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Résumé 

L'œsophage et la trachée proviennent du diverticule endodermique du tube de l'intestin antérieur 

au cours de l'embryogenèse. Des événements cellulaires et moléculaires bien régulés et organisés 

entraînent la séparation du tube de l'intestin antérieur en œsophage et trachée. Cette séparation est 

encore mal connue et la perturbation de ce processus se traduit par une anomalie congénitale sévère 

telle qu'une l’atrésie de l'œsophage avec ou sans fistule trachéo-œsophagienne (AO/FTO). 

L'AO/FTO est l'une des malformations congénitales gastro-intestinales les plus courantes affectant 

1 naissance sur 3000. Cette malformation nécessite une intervention chirurgicale urgente à la 

naissance et est fréquemment associée à une morbidité à long terme. Les mécanismes sous-jacents 

au développement embryonnaire de l'AO/FTO sont mal compris. Les modèles animaux ont été 

largement utilisés pour comprendre les maladies humaines depuis des décennies et ont 

considérablement contribué à la compréhension du développement de l'œsophage. Cependant, des 

différences structurelles et morphologiques clés existent entre l'œsophage humain et animal, ce qui 

nécessite un modèle plus fiable pour comprendre le développement trachée-œsophagien. 

Les cellules souches pluripotentes induites par l'homme ont été un outil précieux pour comprendre 

l'organogenèse en imitant le développement et en déchiffrant les mécanismes qui conduisent à des 

maladies congénitales et acquises. Cette thèse se concentre donc sur l'utilisation de cellules souches 

pluripotentes induites (IPS) par des patients pour déchiffrer les mécanismes de signalisation 

impliqués dans le développement de l'œsophage et les maladies congénitales telles que l’OA/FTO. 

Il étudie également l'une des maladies œsophagiennes acquises possibles, comme l'œsophage de 

Barrett. Nous avons orienté la différenciation des IPS saines et dérivées de patients vers différents 

stades de développement, tels que l'endoderme définitif, l'intestin antérieur, l'épithélium 

œsophagien et trachéal. De plus, l'épithélium œsophagien a été développé davantage dans un 

environnement tridimensionnel sans matrice pour générer des organoïdes œsophagiens matures. À 

chaque étape de la progression du développement, des analyses d'immunofluorescence, de qPCR 

et de séquençage d'ARN ont été effectuées. Nos résultats suggèrent que l'expression des marqueurs 

endodermiques CXCR4, SOX17, et GATA4 était similaire dans les cellules différenciées des 

patients et des cellules saines. Cependant, au stade de l'intestin antérieur, nous avons observé une 

diminution significative de l'expression des gènes et des protéines du facteur transcriptionnel clé 

SOX2 dans les cellules dérivées du patient. De plus, en utilisant le séquençage d'ARN à molécule 

unique, nous avons observé que les gènes critiques GSTM1, et RAB37 impliqués dans la 
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morphogenèse cellulaire et associés à l’OA/FTO étaient dérégulés au stade de l'intestin antérieur 

dans les cellules dérivées du patient. Nous avons également observé une augmentation significative 

de l'expression du facteur de transcription NKX2.1 habituellement exprimé uniquement dans les 

cellules trachéales, dans l'épithélium oesophagien dérivé du patient. NKX2.1 est maintenue dans 

les organoïdes oesophagiens matures même après 2 mois.  

Ensuite, nous voulions valider l'utilisation potentielle de nos organoïdes dérivés des IPS pour 

modéliser les maladies acquises de l'œsophage telles que l'œsophage de Barrett. Nous avons induit 

une métaplasie ou transformation épithéliale avec surexpression de BMP4 dans des organoïdes de 

l'œsophage sains et dérivés du patient sur une période d'un mois. Nos résultats préliminaires 

montrent que les organoïdes de l'œsophage dérivés des patients exprimaient des niveaux d'ARNm 

plus élevés de MUC5AC, un marqueur épithélial cylindrique par rapport au groupe sain. Cela 

suggère une plus grande sensibilité de l'organoïde de l'œsophage dérivé du patient aux changements 

epitheliales métaplasiques. 

En conclusion, nous avons développé les premiers organoïdes œsophagiens tridimensionnels 

matures sans matrice différenciés des patients OA/FTO et identifié une signature moléculaire 

unique dans les cellules dérivées du patient au cours de la différenciation dirigée de l'œsophage. 

De plus, sur la base des résultats préliminaires, nous avons pu confirmer l'incidence plus élevée de 

l'œsophage de Barrett chez les patients OA/FTO par rapport au groupe sain. 

Notre travail met donc en évidence l'importance de l'utilisation des IPS dérivées des patients pour 

modéliser les maladies œsophagiennes congénitales et acquises afin de fournir de nouvelles 

informations sur le développement des organes au cours de l'embryogenèse.  

 

Mots clés : Atrésie œsophagienne/Fistule trachéo-œsophagienne, cellules souches 
pluripotentes induites, organoïdes œsophagiens, œsophage de Barrett.	
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Abstract 

The esophagus and trachea originate from the endodermal diverticulum of the anterior foregut tube 

during embryogenesis. Well-regulated and organized cellular and molecular events result in the 

compartmentalization of the anterior foregut tube into the esophagus and trachea. This 

compartmentalization is still poorly understood and disruption in this process results in a severe 

congenital anomaly such as esophageal atresia with or without tracheoesophageal fistula 

(EA/TEF). EA/TEF is one of the most common gastrointestinal congenital defects affecting 1 in 

3,000 births. This malformation requires urgent surgery at birth and is frequently associated with 

long-term morbidity. The mechanisms underlying the embryonic development of EA/TEF are 

poorly understood. Animal models have been widely used to understand human diseases for 

decades and have significantly contributed to the understanding of esophageal development. 

However, key structural and morphological differences exist between human and animal 

esophagus, thus necessitating a more reliable model to understand trachea-esophageal 

development. Human induced pluripotent stem cells (iPSC) have been a valuable tool to understand 

organogenesis by mimicking development and deciphering mechanisms that lead to congenital and 

acquired diseases. This thesis therefore focuses on the use of patient-derived induced pluripotent 

stem cells to decipher signaling mechanisms involved in esophageal development and congenital 

diseases such as EA/TEF.  It also focuses on one of the possible acquired esophageal diseases, 

namely, Barrett’s esophagus. We directed the differentiation of healthy and patient-derived iPSCs 

toward different developmental stages, such as definitive endoderm, anterior foregut, esophageal 

and tracheal epithelium. Furthermore, the esophageal epithelium was matured further in a matrix 

free 3-dimensional environment to generate mature esophageal organoids. At each stage of 

development progression, immunofluorescence, qPCR, and RNA sequencing analysis were 

performed. Our findings suggest that the expression of endodermal markers CXCR4, SOX17, and 

GATA4, were similar in both patient and healthy differentiated cells. However, at the anterior 

foregut stage, we observed a significant decrease in the gene and protein expression of key 

transcription factor SOX2 in patient-derived cells. Furthermore, using nanopore RNA sequencing, 

we observed that critical genes GSTM1, and RAB7 involved in cellular morphogenesis and 

associated with EA/TEF to be dysregulated at the anterior foregut stage in patient-derived cells. 

We also observed a significant increase in the expression of transcription factor NKX2.1, usually 
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expressed only in tracheal cells, in the patient-derived esophageal epithelium. NKX2.1 expression 

was maintained in matured esophageal organoids even after 2 months. 

Next, we wanted to validate the potential use of our PSC-derived organoids to model acquired 

esophagus diseases such as Barrett’s esophagus (BE). We induced epithelial metaplasia with BMP4 

overexpression in healthy and patient-derived esophagus organoids over a 1-month period. Our 

preliminary results show that patient-derived esophagus organoids expressed higher mRNA levels 

of MUC5AC, an epithelial columnar marker compared with the healthy group. This suggests a 

higher susceptibility of patient-derived esophagus organoid to metaplastic changes. 

In conclusion, we developed the first matrix free mature 3-dimensional esophageal organoids 

differentiated from EA/TEF patient-derived and identified a unique molecular signature in patient 

derived cells during directed esophagus differentiation. Furthermore, based on the preliminary 

results, we could confirm the higher incidence of Barrett’s esophagus in EA/TEF patients compared 

with the healthy group. 

Our work therefore highlights the significance of using patient-derived iPSCs to model congenital 

and acquired esophageal diseases to yield new insights on organ development during 

embryogenesis. It lays the foundation for a personalized medical approach to other diseases and 

the ones affecting the whole gastrointestinal system in both children and adults. 

 

Keywords: Esophageal atresia/Tracheoesophageal fistula, induced pluripotent stem cells, 

esophageal organoids, Barrett’s esophagus. 
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CHAPTER 1 – Introduction 
Adapted and modified from: Genetic Mouse Models and Induced Pluripotent Stem Cells for 
Studying Tracheal-Esophageal Separation and Esophageal Development. Stem Cells Dev, 
Stem Cells Dev. 2020 Aug 1;29(15):953-966. 

Raad S., David A., Faure C. 

 

Authors' contribution: SR, AD and CF wrote the manuscript. SR illustrated the figures. AD and 

CF reviewed the manuscript. 

 

1. Overview 

The esophagus is a hollow muscular tube located between the pharynx and the cardia of the 

stomach and the only section of the gastrointestinal tract lacking any digestive or absorptive 

properties. The primary function of the esophagus is facilitating the passage of food from the mouth 

to the stomach and preventing acid refluxes. Mucus produced by the esophageal wall provides 

lubrication to ease the transport of ingested boli. Any residual material is propelled towards the 

stomach by active peristaltic contractions in the smooth muscles of the esophagus. During 

embryonic development, the esophagus originates from an endodermal diverticulum in the anterior 

region of the foregut tube. Highly regulated cellular behavior and molecular events are responsible 

for separating the common foregut tube into the esophagus and the trachea (Jacobs, Ku, and Que 

2012), whereas epithelial biogenesis establishes proper epithelial morphogenesis of the esophagus 

and the trachea. Following foregut separation, the esophagus is lined with columnar cells, which 

then transform into a stratified squamous epithelium surrounded by two layers of smooth muscle 

with embedded enteric nerves and glial cells (Yu, Slack, and Tosh 2005). By contrast, the trachea 

is lined with pseudostratified epithelium and C-shaped cartilage rings (Perl et al. 2002). 

Disturbances in the crucial signaling mechanisms during embryo development may lead to severe 

esophageal congenital anomalies, such as esophageal atresia with or without tracheoesophageal 

fistula (EA/TEF) (van Lennep et al. 2019). The same signaling pathways have been associated later 

in life with the pathogenesis of esophageal diseases such as Barrett’s esophagus that affect the 

epithelial cellular morphology (Peters and Avisar 2010).   
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2. Foregut separation and esophagus development 

The esophagus and trachea originate from a common endodermal tube, the anterior foregut. 

At 4-5 weeks of human embryonic development, and mouse embryonic day 11.5 (E11.5), the 

anterior foregut is patterned down the sagittal axis, to separate dorsally into the esophagus 

(digestive system), and ventrally into the trachea (respiratory system) (Figure 1) (Jacobs, Ku, and 

Que 2012) and are surrounded by the splanchnic mesoderm. The bidirectional communication 

between the foregut endoderm and mesoderm plays a critical role in orchestrating esophageal and 

tracheal development (Han Lu  et al. 2019). The nascent esophageal epithelium is made up of a 

single layer of cuboidal ciliated cells, which is gradually replaced with stratified squamous 

epithelial cells with a basal proliferative layer. Structural differences exist between the human and 

mouse esophageal epithelium such as the human esophageal epithelium is non-keratinized cell 

layers folded along papillae (Barbera et al. 2015), whereas, the murine esophageal epithelium is 

keratinized and contains fewer cell layers (Marques-Pereira and Leblond 1965). Submucosal 

glands are only found in the human esophageal epithelium serving as a source of progenitor cells 

in response to cell injury (Garman 2017). The trachea is lined with pseudostratified columnar 

epithelium in both humans and mice (Figure 2). 

Very little is known about what initiates the anterior foregut compartmentalization into the 

esophagus and trachea and the exact molecular and cellular mechanisms involved. Several models 

of foregut compartmentalization have been proposed to explain this compartmentalization of the 

anterior foregut (Billmyre, Hutson, and Klingensmith 2015) and they all suggest a dynamic 

crosstalk between the endoderm and mesoderm during separation and subsequent epithelial 

morphogenesis: 1) the outgrowth model (O'Rahilly and Muller 1984) , 2) the watershed model 

(Sasaki, Kusafuka, and Okada 2001) and 3) the septation model (Qi and Beasley 2000) in rat 

embryos. The septation model hypothesizes that separation initially occurs at the origination of 

lung buds and progresses in a rostral direction along the dorsal-ventral (D/V) midline to form a 

saddle separating the two tubes (Figure 1B) (Qi and Beasley 2000) and this epithelial saddle 

composed of cells from the lung buds and future esophagus is initiated at E9.5 foregut (Que 2015). 

Recent studies have shown that the fusion of lateral mesenchymal ridges mirrors the development 

of the esophagus and the trachea. Kim et al. (2019) observed a unique epithelial population termed 

midline epithelial cells (MECs) at the D/V boundary, which fuses to form a septum leading to the 

formation of the trachea and esophagus (Kim et al. 2019).  In another study using mouse and 
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Xenopus models, Nasr et al. (2019) suggested that epithelial remodeling requires a small GTPase 

endosomal protein Rab11, and extracellular degradation allowing the mesenchyme to invade and 

resolve the septum using the Hedgehog/Gli signaling pathway (Nasr et al. 2019) Therefore, the 

septation model seems to be the most consistent with experimental evidence. 

At week four of human embryogenesis (E9-9.5 in the mouse), neural crest cells (NCCs) scatter on 

the dorsal side of the foregut and encircle the gut. Muscle differentiation begins when NCCs enter 

the primitive gut (Obermayr et al. 2013) and by the end of week 6 (E14 in the mouse), NCCs have 

migrated within the mesenchyme surrounding the primitive esophagus and starts to form the 

myenteric plexus. In the Mash1-/- mouse knockout model which is characterized by the absence of 

enteric neurons in the anterior foregut, the development of the esophagus is not altered, suggesting 

that intrinsic neurons do not play a significant role in the separation of the foregut (Guillemot et al. 

1993). By week 8 (E15 in the mouse), the NCCs are located external to the presumptive esophageal 

internal circular smooth muscle cells (Hao et al. 2016; Wallace and Burns 2005) and at birth, the 

lower segment of the esophagus consists of smooth muscle cells and the upper segment consists of 

striated muscles that originate from cranial mesoderm (Gopalakrishnan et al. 2015). 

 

Figure 1. Development of esophagus and congenital anomalies: (A) At weeks 4-5 of human embryonic 

development, the anterior foregut tube is patterned down the sagittal axis to separate dorsally into the esophagus and 

ventrally into the trachea. (B) The ventral foregut endoderm evaginates and pushes the surrounding mesenchyme to 

form the two presumptive lung buds. The separation between ventral and dorsal endoderm starts and progresses in a 

rostral direction. (C) Intact normal separation of the esophagus in blue and trachea in green. (D) Patterning anomalies 

lead to the development of congenital anomalies such as esophageal atresia/Tracheoesophageal fistula. Adapted from 

(Raad et al. 2020) 

T: Trachea, L: Lungs, E: Esophagus, S: Stomach, EA: Esophageal atresia, TEF: Tracheoesophageal fistula 



 4 

 

Figure 2. Epithelial morphogenesis of the esophagus and trachea: (A) Pluripotent stem cells with characteristics 

of high nucleus-cytoplasm ratio, prominent nucleoli, and formation of compact colonies. (B) The definitive endoderm 

is made up of a single flat epithelial sheet with a supporting mesoderm. (C) 3-5 epithelial cell layer makes up the 

foregut epithelium, which is then patterned along the D/V axis to give rise to (D) esophageal cuboidal ciliated 

progenitor epithelium. (E) Esophageal progenitors then further mature to become a stratified squamous epithelium 

with a basal proliferative layer and a suprabasal layer and (F) tracheal pseudostratified columnar tracheal epithelium. 

Adapted from Raad et. al (2020). 

 

3. Signaling networks regulating foregut separation and subsequent epithelial 

morphogenesis 

During embryonic development, the intrinsic potency and the surrounding environment 

determine the epithelial cell fate. Cells are organized by a process known as pattern formation, 

which depends on the regional specification caused by morphogen gradients of diffusing 

molecules. These molecules are involved in specific signaling pathways leading to the activation 

or inhibition of different transcription factors, thus determining cell fate and commitment. Mice 

esophageal development studies have shown that cells within the common foregut tube are 

patterned along the D/V axis to give rise to the esophagus and trachea on the dorsal and ventral 

side, respectively, depending on the transcription factors such as SOX2 (dorsal side) and NKX2.1 

(ventral side).  Other essential signaling molecules and pathways that are also involved in the 

bifurcation and subsequent epithelial morphogenesis of the esophagus and trachea include Bone 
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morphogenetic proteins (BMP), WNT/ß-catenin, Hedgehog, Fibroblast growth factors (FGF), and 

retinoic acid (RA) (Figure 3).  

 

 3.1 Transcription factors SOX2 and NKX2.1: the key players in foregut specification 

SOX2, a member of the SOX family, is a conserved transcription factor essential in 

maintaining stem cell pluripotency (Adachi et al. 2010) and is expressed in diverse and dynamic 

patterns during embryogenesis and also involved in early cell fate decisions (Sarkar and 

Hochedlinger 2013). In foregut derived organs, SOX2 expression levels vary. It is expressed on the 

dorsal side of the endodermal foregut tube where the esophagus will develop, whereas NKX2.1 is 

expressed on the ventral side, where the trachea arises (Figure 3A). The temporal and spatial 

regulation of expression of SOX2 and NKX2.1 in the dorsal and ventral regions of the foregut 

promotes proper foregut separation into the esophagus and trachea (Que et al. 2007). Defects in the 

expression levels of SOX2 or NKX2.1 results in abnormal foregut compartmentalization. The 

critical role of SOX2 in esophageal development has been demonstrated in mice models with 

anterior foregut specific SOX2 deficiency. Conditional deletion of Sox2 in Foxa2CreER; Sox2loxp/loxp 

mice, results in the loss of the esophagus (Teramoto et al. 2020a). Furthermore, when SOX2 is 

reduced to 30% of normal levels, more than 50% of mouse mutants displayed esophageal 

anomalies like EA/TEF (Que et al. 2007). In NKX2.1 null mice, the foregut fails to separate, and 

the resulting tube is of esophageal identity with SOX2 expressed throughout the foregut tube 

(Minoo et al. 1999; Que et al. 2007). Trisno et al. 2018 investigated the role of SOX2 in esophagus 

specification and found that SOX2 inhibits WNT signaling by promoting the expression of WNT 

inhibitors such as SRRP1, SFRP2 and DKK1. The WNT signaling as discussed below, is an 

essential pathway in promoting respiratory fate specification. Furthermore, they also observed that 

in Sox2-deletion mouse mutants, transcript levels of downstream target Axin2 was upregulated in 

the dorsal foregut (Trisno et al. 2018). This supports the view on the critical role of SOX2 in 

specifying esophagus fate during foregut development. 

It is hypothesized that SOX2 and NKX2.1 repress each other; however, the mechanisms 

involved in this repression remain unclear (Jacobs, Ku, and Que 2012; Edwards et al. 2021). 

