and may 

reflect tissue requirements to translate specific mRNAs (Shi et al. 2017), we hypothesized that 

the tissue-specific defects in RCPS may be caused by insufficient EIF4A3 expression in tissues with 

high EJC demand, leading to aberrant splicing of specific riboproteins. However, how EIF4A3 

influences ribosomal components and whether this is a direct effect is still unknown and may be 

an important question for future studies. In fact, NSC-specific EiF4a3 haploinsufficiency alters 

expression of ribosomal components and triggers aberrant p53 activation leading to 

microcephaly in mouse model (Mao et al. 2016). Interestingly, microcephaly has recently been 

included in the phenotypic spectrum of RCPS (Bertola et al. 2018). Given these connections, it is 

fascinating to consider that EIF4A3 regulates ribosome biogenesis and consequently contributes 

to RCPS pathology.  

This work was designed with a focus on neural crest cells and craniofacial development 

although RCPS is also characterized by limb anomalies. The limb bud has different origins than 

craniofacial structures (Zuniga 2015) and Wnt1-Cre mouse models are not useful in the 

investigation of limb development since Cre is not active in the developing limb (Lewis et al. 

2013). In the future, it will be of interest to employ other Cre drivers to investigate additional, 

relevant RCPS phenotypes.  

Finally, owing to the importance of neural crest cells in embryonic development, in 

parallel with aforementioned studies we developed a simple method to recapitulate 

developmental events involved in NCC specification from neural plate border (NPB)-like cells.  

NCC development depends upon a tightly controlled spatial and temporal molecular 

program involving a sequential activation and/or repression of multiple molecules (Knecht and 

Bronner-Fraser 2002). Anomalies in these developmental steps cause neurocristopathies (NCP), 

frequently encompassing craniofacial abnormalities (Vega-Lopez et al. 2018). A central process 

which orchestrates transitioning from an epithelial to a mesenchymal cell phenotype during NCC 

development is designated as the epithelial to mesenchymal transition (EMT). EMT drives the 

onset of NCC migration and subsequent tissue morphogenesis and is associated with the 
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segregation of homogeneous precursors into distinct fates (Kalcheim 2015; Theveneau and 

Mayor 2012).  

In view of the limited access to human embryonic tissues and the fact that animal 

embryos may not completely recapitulate human embryonic development (Thyagarajan et al. 

2003; de Bakker et al. 2016; Barriga et al. 2015), human iPSC-based strategies have been largely 

used as an alternative approach to study NCC biology in pathological conditions. The available 

methods for generating NCCs rely on BMP pathway modulation (Jiang et al. 2009; Lee et al. 2010; 

Pomp et al. 2005; Lee et al. 2007; Curchoe et al. 2010) and may or may not be combined with 

WNT pathway activation (Menendez et al. 2013; Fukuta et al. 2014; Miller et al. 2017; Menendez 

et al. 2011; Noisa et al. 2014; Huang et al. 2016; Liu et al. 2012; Lee et al. 2009; Mica et al. 2013; 

Kreitzer et al. 2013; Leung et al. 2016; Thier et al. 2019; Tchieu et al. 2017). However, many of 

these methods lack a NPB stage or are unable to fully convert neuroepithelial cell populations 

into NCCs, potentially hindering investigation of the various stages of neural crest specification. 

Thus, in chapter V we showed that neuroepithelial induction of hiPSCs without altering BMP 

signaling (Lippmann et al. 2014) confers a NPB-like transcriptional state to differentiating cells, 

which can be directed towards the neural crest fate with near 100% efficiency, recapitulating for 

the first time the sequential steps that orchestrate NCC specification and EMT. 

 This method provided an efficient in vitro human model to investigate the functional 

effects of candidate genetic variants and a promising approach to better understand human 

development and neural crest-related disorders.   
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CONCLUSIONS 

 

In conclusion, we unraveled novel mechanisms by which EIF4A3 hypomorphic mutations 

lead to craniofacial phenotypes observed in RCPS patients.  

In summary, we revealed that:  

 RCPS-associated alleles have arisen from unequal crossing-over events between 

ancient alleles at least twice; 

 Both the number and sequence of repeat motifs within EIF4A3 5’UTR regulate gene 

expression;  

 EIF4A3 is required for NCC development and its deficiency leads to decreased NCC 

migratory capacity and compromised osteogenic and chondrogenic differentiation of 

NCC-mesenchymal derivatives; 

 EIF4A3 deficient NCCs present altered expression of cell-ECM interaction and FA 

components, which can be implicated in the defective NCC migration; 

 Aberrant splicing of ribosomal components contributes to RCPS pathogenesis; 

 

Furthermore, we explored previously published protocols to establish a simple method 

for studying early NCC development.  

 iPSC-derived NCCs were efficiently generated in a manner that recapitulates 

developmental events involved in NCC specification and EMT from the NPB onward.  
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CHAPTER VII 

 

ABSTRACT 

 

Richieri-Costa-Pereira syndrome (RCPS) is a rare autosomal-recessive disorder characterized by 

craniofacial abnormalities, including mandible cleft, microstomia, Robin sequence and 

microcephaly, as well as limb defects and learning impairments. RCPS is mainly caused by an 

increased number of repeat motifs within the EIF4A3 5’UTR, which in turn leads to decreased 

expression of the gene product. The DEAD-box RNA helicase eIF4A3 is a core component of the 

RNA-binding exon junction complex (EJC), which is involved in post-transcriptional events such 

as alternative splicing, nonsense-mediated mRNA decay (NMD), translation initiation and mRNA 

localization. The EIF4A3 5’UTR varies in both number and organization of three types of motifs 

between individuals. However, the origin of the RCPS-associated allelic pattern, as well as the 

functional effects of these motifs on EIF4A3 expression, remain to be uncovered. Although a 

relationship between EIF4A3 hypomorphic biallelic mutations and RCPS has been established, 

the pathogenetic mechanisms by which decreased levels of EIF4A3 lead to craniofacial 

malformation are unknown. To address these gaps, we first characterized the variation in the 

EIF4A3 5’UTR at a populational level. This analysis demonstrated that this noncoding region 

displays a polymorphic nature and structural complexity presenting multiple patterns. The RCPS-

associated allele patterns may have arisen from independent unequal crossing-over events 

between ancient alleles and can potentially emerge in any population containing alleles with the 

CGCA-20nt motif. Furthermore, there is a direct association between the number of motifs and 

EIF4A3 expression, revealing a potential cis-acting regulatory mechanism for these motifs and 

suggesting that the 5’UTR structure plays a central role in phenotypic modulation. Next, we 

unraveled the cellular and molecular mechanisms responsible for RCPS using two complementary 

models, patient-derived induced pluripotent stem cells (iPSCs) and EIF4A3 haploinsufficient 

mouse models. The craniofacial structures compromised in RCPS patients are suggestive of 
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disturbances in neural crest cells (NCCs), a transient cell population that originates at the neural 

plate border (NPB) in the developing embryo and gives rise to multiple cell types, generating 

most of the cranioskeleton. Accordingly, we differentiated iPSCs from RCPS patients and control 

individuals into NCCs and demonstrated that EIF4A3 deficiency impairs NCC development, 

leading to defective migration, premature osteogenic and dysregulated chondrogenic 

differentiation of NCC mesenchymal derivatives. Besides pinpointing that impaired NCC 

migratory capacity is a key cellular dysfunction underlying RCPS pathogenesis, we provided 

evidence by transcriptome analyses that impairment to cell adhesion dynamics is implicated in 

this dysfunction and involves alteration of cell-extracellular matrix (ECM) interaction 

components. Additionally, we suggest that ribosome defects contribute to RCPS pathogenesis, 

since aberrant splicing as well as alterations at the proteomic level of ribosomal components 

were identified in patient-derived NCCs. Elucidating the pathogenetic mechanism underlying 

RCPS will also aid in clarifying the etiology of other craniofacial syndromes and how mutations in 

genes with basic and ubiquitous functions such as EIF4A3 lead to specific phenotypes. Finally, we 

provided a simple protocol for quickly deriving human NCCs in vitro in a manner that 

recapitulates multiple stages from the early NPB onward. This method represents a promising 

approach to better understand human craniofacial development.  