Recently it was demonstrated that NKX2.1 binds silencer sequences near the SOX2 gene and 

represses its expression. NKX2.1 was also shown to directly repress other esophageal genes such 
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as Klf5 (Kuwahara et al. 2020). However, more than 90% of respiratory-specific transcripts did not 

depend on NKX2.1 expression levels, suggesting that other genes are yet to be explored (Kuwahara 

et al. 2020). Kim et al. (2019) observed that Isl1 regulates the transcription of NKX2.1. The studies 

therefore suggest that proper D/V patterning and the expression of these transcription factors are 

essential to initiate normal separation of the foregut tube (Kim et al. 2019; Nasr et al. 2019; Trisno 

et al. 2018; Teramoto et al. 2020b).  

Following foregut separation, the esophagus is lined with squamous epithelium and the trachea 

with columnar epithelium (Billmyre, Hutson, and Klingensmith 2015). The differentiation of the 

epithelium towards a columnar or a squamous fate is regulated by the expression of SOX2, tumor 

protein 63 (p63), and NKX2.1 (Que et al. 2007; Que et al. 2006). SOX2 and p63 are responsible for 

squamous epithelial differentiation (Jiang et al. 2017), whereas NKX2.1 is responsible for columnar 

epithelium (Jiang et al. 2017; Yuan et al. 2000). During esophageal development, high levels of 

SOX2 stimulate the formation of stratified squamous epithelium and prevent pseudostratified 

columnar epithelium, lining the trachea. SOX2 and p63 are expressed in the basal proliferative layer 

of the stratified squamous epithelium, with lower expression levels in the suprabasal layers. 

Decreased SOX2 expression has been linked to the downregulation of p63 (Que et al. 2007) which 

is involved in the proliferation of the basal layer and the stratification of the epithelium. P63 null 

mice have an esophagus lined with simple columnar epithelium lacking basal cells (Daniely et al. 

2004) and Bailey et al. (2019) recently showed the critical role of the Yes-associated protein (YAP) 

in self-renewal and stratification of the epithelium to a multilayered stratified squamous epithelium 

(Bailey et al. 2019). 

 

3.2. The BMP pathway promotes and spatially restricts respiratory fate in ventral 

anterior foregut epithelium (AFE) 

Bone morphogenetic proteins (BMPs) belong to the Transforming growth factor-ß (TGF-

ß) superfamily and are involved in stem cell proliferation and differentiation (Guasch et al. 2007; 

Oshimori and Fuchs 2012; Rahman et al. 2015). Signaling is normally initiated by ligand-induced 

oligomerization of serine/threonine receptor kinases. This results in phosphorylation of Smad2 and 

Smad3, cytoplasmic signaling molecules for the TGF-ß pathway or SMAD1/5/8 for the BMP 

pathway.  Activated SMADs form a complex with SMAD 4 and then translocate to the nucleus 
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and regulate gene expression by partnering with transcription factors to modulate specific 

transcription. Dual inhibition of BMP/TGF-ß promotes the specification of anterior foregut 

endoderm to dorsal foregut endoderm, which further differentiates to esophagus (Zhang et al. 

2018). BMP4 is mostly expressed in the ventral mesenchyme of the foregut tube right before 

separation, whereas Noggin, a BMP antagonist, is highly expressed in the dorsal endoderm (Que 

et al. 2006) (Figure 3). Conditional ablation of BMP4 or BMP type 1 receptors (Domyan et al. 

2011; Li et al. 2007) results in tracheal agenesis without alteration of NKX2.1 expression (Li et al. 

2007), but an expansion of SOX2 expression in the ventral endoderm (Que 2015; Domyan et al. 

2011). This also suggests the role of BMP4 in inhibiting digestive fate and promoting respiratory 

fate in the ventral AFE (Domyan et al. 2011). Specifically, BMP signaling downstream effectors 

SMAD1/5/8 directly inhibit SOX2 expression in the ventral foregut epithelium whereas the dorsal 

foregut secretes Noggin to restrict BMP activity and maintain SOX2 expression (Domyan et al. 

2011). Noggin misexpression results in failed foregut separation (Pinzon-Guzman et al. 2020) and 

ablation of BMP7 (Li et al. 2007) or of BMP4 function (Que et al. 2006) in Noggin-/- mice rescued 

unsuccessful foregut segregation. Moreover, in Noggin-/- mutants, the fistula connecting the 

trachea and stomach was made up of NKX2.1 positive epithelial cells (Que et al. 2006). Noggin is 

also shown to be required for early notochord formation and delamination (Fausett, Brunet, and 

Klingensmith 2014). Dorsally, Noggin attenuates BMP signaling in the resolving notochord, a 

critical event for proper separation of the foregut tube (Fausett, Brunet, and Klingensmith 2014). 

Therefore, BMP4 inhibits digestive fate and restricts the site of primary bud formation in the ventral 

AFE, whereas Noggin plays a vital role dorsally in proper notochord delamination during foregut 

separation (Domyan et al. 2011; Fausett, Brunet, and Klingensmith 2014). 

After the esophagus is established from the foregut, inhibition of BMP by Noggin is crucial to 

allow the stratification of the squamous epithelium (Figure 2E). Noggin levels in the squamous 

epithelium decrease once esophageal fate is determined. This results in the activation of the BMP 

pathway in the suprabasal differentiated layer, decreasing SOX2 and p63 expression levels (Zhang 

et al. 2017) with increasing levels of mature epithelial markers such as loricrin and Involucrin. 

Inhibition of BMP receptor1a results in a multilayered undifferentiated epithelium, lacking 

suprabasal markers’ expression (Rodriguez et al. 2010). Guyot et al. also showed that the inhibition 

of the TGF-ß pathway along with the BMP pathway further promotes esophageal fate and basal 

esophageal cell expansion in vitro (Guyot and Maguer-Satta 2016). This suggests the dynamic role 
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of the BMP pathway during esophageal epithelium development and maturation which involved 

BMP inhibition for the stratification of the esophageal epithelium followed by its activation for the 

differentiation of the proliferative basal cells into a suprabasal differentiated layer.  

 

3.3. The WNT pathway  

WNT pathway is a conserved pathway that comprises a large family of 19 proteins in 

humans that include the canonical (WNT/β-catenin dependent) or the non-canonical (β-catenin 

independent) pathways. In the canonical WNT/β-catenin signaling pathway, when WNT ligands 

are absent, cytoplasmic β-catenin is phosphorylated by the destruction complex formed by three 

proteins: APC, AXIN, and GSK3β. Phosphorylated β-catenin is recognized by E3 ubiquitin ligase 

β-Trcp and is degraded. Β-catenin is thus maintained at low levels in the cytoplasm. Signaling is 

initiated when WNT proteins interact with receptors of FZD family such as LRP5/6 or ROR2 to 

induce intracellular signaling pathway which passes the signal to the Dishevelled protein. In this 

context, β-catenin destruction complex is disrupted which prevents β-catenin proteasomal 

degradation. This will allow β-catenin to accumulate and localize to the nucleus to induce cellular 

response through gene transduction with the TCF/LEF transcription factors. Canonical WNT 

pathway is necessary for respiratory fate in the anterior foregut promoting lung development while 

inhibiting esophageal cell fate. The WNT ligands, WNT2, and WNT2b are expressed in the 

mesenchyme surrounding the ventral foregut (Figure 3). Suppressed Wnt signaling leads to lung 

and tracheal agenesis affecting NKX2.1 expression in the ventral AFE (Goss et al. 2009; Harris-

Johnson et al. 2009). Wnt5a has been shown to regulate fibroblast growth factor 10 (Fgf10) 

expression during lung formation and was shown to be upstream of Sox2, negatively regulating its 

expression (Volckaert et al. 2013). Continuous activation of the WNT pathway leads to the loss of 

SOX2 expression needed for dorsal patterning and an increase in NKX2.1 expression (Goss et al. 

2009). However, the attenuation of the WNT pathway by SFRP1, SFRP2, and WNT inhibitors, 

ensures SOX2 expression in dorsal foregut promoting esophageal fate (Trisno et al. 2018) (Woo et 

al. 2011) showed that WNT pathway is inhibited by the mesenchymal transcription factor, Barx1. 

However, Wnt/Fgf crosstalk is involved in the specification, regulation, and development of the 

basal cells and cartilage during tracheal development (Hou et al. 2019).  
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3.4. Hedgehog signaling pathway 

Sonic Hedgehog (Shh) signaling pathway regulates important events during development 

and is essential for embryonic development, adult tissue maintenance, and regeneration. Shh 

proteins act in a concentration and time-dependent manner binding to canonical receptor Patched 

and its co-receptors, mediating downstream signal transduction, including dissociation of the 

transcription factors Gli2 and Gli3 proteins (Falkenstein and Vokes 2014). In the absence of a Shh 

signal, Gli2 is degraded, and Gli3 is cleaved into a transcriptional repressor. Shh ligands are 

expressed in the mouse ventral foregut endoderm at E9.5-E10.5 and mediate a paracrine 

communication to activate Gli2 and Gli3 in the surrounding mesoderm before shifting to the dorsal 

epithelium at E11.5 (Rodriguez et al. 2010). The role of Shh signaling in foregut development was 

first observed in Shh-mutant mice where the foregut fails to separate correctly, and the resulting 

esophagus is hypoplastic (Litingtung et al. 1998). Mahlapuu et al. (2001) suggested that SOX2/Shh 

signaling occurs via Foxf1 to support the development of an intact esophagus during foregut 

separation. Loss of Foxf1 has been linked to TEF and the development of small lungs. In mice with 

inactivation of Gli2 and low dosage of Gli3 (Gli2 -/-and Gli3 +/- mutants), a hypoplastic foregut was 

similarly observed, with a small esophagus and hypoplastic trachea and lungs (Motoyama et al. 

1998). This occurs because Gli2 and Gli3 block the expression of Wnt2, Wnt2b and BMP4 in the 

surrounding mesenchyme resulting in failed respiratory specification and foregut separation 

(Rankin et al. 2016). Nasr et al. (2019) demonstrated that Shh/Gli pathway plays a critical role in 

the tracheoesophageal separation and initiates medial constriction by condensation of Foxf1 

mesodermal cells at the Sox2-Nkx2.1 boundary (Figure 3B). 

 

3.5. Retinoic acid and Fibroblast growth factor 10  

RA, an active derivative of Vitamin A, is known as a master regulator of patterning and 

differentiation of many organs. RA has been linked to posteriorizing the foregut and disrupting of 

RA results in abnormal development of posterior foregut organs (Wang et al. 2006; Rhinn and 

Dolle 2012). In RARα1-/- ß -/- mutants, the midline septum in the foregut tube was absent, and the 

resulting lungs were hypoplastic (Mendelsohn et al. 1994; Luo et al. 1996). RA from foregut 

splanchnic mesoderm stimulates the expression of hedgehog ligands in the foregut endoderm 

epithelium. Hedgehog ligands Shh and Ihh, then signal back to the mesoderm to activate Gli 
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transcription factors that induce Wnt2 and Wnt2b, BMP4 in the ventral splanchnic mesoderm 

(Rankin et al. 2016). RA signaling has also been shown to induce the expression of Fgf10, an 

essential morphogen in tracheal differentiation (Chen et al. 2010) and is detected as early as E9.5 

during primary lung bud formation in the anterior mesenchyme surrounding the future trachea and 

is highly expressed in budding sites during lung development in mice (Volckaert and De Langhe 

2015; Chen et al. 2010) (Figure 3A). FGF10 has been shown to upregulate the expression of 

NKX2.1 and downregulate SOX2 (Que et al. 2007). Fgf10 also influences the expression of other 

FGFs, BMPs, Wnts, and Shh during development while regulating polarity, adhesion, and directed 

cell migration indicating its critical role during foregut patterning (Yuan et al. 2018). In Fgf10-null 

mutant mice, normal separation of trachea and esophagus occurs despite the absence of primary 

bud lung formation, which could mean that separation of the foregut is not initiated by primary bud 

induction (Sala et al. 2011). RA has been shown to regulate the expression of Shh in the anterior 

side of the foregut tube before lung bud formation (Rankin et al. 2016) and cross-talks between 

factors such as RA, Shh, and NKX2.1 are essential for foregut separation and subsequent 

trachea/lung development. 

The mechanisms that regulate these signaling pathways, downstream transcription factors, and 

modulators responsible for foregut development and generation of a mature functional esophagus 

remain poorly understood.  
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Figure 3. Signaling networks responsible for D/V patterning and subsequent separation of the anterior foregut 

into either esophageal or respiratory fate: (A) Patterning of the anterior foregut tube is regulated by a complex 

communication network between the mesenchyme (in orange) and the endoderm (in blue or green). Main signaling 

pathways such as BMP, WNT, FGF, SHH are vital in establishing patterning in the AFE. Any disruptions of these 

signaling pathways may lead to segregation defects. (B) Following patterning, segregation of the foregut tube is 

established by a specific epithelial population SOX2+NKX2.1+ ISL1+ orchestrated by mesenchymal cell invasion and 

localized extracellular matrix degradation allowing the intact separation of the foregut tube into the esophagus on the 

dorsal side and the trachea on the ventral side.  Adapted from Raad et. al (2020). 

 

4. Esophagus congenital anomaly: Esophageal atresia/tracheoesophageal fistula 
 
EA/TEF is the most frequent congenital anomaly of the esophagus affecting 1 in 2,500 to 3,000 

births (Nassar et al. 2012) where the upper segment is not connected to the lower part of the 

esophagus and the stomach. In most cases, EA is accompanied by an abnormal connection between 

the esophagus and the trachea, known as a fistula (Figure 4). This malformation requires urgent 

surgery with long-term morbidity, necessitating a lifelong follow-up (Cartabuke, Lopez, and Thota 

2016; Krishnan et al. 2016).  Several types of EA/TEF have been described based on the location 

of the malformation and the affected structures with the most common type being type C (80%), 

where the upper segment of the esophagus ends in a blind pouch, and a fistula connects the lower 

part to the trachea. Other less common subtypes include type A (8-10%) where no fistula exists, 

but the esophagus is disconnected, and type H (4%) where the esophagus connects typically to the 

stomach, but a TEF is connecting the esophagus to the trachea.  The rarest malformations are types 

B and D. In type B, the upper segment of the esophagus is connected to the trachea, and the lower 

segment ends in a blind pouch whereas, in type D, TEF exists in the upper and lower part of the 

esophagus affecting only 1% (Figure 4). EA/TEF could be due to multiple factors, including 

genetics, environmental factors, fetal alcohol exposure, parental age, and maternal diabetes (Felix 

et al. 2008; Correa et al. 2008). 

EA/TEF associated anomalies are reported in 30-50% of the cases (Galarreta, Vaida, and Bird 

2020; van Lennep et al. 2019). Monogenic causes account for a minority of EA/TEF cases (5%) 

most often found in syndromic cases such as Anophthalmia-Esophageal-Genital (AEG) syndrome 
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(SOX2 mutations), Feingold syndrome (MYCN mutations), CHARGE syndrome (CHD7 

mutations), Pallister-Hall syndrome (GLI3 mutations) and Mandibulofacial dysostosis (EFTUD2 

mutations) (Stoll et al. 2009). Other associated anomalies include cardiac, anal, renal, limb, or 

vertebral malformations, which can be associated with the VACTER/VACTERL syndrome 

suggesting common development mechanisms between the different organs. Anomalies such as 

right aortic arch, aberrant subclavian artery, or vascular rings with double aortic arch, with or 

without cardiac malformations, are also frequently found in EA/TEF patients (Berthet et al. 2015). 

EA/TEF is frequently associated with congenital esophageal stenosis in the distal third of the 

esophagus (McCann et al. 2015). Tracheobronchial remnants are often found in such stenosis 

suggesting a localized abnormal dorsal/ventral patterning of the foregut. Finally, EA/TEF patients 

also have an increased prevalence of laryngeal clefts, which may be related to the abnormal 

development of the trachea-esophageal septum (Londahl et al. 2018). 

 

Figure 4. Types of Esophageal atresia and tracheoesophageal fistula: (A) Type A, a less common subtype of 

EA/TEF where the esophagus is discontinued without connecting the trachea. (B) Type B, one of the least common 

subtypes of EA/TEF where a fistula connects the upper part of the esophagus to the trachea, and the esophagus end in 

a blind pouch. (C) The most common type of EA/TEF occurring in 80% of the cases where the esophagus is 

discontinued and TEF occurs in the lower section of the esophagus. (D) Type D is the least common subtype of 

EA/TEF, where there is esophageal atresia with two fistulas between the trachea and the lower and upper esophageal 

pouches. (E) Type H is one of the less common subtypes of EA/TEF occurring in 4% of the cases where the esophagus 

connects typically to the stomach with a fistula connecting the esophagus to the stomach.  Adapted from Raad et. al 

(2020). 

T: trachea, L: lungs, E: esophagus, S: stomach, EA: esophageal atresia, TEF: tracheoesophageal fistula 
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4.1. Genes associated with developmental anomalies of the esophagus 

Most cases of EA/TEF have not been associated with gene mutations. However, evidence 

suggests that EA/TEF may have a genetic background: (a) In twins, the concordance rate is higher 

in monozygotic twins with isolated EA than in dizygotic twins (Schulz et al. 2012); (b) although 

rare, hereditary EA/TEF has been reported (O'Rahilly and Muller 1984; Van Staey et al. 1984); (c) 

EA/TEF can be associated with single-gene disorders and karyotype anomalies (deletions or 

duplications of chromosomes involving genes implicated in trachea-esophagus development (de 

Jong et al. 2010; Felix et al. 2008; Brosens et al. 2014); (d) genetically modified mice that mimic 

EA/TEF have shown candidate genes in human esophageal development. Mouse knockout models 

have been used to mimic the genetics and morphogenetic regulations of foregut bifurcation and 

subsequent epithelial morphogenesis corresponding to human esophageal anomalies (Jacobs, Ku, 

and Que 2012). Mouse models of abnormal foregut development consist of two main categories 

depending on whether esophagus or trachea is the most affected. Table 1 shows different foregut 

compartmentalization defects using rodent models with variant degrees of abnormal development 

of the esophagus and trachea. The first includes abnormal separation of the esophagus with variable 

hypoplasia in the esophagus leading to EA with or without TEF such as Sox2GFP/COND, endodermal 

deletion of SOX2, Noggin-/-, Gli2, and Gli3 mutants, Shh -/- and Foxf1-/-. The other group 

encompasses impaired outgrowth of the respiratory tract with various levels of hypoplastic trachea 

and lungs, including NKX2.1-/-, Wnt2/2b -/-, Ctnnb1 flox/flox: Shh-Cre, BMP4condKO, BMPr1a-/-, Gli 2 and 

Gli3 mutants, and Shh-/- (Table 1).  

In humans, except in the rare monogenic cases described above, the genetics in most of EA/TEF 

patients remain unexplained. Recent studies showed a multigenic architecture of rare variants in 

several genes, which discriminate EA/TEF cases from controls (Wang et al. 2021). However, the 

cause EA/TEF remains largely unknown and rare genetic variants are seldom reported in non-

syndromic, isolated cases. Recently, a whole genome sequencing study observed a significant 

number of potential genes involved in EA/TEF. In this study of 185 EA/TEF patients, they 

identified novel risk genes in biological pathways linked to endocytosis, membrane dynamics, and 

intracellular transport such as itsn1, ap1g2, and rab3gap2 (Zhong et al. 2021). Another study 

identified 19 de novo variants including a frameshift variant in EFTUD2 that has been previously 

reported to be mutated in 25 other EA/TEF patients (Wang et al. 2021; Gordon et al. 2012).  
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Table 1. Different foregut compartmentalization defects using mouse models with variant degrees of abnormal 

development of the esophagus and trachea. The specification refers to the specific expression of SOX2 on the dorsal 

side and NKX2.1 on the ventral side of the anterior foregut tube before separation. In contrast, septation refers to the 

physical separation of the anterior foregut into two distinct tubes, the esophagus, and the trachea. The esophagus and 

trachea indicate to their normal development. TEF indicates the presence of esophageal atresia or tracheoesophageal 

fistula described in the study. Lungs refer to the complete or incomplete (hypoplasia) development. 