 

 

 

 

 

 

 

 

 



 181 

RESUMO 

 

A síndrome Richieri-Costa-Pereira (SRCP) é uma doença autossômica-recessiva rara caracterizada 

por anomalias craniofaciais, incluindo fissura de mandíbula, microstomia, sequência Robin e 

microcefalia, assim como malformação dos membros e dificuldade de aprendizado. A SRCP é 

principalmente causada por um aumento no número de motivos repetitivos na região 5’ não 

traduzida (5’UTR) do gene EIF4A3, o que por sua vez leva à diminuição da expressão do produto 

gênico. A DEAD-box RNA helicase eIF4A3 é um dos principais componentes do complexo de 

junção de éxons (EJC) que se liga ao RNA e está envolvido em eventos pós-transcricionais 

incluindo splicing alternativo, decaimento de RNAm mediado por mutações sem sentido (NMD), 

iniciação da tradução e localização de RNAm. A 5’UTR do gene EIF4A3 varia em número e 

organização de três tipos de motivos entre indivíduos. Entretanto, a origem do padrão alélico 

associado à SRCP assim como o efeito funcional desses motivos na expressão de EIF4A3 continua 

a ser descoberto. Embora a relação entre mutações bialélilcas hipomórficas em EIF4A3 e SRCP 

foi estabelecida, os mecanismos patogênicos pelos quais a diminuição de EIF4A3 leva a 

malformação craniofacial são desconhecidos. Para responder essas questões, nós primeiramente 

caracterizamos a 5’UTR do EIF4A3 em nível populacional. Essa análise demonstrou que essa 

região não codificante apresenta uma natureza polimórfica e estruturalmente complexa, 

exibindo múltiplos padrões. O padrão alélico associado à SRCP parece ter surgido a partir de 

eventos independentes de crossing-over desigual entre alelos ancestrais e pode potencialmente 

surgir em qualquer população contendo alelos com o motivo CGCA-20nt. Além disso, existe uma 

associação direta entre o número de motivos e a expressão de EIF4A3, revelando um potencial 

mecanismo regulatório de ação cis para esses motivos e sugerindo que a estrutura 5’UTR exerce 

um papel central na modulação fenotípica. Em seguida, nós revelamos os mecanismos celulares 

e moleculares responsáveis pela SRCP usando dois modelos complementares, células-tronco 

pluripotentes induzidas (iPSCs) de pacientes e controles e camundongos haploinsuficientes para 

EIF4A3. As estruturas craniofaciais comprometidas nos pacientes acometidos pela SRCP são 

sugestivas de distúrbios em células de crista neural (NCCs), uma população de células transiente 
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que se origina a partir da borda da placa neural (NPB) no embrião em desenvolvimento e dá 

origem a múltiplos tipos celulares, gerando a maior parte do esqueleto craniano. Então, nós 

diferenciamos iPSCs de pacientes acometidos pela SRCP e indivíduos controles em NCCs e 

demonstramos que deficiência de EIF4A3 prejudica o desenvolvimento de NCCs, levando à 

migração defeituosa, diferenciação osteogênica prematura e condrogênica desregulada dos 

derivados mesenquimais de NCCs. Além de apontar que a capacidade de migração prejudicada 

em NCCs é uma disfunção chave na patogênese de RCPS, nós providenciamos evidência por meio 

de análise de transcriptoma que o comprometimento da dinâmica de adesão celular está 

implicado nessa disfunção e envolve componentes de interação das células com a matriz 

extracelular (ECM). Ademais, nós sugerimos que defeitos nos ribossomos contribuem para a 

patogênese da SRCP, desde que splicing aberrante assim como alteração nos níveis proteicos de 

componentes ribossomais foram identificados em NCCs derivadas de pacientes. Elucidando os 

mecanismos patogênicos envolvidos na SRCP também auxilia no entendimento da etiologia de 

outras síndromes craniofaciais e de como mutações em genes de função básica e ubíqua como o 

EIF4A3 leva a fenótipos específicos. Finalmente, nós desenvolvemos um protocolo simples para 

a rápida geração de NCCs in vitro de uma maneira que recapitule os múltiplos estágios do 

desenvolvimento das NCCs desde a NPB. Esse método representa uma abordagem promissora 

para o melhor entendimento do desenvolvimento craniofacial humano.  
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ADDITIONAL PUBLICATIONS 

 

I- Savastano CP, Brito LA, Faria ÁC, Setó-Salvia N, Peskett E, Musso CM, 

Alvizi L, Ezquina SAM, James C, GOSgene, Beales P, Lees M, Moore GE, 

Stanier P, Passos-Bueno MR. Impact of rare variants in ARHGAP29 to the 

etiology of oral clefts: role of loss-of-function vs missense variants. 

Clinical Genetics 91:683-689, 2017.  

https://doi.org/10.1111/cge.12823 

 

ARHGAP29 has emerged as a candidate gene associated to non-syndromic cleft lip 

with or without cleft palate (NSCL/P), a complex congenital malformation. In this 

study, we assessed the clinical impact of rare variants in this gene in a cohort of 

familial NSCL/P cases. A significant mutational burden was found for loss-of-

function (LoF) variants but not for missense variants in ARHGAP29. This data 

pinpointed rare variants leading to haploinsufficiency of ARHGAP29 as an 

important etiological clefting mechanism.  
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II- Alves LU, Santos S, Musso CM, Ezquina SAM, Opitz JM, Kok F, Otto PA, 

Mingroni-Netto RC. Santos syndrome is caused by mutation in the 

WNT7A gene.  Journal of Human Genetics 62:1073-1078, 2017. 

https://doi.ORG/10.1038/jhg.2017.86 

 

Santos syndrome (SS) is mainly characterized by fibular agenesis/hypoplasia, 

hypoplastic femora, clubfeet, oligodactyly, and ungual hypoplasia/anonychia. In 

this study, we used linkage studies and exome sequencing to describe a novel 

variant in WNT7A as the cause of SS.  
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III- Araujo BHS, Kaid C, De Souza JS, Gomes Da Silva S, Goulart E, Caires 

LCJ, Musso CM, Torres LB, Ferrasa A, Herai R, Zatz M, Okamoto OK, 

Cavalheiro EA. Down Syndrome iPSC-Derived Astrocytes Impair Neuronal 

Synaptogenesis and the mTOR Pathway In Vitro. Molecular Neurobiology 

55:5962-5975, 2018. 

https://doi.org/10.1007/s12035-017-0818-6 

 

Induced pluripotent stem-cell (iPSC) technology has provided a valuable tool for 

assessing specific cell types affected by Down syndrome (DS), such as neurons and 

astrocytes. In this study, we demonstrated that astrocytes may play a key role in 

the hyperactivation of the Akt/mTOR axis observed in DS brains, using patient-

derived iPSCs. Further research in this direction will improve our understanding of 

DS etiology and facilitate the development of new therapeutic approaches.   
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Abstract Several methods have been used to study the
neuropathogenesis of Down syndrome (DS), such as mouse
aneuploidies, post mortem human brains, and in vitro cell
culture of neural progenitor cells. More recently, induced plu-
ripotent stem cell (iPSC) technology has offered new ap-
proaches in investigation, providing a valuable tool for study-
ing specific cell types affected by DS, especially neurons and
astrocytes. Here, we investigated the role of astrocytes in DS
developmental disease and the impact of the astrocyte
secretome in neuron mTOR signaling and synapse formation
using iPSC derived fromDS and wild-type (WT) subjects. We
demonstrated for the first time that DS neurons derived from
hiPSC recapitulate the hyperactivation of the Akt/mTOR axis
observed in DS brains and that DS astrocytes may play a key
role in this dysfunction. Our results bear out that 21 trisomy in

astrocytes contributes to neuronal abnormalities in addition to
cell autonomous dysfunctions caused by 21 trisomy in neu-
rons. Further research in this direction will likely yield addi-
tional insights, thereby improving our understanding of DS
and potentially facilitating the development of new therapeu-
tic approaches.

Keywords Down syndrome . Induced pluripotent stem cell .

mTOR pathway . Astrocyte

Introduction

Down syndrome (DS) is the most common cause of
genetic intellectual disability (ID), and its worldwide
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IV- Caires LCJ, Goulart E, Melo US, Araujo BHS, Alvizi L, Soares-Schanoski A, 

Oliveira, DF, Kobayashi GS, Griesi-Oliveira K, Musso CM, Amara M, Silva 

LF, Astray RM, (…) Passos-Bueno MR, Zatz M. Discordant congenital Zika 

syndrome twins show differential in vitro viral susceptibility of neural 

progenitor cells. Nature Communications 9:475, 2018. 

https://doi.ORG/10.1038/s41467-017-02790-9 

 

Congenital Zika syndrome (CZS) affects early brain development by impairment of 

neural progenitor cells (NPCs). In this study, we analyzed discordant CZS dizygotic 

twins by comparing RNA-seq of iPSC-derived NPCs. We demonstrated a different 

gene expression signature of mTOR and Wnt pathway regulators in NPCs from CZS-

affected compared to unaffected babies, prior to Zika virus infection. In addition, 

cell samples from CZS-affected twins showed higher virus replication and reduced 

cell growth. A monogenic model of resistance or susceptibility to CZS was excluded 

by whole-exome analysis.   
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ARTICLE