Abbreviations and symbols: NR Not reported, NA Not applicable because of the presence of a single tracheoesophageal 

tube without any septation, *Hypoplasia of the esophagus and TEF dose-dependent of Sox2 expression, **Early 

Endodermal Deletion (E6.5) of Sox2 Results in Esophageal Agenesis and Deletion of Sox2 after initiation of esophageal 

development (E9.5 results in esophageal hypoplasia, ***Elevated SOX2 expression in NKX2.1 null embryo shown in 

Que 2007, **** Abnormal notochord delamination but septation preserved, *****not characterized, $ Columnar 

respiratory epithelium along the ventral surface, $$ Normal expression of SOX2 in the dorsal foregut and abnormal 

expression of NKX2.1 in the ventral foregut with ectopic expression of Sox2 , $$$ The common tube is lined by 

columnar epithelium, # Tracheal agenesis related to decreased cell proliferation, ## NKX2.1 expression present at 

E9.25 and lost afterwards with expansion of SOX2 expression, ### Single tracheoesophageal tube that connects, to the 

stomach, #### Endodermal structures missing between the thymus and stomach levels. 
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 4.2. Possible mechanisms leading to EA/TEF 

Defects in notochord resolution 

Following gastrulation, a narrow band of cells delaminates from the endoderm to form the 

notochord, a major regulator of embryonic patterning (Jurand 1974). Little is known about the 

cellular dynamics of notochord separation from the endoderm, and it acts as a signaling center for 

proper patterning of the foregut, the neural tube, and surrounding tissues (Chamberlain et al. 2008). 

Notochord resolution from the dorsal foregut endoderm allows the endoderm to fold ventrally and 

form the gut tube. Once the notochord is resolved, lungs buds emerge on the ventral side of the 

anterior foregut tube commencing the bifurcation into the esophagus and trachea (Morrisey and 

Hogan 2010). Defects in notochord resolution result in EA/TEF, potentially linked to the excess of 

dorsal foregut endodermal tissue attached to the notochord, leaving insufficient dorsal foregut 

endoderm to form the esophagus (Li et al. 2007). BMP signaling attenuation is required in early 

notochord resolution, which seems to be a prerequisite for an intact foregut separation (Fausett, 

Brunet, and Klingensmith 2014). Noggin knockout mouse models have shown both notochord 

abnormalities and EA/TEF (Fausett, Brunet, and Klingensmith 2014).  

 

Abnormal Dorsal/Ventral patterning 

Dorsal/ventral (D/V) patterning defects also lead to the failure of foregut separation. The lack of 

fate commitment of either the esophagus or the trachea may result in an abnormal foregut 

separation. Multiple signaling pathways (described previously) are responsible for establishing 

proper D/V patterning prior to separation. The precise temporal and spatial distribution of signaling 

molecules within the foregut tube and surrounding mesoderm is critical for normal D/V patterning. 

It allows foregut separation and subsequent differentiation of epithelial progenitors into the 

esophageal or tracheal epithelium. For instance, NKX2.1-/-, SOX2GFP/Cond, Asciz-/-, Wnt2/2bcond are 

examples of genetic mouse models where the loss of D/V patterning results in EA/TEF along with 

tracheal and esophageal malformations (Minoo et al. 1999; Que et al. 2007; Jurado et al. 2010; 

Goss et al. 2009). Table 1 shows different foregut compartmentalization defects using rodent 

models with variant degrees of abnormal development of the esophagus and trachea.  
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Abnormal septation 

Foregut septation is a critical event in gut-respiratory development. Our knowledge of foregut 

compartmentalization comes mainly from mouse models. Mouse knockout models such as Noggin-

/-, BMP4condKO, and ephrin-B2lacZ/lacZ fail to compartmentalize the anterior foregut leading to EA/TEF 

and have distinctive foregut phenotypes (Que et al. 2006; Li et al. 2008; Dravis and Henkemeyer 

2011) (Table 1).  

Of all the signaling pathways, the least studied is the Eph/ephrin pathway. Taylor et al. (2017) and 

O'Neill et al. 2016 revealed the role of Eph/ephrin in patterning, morphogenesis, self-organizing 

properties and is also implicated in multiple compartmentalization events during development 

(Dravis and Henkemeyer 2011). Eph/ephrinB2LacZ/LacZ embryos have foregut defects (Dravis and 

Henkemeyer 2011) resulting in the loss of anterior foregut compartmentalization. They also found 

that Eph/ephrin signaling is active specifically at the D/V midline and regulates cellular behavior 

during compartmentalization. D/V patterning in ephrinB2 mutants is unknown. 

Another example of mutants with failed foregut separation is Barx1-/- knockout mouse models. 

Barx1 is normally expressed in the stomach mesenchyme (Kim et al. 2005) and is required for the 

expression of Wnt antagonists such as secreted frizzled-related proteins 1 and 2, that suppress Wnt 

activity and direct towards the stomach fate (Kim et al. 2005).  The deletion of Barx1 gene results 

in EA/TEF with a significantly truncated esophagus (Kim et al. 2007). Barx1 establishes 

esophageal identity by suppressing Wnt signaling in the surrounding mesenchyme (Woo et al. 

2011). Interestingly, Barx1 is also detected in specific cells in the dorsal foregut mesenchyme 

between the nascent esophagus and trachea, where the saddle is located (Woo et al. 2011).  

 

Abnormal vascularization development 

Abnormal vessel development could lead to vascular insufficiency and physical compression in 

the developing foregut, resulting in growth anomalies and atresia of the dorsal part of the anterior 

foregut. Anomalies such as right aortic arch, aberrant subclavian artery, or vascular rings with 

double aortic arch, with or without cardiac malformations, are frequently found in EA/TEF patients 

(Berthet et al. 2015). Aorta development occurs at gestation week three before the bifurcation of 

the foregut occurs at week 4 and is surrounded by vascular structures with a bilateral distribution. 
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Presumptive organs such as the trachea and esophagus are in contact with the developing heart and 

aortic arches that ultimately obliterate to form the aorta and great vessels (Larsen 1997). Isl1, a 

transcription factor involved in the multipotent and proliferative properties of the cardiac 

mesoderm, has been identified in the bifurcation area of the foregut tube into the esophagus and 

trachea (Kim et al. 2019). This suggests that common mechanisms may not only involve abnormal 

separation of the foregut but also vascular and cardiac malformations (Rao and Gershon 2018). 

 

Abnormal muscle cell differentiation 

Besides healthy vessel development, failure in normal esophageal development could be due to the 

developmental failure of cells/organs simultaneously developing with the esophageal epithelium. 

In type A EA/TEF, foregut separation is successful, but failure in the development of a continuous 

tube connecting the pharynx to the stomach can be observed. One hypothesis is that a localized 

abnormal smooth muscle malformation or failure of the enteric nerve cells to reach maturation in 

the esophagus could explain this phenomenon. 

 

5. Acquired Esophageal disease: Barrett’s esophagus 
 
Different diseases affect the esophagus, and the most common ones include eosinophilic 

esophagitis (EE), gastroesophageal reflux disease (GERD), and Barrett’s esophagus (BE). GERD 

is a normal physiological process and there are multiple mechanisms to protect from reflux such 

as anti-reflux barrier, esophageal clearance, mucosal resistance. However, when this reflux causes 

symptoms such as chest pain, a burning sensation, and complications such as difficulties in 

swallowing is considered a disease (GERD). A portion of GERD patients are at risk of developing 

BE, a precursor to esophageal adenocarcinoma. BE occurs within the distal esophagus when the 

stratified squamous esophagus epithelium changes into a columnar intestinal mucus secreting 

epithelium (Spechler and Souza 2014). This transition is believed to occur when the esophageal 

epithelium is continuously exposed to acids from the stomach causing inflammation. If left 

untreated, this metaplasia can become dysplasia and eventually cause esophageal adenocarcinoma 

(Behrens et al. 2011). It is widely accepted that the pathogenesis of BE begins with GERD, 

however, the origin of metaplastic columnar cells remains unclear. Different models for the origin 
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for BE have been suggested but none have been proven to be mutually exclusive and there may be 

more than one type of progenitor cells (Que et al. 2019). These include:  1. transdifferentiation of 

esophageal epithelium into columnar epithelium, in which the mature esophageal cells fully 

differentiate into columnar cells. It is suspected that the differentiated cells reverse their 

differentiation status into a progenitor like state before changing into a columnar type (Wang 2017). 

2. Transcommitment differentiation in which progenitor cells proliferate and alter their 

differentiation pattern. The difference between transdifferentiation and transcommitment is that the 

latter starts with immature progenitor cells. It is not clear which progenitor cells gives rise to BE 

and these include basal cells of the esophageal epithelium (Shields et al. 1993), submucosal glands 

and their ducts (Epstein et al. 2017) or stomach cells such as progenitors of the gastric cardia that 

migrate to repair any acid-induced damage (Quante et al. 2012) or residual embryonic cells that 

may have persisted into adulthood and could provide progenitor cells for BE (Wang et al. 2011). 

Bone marrow cells that circulate in the blood stream to replace reflux-damaged esophagus 

epithelium are also suggested to be the possible progenitors for BE (Epperly et al. 2004) (Figure 

5). However, to date, the exact cells of origin for BE remain to be known.  
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Figure 5: Proposed cells of origin for BE. A) Cells native to the esophagus including (Ai) squamous epithelial 
cells that undergo reflux-induced transdifferentiation or transcommitment to produce the columnar cells of Barrett’s 
metaplasia and (Aii) Progenitor cells in esophageal submucosal glands and/or their ducts. B) Progenitor cells in the 
gastric cardia. C) Specialized populations of cells at the esophago-gastric junction migrate into the reflux-damaged 
esophagus including (Ci) residual embryonic cells (RECs) or (Cii) transitional basal cells (TBCs). D) Circulating 
bone marrow cells. For all of these proposed progenitor cells, reflux induced injury to the esophageal squamous 
mucosa is assumed to initiate the metaplastic process,by stimulating progenitor cell migration into the damaged 
esophagus via a wound-healing process. In addition, reflux is assumed to induce the transcommitment of the 
progenitor cells to produce the multiple columnar cell types of Barrett’s metaplasia. Figure from Que et al. (2019). 
Authorization obtained from authors. 

  

5.1. Genes and signaling pathways of Barrett’s esophagus 

The BMP pathway is not normally activated in the squamous esophageal epithelium. If 

inflammation occurs due to bile salts and acid, the BMP pathway is activated even before the 
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development of BE (van Baal et al. 2008; Quante et al. 2012). In fact, BMP4 and downstream 

SMAD proteins 1/5/8 were present in squamous epithelium with mild inflammatory esophagitis 

(Quante et al. 2012). In vitro studies with human esophageal cells treated with components 

mimicking gastroesophageal reflux resulted in an increased BMP4 expression (Que et al. 2006; 

Quante et al. 2012; Zhou et al. 2009).  In BE stromal cell biopsies and BE animal models, BMP4 

and activated SMAD proteins 1/5/8 were detected (Sasaki et al. 2004; van Baal et al. 2008). A shift 

in the cytokeratin expression was also observed when primary squamous esophageal epithelium 

was treated with BMP4 such as Krt13 and 14 expressing squamous epithelium became Krt7 and 8 

expressing columnar epithelium (Quante et al. 2012; Zhou et al. 2009) (Figure 6). 

Acid and bile salts can also activate the Hedgehog (HH) signaling pathway in esophageal 

epithelium. HH signaling is highly influential in the endoderm development (Krishnadath and 

Wang 2015). Rats lacking HH failed to develop a squamous epithelium and instead had an 

esophagus lined with columnar epithelium, suggesting a key role of squamous differentiation (Su 

et al. 2004). HH signaling contributes to the metaplastic development of the esophageal epithelium 

(Wang et al. 2010; Krishnadath and Wang 2015; Rimkus et al. 2016). Studies in mice have shown 

that the ectopic expression of SHH was correlated with the expression of BMP4 and SOX9 and 

induced columnar differentiation in the esophagus (Wang et al. 2010; Krishnadath and Wang 2015; 

Yang et al. 2012).  HH signaling expression in the basal layer of the esophageal epithelium activates 

the BMP pathway in the underlying mesodermal layer and induces the expression of SOX9 during 

BE progression (Figure 6).  SOX9 is a potential transcriptional driver of BE and is normally found 

in intestinal stem cells. It is also expressed in the basal layer of the esophageal cells during early 

development. However, this expression gradually decreases as the esophageal epithelium matures 

(Wang et al. 2010; Yang et al. 2012). There is a suggested mechanism by which BMP4 upregulates 

SOX9 in esophageal epithelia, driving a columnar differentiation during BE progression (Wang et 

al. 2010) (Figure 6). 

WNT signaling progressively increases during the development of BE and aids in malignant 

transformation into adenocarcinoma. Reflux components activate WNT signaling, which 

subsequently activates SOX9 expression in the esophagus of mice (Ali et al. 2009; Goss et al. 2009; 

Huo et al. 2010). However, WNT is not involved in the development of BE but is important in 
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transitioning BE into esophageal adenocarcinoma via hyperproliferation (Anastas and Moon 2013; 

Niehrs 2012; Deng et al. 2013). 

During BE progression, genes (SOX2 and p63) involved in squamous cell differentiation are 

downregulated, and intestinal genes (SOX9 and CDX2) are upregulated (Minacapelli et al. 2017) 

in the esophageal epithelium. Caudal type homeobox transcription factors CDX1 and CDX2 genes 

have also been implicated in the pathogenesis of BE (Stairs et al. 2008). The action of stomach 

acids and bile upregulates CDX2 that explains the higher risk of BE recurrence in patients with 

GERD (Huo et al. 2010). CDX2 plays a key role in intestinal epithelial differentiation and 

maintenance (Hryniuk et al. 2012) and its expression in esophageal epithelium shows that BE is 

complex at the molecular level.  

 

 

Figure 6: Dysregulation of signaling pathways BMP, HH, and WNT during BE development and malignant 

transformation. In case of bile and acid exposure, BMP pathway is activated with stromal BMP4 expression, initiating 

a columnar transdifferentiation of squamous esophagus epithelium. HH pathway is also involved in development of 

BE by stimulating BMP pathway and SOX9 expression. WNT signaling on the other hand is not involved in BE 

development but in its progression into esophageal adenocarcinoma. Figure from (Pavlov et al. 2014). Authorization 

obtained from authors. 
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5.2. Prevalence of Barrett’s esophagus in esophageal atresia patients 

EA/TEF patients are at an increased risk of GERD due to both intrinsic impaired motility and 

structural factors and includes an intrinsically weakened peristaltic movement (Courbette et al. 

2020) as well an abnormal development of smooth muscle tissue (Al-Shraim et al. 2015). GERD 

is also common in EA/TEF patients following surgery especially, in long gap EA where they lose 

their anti-reflux barrier after anastomosis. Repeated exposure to refluxate in the esophageal mucosa 

induces metaplasia. Close to 50% of EA patients develop GERD, which can persist throughout 

their lives, but it is the most frequent during the first 5 years of their life (Koivusalo, Pakarinen, 

and Rintala 2007; Hassan and Mousa 2017) and chronic GERD leads to dysphagia, esophagitis, 

and BE. BE has been shown to be 10-fold higher in EA patients, even in younger children (the 

youngest reported is 2 years old) compared to the general population (Vergouwe, H, et al. 2018; 

Hsieh et al. 2017). Also, several reports describe esophageal adenocarcinoma in adult EA/TEF 

patients (Pultrum et al. 2005; Adzick et al. 1989; Vergouwe, Gottrand, et al. 2018) and there is a 

significant overlap of the signaling pathways involved in esophagus development and BE 

progression suggesting a shared etiology. Therefore, potential de novo genetic mutations involved 

in esophagus development might affect the esophageal tissue and BE progression to cancer in 

EA/TEF patients. However, it remains unclear if the incidence of BE in EA/TEF patients is higher 

due to the increased susceptibility of their esophageal epithelium to metaplastic changes. 

 

6. Induced pluripotent stem cells as a model for understanding organogenesis and disease 

modeling 

Takahashi et al. showed that somatic cells could be reprogrammed to generate induced 

pluripotent stem cells (iPSCs), through forced expression of several transgenes (Oct4, Sox2, Klf4 

and c-myc) important for maintaining the defined properties of embryonic stem cells (ESCs) 

(Takahashi and Yamanaka 2006). Transcription factor-mediated reprogramming is initiated by 

changes in the transcriptome and chromatin structure of differentiated state into pluripotent state. 

Since then, several methods have been developed to generate iPSCs. The original method by 

Yamanaka (2006), was based on retroviral transduction of Oct4, Sox2, Klf4 and c-myc (Yamanaka 

factors) into mouse embryonic fibroblasts. Other methods include non-integrative viruses such as 

adenovirus, and sendai virus, or non-viral reprogramming methods such as mRNA transfection, 
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PiggyBac, and episomal plasmids. iPSCs have been extensively used in gaining insights on human 

embryonic development and disease modeling (Karagiannis et al. 2019). IPSCs, like ESCs, could 

be directed to differentiate into a specific cell fate, which involves the addition of growth factors, 

small molecules (activators or inhibitors) under specific culture conditions mimicking human 

development. Several types of cells have been derived from iPSCs such as intestinal organoids, 

hepatocytes, respiratory epithelium, and cardiomyocytes among others (Munera et al. 2017; Zhang 

et al. 2014; Huang et al. 2015; Burridge and Zambidis 2013). The first critical step in generating 

esophageal epithelial cells is to direct the differentiation of iPSCs to definitive endoderm (DE). 

Definitive endodermal cells are then guided into an anterior foregut (AF) fate from which the 

esophageal and tracheal progenitors arise when exposed to specific growth factors that regulate 

D/V patterning at this stage (Billmyre, Hutson, and Klingensmith 2015). This step involves the 

inhibition of BMP and TGF-ß pathways promotes an esophageal fate, whereas the activation of 

BMP, WNT, and RA pathways favors ventral tracheal fate (Figure 7).  

 

 

Figure 7. Scheme representing protocols for differentiation of iPSCs/hESCs into mature esophageal and 

tracheal epithelium: The first critical step is the formation of the definitive endoderm (DE) from pluripotent stem 

cells expressing SOX2, OCT3/4, and NANOG. DE is generated by activating the Nodal and BMP pathways and the 

expression of SOX17, CXCR4, and FOXA2. DE cell populations are then directed into an anterior foregut (AF) fate 

by the inhibition of BMP, TGF-ß, and WNT pathways.  Trachea and esophagus derive from the anterior side of the 

foregut. Patterning of the anterior foregut tube along the sagittal axis results in the formation of the esophagus on the 



 24 

dorsal side and the trachea on the ventral side. By mimicking the main signaling pathways involved in foregut 

patterning, AF can generate esophageal progenitors by the dual inhibition of BMP and TGFb pathways and the tracheal 

progenitors by activation the WNT, BMP, and RA signaling pathways. Esophageal progenitors can be further matured 

by activating the BMP and Notch signaling pathways to generate a stratified squamous epithelium expressing KRT4, 

KRT13, INV, and LOR. On the other hand, tracheal progenitors generate mature tracheal epithelium expressing 

NKX2.1 and SFTC by activating the Wnt pathway. Adapted from Raad et. al (2020). 