Discordant congenital Zika syndrome twins show
differential in vitro viral susceptibility of neural
progenitor cells
Luiz Carlos Caires-Júnior et al.#

Congenital Zika syndrome (CZS) causes early brain development impairment by affecting

neural progenitor cells (NPCs). Here, we analyze NPCs from three pairs of dizygotic twins

discordant for CZS. We compare by RNA-Seq the NPCs derived from CZS-affected and CZS-

unaffected twins. Prior to Zika virus (ZIKV) infection the NPCs from CZS babies show a

significantly different gene expression signature of mTOR and Wnt pathway regulators, key

to a neurodevelopmental program. Following ZIKV in vitro infection, cells from affected

individuals have significantly higher ZIKV replication and reduced cell growth. Whole-exome

analysis in 18 affected CZS babies as compared to 5 unaffected twins and 609 controls

excludes a monogenic model to explain resistance or increased susceptibility to CZS

development. Overall, our results indicate that CZS is not a stochastic event and depends on

NPC intrinsic susceptibility, possibly related to oligogenic and/or epigenetic mechanisms.
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V- Oliveira D, Leal GF, Sertié AL, Caires LCJ, Goulart E, Musso CM, Oliveira 

JRM, Krepischi ACV, Vianna-Morgante AM, Zatz M. 10q23.31 

microduplication encompassing PTEN decreases mTOR signalling activity 

and is associated with autosomal dominant primary microcephaly. 

Journal of Medical Genetics 0:1-5, 2018. 

http://dx.doi.org/10.1136/jmedgenet-2018-105471 

 

Hereditary primary microcephaly (MCPH) is an autosomal dominant condition, 

characterized by decreased occipitofrontal circumference and intellectual 

disability. In this study, we identified a microduplication at 10q23.31 leading to 

a downregulation of the mTOR signaling pathway through overexpression of 

PTEN, as the causative variant of MCPH in a Brazilian family.  
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ABSTRACT
Background Hereditary primary microcephaly (MCPH) 
is mainly characterised by decreased occipitofrontal 
circumference and variable degree of intellectual 
disability. MCPH with a dominant pattern of inheritance 
is a rare condition, so far causally linked to pathogenic 
variants in the ALFY, DPP6, KIF11 and DYRK1A genes.
Objective This study aimed at identifying the causative 
variant of the autosomal dominant form of MCPH in a 
Brazilian family with three affected members.
Methods Following clinical evaluation of two sibs 
and their mother presenting with autosomal dominant 
MCPH, array comparative genome hybridisation was 
performed using genomic DNA from peripheral blood of 
the family members. Gene and protein expression studies 
were carried out in cultured skin fibroblasts.
Results A 382 kb microduplication at 10q23.31 
was detected, encompassing the entire PTEN, KLLN 
and ATAD1 genes. PTEN haploinsufficiency has been 
causally associated with macrocephaly and autism 
spectrum disorder and, therefore, was considered 
the most likely candidate gene to be involved in this 
autosomal dominant form of MCPH. In the patients’ 
fibroblasts, PTEN mRNA and protein were found to 
be overexpressed, and the phosphorylation patterns 
of upstream and downstream components of the 
mammalian target of rapamycin (mTOR) signalling 
pathway were dysregulated.
Conclusions Taken together, our results demonstrate 
that the identified submicroscopic 10q23.31 duplication 
in a family with MCPH leads to markedly increased 
expression of PTEN and reduced activity of the mTOR 
signalling pathway. These results suggest that the most 
probable pathomechanism underlying the microcephaly 
phenotype in this family involves downregulation of the 
mTOR pathway through overexpression of PTEN.