 

6.1. Use of induced pluripotent stem cells to generate esophageal organoids  

IPSC-derived cells follow their intrinsic developmental cues and self-organize into 

“organoids” that could mimic various histological and functional aspects of real tissues and organs 

they represent (Eiraku et al. 2011; Nakano et al. 2012; Haller et al. 2019). Organoids mimic the 

complexity of epithelial tissues composed of layers of interacting cells shaped into invaginations, 

compact folds, cysts, and tubes (Dedhia et al. 2016). Organoids of multiple organs such as the 

pancreas, intestine, liver, retina, the cerebral cortex have been successfully generated (Haller et al. 

2019; Negoro et al. 2018; Takebe et al. 2013; DiStefano et al. 2018; Shi et al. 2012). The esophagus 

is the least studied segment of the gastrointestinal tract and critical modulators facilitating 

esophageal development and subsequent epithelial morphogenesis remains to be explored. Zhang 

et al. (2018) and Trisno et al. (2019) described stepwise protocols to differentiate iPSCs into 

esophageal organoids (Figure 8). The first critical step was to induce the iPSCs into an endodermal 

fate and the attempts to generate DE are heavily influenced by the specific cell type formation 

during embryogenesis.  Nodal signaling is central to the generation of the endoderm precursors 

(Shen 2007). Trisno et al. (2018) subjected iPSCs to high concentrations of Activin A and BMP4 

for one day, followed by Activin A only for two days with increasing serum concentrations. Zhang 

et al. (2018) used high levels of Activin A, FGF2, and BMP4 for two consecutive days. Both teams 

produced DE populations efficiently with decreased expression levels of pluripotency markers, 

NANOG and SOX2, and an increased expression of an endodermal marker, FOXA2.  When the 

definitive endodermal fate was achieved, BMP, TGF-ß, and Wnt pathways were manipulated to 

promote anterior foregut endodermal (AFE) fate. Zhang et al. (2018) used inhibitors of BMP, TGF-

ß, and Wnt pathways to promote the generation of SOX2+ dorsal AFE population. Increased levels 

of SOX2 expression indicate the specification of AFE toward esophageal fate. However, Trisno et 

al. (2018) inhibited the BMP pathway while activating the FGF pathway to generate AFE 
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spheroids. AFE was then directed into esophageal progenitor cells (EPCs) expressing markers for 

basal esophageal cells such as p63, PAX9, and FOXE1and the absence of NKX2.1expression. 

EPCs were obtained by adding FGF10 to activate FGF signaling (Trisno et al., 2018) or inhibiting 

BMP and TGF-ß signaling pathways (Zhang et al. 2018). Esophageal organoids were matured and 

maintained in culture for 2 months. Zhang et al. (2018) selected EPCs with the cell surface markers 

ITGb4+ EPCAM+ to isolate epithelial cells from the mixture with non-epithelial cells (Zhang et 

al. 2018). These isolated PSCs-derived EPCs then formed epithelial organoids expressing regional 

keratins with p63+ proliferative cells on the external periphery of the organoid and cells at the 

center highly expressing KRT13, a squamous suprabasal epithelium marker. Zhang et al. (2018) 

showed that sorted EPCs embedded in Matrigel could also form a tubular structure when implanted 

into the kidney capsule. This tubular structure was lined with p63+ stratified epithelium with 

differentiated KRT13 suprabasal layer similarly to the organoids in vitro.  

Despite the advantages of human organoids, there are still many limitations before considering 

them an ideal system for disease modeling. For instance, the esophageal organoids generated in 

our lab resemble human esophageal epithelium but lack other cell components of the esophagus 

such as stromal cell, smooth muscle, immune cells, or enteric neuroglial cells. Esophageal 

organoids containing of all 3-germ layer derived cell types will allow a better modeling of the 

esophagus as well as of the congenital anomalies such as EA/TEF. Han et al. (2020) showed that 

hPSCs can be differentiated into splanchnic mesoderm that can give rise to esophageal 

mesenchyme in vivo (Han et al. 2020) and Eicher et al. (2021) derived germ layer components and 

built complex fundic and esophageal tissue (Eicher et al. 2021). Similar approaches of 

incorporating cells derived from different germ layers (endodermal and ectodermal) to generate 

intestinal epithelial organoids with enteric nerves have been studied (Eicher et al. 2021). 
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Figure 8. Schematic presentation of two published differentiation protocols of iPSCs/hESCs into esophageal 

organoids: (A) Zhang et al., 2019 differentiate iPSCs/hESCs into definitive endoderm using Activin A, FGF2, and 

BMP4 to form embryoid bodies. These embryoid bodies were then induced into anterior foregut by culturing in media 

supplemented with SB431542 and Noggin followed by IWP2 to inhibit the TGF-β, BMP, and WNT pathways 

respectively. After esophageal fate commitment, cells were sorted (ITGβ4+ EPCAM+) and resuspended to form 

esophageal organoids with an organoid culture medium with specific growth factors. (B) Trisno et al., 2019 propose a 

differentiation protocol where iPSCs/hESCs are subjected to Activin A and BMP4 for three days to generate definitive 

endoderm. Anterior foregut spheroids are then generated by inhibiting the BMP pathways and activating the WNT 

pathways for two consecutive days, followed by inhibition of BMP and activation of Retinoic acid (RA) for 24 hours. 

AF spheroids were then plated on Matrigel, and dorsal AF patterning achieved by the continued inhibition of BMP 

and activation of RA in addition to supplementing with EGF and FGF10. This step favored the efficiency of spheroid 

to organoid outgrowth. Esophageal organoids were maintained for two months.   

Details: Activin A: activates Nodal Pathway, FGF2, FGF4, and FGF10: activates Fibroblast Growth pathway, EGF: 

activates Epidermal Growth Factor pathway, BMP4: activates Bone morphogenetic proteins pathway, CHIR: activates 

Wingless-related integration site pathway, RA: activates Retinoic acid pathway, SB431542: Inhibits Transformation 

Growth Factor-β pathway, Noggin: inhibits Bone Morphogenetic Proteins  pathway, IWP2: inhibits Wingless-related 

integration site pathway, SFD: serum-free differentiation media, Rock inhibitor: Y-27632 selectively inhibits 

p160ROCK to increase survivability. Adapted from Raad et. al (2020). 

 

 



 27 

6.2. Use of induced pluripotent stem cell-derived esophageal organoids to model 

EA/TEF 

iPSC-derived organoids provide an efficient system to model and understand human organ 

development and malformations. Modeling the complex tissue morphogenesis of developing 

foregut remains challenging, however, using patient-specific iPSCs and derived organoids can help 

examine complex foregut diseases such as EA/TEF. Prior to our work and to the best of our 

knowledge, patient-derived esophagus organoids have not been used to study EA/TEF. In EA/TEF, 

the main signaling pathways and key transcription factors involved in normal foregut separation 

are dysregulated. In this context, using iPSCs generated from EA/TEF patients would allow 

deciphering dysregulated genes and signaling networks involved in the malformation. Recent 

studies using healthy iPSC-derived esophagus organoids has revealed some insights on EA/TEF 

(Trisno et al. 2018). For instance, downregulation of SOX2 in esophagus organoids using CRISPR 

gene editing technique, revealed that SOX2 regulates the dorsal expression of SFRP2, a WNT 

antagonist (Trisno et al. 2018). This suggests that inducing WNT signaling is one mechanism by 

which SOX2 mutations in humans can cause EA/TEF. Using this approach, targeted mutation in 

healthy iPSC cell the variant in patient iPSC cell line can help validate whether patient variant 

mutation is causation of EA/TEF. However, in this thesis (chapters 2 and 3), we describe how we 

are the first to generate EA/TEF-derived iPSCs and derive patient-specific esophageal organoids. 

Our work revealed a dysregulation in gene expression of key signaling molecules in patient-derived 

cells. This is particularly valuable as it provides an excellent patient-specific complementary 

platform to study EA/TEF.  

 

6.3 Use of induced pluripotent stem cell esophageal organoids to model Barrett’s 

esophagus 

Animal models have been extensively used model to study and understand BE (Kapoor et 

al. 2015) and the various structural and function differences between human and animal models 

need cautious consideration, thereby highlighting the need for an appropriate experimental model. 

The mouse esophagus consists of 4-6 layers of keratinized squamous epithelium and a single layer 

of basal cells, whereas the human esophagus consists of 30-40 layers of non-keratinized squamous 

epithelium containing elongations of lamina propria in the form of papillae and several layers of 
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basal cells (Rosekrans et al. 2015). Also, rodent esophagus epithelium lacks submucosal glands, 

one of the suggested precursor cells of BE. Identifying the molecular basis of BE development and 

cell of origin is crucial for disease management and development of new treatments. Therefore, 

using esophageal organoids generated from iPSCs could serve as a tool to model BE and study the 

role of various signaling pathways that have been previously linked to the disease such as BMP, 

WNT and Hedgehog signaling pathways. This can be achieved by incubating mature esophageal 

organoids in BMP4, b-Catenin or SHH proteins respectively and investigate the potential gene 

expression signatures reflecting metaplastic changes such as the loss of esophageal markers and 

the expression of gastric/intestinal markers. Furthermore, by using EA patient-derived esophageal 

organoids, it could be possible to not only understand the etiology of this disease but also develop 

a personalized treatment approach.  

 

7.  Rationale, hypothesis, and specific aims 

The digestive and respiratory organ system derives from a common endodermal origin, the anterior 

foregut tube. The esophagus develops on the dorsal side and the trachea in the ventral region of the 

anterior foregut tube, in a process that remains poorly understood. Disruption of this tightly 

regulated process results in the most common congenital anomaly of the upper gastrointestinal 

tract: esophageal atresia/tracheoesophageal fistula (affecting 1 in 3,000 births). Our knowledge on 

the development of the esophagus remains limited and the exact molecular and cellular 

mechanisms that regulate the separation of the foregut into the esophagus and trachea remain 

poorly understood. Animal models have shown the involvement of signaling pathways and 

transcription factors involved in the development of the esophagus and trachea. However, there are 

structural and physiological differences between human and animals. Therefore, it is important to 

have a representative model of the human esophagus tissue. Recently, iPSC-derived cultures have 

gained importance as modeling tools to understand organ development and diseases. iPSCs can be 

differentiated into specific cell types by mimicking developmental pathways identified in animal 

models. These cultures can also undergo self-organization and form 3D organoids that resemble 

fetal tissue. Using patient-specific iPSCs and organoids can be used to study diseases and decipher 

potential mechanisms. Here, we are the first to describe the generation of iPSCs from EA/TEF type 

C patients. We propose that esophagus organoids from EA/TEF patients will serve as 
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complementary modeling tools to understand EA/TEF and other esophagus diseases such as 

Barretts esophagus.   

In Chapter 2, we established three iPSC cell lines using peripheral blood mononuclear cells 

(PBMCs) from EA/TEF type C pediatric patients, using non-viral integrated Sendai virus vector. 

Pluripotency and trilineage differentiation capacity was confirmed by gene and protein expression 

profile and teratoma assay. The generated EA/TEF-specific cell lines serve as a useful tool to 

decipher mechanisms of EA/TEF and acquired associated diseases such as Barrett’s esophagus 

(Published in Stem Cell Research journal). 

In Chapter 3, we differentiate PSCs (ESCs and iPSCs) from healthy individuals and iPSCs from 

EA/TEF pediatric patients into mature esophagus organoids by manipulating key signaling 

pathways involved in esophagus development. We demonstrate that patient-derived cells exhibit a 

unique molecular signature, especially at the foregut stage. Additionally, SOX2, a critical 

esophagus fate regulator, is downregulated in patient-derived anterior foregut cells compared to 

the healthy group. Our study establishes a complementary system to understand morphogenesis 

and mechanisms involved in early esophagus development (Under revision in Disease Models and 

Mechanisms journal) 

In Chapter 4, we sought to validate our esophagus organoids system to model Barrett’s esophagus 

in EA/TEF patients. Our preliminary results show that patient-derived esophagus organoids are 

more susceptible to perturbation in gene expression when treated with BMP4 to induce BE 

(Manuscript in preparation).  

In Chapter 5, we conclude that the current work generated a patient-specific esophagus organoid 

system to decipher potential mechanisms leading to EA/TEF and associated diseases, and 

potentially provide a platform for screening drugs to improve organ functionality.  
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Abstract 

Esophageal atresia/tracheoesophageal fistula (EA/TEF) is the most common congenital anomaly 

of the upper gastrointestinal tract affecting 1 in 3,000 which could stem from a developmental 

anomaly of the foregut. The cause is not fully understood. We generated three iPSC cell lines using 

peripheral blood mononuclear cells (PBMCs) from EA/TEF type C patients. Pluripotency and 

trilineage differentiation capacity of these three iPSC cell lines were confirmed by gene and protein 

expression profiles and the differentiation ability into the three germ layers. The generated disease-

specific cell lines could serve as a tool to investigate the mechanisms of EA/TEF and acquired 

associated diseases. 

 

Resource table 

Unique Stem Cell Line Identifier CHUSJi001-A 

CHUSJi002-A 
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CHUSJi003-A 

Alternative name(s) of stem cell line EA1C5 

EA2C5  

EA3C6 

Institution CHU-Sainte Justine, Montreal, QC, Canada 

Contact information of distributor Prof. Christophe Faure, christophe.faure@umontreal.ca 

Type of cell lines Human induced pluripotent stem cells (hiPSCs) 

Origin Human 

Additional origin information EA1C5 Age: 2 years Sex: Male 

EA2C5 Age: 6 years Sex: Male 

EA3C6 Age: 18 years Sex: Female 

Cell source Peripheral blood Mononuclear cells (PBMCs) 

Clonality Clonal 

Method of reprogramming Sendai virus expressing OCT3/4, SOX2, c-MYC and 

KLF4 genes 

Genetic Modification No 

Type of genetic modification N/A 

Evidence of the reprogramming 

transgene loss 

RT/qPCR loss of Sendai virus and exogenous 

transcription factors (TaqMan iPSC Sendai Detection kit) 

Associated disease Esophageal atresia Type C 

Gene/locus EA1C5: POLD3 c.1295_1296del p.Val432GlufsTer41 

EA3C6: CEP350 c.4711_4712del p.Ser1571PhefsTer3 

Date archived/stock date None    

Cell line repository/bank https://hpscreg.eu/cell-line/CHUSJi001-A 

https://hpscreg.eu/cell-line/CHUSJi002-A 

https://hpscreg.eu/cell-line/CHUSJi003-A 

Ethical approval Ethics Committee of CHU Sainte-Justine Research 

Center (Protocol #2018-1670 (For iPSCs); 2019-2102 

(For WES) 

 
Resource Utility 
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Generation of esophageal organoids from healthy human iPSCs have been described (Zhang et al. 

2018; Trisno et al. 2018; McCauley and Wells 2017).To the best of our knowledge no EA/TEF-

patient derived iPSCs and its subsequent directed differentiation have been reported. EA/TEF 

patient-derived iPSC cell lines can be used to model esophageal congenital (EA/TEF) and acquired 

associated diseases (Barrett’s esophagus, gastroesophageal reflux). 

Resource details 

EA/TEF is a congenital anomaly of the upper gastrointestinal tract affecting 1 in 3,000 births (van 

Lennep et al. 2019). EA/TEF affects the continuity of the esophagus, resulting in an incomplete 

open tube requiring surgery immediately following birth. EA can occur with or without an 

abnormal connection between the esophagus and the trachea. Type C EA/TEF is the most common 

type (>80% of cases), where the upper segment of the esophagus ends in a blind pouch, and a 

fistula connects the lower part to the trachea. EA/TEF patients can have chronic esophageal (such 

as Barrett esophagus) and respiratory symptoms requiring continuous physician visits throughout 

their lives. Some evidence suggests potential genetic causes of EA/TEF which includes syndromes 

resulting from mutation of a single gene, such as CHARGE syndrome, Feingold syndrome, Fanconi 

anemia; or chromosomal anomalies, such as Trisomy 21, Trisomy 18, Trisomy 13, and others. 

However, in most cases of EA/TEF, there has been no association with gene mutations. Our 

knowledge of the development of the esophagus remains limited and the exact molecular and 

cellular mechanisms that regulate the precise separation of the foregut tube into the esophagus and 

trachea still needs to be properly understood (Raad et al. 2020). Cells derived from EA/TEF 

patients could be an ideal model to mimic the development of the esophagus and trachea which 

would enable us to understand the role of key signaling molecules and pathways that regulate 

esophageal and tracheal development. 

Here, we established three iPSC cell lines derived from peripheral blood mononuclear cells 

(PBMCs) of EA/TEF type C patients. We reprogrammed these PBMCs using non-viral integrating 

Sendai virus vector that includes 4 transcription/reprogramming factors OCT3/4, SOX2, KLF4, and 

C-MYC to generate iPSCs. iPSC colonies were manually picked into individual clones and 

passaged before characterization and differentiation. EA1C5, EA2C5, and EA3C6 display the 

morphology of embryonic stem cells with a prominent nucleolus, a high nucleus to cytoplasm ratio 

and pancake-shaped densely packed cells that grow in colonies (Fig. 1A). To characterize the 3 
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iPSC cell lines, we performed immunofluorescence staining for pluripotency markers SOX2, 

SSEA4, OCT3/4, and TRA1-60 (EA1C5 passage 17, EA2C5 passage 18 and EA3C6 passage 16) 

(Fig.1B). Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) analysis 

confirmed the relative expression of pluripotency markers OCT3/4, NANOG, SOX2 of the three 

iPSC cell lines, similarly to embryonic stem cell line (H9) (EA1C5 passage 15, EA2C5 passage 16 

and EA3C6 passage 14) (Fig. 1C). We also performed RT-qPCR analysis using specific primers 

of Sendai virus to ensure the loss of residual episomal Sendai virus (Early passages: EA1C5 

passage 4, EA2C5 passage 4, EA3C6 passage 2. Late passages: EA1C5 passage 22, EA2C5 

passage 24 and EA3C6 passage 23) (Fig. 1D).  All three iPSC cell lines have normal karyotype 

assessed by GTG-banding (EA1C5 passage 16, EA2C5 passage 18 and EA3C6 passage 14) (Fig. 

1E). Exome sequencing revealed no pathogenic genetic variants in established EA/TEF risk genes 

in any of the 3 EA/TEF patients. However, in patient 1, a heterozygous c.1295_1296del 

p.Val432GlufsTer41 variant of the gene POLD3, and in patient 3, a heterozygous c.4711_4712del 

p.Ser1571PhefsTer3 variant of CEP350 were identified. Neither one of these two gene variants 

have been linked to EA/TEF. No genetic variants were detected in patient 2. Finally, EA1C5 

passage 21, EA2C5 passage 20 and EA3 C6 passage 19 were able to differentiate into the 3 germ 

layers, endoderm, mesoderm, and ectoderm (Fig 1F). 

 

Materials and Methods 

I. Isolation of PBMCs and Reprogramming 
PBMCs were isolated after collagenase dissociation and reprogrammed into iPSCs with the 

integration-free based Sendai virus system (Cytotune 2.0 kit catalog # A16517 from Life 

Technologies). iPSC colonies were manually picked and cultured in feeder-free conditions 

in Essential 8 flex medium on Geltrex-coated dishes (Life Technologies Catalog# 

A1569601). iPSC clones were maintained in Essential 8 flex medium (ThermoFisher, 

catalog#A1517001) in feeder-free conditions and passaged more than 20 times. iPSCs 

generation and characterization were performed in the iPSC cell reprogramming core 

facility of CHU-Sainte Justine.  

 

II. Cell culture conditions 
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H9 (Human embryonic stem cells) and EA1C5, EA2 C5 and EA3 C6 were cultured in E8 

flex medium and passaged using EDTA 0.5mL at a ratio of 1:6 every 4-5 days 

(ThermoFisher catalog#15575020). Culture conditions were at 370C, 5% CO2 and 85% 

relative humidity. The media was changed every other day.  

 

III. Immunofluorescence 
iPSC colonies were fixed for 20min with paraformaldehyde (4%), then permeabilized by 

0.5% Triton X-100 in PBS containing corresponding serum at RT. The cells were stained 

with the antibodies for anti-human SOX2, SSEA-4, OCT3/4, and TRA1-60 overnight at 

4°C using the pluripotent Stem Cell 4-Marker Immunocytochemistry Kit (catalog # A24881 

from Life Technologies), followed by several washes with PBS then incubated with an 

ALEXA secondary antibody for 30 minutes at room temperature (Table 2). Nuclei were 

counterstained with 4′,6-diamidino-2-phenylindole (DAPI).  

 

IV. Exome sequencing 
Exome sequence data were generated, and data were analyzed as previously reported. 

PMID: 32641753. 

 

V. Teratoma formation 
Cell clumps of EA1C5, EA2C5 and EA3C6 were first detached using the gentle cell 

dissociation reagent (StemCell Technologies Catalog# 100-0485) and a million cells were 

resuspended in cold phosphate-buffered saline (PBS) containing 50% Geltrex and kept on 

ice. Geltrex loaded cells were then injected under the renal capsule of SCID mice 

(n=1/patient). Eight weeks later, teratomas were dissected out and placed in OCT (Fisher 

Scientific, Catalog #23-730-571). Cryosections obtained were then stained with 

hematoxylin and eosin for morphological analysis to determine the three germ layers.  

 

VI. RNA extraction and RT-qPCR 
RNA was extracted using the Promega kit ReliaPrep TM RNA Cell Miniprep System. RNA 

was then reverse transcribed using Omniscipt TM RT kit (Qiagen catalog#205111) and the 
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complementary DNA (cDNA) obtained was used for real time quantitative PCR using 

LightCycler instrument (Roche Life Science). cDNA was quantified using TaqMan Gene 

expression assays and the TaqMan primers to target genes were purchased from Thermo 

Fisher Scientific listed in Table 2.  

 

2. Karyotype analysis and short tandem repeat (STR) analysis 
The karyotype (G-banding) for the three iPSC lines at metaphase were counted and 

analyzed by the CHU Sainte-Justine cytogenetic department. The STR analysis of the three 

iPSCs were performed by Orchid PRO DNA, Laval, Quebec.  

 
3. Mycoplasma detection 

The iPSC cultures (EA1C5 passage 7, EA2C5, passage 9, and EA3C6 passage 5) were 

tested for mycoplasma contamination using the lookout mycoplasma PCR detection kit 

(Sigma Aldrich). 
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Table 1. Characterization and validation 
Classification Test Result Data 
Morphology Microscopy 

 
Normal Fig. 1A 

Phenotype Qualitative analysis 
(Immunofluorescence 
staining) 
 
 
 
Quantitative analysis 
(RT-qPCR) 

Expression of pluripotency 
markers SOX2, SSEA4, 
OCT3/4, TRA1-60 
 
 
Expression of endogenous 
pluripotency markers: SOX2, 
NANOG, and OCT3/4 
 
Negative expression of 
exogenous markers: SeV, 
KOS, KLF4, MYC 

Fig. 1B 
 
 
 
 
Fig. 1C 
 
 
 
 
 
 
Fig. 1D 

Genotype Karyotype (G-
banding) and 
resolution 

EA1C5: Normal, 46XY 
EA2C5: Normal, 46XY 
EA3C6: Normal, 46XX 
 
Resolution: 400 
 

Fig. 1E 

Identity STR analysis 16 loci matched well Submitted in 
archive with 
Journal 

Mutation 
analysis 

Exome sequencing EA1C5: POLD3 variant 
EA3C6: CEP350 variant 
Both variants not linked to 
EA/TEF 
No variants detected in EA2C5 

Available with 
authors 

Microbiology 
and Virology 

Mycoplasma testing 
by luminescence 
(Mycoplasma 
Detection Kit) 

All three patient-derived iPSCs 
were negative 

Available with 
authors 

Differentiation 
potential 

Teratoma formation Histological staining for 

representative cell types for 

ectoderm, mesoderm and 

endoderm 

Fig. 1F 

Donor 
screening 

HIV1+2 Hepatitis B, 
Hepatitis C 

N/A N/A 

Genotype 
additional info 

Blood group 
genotyping 
 

N/A 

 

N/A 
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HLA tissue typing  

N/A 

N/A 

 

 

Table 2. Reagent details  
Antibodies used for Immunohistochemistry/Immunofluorescence 

  Antibody Dilution Company Cat # RRID 

Pluripotency 

marker 

Rabbit anti-

human SOX2 1 is to 200 

Life Technologies 

Cat# 48-1400 AB_2533841 

Pluripotency 

marker 

Mouse anti-

human OCT4 1 is to 100 

Biolegend  

Cat #653702 AB_2561766 

Pluripotency 

marker 

Mouse anti-

human SSEA4 1 is to 200 

ThermoFisher  

Cat# 41-4000 AB_2533506 

Pluripotency 

marker 

Mouse anti-

human TRA-1-60 1 is to 200 

BioLegend  

Cat# 330602 AB_1186144  

Secondary 

antibody 

anti-rabbit Alexa 

488 1 is to 1000 

ThermoFisher 

Cat#A11070 

 

AB_142134 

Secondary 

antibody 

Anti-mouse 

Alexa 488 1 is to 1000 

ThermoFisher  

Cat# A28175 AB_2536161 

Secondary 

antibody 

Anti-mouse 

Alexa 594 1 is to 1000 

ThermoFisher  

Cat# A11020 AB_141974 

Nuclear 

counterstain DAPI 2ug/mL 

Thermo Fisher  

Cat# D1306 AB_2629482 
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  Primers       

  Target Size of band 

Thermo Fisher 

TaqMan assay ID   

Sendai virus and 

transgenes Sendai-cMyc 89bp Mr04269876_mr   

Sendai virus and 

transgenes Sendai-OCT3/4 82bp Mr04269878_mr   

Sendai virus and 

transgenes Sendai-KLF4 74bp Mr04269879_mr   

Sendai virus and 

transgenes Sendai 59bp Mr04269880_mr   

Sendai virus and 

transgenes Sendai-SOX2 62bp Mr04269881_mr   

Pluripotency 

marker SOX2 86bp Hs04234836_s1   

Pluripotency 

marker NANOG 109bp Hs02387400_g1   

Pluripotency 

marker OTC4 77bp 
Hs00999632_g1 

  

Housekeeping 

gene GAPDH 157bp 
Hs02786624_g1 
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Figure 1: Characterization of EA1C5, EA2C5 and EA3C6.  
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Abstract 

The esophagus and trachea originate from the endodermal diverticulum in the anterior foregut tube 

during embryogenesis. A series of well-regulated cellular and molecular events result in the 

compartmentalization of the anterior foregut tube into the esophagus and trachea. Disruption of the 

compartmentalization process leads to esophageal atresia/tracheoesophageal fistula (EA/TEF), a 

congenital anomaly of the esophagus affecting 1 in 3,000 births. The mechanisms that regulate 

trachea-esophageal separation are poorly understood. Induced pluripotent stem cells (iPSCs) thus 

provide an opportunity to understand human embryonic development and could be used to 

elucidate mechanisms associated with congenital diseases such as EA/TEF. Therefore, the 

objective of the current study is to differentiate pluripotent stem cells (PSCs), namely, embryonic 

stem cells [ESCs] and iPSCs from healthy individuals and iPSCs from three EA/TEF type C 

patients, into mature 3-dimensional esophageal organoids in matrix- and xenogeneic-free culture 

conditions. We directed the differentiation of PSCs toward different development stages, such as 

the definitive endoderm, anterior foregut, and mature esophageal epithelium and compared their 

protein and gene expression profiles by immunofluorescence, qPCR, and long-read RNA 

sequencing analysis. Expression of endodermal markers CXCR4, SOX17, and GATA4, was similar 

in both patient and healthy differentiated cells. At the anterior foregut stage, we observed a 

significant decrease in the expression of key transcription factor SOX2 in patient-derived cells. 

Furthermore, by combining targeted gene expression and nanopore RNA sequencing, we observed 

that patient-derived cells exhibit unique molecular signatures, especially at the anterior foregut 

stage. This includes critical genes GSTM1 and RAB37 that are significantly lower in patient-derived 

cells. GSTM1 regulates cellular morphogenesis and is associated with EA/TEF, whereas, 
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RAB37 is a key regulator of vesicle trafficking. Rab proteins have been linked to foregut 

malformations. Furthermore, we observed an abnormal expression of NKX2.1, a tracheal marker, 

in the patient-derived mature esophageal epithelial organoids. In conclusion, we developed the first 

3-dimensional mature stratified squamous esophageal epithelial organoids from EA/TEF patient-

derived iPSCs. We hypothesize that a transient dysregulation of key transcription factor SOX2 and 

the abnormal expression of NKX2.1 in patient-derived cells could be responsible for the abnormal 

foregut compartmentalization into the esophagus and trachea. 
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Introduction  

The esophagus and trachea originate from the endodermal diverticulum in the anterior foregut tube. 

Well-regulated and organized cellular and molecular events result in the separation of the anterior 

foregut tube into the esophagus and trachea (Raad et al. 2020) (Billmyre, Hutson, and Klingensmith 

2015). Disruption of the compartmentalization process results in severe esophageal congenital 

anomalies such as esophageal atresia with or without tracheoesophageal fistula (EA/TEF), 

affecting 1 in 3,000 newborns (van Lennep et al. 2019). Several types of EA/TEF have been 

described based on the location of the malformation and the affected structures, with the most 

common being type C (>80% of cases), where the upper segment of the esophagus ends in a blind 

pouch, and a fistula connects the lower part to the trachea. Other less common subtypes include 

type A (8-10% of cases) where no fistula exists, but the esophagus is disconnected (Clark 1999). 

EA/TEF-associated anomalies (cardiac, anal, renal, limb, or vertebral) are also reported in 30-50% 

of syndromic cases. Monogenetic causes account for a minority of EA/TEF cases (<5%) most often 

in syndromic cases such as Anophthalmia-Esophageal-Genital (AEG) syndrome (SOX2 

mutations), Feingold syndrome (MYCN mutations), CHARGE syndrome (CHD7 mutations), 

Pallister-Hall syndrome (GLI3 mutations) and Mandibulofacial dysostosis (EFTUD2 

mutations)(Stoll et al. 2009). Studies have also shown a multigenic architecture of rare variants in 

several genes, which discriminate EA/TEF cases from controls (Wang et al. 2021). However, the 

cause of EA/TEF remains largely unknown, and rare genetic variants are seldom reported in non-

syndromic, isolated cases. EA/TEF is thus considered a multifactorial anomaly resulting from 

genetic and environmental factors (Brosens et al. 2014). 

During embryogenesis, the esophagus and trachea arise after the separation of the anterior foregut 

endoderm common tube at week 4-5 in humans and embryonic day 9.5-11.5 in mice. In animal 

models (mouse and Xenopus), the dorsal/ventral patterning of the anterior foregut allows spatial 

specification of the two presumptive organs: the esophagus on the dorsal side of the anterior foregut 

tube (characterized by the expression of the transcription factor SOX2) and the trachea on the 

ventral side of the foregut tube (characterized by the expression of the NKX2.1 gene) (Minoo et al. 

1999; Que et al. 2007; Kim et al. 2019). Studies in mice have also demonstrated that the 

dorsal/ventral patterning is initiated by gradual expression of mesodermal Wnt2/2b, Bmp4, and 

Noggin along the dorsal-ventral axis. Wnt and Bmp signaling pathways inhibit SOX2 expression 
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on the dorsal side of the anterior foregut (Domyan et al. 2011) and drive Nkx2.1 expression toward 

the tracheal lineage. Functional genomic studies in mice and Xenopus have also been used to mimic 

the genetics and morphogenetic regulation of normal and abnormal foregut compartmentalization 

representing human esophageal anomalies such as the EA/TEF (Kim et al. 2019; Fausett and 

Klingensmith 2012; Raad et al. 2020). However, these studies utilize methods resulting in 

functional loss of specific genes that may not represent the genetic complexity observed in humans. 

The esophagus of the human differs structurally and morphologically from the esophagus of the 

mouse (Rosekrans et al. 2015). Therefore, there is a need to have a representative model of human 

esophagus development to not only decipher but also understand the possible mechanisms leading 

to EA/TEF. Induced pluripotent stem cells (iPSCs) offer an excellent tool in gaining insights not 

only on human embryonic and developmental ontologies but also to model diseases (Karagiannis 

et al. 2019; Rowe and Daley 2019) through the directed differentiation to specific organs 

originating from all three germ layers. To date, patient-derived iPSCs have not yet been used to 

study digestive malformations. Recently, patient-derived iPSCs have been used to study congenital 

heart diseases, where intrinsic defects were observed in differentiated cardiomyocytes derived from 

these iPSCs (Miao et al. 2020; Hrstka et al. 2017; Yang et al. 2017). Over the last few years, studies 

using healthy human iPSCs have been used to generate mature esophageal epithelium (Zhang et 

al. 2018; Trisno et al. 2018) and confirmed previous findings that SOX2 is key to promoting 

esophageal specification and the critical role of BMP, TGF-ß, and WNT signaling pathways during 

esophageal development (Que et al. 2007; Teramoto et al. 2020a; Zhang et al. 2018; Trisno et al. 

2018; Que et al. 2006; Li et al. 2007; Woo et al. 2011; Domyan et al. 2011).  

Therefore, the objective of the current study is to differentiate embryonic stem cells (ESCs) and 

iPSCs from healthy individuals and iPSCs from three EA/TEF type C pediatric patients into mature 

esophageal organoids in matrix- and xenogeneic-free culture conditions. We adapted and modified 

a stepwise differentiation protocol (Matsuno et al. 2016; Zhang et al. 2018; Giroux et al. 2017; 

DeWard, Cramer, and Lagasse 2014) by manipulating key signaling pathways involved in 

esophagus development. We investigated the gene and protein expression profiles of key signaling 

molecules in patient cells and compared them to healthy cells at each developmental stage. 

Furthermore, by combining targeted gene expression and nanopore RNA sequencing,  we 

demonstrated that patient-derived cells exhibit unique molecular signatures, especially at the 
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anterior foregut stage. Our study establishes a basic framework to understand the morphogenesis 

and mechanisms involved during early esophageal development by using patient-derived iPSCs.  

 

Results: 

Our modified protocol includes the stepwise differentiation of PSCs into mature esophageal 

organoids with checkpoints at four developmental stages: (i) definitive endoderm, (ii) anterior 

foregut, (iii) mature esophageal epithelium and (iv) 3-dimensional esophageal organoids (Scheme 

1). We compared the differentiation potential to these stages between healthy PSCs (embryonic 

stem cell line [H9] (female)) and an iPSC derived from a non-familial healthy male and EA/TEF 

iPSCs (2 males and 1 female). 

 

1. Derivation of EA/TEF patient iPSCs  
iPSC lines from 3 pediatric EA/TEF patients were established by reprogramming peripheral blood 

mononuclear cells (PBMCs) in the Stem Cell core facility at CHU-Sainte Justine. Their 

pluripotency was confirmed by the mRNA expression of pluripotent genes SOX2, NANOG, and 

OCT4 and immunofluorescence staining with SOX2, NANOG, OCT4, and SSEA4. All 3 iPSC cell 

lines had a normal karyotype, had no pathogenic genetic variants in established EA/TEF risk genes 

and showed the ability to differentiate into the three germ layers as evidenced through teratoma 

formation. (Raad et al. 2021, submitted to Stem Cell Research).  

 

2. Similar differentiation potential of healthy and EA/TEF patient PSCs into definitive 
endodermal (DE) cells   
The first critical step is the differentiation of PSCs into endodermal cells that give rise to the entire 

epithelial lining of the gastrointestinal tract, including the esophagus epithelium(Wells and Melton 

1999). We evaluated the efficiency of endoderm differentiation by qPCR through gene expression 

of specific markers CXCR4, GATA4, and SOX17 (Fig. 1A-D). There was no significant difference 

in gene expression levels between healthy and patient-derived definitive endoderm. At the protein 

level, CXCR4 and GATA4 were observed in the cytoplasm, whereas SOX17 was observed in the 
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cell nuclei, confirming DE commitment in both groups (Fig. 1E). Furthermore, we also verified 

that no ectodermal cells were present through the absence of OTX2 (Data not shown).  

 

3. Critical dorsal esophageal marker is downregulated in EA/TEF patient-derived anterior 
foregut cells 
Developmentally, the anterior side of the foregut tube separates dorsally into the esophagus and 

ventrally into the trachea and therefore, to generate the dorsal side of the anterior foregut, we 

inhibited key signaling pathways shown to be critical for esophagus specification; the BMP, TGFb, 

and WNT pathways (Fig. 2A). Anterior foregut cells in both groups expressed PAX9, a foregut 

endodermal marker at the gene and protein levels (Fig. 2B, D). The cells also expressed ISL1 (Fig. 

2C, E), a recently identified critical marker that contributes to the specification of anterior foregut 

to both esophageal and tracheal epithelium (Kim et al. 2019). ISL1 regulates the expression of 

NKX2.1 and is required for esophagus-trachea separation (Zhang et al. 2018; Kim et al. 2019). The 

expression profiles of ISL1 and PAX9 were similar in both groups (Fig. 2D, E).  

However, SOX2, a critical transcription factor necessary for foregut morphogenesis and expressed 

on the dorsal side of the anterior foregut, was downregulated in the patient-derived cells (Fig. 2F, 

G). It is known that disruption of SOX2 expression leads to an abnormal separation of the anterior 

foregut into the esophagus and trachea (Teramoto et al. 2020a). Following quantification, we 

observed that percentage of SOX2 positive cells was significantly lower in all three patients (~10%) 

compared to the healthy foregut cells (45%) (Fig. 2F, H).  

At the anterior foregut stage when the compartmentalization occurs, two critical transcription 

factors namely, SOX2 and NKX2.1, have a reciprocal repressive function. Nkx2.1 binds to silencer 

sequences near the Sox2 gene and represses its transcription (Kuwahara et al. 2020; Kim et al. 