INTRODUCTION
Hereditary primary microcephaly (MCPH), char-
acterised by occipitofrontal circumference (OFC) 
two or three SD below the population mean,1 2 is 
a genetically heterogeneous disorder whose overall 
incidence varies across different populations, from 
1.3 to 150 per 100 000 newborns. The population 
prevalence of this condition is directly related to 
the rates of endogamy, since most cases of MCPH 
have an autosomal recessive mode of inheritance.1 3 

Nevertheless, families have been reported, in which 
MCPH has either autosomal dominant or X linked 
inheritance.1 4

Patients with MCPH often display varying degrees 
of intellectual disability (ID), which is correlated to 
the level of brain hypoplasia. Despite being struc-
turally smaller, the patients’ brains usually exhibit 
normal cytoarchitecture,2 suggesting that the genes 
implicated in MCPH have an important role in 
determining human brain size. For instance, the 
ASPM gene, associated with autosomal recessive 
MCPH, has been reported as undergoing positive 
selection for cortical size expansion during recent 
primate evolution.5

The main processes through which MCPH-
linked genes regulate brain growth involve those 
associated with neural progenitor cells (NPCs) divi-
sions. During neocortical development, these cells, 
particularly concentrated at ventricular zone (VZ) 
and subventricular zone (SVZ) of the developing 
telencephalon, undergo both symmetric and asym-
metric divisions, which maintain the stem cell pool 
and generate newborn neurons that, through radial 
migration, originate the cortical plate.6 Accurate 
positioning of centrosomes and spindles is essential 
for proper NPCs division and cortical development, 
since vertical cleavage planes perpendicular to the 
VZ and SVZ usually result in symmetric divisions, 
while horizontal cleavages lead to asymmetric divi-
sions.6 Most of the known pathogenic variants 
responsible for autosomal recessive MCPH are in 
genes encoding centrosomal proteins or proteins 
required for spindle formation and function, such as 
ASPM, CEP152, CEP235, CENPJ and CDK5RAP2. 
In addition, disruption of chromatin dynamics and 
condensation, caused by pathogenic variants in the 
PCH1 and MCPH1 genes, has also been implicated 
in the pathogenesis of autosomal recessive MCPH.7

Patients with autosomal dominant MCPH4 
usually show moderate-to-mild ID or no cogni-
tive impairment. The term ‘silent microcephaly’ 
has been proposed to refer to this entity without 
any neurological or dysmorphic manifestations.4 
Recently, linkage studies and exome sequencing 
identified a pathogenic variant in the ALFY gene, 
which encodes an autophagy scaffold protein, 
segregating along with microcephaly through three 
generations of a family.8 Functional studies using 
animal models showed that the mutated protein 
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Craniofrontonasal syndrome (CFNS) is an X-linked disorder caused mainly by 

mutations in the coding region of EFNB1. In this study, we described a CFNS female 

patient carrying a variant located at c.-411, which creates a novel upstream ATG 

(uATG) within the EFNB1 5’UTR and alters an existing upstream open reading frame 

(uORF). We demonstrated the regulatory impact of uATG formation on EFNB1 

protein levels, associating uORF disturbance with the etiology of CFNS. 
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located at c.–411, creating a new upstream ATG (uATG) in 
the 5 ′ UTR of  EFNB1,  which is predicted to alter an existing 
uORF. Dual-luciferase reporter assays showed significant re-
duction in protein translation, but no difference in the mRNA 
levels. Our study demonstrates, for the first time, the regula-
tory impact of uATG formation on EFNB1 levels and suggests 
that this should be the target region in molecular diagnosis 
of CFNS cases without pathogenic variants in the coding and 
splice sites regions of  EFNB1 .  © 2018 S. Karger AG, Basel 

 Craniofrontonasal syndrome (CFNS; OMIM 304110) 
is a rare X-linked dominant disorder caused by loss-of-
function mutations in  EFNB1  [Twigg et al., 2004; Wieland 
et al., 2004]. Greater severity is observed in heterozygous 
female patients compared with hemizygous male individ-
uals. Female patients can present with severe hyper-
telorism, a central nasal groove, craniofacial asymmetry, 
and coronal craniosynostosis associated with extracranial 
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 Abstract 
 Craniofrontonasal syndrome (CFNS) is an X-linked disorder 
caused by  EFNB1  mutations in which females are more se-
verely affected than males. Severe male phenotypes are as-
sociated with mosaicism, supporting cellular interference 
for sex bias in this disease. Although many variants have 
been found in the coding region of  EFNB1 , only 2 pathogen-
ic variants have been identified in the same nucleotide in 
5 ′ UTR, disrupting the stop codon of an upstream open read-
ing frame (uORF). uORFs are known to be part of a wide 
range of post-transcriptional regulation processes, and just 
recently, their association with human diseases has come to 
light. In the present study, we analyzed  EFNB1  in a female 
patient with typical features of CFNS. We identified a variant, 
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Colony stimulating factor 1 receptor (CSF1R) plays key roles in 

monocyte/macrophage lineage development. It is known that a progressive 

neurodegenerative disorder named hereditary diffuse leukoencephalopathy with 

spheroids (HDLS) is caused by mono-allelic mutations in CSF1R. In this study, we 

report bi-allelic mutations in five affected individuals who had brain malformations 

and skeletal dysplasia. We characterized a unique human skeletal phenotype 

caused by CSF1R deficiency.  
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ARTICLE