2019; Trisno et al. 2018; Han et al. 2020). However, dysregulated SOX2 did not affect the 

expression of NKX2.1, which remained undetected in both groups (Fig. 2I). Furthermore, at this 

stage, we also confirmed the absence of other lineage markers, specifically, a mid-hindgut marker, 

CDX2 (Data now shown) and a posterior foregut marker, HNF4a (Supplementary Fig. S1A) 

 

4. Novel transcript isoforms and distinct molecular signatures in patient-derived anterior 
foregut cells using nanopore sequencing 
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Low SOX2 expression levels in patient-derived anterior foregut cells led us to investigate what 

other genes could be involved in this stage of development. . We report 2 new isoforms of the 

SOX2 gene, one of which presents an intron in its 3’UTR. This filtered de novo assembly was used 

as a reference for sample-specific abundance estimation. The latter revealed a potential batch-

effect associated with 2 separate sample preparations that, unfortunately, also coincided with 

the sex of the individual, representing 42% of the observed variation in the data (PC1, Fig. 3A). 

We performed batch correction using SVA (Leek et al. 2021) to mitigate this effect, which resulted 

in an effective separation of disease and healthy samples across the 2 remaining principal 

components (Fig. 3B). Sequencing validated our previous observations that SOX2 is less expressed 

at the anterior foregut stage in the patient group. The differential transcript expression with DeSeq2 

identified 173 transcripts that presented an over 2-fold change in normalized expression with a p-

value below 0.01 (Supplementary Table 1). We could identify gene expression signatures unique 

to both conditions (Fig. 3C, D). Specifically, both SOX2 transcripts that overlap the TaqMan 

probes used in qPCR (SOX2-201 and SOX2-201(o)-25276.2, Fig. 3E) presented an average TPM 

of 618 in healthy samples versus 253 in affected samples. GSTM1-201 was among the top 

differentially expressed isoforms in patient-derived cells (log2(fold change) = 5.61). It is 

significantly lower in all 3 patients compared to healthy samples (Fig. 3D). Previous work has 

shown that GSTM1 is associated with EA/TEF  (Filonzi et al. 2010). Also, among the list is 

RAB37-204 (log2(fold change) = 1.08), an endosomal protein critical for vesicle trafficking 

regulation. Rab proteins have been previously linked to foregut malformations (Nasr et al. 2019; 

Nam et al. 2010; Edwards et al. 2021). Among the top differentially expressed transcripts are 

several non-coding RNAs, including Y-RNA and MEG3 (Fig. 3D and Supplementary Table 1). 

 

5. NKX2.1, a tracheal marker, is expressed in EA/TEF patient-derived esophageal 
epithelium  

We further differentiated the anterior foregut cells into esophagus epithelium by inhibiting the 

BMP and TGF-ß pathways (Que et al. 2006; Guyot and Maguer-Satta 2016) (Fig. 4A). Even with 

low SOX2 expression in patient-derived anterior foregut cells, we observed that these cells were 

committed to an esophageal fate. Specifically, we observed that esophageal epithelial cells derived 

from both groups expressed esophageal marker, p63, normally expressed in the basal proliferative 

layer of the developing esophagus (Fig. 4B). Cells from both groups also expressed KRT4, an 
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esophageal squamous epithelial marker (Fig. 4C, E). Interestingly, SOX2, a marker also expressed 

by the basal proliferative esophageal epithelium, was observed at similar levels in both groups (Fig. 

4D, E).  

The expression of SOX2 during esophagus differentiation of EA/TEF patient iPSCs differs greatly 

from healthy group. At the anterior foregut stage, we observed a temporal downregulation of SOX2 

expression in the 2 groups but was significantly more pronounced in patient cells (Fig. 4F). 

Interestingly, SOX2 expression goes back to similar levels to that of the healthy group at the 

esophageal epithelial stage (Fig. 4F). However, at this stage though the SOX2 expression returned 

to normal levels we observed a significantly higher expression of NKX2.1 in patient-derived 

esophageal epithelial cells at the gene and protein levels (Fig. 4G, H). 17% of the cells were 

positive for NKX2.1 in patient-derived esophageal epithelium (Fig. 4I). A recent study (Nasr et 

al., 2019) identified ISL1 to be a regulator of NKX2.1 during foregut separation. But we did not 

observe any significant difference in the expression of ISL1 in both healthy and patient derived 

cells at both the anterior foregut and esophageal epithelial stage (Supplementary Fig. S1B). 

 

6. Mature esophageal epithelial organoids express key markers: Involucrin (INV), Keratin-4 
and -13 (KRT-4 and KRT-13), and p63 
For further maturation and to allow for cellular organization of the esophageal epithelium into a 

stratified squamous epithelium, 3-dimensional organoids were generated and further matured. 

Cells were detached from their 2-dimensional culture conditions, matured in suspension (Fig. 5A) 

and within 48 hours the cells clustered together to form organoids (Fig. 5B). We observed no 

morphological and proliferative differences between the healthy and patient-derived organoids 

(Fig. 5B, Supplementary Fig S2). We observed high gene and protein expression of suprabasal 

markers such as KRT4, KRT13, and Involucrin in both healthy and patient-derived organoids 

closer to the fetal esophagus than to adult esophagus biopsy (Fig. 5C, D, E, F) in addition to p63, 

a basal proliferative marker (Fig. 5G, H). We expected the expression of these markers to be 

normal at this stage because the upper and lower end of the esophagus in EA/TEF patients is not 

affected morphologically.  

 

7. Abnormal NKX2.1 expression is retained in EA/TEF patient-derived organoids  
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NKX2.1 is not normally expressed in human esophagus biopsies (Fig. 6A). However, our patient-

derived esophageal organoids showed a positive expression of NKX2.1 at levels close to the fetal 

trachea. As expected, no expression was observed in healthy esophageal organoids just like fetal 

esophagus and esophagus epithelial biopsies (Fig. 6B). NKX2.1 expression was interspersed in the 

KRT13 expressing suprabasal layers of the patient-derived esophageal organoids (Fig. 6C, D). A 

similar observation was made in TEF tissue from EA patients which showed abnormal expression 

of NKX2.1 (Brosens et al. 2020). NKX2.1 dysregulation was detected as early as day 16 in 

esophagus progenitor cells (Fig. 6D). This abnormal expression was retained in mature organoids 

after 60 days in culture (Fig. 6D). 

 

8. Differentiation propensity of EA/TEF iPSCs into different organ lineages is like healthy 
iPSCs 
To verify whether the dysregulation of SOX2 at the anterior foregut stage and the abnormal 

expression of NKX2.1 at the mature esophageal epithelial stage in patient-derived iPSCs is specific 

to the esophageal fate, we investigated whether EA/TEF patients-derived iPSCs could be 

differentiated into other organ lineages such as tracheal, liver, and muscle progenitor cells. By 

using published protocol (Huang et al. 2014), we differentiated PSCs into the ventral anterior 

foregut cells, thereby favoring a tracheal fate, which was confirmed by the expression of NKX2.1 

in both the groups (Supplementary Fig. S3A, B).  

We then differentiated patient-derived iPSCs into posterior foregut and then directed it towards the 

hepatic stage. All 3 EA/TEF patient-derived iPSCs generated hepatoblast cells. Patient-derived 

hepatoblasts expressed Alpha fetoprotein (AFP) (Supplementary Fig. S4).  

Finally, we directed the differentiation of the patient-derived iPSCs toward the mesodermal cell 

stage for generating skeletal muscle progenitor cells using a previously published protocol (Shelton 

et al. 2016). Myogenic progenitor cells derived from both healthy and patient iPSCs expressed 

similar levels of PAX3 and PAX7, which are required for myogenic specification (Supplementary 

Fig. S5). These results therefore suggest that any abnormal expression of key factors is intrinsic to 

the esophagus and not any other organ as is observed in these type C EA/TEF patients. 
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Discussion 

We report here the first in vitro generated matrix- and xenogeneic-free 3-dimensional mature 

stratified squamous esophageal epithelial organoids from EA/TEF patient-derived iPSCs. We 

observed a significant down regulation of SOX2 mRNA and protein expression in patient-derived 

anterior foregut cells. Studies have shown that SOX2 downregulation is linked to abnormal foregut 

separation resulting in EA/TEF (Teramoto et al. 2020a; Trisno et al. 2018; Ioannides et al. 2010; 

Que et al. 2007; Domyan et al. 2011). We also observed an abnormal expression of NKX2.1 in 

patient-derived cells at the esophageal epithelial stage until the end of the organoid cultures. We 

also observed a distinct transcript expression profile in all 3 patient-derived anterior foregut cells, 

the most critical developmental time-point where patterning and subsequent separation into the 

esophagus and trachea occur. This dysregulation in gene and protein expression was specific to the 

dorsal side of the anterior foregut and therefore of the esophageal fate. In fact, directed 

differentiation of EA/TEF iPSCs into posterior foregut derived cells (hepatoblasts) and 

mesodermal cells (myoblasts) revealed a similar gene and protein expression profile to the healthy 

group. 

The downregulation of SOX2 specifically, however, was temporary and expression levels become 

similar in both groups when cells were further differentiated into the mature esophageal epithelium. 

The exact mechanisms regulating SOX2 expression in our patient-derived cells remain unclear. 

Though NKX2.1 and SOX2 are hypothesized to be co-repressive master regulators of foregut 

separation, NKX2.1 mRNA and protein levels remained unaffected at the anterior foregut stage.  

Interestingly, following nanopore sequencing we observed unannotated long non-coding RNA 

(lncRNA-21751) lying upstream of SOX2 promoter that is significantly downregulated in all 3-

patient derived anterior foregut cells. The exact role of lncRNA-21751 in regulating SOX2 

expression at the anterior foregut stage remains unknown. We also speculated on the potential role 

of the long non-coding RNA SOX2OT at this critical stage. SOX2OT harbors the intronic region of 

SOX2 gene. It plays a positive role in regulating SOX2 expression in a mechanism that remains 

largely unknown (Shahryari et al. 2014). So, we performed qPCR analysis of SOX2OT on the 

anterior foregut cells and observed its expression to be downregulated in all 3 EA/TEF anterior 

foregut cells (Supplementary Fig.S6). This down regulation of the SOX2OT could be one of the 

regulatory molecules involved in the expression of SOX2 in the anterior foregut cells. 
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NKX2.1 is normally absent in the esophagus epithelium. However, in the patient esophagus 

epithelium and organoids, NKX2.1 mRNA and protein levels were significantly high. ISL1, a 

recently identified transcription factor that regulates the expression of NKX2.1, was found at similar 

levels in both groups (Supplementary Fig. S1B). Although information on SOX2 expression 

regulation is available, upstream regulation of SOX2 at the earliest stages of anterior foregut 

development is unknown. At the anterior foregut stage, SOX2 and NKX2.1 have a reciprocal 

repressive function. Nkx2.1 binds to silencer sequences near the Sox2 gene and represses its 

transcription. In our experimental system, dysregulated SOX2 did not affect the expression of 

NKX2.1, which remained undetected in both groups suggesting that Nkx2.1 is not responsible of 

SOX2 downregulation at that stage. One could hypothesize that SOX2 expression is epigenetically 

regulated and/or lncRNAs (lncRNA-21751, SOX2OT) observed in the RNA sequencing play a role 

in SOX2 expression at the anterior foregut stage. It is also unknown whether a lower SOX2 

expression in the anterior foregut leads to an abnormal esophageal development and abnormal 

maintenance of esophageal identity. A recent study suggests that misexpression of Sox2 in gut 

precursors alters organ identity (Smith et al. 2022). The authors show that disruption of SOX2 

expression is fully sufficient to alter cell fate decisions by either leading to a loss of identity or 

completely changing cell fate. These authors showed that changes in key lineage-specific 

transcription factors binding are sufficient to alter chromatin accessibility patterns and drive 

subsequent changes in lineage fate decisions. 

We identified around 173 RNA transcript isoforms that were significantly differentially expressed 

between the healthy and patient groups. GSTM1 was one of the most differentially downregulated 

genes with its distinct functions in the detoxification of electrophilic compounds including 

carcinogens, therapeutic drugs, environmental toxins, and products of oxidative stress. GSTM1 has 

a non-catalytic regulatory role in apoptotic ASK1-MAPK (mitogen-activated protein kinase) 

signaling cascade (Cho et al. 2001). Under non-stimulated conditions, GSTM1 inhibits apoptotic 

cell death (Cho et al. 2001). There has been an increasing trend of linking xenobiotics to genes 

involved in detoxification in early embryonic development and specifically to EA/TEF. It is 

suspected that an altered detoxification process triggers an alteration of proliferation or apoptotic 

cellular behavior that may directly affect the separation process of the foregut into the esophagus 

and trachea (Filonzi et al., 2010). Another interesting gene which was differentially expressed was 

from the family of small GTPases, Rab, which are key regulators of intracellular membrane 
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trafficking. In a recent study, Rab11 was shown to have a direct link to epithelial remodeling and 

extracellular matrix degradation during the foregut separation (Nasr et al. 2019). The work shown 

in xenopus and mouse demonstrates how the disruption of Rab11-mediated epithelial remodeling 

results in tracheoesophageal clefts (Nasr et al. 2019), providing a potential mechanistic framework 

for foregut separation in humans. In our patient-derived anterior foregut cells, however, we observe 

a significant downregulation of another Rab protein, RAB37. Rab37 is a critical regulator of vesicle 

trafficking and play a potential role during human foregut compartmentalization, similar to what 

was observed in xenopus and mice with Rab11. In a suggested mechanism, Rab37 mediates 

exocytosis of SFRP1 (secreted frizzled related protein 1) an antagonist of the Wnt pathway to 

suppress Wnt signaling in lung cancer cells in vitro.(Cho et al. 2018). Knowing the particular 

importance of the inhibition of Wnt signaling in the anterior foregut to favor an esophageal fate 

(Woo et al. 2011), raises the potential role of Rab37 at this developmental stage. Furthermore, the 

identification of numerous new transcript isoforms, including known and novel long non-coding 

RNAs, supports the observed regulatory complexity of esophagus and trachea development, as well 

as EA/TEF etiology, whilst suggesting that non-coding regulatory transcripts play a role in this 

process.  

We cannot exclude a role of mesenchymal cells in the dysregulation of SOX2 and NKX2.1 in the 

present experimental setting. Although at minimal levels, we detected mRNA expression of 

brachyury, a transcription factor that regulates mesoderm formation (Herrmann et al. 1990) and 

vimentin, an intermediate filament expressed in mesenchymal cells, in our cultures during directed 

esophagus differentiation (Supplementary Fig.S7A). Additionally, after 2 months of culture, we 

observed vimentin protein expression in our mature esophageal organoids derived from both 

healthy and patient cells (Supplementary Fig. S7B). The influence of mesenchyme on foregut 

epithelium division has been previously demonstrated (Han et al. 2020). Dysregulation of SOX2 

has been linked to mesenchymal development with respiratory characteristics (Teramoto et al. 

2020a).  

In conclusion, the experimental approach of using EA/TEF derived iPSCs, allowed us to mimic 

the initial developmental stages of the human esophagus to understand the origins of this 

malformation. We can conclude that the intrinsic defect observed in these cells are limited only to 

the esophagus. Our work is limited to isolated type C EA/TEF and thus cannot relate our results to 
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other types of EA or syndromic EA with associated malformations. More studies are required to 

understand the failure of key mechanisms and pathways involved during the critical interface of 

anterior foregut specification. This work therefore highlights the importance of using patient-

derived iPSCs to model congenital diseases to yield new insights on organ development during 

embryogenesis.  

 

Materials and methods  

Blood collection for reprogramming 

Blood was collected from the three pediatric patients after obtaining consent from their parents to 

reprogram the blood cells to PSCs for research purposes. This study was approved by the 

Institutional Review Board of CHU-Sainte Justine Research Center (Protocol #2018-1670 (For 

iPSCs); 2019-2102 (For WES).  

 

Experimental Design 

Using the Institutional iPSC Core facility, we reprogrammed PBMCs from three different EA/TEF 

type C patients. Control and patient cells were not matched for sex and ethnicity.  

All iPSCs used for differentiation was between passages 20 and 35. Healthy and patient-derived 

iPSCs were differentiated simultaneously into mature esophageal organoids for every directed 

esophageal differentiation. The identity of the samples was not blinded to the investigator. Hepatic 

and myoblast differentiation were performed in Paganelli and Dumont labs, respectively. iPSCs 

derived from healthy subjects for esophageal differentiation, hepatic differentiation, and myoblast 

differentiation are different. The same clones of EA/TEF patient-derived iPSCs were used for all 

directed differentiations.  

 

Human embryonic stem cell and induced pluripotent stem cells 

Human embryonic stem cell (ESC) cell line, H9 was a kind gift from the Andelfinger lab at CHU 

Sainte Justine Research Center (Wunnemann et al. 2020). Healthy iPSC cell line (GHC4) and 
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EA/TEF patient-derived iPSCs (EA1, EA2, and EA3) were generated and obtained from the IPSC 

Core Facility at CHU-Sainte Justine research center. Patient 1 Age: 2 years Sex: Male, Patient 2 

Age: 6 years Sex: Male, Patient 3 Age: 18 years Sex: Female. 

 

Culture and expansion of ESCs and iPSCs 

Both ESCs and iPSCs were cultured on feeder free and non-xenogeneic conditions. Cells are plated 

on human vitronectin VTN XFTM (STEMCELL Technologies, Canada. Catalog#100-0763) coated 

100mm cell culture dishes. Cells were maintained at 37oC with 5% CO2 with daily replacement of 

Essential 8 media system (Thermofisher, Canada. Catalog#A1517001). Cells were passaged as 

aggregates every 3-4 days until they reach 60-70% confluency with 0.5mM EDTA diluted in PBS 

(Thermofisher, Canada. Catalog#15575020).  

 

Differentiation protocol-Preparing cells for differentiation (Day -1 and Day 0) 

Two days prior to differentiation (D-1), cells were dissociated into single cells using AccutaseTM 

(Stem Cell technologies, Canada. Catalog# 07922) and transferred onto BIOLAMININ 521 LN 

(LN521, BioLamina, Sweden. Product# LN521-02) coated plates with E8 media supplemented 

with 10uM Rock inhibitor Y-27632 (Sigma-Aldrich, US. Product# SCM075). The following day 

(D0) (12-16 hours later), media was changed with E8 only. If survival rate of the cells were less 

than 50%, they were cultured for an additional 24 hours before starting the differentiation. ESC 

and iPSCs were maintained at 37oC with 5% CO2 throughout the differentiation process. 

 

Endoderm differentiation (Day 1 to Day 3) 

We modified and adapted previously published protocol for endoderm differentiation (Matsuno et 

al. 2016). Xeno-free media (XFM-) was prepared using 500 mL of RPMI 1640 medium without 

L-Glutamine (Thermo Fisher Scientific, Canada. Catalog# 11875101), 10mL B-27 Supplement 

minus insulin (Thermo Fisher Scientific, Canada. Catalog# A1895601), 5mL GlutaMaxTM 

(Thermo Fisher Scientific, Canada. Catlog# 35050061), 5mL of KnockOutTM serum replacement 

(Thermo Fisher Scientific, Canada. Catalog# 10828010), 5mL Penicillin-Streptomycin (10,000 
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U/mL) (Thermo Fisher Scientific, Canada. Catalog# 15140148), 7.5mL HEPES (1M) Buffer 

(Thermo Fisher Scientific, Canada. Catalog# 15630130), 5mL of MEM Non- essential amino acids 

(100X) ((Thermo Fisher Scientific, Canada. Catalog# 11140050). Day 1 of differentiation cells are 

first washed with XFM- media to remove any residual E8 media, then cultured in XFM- with 

100ng/mL Activin A (R&D systems, US. Catalog# 338-AC-010/CF) and 3uM CHIR99021 (Stem 

Cell technologies, Canada. Catlog# 72052). On Days 2 and 3 of culture, cells were first washed 

with XFM- media and the culture was continued with XFM- supplemented with 100ng/mL Activin 

A and 250nM of LDN193189 (Stemgent, US. Code# 04-0074). By day 3, a 70-80% confluent 

monolayer of endodermal cells should be observed under the microscope.  