Bi-allelic CSF1R Mutations Cause Skeletal Dysplasia
of Dysosteosclerosis-Pyle Disease Spectrum and
Degenerative Encephalopathy with Brain Malformation

Long Guo,1,26 Débora Romeo Bertola,2,3,26,* Asako Takanohashi,4 Asuka Saito,5 Yuko Segawa,6

Takanori Yokota,5 Satoru Ishibashi,5 Yoichiro Nishida,5 Guilherme Lopes Yamamoto,2,3

José Francisco da Silva Franco,2 Rachel Sayuri Honjo,2 Chong Ae Kim,2 Camila Manso Musso,3

Margaret Timmons,7 Amy Pizzino,4 Ryan J. Taft,8 Bryan Lajoie,8 Melanie A. Knight,9

Kenneth H. Fischbeck,9 Andrew B. Singleton,10 Carlos R. Ferreira,11 Zheng Wang,1,12 Li Yan,13

James Y. Garbern,14,27 Pelin O. Simsek-Kiper,15 Hirofumi Ohashi,16 Pamela G. Robey,17 Alan Boyde,18

Naomichi Matsumoto,19 Noriko Miyake,19 Jürgen Spranger,20,21 Raphael Schiffmann,22

Adeline Vanderver,4 Gen Nishimura,23 Maria Rita dos Santos Passos-Bueno,3 Cas Simons,24,25

Kinya Ishikawa,5 and Shiro Ikegawa1,*

Colony stimulating factor 1 receptor (CSF1R) plays key roles in regulating development and function of themonocyte/macrophage line-

age, including microglia and osteoclasts. Mono-allelic mutations of CSF1R are known to cause hereditary diffuse leukoencephalopathy

with spheroids (HDLS), an adult-onset progressive neurodegenerative disorder. Here, we report seven affected individuals from three

unrelated families who had bi-allelic CSF1Rmutations. In addition to early-onset HDLS-like neurological disorders, they had brain mal-

formations and skeletal dysplasia compatible to dysosteosclerosis (DOS) or Pyle disease. We identified five CSF1R mutations that were

homozygous or compound heterozygous in these affected individuals. Two of themwere deep intronic mutations resulting in abnormal

inclusion of intron sequences in the mRNA. Compared with Csf1r-null mice, the skeletal and neural phenotypes of the affected individ-

uals appeared milder and variable, suggesting that at least one of the mutations in each affected individual is hypomorphic. Our results

characterized a unique human skeletal phenotype caused by CSF1R deficiency and implied that bi-allelic CSF1Rmutations cause a spec-

trum of neurological and skeletal disorders, probably depending on the residual CSF1R function.

Colony stimulating factor 1 (CSF1) regulates survival, pro-
liferation, differentiation, and phagocytic and chemotactic
activity of cells from the monocyte/macrophage lineage,
which could be specialized as microglia in brain and as os-
teoclasts in bone.1 The effects of CSF1 are mediated by its
receptor, CSF1R, which triggers multiple signal transduc-
tion pathways.2 CSF1R is expressed not only in cells of he-
matopoietic origin, but also in non-hematopoietic cells
including Paneth cells,3 renal proximal tubule epithelial
cells,4 oocyte and female reproductive tract,5 as well
as decidual cells and trophoblastic cells.6 The pleiotropic

effects of CSF1R deficiency have been under study
extensively.
In mouse, bi-allelic Csf1r deficiency is reported to cause

sclerosing skeletal dysplasia and gross anatomical abnor-
malities in developing brains, leading to death within
6 weeks.7–9 In contrast, Csf1rþ/" mice gradually develop
cognitive and sensorimotor deficits, depression with anx-
iety-like behavior, and enlarged ventricles from 6 months
of age.10 In humans, CSF1R mono-allelic mutations,
which are considered to cause haploinsufficiency or
dominant-negative effects, lead to hereditary diffuse
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