 

Anterior foregut differentiation (Day 4 and Day 5) 

Endodermal cells were first washed with XFM- media and then cultured for 24 hours in XFM- 

supplemented with 1uM A8301 (Stemgent, US. Code# 04-0014) and 250nM of LDN193189. The 

following day cells were washed XFM- media and cultured in XFM- supplemented with 1uM 

A8301 and 1uM IWP2 (Stemgent, US. Code# 04-0034).  

 

Esophagus differentiation (Day 6 to Day 24) 

From day 6 to day 16 we switch to XFM+ containing the same components as XFM- and replacing 

b27 supplement minus insulin with b27 supplement with insulin (Thermofisher, Canada. Catalog# 

17504044). To induce esophageal fate, we modified and adapted previously published protocol 

(Zhang et al. 2018; Trisno et al. 2018). Anterior foregut cells were cultured in XFM+ supplemented 

with 1uM A8301 and 250nM LDN193189 from day 6 until day 16, changing media daily. By day 

16, we observed that cells had reached 100% confluency and the presence of dense cell clusters. 

On day 16 esophageal progenitor cells are cultured in XFM+ only until day 24.  

 

Esophageal Organoid formation (2 months) 

Organoids were generated in suspension using NunclonTM SpheraTM low attachment 96-well plates 

(Thermofisher, Canada. Catalog# 174930) by modifying previously published esophageal studies 
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(Giroux et al. 2017; DeWard, Cramer, and Lagasse 2014). On day 24 of esophageal differentiation, 

cells were detached using TrypLE (Thermo Fisher Scientific, Canada. Catalog# 12604013) and 

gently resuspended in XFM+ media. Viable cells were counted using Trypan blue solution 

(Thermofisher, Canada. Catalog# 15250061) and 50,000 cells are then aliquoted in each well of 

the 96-well plate containing XFM+ supplemented with 1uM A8301, 250nM LDN, 3uM 

CHIR99021, 20ng/mL FGF2/bFGF (Peprotech, US. Catalog# AF100-18B) and 200ng/mL EGF 

(Thermofisher, Canada. Catalog# PHG0313). 

 

Other organ-lineage differentiation 

- Trachea differentiation (Day 6 to Day 16) 
To induce tracheal fate, we again modified previously published protocols (Huang et al. 2014; 

Huang et al. 2015). Anterior foregut cells were cultured from day 6 to day 16 in XFM+ 

supplemented with 3uM CHIR99021, 10ng/mL human FGF10 (R&D systems, US. Catalog# 345-

FG-025/CF), 10ng/mL human FGF7 (R&D systems, US. Catalog# 251-KG-010/CF), 10ng/mL 

BMP4 (Peprotech, US. Catalog# 120-05) and 50 nM RA (Tocris, UK. Catalog# 0695) from day 6 

to day 16 changing media daily. Cells reached 100% confluency and formed two-layered cell 

clusters. 

 

- Hepatoblast differentiation (Day 0 to day 15) 
iPSCs were dissociated by TrypLE (Life Technologies, Catalog# 12604013) to single cells and 

seeded on human recombinant laminin 521 (Biolamina)-coated plates in Essential 8 Flex medium 

at a density of 7x10^5 cells/cm2. Differentiation starts (day 0) when the cells reach around 70% 

confluency by changing the medium to RPMI B27 minus insulin (Life technologies) supplemented 

with 1% knockout serum replacement (KOSR, Life technologies, Catalog# 10828010). For the first 

2 days, the cells were exposed to 100ng/mL Activin A (R&D systems, Catalog# 338-AC-010/CF) 

and 3uM CHIR99021 (Stem Cell Technologies, Catalog #72052) and then for the following 3 days 

to 100ng/mL Activin A alone. Subsequently, RPMI B27 minus insulin medium was supplemented 

with 20ng/mL BMP4 (Peprotech, Catalog# 120-05), 5ng/mL bFGF (PeproTech, Catalog# AF100-

18B) and 4uM IWP2 (Tocris, Catalog# 3533) and 1uM A83-01(Tocris, Catalog# 2939/10) for 5 

days, with daily medium change. At day 10, the medium was changed to RPMI B27 (Life 
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technologies, Catalog# 17504044), supplemented with 2% KOSR, 20ng/mL BMP4, 5ng/mL 

bFGF, 20ng/mL HGF (PeproTech, Catalog #100-39H) and 3uM CHIR99021 for 5 days, with daily 

medium change.  

 

- Myoblast differentiation (Day 0 to Day 20) 
The generation of iPSC-derived myoblast was adapted from a protocol published by M. Shelton et 

al with minor modifications (Shelton et al. 2016). Briefly, different growth factors and inhibitors 

are sequentially used to drive iPSCs toward the mesodermal lineage and promote their myogenic 

cell fate commitment.  One day prior differentiation, human iPSCs (patients and control) were 

dissociated with TrypLE™ (Gibco, Catalog# 12604013) and 105 cell/well were plated as small 

colonies (10-20 cell/colony) on Vitronectin-coated 12-well plates using mTeSR1 media 

(STEMCELL Technologies, Catalog# 12604013) supplemented with 10 μM ROCK inhibitor (Y-

27632, STEMCELL Technologies, Catalog# 12604013). Next day, the medium was changed to 

TeSR-E6 media (STEMCELL Technologies, Catalog#05946) supplemented with 7 μM CHIR 

99021 (STEMCELL Technologies, Catalog #72052) for 3 days. After three days of CHIR99021 

treatment, cells were gently washed with DPBS and cultured only in TeSR-E6 medium without 

any CHIR99021, and media was changed every day till day 7. At this time point, a broad expression 

of the somite markers PAX3 and MEOX1 can be detected. From days 10 to 20 of differentiation, 

5ng/mL FGF2 (Wisent) is added to the TeSR-E6 medium to promote myogenic cell proliferation. 

At day 20, a significant proportion of cells express the muscle stem cell marker PAX7.  

 

RT-qPCR 

At each developmental stage (definitive endoderm, anterior foregut, esophageal progenitors, 

mature esophageal epithelium/organoids and other organ-lineages), cells were detached using 

AccutaseTM and RNA was extracted using the Promega kit ReliaPrep TM RNA Cell Miniprep 

System (Promega, US. Catalog# Z6011). RNA was reverse transcribed using Omniscipt TM RT kit 

(Qiagen, US. Catalog# 205113) and the complementary DNA (cDNA) obtained was used for real 

time quantitative PCR using LightCycler instrument (Roche Life Science, Germany). cDNA was 

quantified using TaqMan Gene expression assays and the TaqMan primers to target genes were 

purchased from Thermo Fisher Scientific listed in Table 1. The transcript level of each gene was 
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normalized to GAPDH housekeeping gene using the 2^-DDCT method. Relative gene expression 

was calculated and reported as fold change compared to indicated samples using GAPDH 

normalized transcript level. The results include a mean of at least 3 technical replicates for each 

biological sample.  

 

Immunofluorescence and microscopy imaging 

For immunofluorescence staining, cells at each developmental stage (definitive endoderm, anterior 

foregut, esophageal progenitors, mature esophageal epithelium/organoids, and other organ-

lineages) were fixed with 4% paraformaldehyde (PFA) (Thermo Scientific, Canada. Catalog# 

AAJ19943K2) for 20 minutes at room temperature then washed 3 times with DPBS. Cells were 

then permeabilized with 0.4% Triton X-100TM (Sigma- Aldrich, US. Catalog# 9002-93-1) in DPBS 

for 25 minutes at room temperature followed by washing with DPBS. Cells were then incubated 

with 3% blocking serum in DPBS for 1 hour at room temperature. Primary antibody was added to 

antibody dilution buffer (1% PBS-BSA, 0.3% Triton X-100, 0.3% serum) and were incubated 

overnight at 4oC. The following day, the cells were washed 3 times with DPBS. Secondary antibody 

was diluted in the same antibody dilution buffer, added to cells and incubated for 1 hour at room 

temperature (primary and secondary antibodies listed in Table 3). Following washing with DPBS, 

cells were stained with DAPI for 15 minutes at room temperature. Cover slips are mounted on top 

of a drop (7-8 uL) of ProLongTM Diamond Antifade Mountant (Thermo Fisher Scientific, Canada. 

Catalog# P36970).  

 

RNA-sequencing assay 

RNA was extracted as described in the RT-qPCR section which was followed by library 

preparation for Nanopore Sequencing was done using two different protocols. RNA (50 ng total 

RNA) was spiked reverse transcribed and amplified by PCR following the manufacturer’s 

instructions for the cDNA-PCR Sequencing kit (SQK-PCS109, [Oxford Nanopore Technologies, 

UK) up until the PCR step (14 cycles, 500 seconds extension). The PCR reactions were then 

prepared for sequencing using the Genomic DNA by Ligation kit (SQK-LSK109 [Oxford 

Nanopore Technologies, UK]). Concentrations were quantified for RNA after elution and for 
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cDNA after the PCR step and before loading the flow cells using a Qubit Fluorometer with a Qubit 

RNA assay kit (High sensitivity) for RNA and a Qubit dsDNA assay kit (Broad range) for cDNA 

[Invitrogen, Waltham, Massachusetts, USA]. Final libraries, with the following cDNA 

concentrations: 26.2 ng/uL (Patient 1), 29 ng/uL (Patient 2), 23.8 ng/uL (Patient 3), 28ng/uL 

(iPSC), 13.4 ng/uL (H9), were loaded onto MinION flow cells (R9.4.1 - FLO-MIN006) and ran 

for 74 hours on GridION and MinION Mk1C sequencers. When required, the sequencing runs were 

refueled with 250 uL of FB buffer.  

 

RNA-sequencing analysis  

Raw fast5 files were basecalled during the sequencing run using Guppy v4.0.11 

[https://nanoporetech.com/] in high accuracy mode. Fastq_pass and fastq_fail files for each sample 

were submitted to Pychopper v2.4.0 [https://github.com/nanoporetech/pychopper] to identify full-

length reads, split ligation concatemers, rescue fused reads and reorient reads based on the stranded 

barcode adapters. Full length and rescued reads were then aligned to the human reference genome 

(GRCh38.p13)(Frankish et al. 2019),  using Minimap2 v2.18(Li 2018) with -a -x splice --MD --

secondary=no options. Alignments were converted to bam format and sorted with samtools v1.12 

(Li et al. 2009). Resulting bam files were merged using “samtools merge” before being used as 

input for de novo assembly with Stringtie2 v2.1.4 (Kovaka et al. 2019). Gencode reference 

transcriptome v37 gtf format was used as input for Stringtie2’s -G option and all transcripts were 

collapsed with the long reads -L parameter. GFFcompare v0.1.12.2(Pertea and Pertea 2020) was 

used to map the resulting GTF file to Gencode to evaluate the assembly and filter it. Transcript per 

million (TPM), classcode and exon number filters have been applied manually to select all isoforms 

that are TPM>0.2, “=” or “c” classcode (provided by GFFcompare) and all classcode if more than 

1 exon. Fasta sequence corresponding to the filtered assembly annotation were retrieved using 

GFFread v0.12.7 (Pertea and Pertea 2020) and the samples fastq sequences obtained after 

pychopper were aligned again using minimap2 with -k 14 -a -N 100 options and the fasta sequence 

from the filtered assembly as a reference. Bam files were obtained using samtools and isoforms 

were quantified using Salmon v1.5.2 (Patro et al. 2017) in quant mode with -l SF –noErrorModel 

–noLengthCorrection options as recommended for Nanopore long reads. Read counts from all 

samples were merged into the same matrix using Salmon quantmerge option. Isoforms with more 
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than 3 samples with null read counts were filtered out manually to avoid artefacts. Normalization 

and differential expression analysis was performed using DESeq2 [Bioconductor version 3.13] 

(Love, Huber, and Anders 2014) on R v4.1.0 (R Core Team, 2021) to generate a normalized count 

matrix and statistics on differential expression. Batch effect correction was done using the sva 

package (Leek et al. 2021). Isoforms with a p-value < 0.01 and a |log2(FoldChange)|>1 after batch 

correction were considered statistically significant in the differential expression analysis. Isoforms 

with a p-value<0.01 and |log2(FoldChange)|>0.5 were used to perform a GO enrichment analysis 

with GOrilla from Gene Ontology (Eden et al. 2009). 

 

Quantification and statistical analysis  

All data quantification is presented as the mean ± SEM using GraphPad Software Prism 6. 

Statistical significance was determined by Student’s t tests, Mann-Whitney test. When more than 

two groups are compared, multiple comparisons were performed using one-way ANOVA to 

compare the two groups. For each analysis, at least 3 technical replicates of each biological cell 

lines were included. Representative pictures shown are indicated in the legends. P values of 0.05 

or less were considered statistically significant. 
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Scheme 1: Stepwise differentiation protocol of human pluripotent stem cells into esophagus 

organoids. Illustration of different signaling pathways manipulated to differentiate pluripotent stem 

cells into each developmental stage starting from definitive endoderm, anterior foregut, esophagus 

epithelium and esophagus organoids. 

Activin A: dimeric growth and differentiation factor activates Nodal/TGFb pathway  

CHIR99021: aminopyrimidine derivative that is potent to GSK3 inhibitor, a key inhibitor of the 

WNT pathway. CHIR99021 activates the WNT pathway 

LDN193189: dihydrochloride potent and selective ALK2 and ALK3 inhibitor. It inhibits BMP4 

mediated Smad1/5/8 activation 

A8301: potent inhibitor of the TGFb type I receptor ALK5 kinase, type I activin/nodal receptor 

ALK4 and type I nodal receptor ALK7 

IWP2: inhibits WNT pathway at the level of the pathway activator Porcupine, leading to WNT 

secretion and signaling capability 

FGF2: growth factor belonging to the FGF superfamily. It stimulates cell proliferation.  

EGF: potent growth factor belonging to the EGF family. It induces cell proliferation, 

differentiation, and survival.  
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Figure 1: Differentiation of healthy and EA/TEF patient-derived pluripotent stem cells into 

definitive endoderm (DE). A) Illustration of first stage of differentiation into definitive endoderm. 



 66 

B, C and D) Expression of key endodermal markers CXCR4, GATA4 and SOX17 was quantified 

by qPCR and reported as fold change. The fold change was generated by normalizing the transcript 

levels to those of healthy (H9) DE cells. Data representative mean ±SEM (3 technical replicates (3 

different wells) from each of the 5 biological cell lines differentiated at the same time). E) DE cells 

from healthy and patients express similarly CXCR4, GATA4 and SOX17 at the protein level by 

immunofluorescence staining. Negative controls were included in each staining. Scale bar 50um. 
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Figure 2: SOX2 expression significantly downregulated in patient-derived Anterior foregut 

(AF) cells. A) Schematic representation of differentiation from definitive endoderm into anterior 

foregut. B and C) PAX9 and ISL1 are expressed similarly by qPCR in both healthy and patient 

derived anterior foregut cells. The fold change was generated by normalizing the transcript levels 

to those of healthy (H9) DE cells. Data representative mean ±SEM (n>3 technical replicates for 
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each biological cell line). D and E) Healthy and patient-derived anterior foregut cells express 

PAX9 and ISL1 nuclear staining by immunofluorescence similarly. F) Low expression of SOX2 

at the protein level by immunofluorescence in all 3 patients. To note, patients 2 and 3 have fewer 

cells with bright fluorescence and patient 1 has more cells with less fluorescence G) SOX2 is 

downregulated in all three patient-derived anterior foregut cells. Transcript levels were compared 

to those of H9 AF. Data represents mean ± SEM (3 technical replicates (3 different wells) from 

each of the 5 biological cell lines differentiated at the same time) **p<0.01, *** p<0.001 by 

unpaired two tailed student’s t test H) Cell counting of positive cells using Image J software to 

count positively stained cells revealed that less than 10% of the patient AF cells are positive for 

SOX2. Scale bar 50um. I) Lack of expression of NKX2.1 at the AF stage in both groups. The fold 

change was generated by normalizing the transcript levels to those of healthy (H9) DE cells. Data 

representative mean ±SEM (3 technical replicates (3 different wells) from each of the 5 biological 

cell lines differentiated at the same time). 
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Figure 3: De novo assembly from long read RNA sequencing of patient versus healthy cells. 

A) Principal component analysis of sequencing data before and after (B) replicate- and sex-specific 

batch correction. C) Heatmap of 173 transcript isoforms with batch-corrected P-value< 0.01 and 

absolute fold-change > 2. D) Volcano-plot of differentially expressed transcripts (horizontal 

threshold set at batch-corrected P-value = 0.01 and vertical thresholds set at log2 fold-change  ±1). 
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E) UCSC Genome Browser view of the Sox2 locus displaying collapsed reference transcriptome 

(top panel), all de novo assembled transcript isoforms from this study (middle panel) and filtered 

isoforms (bottom panel) 
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Figure 4.: Esophagus epithelial cells derived from EA/TEF patients express NKX2.1, a 

tracheal marker. A) Illustration representing the differentiation of anterior foregut cells into 

esophagus epithelium B, C and D) Transcript levels of p63, KRT4 and SOX2 shows similar 

expression in both healthy and patient groups. Relative expression was compared to that of H9 d24 
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esophagus epithelium. The fold change was generated by normalizing the transcript levels to those 

of healthy (H9) DE cells. Data representative mean ±SEM (3 technical replicates (3 different wells) 

from each of the 5 biological cell lines differentiated at the same time). E) Immunofluorescence 

staining of d24 esophagus epithelium confirming the expression of SOX2 and KRT4 similarly in 

healthy and patient derived esophagus epithelium F) Relative expression of SOX2 throughout 

differentiation. The fold change was generated by normalizing the transcript levels to those of 

healthy (H9) DE cells. Data representative mean ± (3 technical replicates (3 different wells) from 

each of the 5 biological cell lines differentiated at the same time) **p<0.01, *** p<0.001 by 

unpaired two tailed student’s t test. G) Abnormal expression of NKX2.1 in patient derived 

esophagus epithelium. Transcript levels were significantly higher in all 3 patient cells. Transcript 

levels were compared to that of H9 esophagus epithelium Data represents mean ±SEM (3 technical 

replicates (3 different wells) from each of the 5 biological cell lines differentiated at the same time) 

**p<0.01, *** p<0.001 by unpaired two tailed Student’s t test. H) At the protein level, NKX2.1 

was also expressed in patient-derived esophagus epithelial cells, confirming our findings at the 

RNA level. I) Cell counting of NKX2.1 positive cells by the software Image J counting cells 

positively staining for NKX2.1. Scale bar 50um 

  



 73 

 

 

Figure 5: Healthy and EA/TEF patient PSCs can generate mature esophagus organoids. A) 

Illustration of differentiation from esophagus epithelium progenitors into esophagus organoids. B) 
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Bright field images of healthy and patient-derived esophagus organoids reveal similar morphology 

between the two groups. C, D, E, F) transcript levels of mature esophagus markers such as KRT4, 

KRT13, INV and p63 reveal a similar expression between healthy and patient-derived esophagus 

organoids. Relative expression was compared to H9 derived esophagus organoids. Two references 

were included in the graphs, the esophagus biopsy and fetal esophageal tissue. Data represents 

mean ±SEM (3 technical replicates (3 different wells) from each of the 5 biological cell lines 

differentiated at the same time) **p<0.01, *** p<0.001 by unpaired two tailed student’s t test. G) 

Immunofluorescence staining for KRT4, KRT13 and INV showing a positive expression in all 

generated esophagus organoids H) Dual immunofluorescence staining for INV and p63 showing a 

basal proliferative layer positive for p63 and a suprabasal layer positive for INV, a specific marker 

for stratified esophagus epithelium. Scale bar 50um. 
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Figure 6.: Retained abnormal expression of NKX2.1 in patient-derived esophagus organoids 

A) Immunohistochemistry of esophagus biopsy against NKX2.1 B) Transcript levels of NKX2.1 is 

significantly higher in all 3 patient-derived esophagus organoids. Expression of NKX2.1 was 

absent in healthy derived organoids and esophagus biopsies. Transcript levels were compared to 

those of H9 derived organoids. Fetal trachea was included as a reference in our analysis. Data 

represents mean ±SEM (3 technical replicates (3 different wells) from each of the 5 biological cell 
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lines differentiated at the same time) **p<0.01, *** p<0.001 by unpaired two tailed Student’s t 

test, C and D) Dual staining by Immunofluorescence confirms positive KRT13 staining in both 

groups, however, NKX2.1 is expressed in all 3 patient-derived esophagus organoids and is absent 

in healthy organoids. Scale bar 50um. 

 

Table 1: List of Taqman gene expression assays for qPCR analysis 

 

Gene name Source Identifier 

CXCR4 ThermoFrisher 

 

Hs00607978_s

1 

GATA4  ThermoFrisher 

Hs00171403_m

1 

SOX17  ThermoFrisher 

Hs00751752_s

1 

SOX2 ThermoFrisher 

Hs04234836_s

1 

PAX9 ThermoFrisher 

Hs00196354_m

1 

ISL1 ThermoFrisher 

Hs00158126_m

1 

NKX2.1 ThermoFrisher 

Hs00968940_m

1 

KRT4 ThermoFrisher 

Hs00361611_m

1 
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KRT13 ThermoFrisher 

Hs02558881_s

1 

P63 ThermoFrisher 

Hs00978340_m

1 

INV ThermoFrisher 

Hs00846307_s

1 
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Table 2: List of primary and secondary antibodies  

  

Antibodies Source Identifier 

Mouse monoclonal antibody to TFF1 Abcam ab72876 

Rabbit monoclonal antibody to CXCR4 Abcam ab181020  

Mouse monoclonal antibody to SOX2 Abcam ab79351 

Rat monoclonal antibody to PAX9 Abcam ab28538 

Rabbit monoclonal antibody to cytokeratin 4 Abcam ab51599 

Mouse monoclonal antibody to SOX17 Abcam ab84990 

Rabbit monoclonal antibody to ISL1 Abcam ab109517 

Rabbit polyclonal antibody to GATA4 ThermoFisher PA1-102 

Mouse monoclonal antibody to INV Abcam ab68 

Rabbit polyclonal antibody to P63 Abcam ab53039 

Rabbit monoclonal antibody to KRT13 Abcam ab92551 

Rabbit polyclonal antibody to AFP (ready to use) DAKO omnis GA50061-2 

Secondary antibodies     

Goat anti-Mouse IgG H&L (Alexa Fluor 488) Abcam ab150113 

Goat anti-Mouse IgG H&L (Alexa Fluor 594) Abcam ab150120 

Donkey anti-Rabbit IgG H&L (Alexa Fluor 488) ThermoFisher A21206 

Goat anti-Rabbit IgG H&L (Alexa Fluor 488) Abcam ab150077 
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Supplementary Figures:  

 

Supplementary figure S1: mRNA expression levels of HNF4a, ISL1 in healthy and patient 

derived cells. A) Expression levels of HNF4a, a posterior foregut marker, by qPCR is absent in 

healthy and patient derived anterior foregut cells compared to posterior foregut cells. mRNA levels 

were represented by the fold change compared to healthy posterior foregut cells. B) Expression of 

ISL1 mRNA levels by qPCR at definitive endoderm, anterior foregut and esophagus epithelium at 

day 24 are similar between healthy and patient cells. Fold change relative expression was compared 

to healthy definitive endodermal cells n=3 biological replicates. 
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Supplementary figure S2: Healthy and Patient-derived organoids can proliferate after 2 

months of culture. Immunohistochemical staining for ki67, a proliferative marker, shows a similar 

proliferative capacity in both healthy and patient derived organoids after 2 months of culture. Scale 

bar 50um. 
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Supplementary figure S3: Healthy and Patient-derived iPSCs can generate tracheal 

epithelium. A) Expression of NKX2.1 transcription factor in tracheal epithelial cells derived from 

healthy and patient iPSCs reveal similar expression levels. mRNA relative expression was 

compared to the healthy group. Data represents mean +- SEM (3 technical replicates (3 different 

wells) from each of the 5 biological cell lines differentiated at the same time). B) 

Immunofluorescence staining of tracheal epithelium from healthy and patient cells reveal 

expression of NKX2.1 in both groups. Negative controls were included for each staining. Scale bar 

50um. 
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Supplementary figure S4: Hepatic differentiation of healthy and patient derived iPSCs.  

Immunofluorescence staining of all 3-patient derived hepatoblasts reveal expression of AFP a 

specific hepatic marker. Scale bar 50um 
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Supplementary figure S5: Differentiation of iPSCs into myoblast cells.  

Immunofluorescence staining of 3 patient-iPSC derived myoblasts reveal similar protein 

expression of PAX3 and PAX7 similarly to the control group. Scale bar 100um 
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Supplementary figure S6: Long non-coding RNA SOX2OT a potential regulator of SOX2 at 

the anterior foregut stage.  

mRNA levels by qPCR reveal significant downregulation of SOX2OT in all 3 patient-derived 

anterior foregut cells. Relative expression was compared to H9 AF cells. N=3 biological replicates.  
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Supplementary figure S7: 2 months mature esophagus organoids express mesenchymal 

markers brachyury and vimentin. A) Transcript levels of Brachyury (T) and Vimentin (Vim) 

throughout esophagus differentiation is similar in both healthy and patient derived cells. Transcript 

levels were compared to those of day 0 iPSCs n=3 biological replicates. B) Healthy and patient 

derived esophagus organoids express by immunofluorescence vimentin VIM in the outermost layer 

of the esophagus whereas the rest of the esophagus is positive for E-cadherin, an epithelial marker. 
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Esophagus organoids are organized with an inner core of epithelial cells and outer layer of 

mesenchymal cells. Scale bar 50um. 

 

Supplementary Table 1a: 40 top differentially expressed transcripts in patient-derived 

anterior foregut cells.  

Long read single molecule cDNA sequencing analysis revealed a list of 173 transcripts      

differentially expressed in patient derived anterior foregut cells. The 40 most differentially 

expressed are described here (40 transcripts with the highest fold change value and batch-corrected 

P-value < 0.01).  
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Transcript 
Name 

log2
FC 

p-
value 

Gene 
Name 

Linked 
disease 

Function 

GSTM1-
201 (=) - 
STRG.5167
.1 

5.61 0.004 Glutathion
e S-
Transferas
e Mu 1 

Asbestosis 
and Oral 
Leukoplaki
a 

Glutathione conjugates 
formation 

BANF1P1-
201 (=) - 
STRG.8016
7.2 

-4.56 0.007 Barrier To 
Autointegr
ation 
Factor 1 
Pseudogen
e 1 

Leiomyom
a 

Pseudogene 

LRRC37B-
211 (o) - 
STRG.9278
4.13 

-4.13 0.003 Leucine 
Rich 
Repeat 
Containing 
37B 

Chromoso
me 
17Q11.2 
Deletion 
Syndrome 
and 
Chromoso
me 15Q26-
Qter 
Deletion 
Syndrome 

Protein Coding gene 

NR4A3-
204 (c) - 
STRG.5724
6.1 

-3.99 0.005 Nuclear 
Receptor 
Subfamily 
4 Group A 
Member 3 

Chondrosar
coma, 
Extraskelet
al Myxoid 
and 
Chondrosar
coma 

May act as a 
transcriptional activator 
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RNF41-204 
(=) - 
STRG.7209
7.13 

-3.87 0.001 Ring 
Finger 
Protein 41 

Conversion 
Disorder 
and Prader-
Willi 
Syndrome 

Encodes for E3 ubiquitin 
ligase that plays a role in 
type 1 cytokine receptor 
signaling 

FGF16-201 
(=) - 
STRG.1126
42.1 

3.83 0.007 Fibroblast 
Growth 
Factor 16 

Metacarpal 
4-5 Fusion 
and 
Syndactyly, 
Type Iii 

Proper heart development 

TNNI3-207 
(=) - 
STRG.1034
24.2 

3.67 0.005 Troponin 
I3, Cardiac 
Type 

Cardiomyo
pathy, 
Dilated, 2A 
and 
Cardiomyo
pathy, 
Familial 
Hypertroph
ic, 7 

Inhibitory subunit 
blocking actin-myosin 
interactions and thereby 
mediating striated muscle 
relaxation 

TNNI3-202 
(=) - 
STRG.1034
24.1 

3.63 0.005 Troponin 
I3, Cardiac 
Type 

Cardiomyo
pathy, 
Dilated, 2A 
and 
Cardiomyo
pathy, 
Familial 
Hypertroph
ic, 7 

Inhibitory subunit 
blocking actin-myosin 
interactions and thereby 
mediating striated muscle 
relaxation 

MCUR1P1-
201 (=) - 

3.43 0.005 MCUR1 
Pseudogen
e 1 

N/A Pseudogene 
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STRG.9107
3.1 

AP001033.
2-201 (=) - 
STRG.9656
0.1 

3.43 0.005 Long non-
coding 
RNA 

N/A Long non-coding RNA 

CHD1-212 
(i) - 
STRG.3400
5.1 

-3.26 0.004 Chromodo
main 
Helicase 
DNA 
Binding 
Protein 1 

Pilarowski-
Bjornsson 
Syndrome 
and 
Schizophre
nia 8 

Alters gene expression 
possibly by modification 
of chromatin structure 

HES3-201 
(=) - 
STRG.307.
1 

3.18 0.004 Hes 
Family 
BHLH 
Transcripti
on Factor 3 

Chromoso
me 1P36 
Deletion 
Syndrome 

Transcriptional repressor 
of genes that require a 
bHLH protein for their 
transcription 

MRPL42-
210 (=) - 
STRG.7326
9.8 

-2.93 0.001 Mitochond
rial 
Ribosomal 
Protein 
L42 

Somatizati
on Disorder 

Encodes a protein 
identified as belonging to 
both the 28S and the 39S 
subunits of the 
mitochondrial ribosome 

STRG.2175
1.25 (u) 

2.83 0.006 New 
intergenic 
isoform 

N/A N/A 

PITPNM2-
201 (c) - 

-2.69 0.009 Phosphatid
ylinositol 
Transfer 

Retinal 
Degenerati
on 

Catalyzes the transfer of 
phosphatidylinositol and 
phosphatidylcholine 
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STRG.7488
4.1 

Protein 
Membrane 
Associated 
2 

between membranes (in 
vitro). Binds calcium ions. 

OSMR-201 
(n) - 
STRG.3212
6.5 

-2.64 0.009 Oncostatin 
M 
Receptor 

Amyloidosi
s, Primary 
Localized 
Cutaneous, 
1 and 
Primary 
Cutaneous 
Amyloidosi
s 

Associates with IL31RA 
to form the IL31 receptor. 
Binds IL31 to activate 
STAT3 and possibly 
STAT1 and STAT5. 
Capable of transducing 
OSM-specific signaling 
events 

PRICKLE2
-DT-201 (x) 
- 
STRG.2175
1.7 

2.44 0.010 Prickle 
Planar Cell 
Polarity 
Protein 2 

Sensory 
Ataxic 
Neuropathy
, 
Dysarthria, 
And 
Ophthalmo
paresis and 
Ataxia 
Neuropathy 
Spectrum 

Encode for a homolog of 
Drosophila prickle 

AC016542.
2-201 (=) - 
STRG.6165
4.1 

-2.44 0.009 To be 
Experimen
tally 
Confirmed 

N/A N/A 

MYO1B-
213 (=) - 
STRG.1666
6.6 

-2.43 0.010 Myosin IB Colorectal 
Cancer and 
Deafness, 
Autosomal 

Motor protein that may 
participate in process 
critical to neuronal 
development and function 
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Dominant 
48 

such as cell migration, 
neurite outgrowth and 
vesicular transport 

AC004491.
1-201 (=) - 
STRG.4614
4.21 

-2.39 0.005 To be 
Experimen
tally 
Confirmed 

N/A N/A 

KLHL3-
209 (j) - 
STRG.3507
6.10 

-2.39 0.005 Kelch Like 
Family 
Member 3 

Pseudohyp
oaldosteron
ism, Type 
Iid and 
Pseudohyp
oaldosteron
ism, Type 
Iie 

Regulator of ion transport 
in the distal nephron 

AC069366.
1-201 (=) - 
STRG.9241
0.1 

-2.39 0.005 Pseudogen
e 

N/A N/A 

NFATC4-
201 (=) - 
STRG.7829
3.3 

2.34 0.007 Nuclear 
Factor Of 
Activated 
T Cells 4 

Leukostasis 
and 
Trichothiod
ystrophy 6, 
Nonphotos
ensitive 

Encoded for a protein that 
is part of a DNA-binding 
transcription complex 

FGD1-201 
(n) - 
STRG.1119
35.8 

-2.30 0.002 FYVE, 
RhoGEF 
And PH 
Domain 

Aarskog-
Scott 
Syndrome 
and Scott 
Syndrome 

Regulates the actin 
cytoskeleton and cell 
shape 
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Containing 
1 

ZFR2-204 
(=) - 
STRG.9918
6.1 

2.28 0.007 Zinc 
Finger 
RNA 
Binding 
Protein 2 

Malignant 
Essential 
Hypertensi
on 

Zinc Finger RNA Binding 
Protein 

ASAP2-201 
(n) - 
STRG.1040
9.8 

-2.22 0.002 ArfGAP 
With SH3 
Domain, 
Ankyrin 
Repeat 
And PH 
Domain 2 

Bulbar 
Polio 

Activates the small 
GTPases ARF1, ARF5 
and ARF6. Regulates the 
formation of post-Golgi 
vesicles and modulates 
constitutive secretion. 
Modulates phagocytosis 
mediated by Fc gamma 
receptor and ARF6. 
Modulates PXN 
recruitment to focal 
contacts and cell migration 

SAR1B-
206 (=) - 
STRG.3498
6.7 

-2.19 0.006 Secretion 
Associated 
Ras 
Related 
GTPase 1B 

Chylomicr
on 
Retention 
Disease and 
Hypobetali
poproteine
mia, 
Familial, 1 

Involved in transport from 
the endoplasmic reticulum 
to the Golgi apparatus. 

Y_RNA.11
0-201 (=) - 
STRG.6588
8.19 

-2.18 0.003 miscellane
ous RNA 

N/A Miscellaneous small RNA 
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ZFR2-201 
(j) - 
STRG.9918
6.2 

2.13 0.007 Zinc 
Finger 
RNA 
Binding 
Protein 2 

Malignant 
Essential 
Hypertensi
on 

Zinc Finger RNA Binding 
Protein 

FNBP4-205 
(c) - 
STRG.6588
8.2 

-2.11 0.004 Formin 
Binding 
Protein 4 

Microphtha
lmia With 
Limb 
Anomalies 
and 
Cerebral 
Amyloid 
Angiopathy
, Itm2b-
Related, 2 

Regulation of cytoskeletal 
dynamics during cell 
division and migration and 
maintenance of membrane 
curvature at sites of 
nascent vesicle formation 

PPM1N-
206 (=) - 
STRG.1024
56.3 

2.07 0.004 Protein 
Phosphatas
e, 
Mg2+/Mn
2+ 
Dependent 
1N 
(Putative) 

N/A Protein Phosphatase 

KRT7-201 
(=) - 
STRG.7185
6.1 

2.06 0.002 Keratin 7 Pseudomyx
oma 
Peritonei 
and Signet 
Ring Cell 
Adenocarci
noma 

Blocks interferon-
dependent interphase and 
stimulates DNA synthesis 
in cells. Involved in the 
translational regulation of 
the human papillomavirus 
type 16 E7 mRNA 
(HPV16 E7) 
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CSNK1G1-
209 (o) - 
STRG.8414
4.5 

-2.01 0.002 Casein 
Kinase 1 
Gamma 1 

Aortic 
Valve 
Prolapse 
and Gm1-
Gangliosid
osis, Type I 

Cell cycle checkpoint 
arrest in response to stalled 
replication forks by 
phosphorylating Claspin 

AL391005.
1-201 (=) - 
STRG.6401
1.1 

1.96 0.009 To be 
Experimen
tally 
Confirmed 

N/A N/A 

MTURN-
201 (j) - 
STRG.4425
4.3 

-1.96 0.007 Maturin, 
Neural 
Progenitor 
Differentia
tion 
Regulator 
Homolog 

Polycystic 
Kidney 
Disease 2 
With Or 
Without 
Polycystic 
Liver 
Disease 

Promotes megakaryocyte 
differentiation and 
represses NF-kappa-B 
transcriptional activity 

LRRC37B-
204 (j) - 
STRG.9278
4.12 

-1.92 0.006 Leucine 
Rich 
Repeat 
Containing 
37B 

Chromoso
me 
17Q11.2 
Deletion 
Syndrome 
and 
Chromoso
me 15Q26-
Qter 
Deletion 
Syndrome 

Protein Coding gene 

POLD1-
212 (i) - 

1.92 0.005 DNA 
Polymeras

Mandibular 
Hypoplasia

Role in DNA replication 
and repair 
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STRG.1030
29.2 

e Delta 1, 
Catalytic 
Subunit 

, Deafness, 
Progeroid 
Features, 
And 
Lipodystro
phy 
Syndrome 
and 
Colorectal 
Cancer 10 

ARSI-201 
(=) - 
STRG.3572
5.1 

1.89 0.006 Arylsulfata
se Family 
Member I 

Autosomal 
Recessive 
Spastic 
Paraplegia 
Type 66 
and Gastric 
Dilatation 

Protein encoded by this 
gene is thought to be 
secreted, and to function in 
extracellular space 

LINC02334
-202 (j) - 
STRG.7609
6.1 

-1.85 0.004 Long 
Intergenic 
Non-
Protein 
Coding 
RNA 2334 

N/A Long non-coding RNA 

IFITM1-
202 (=) - 
STRG.6417
6.1 

1.80 0.005 Interferon 
Induced 
Transmem
brane 
Protein 1 

Influenza 
and West 
Nile Virus 

Restricts cellular entry by 
diverse viral pathogens, 
such as influenza A virus, 
Ebola virus and Sars-CoV-
2 

 

Supplementary Table 1b: GO enrichment analysis results. 

Most differentially expressed transcripts uncovered by long read single molecule cDNA 

sequencing (Oxford Nanopore) revealed an enrichment of the transcription coactivator activity 
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function with 8 genes involved in this function found differentially expressed (genes coding for 

transcripts with batch-corrected P-value < 0.01 and |log2(FoldChange)|>0.5 analyzed with GOrilla 

from Gene Ontology (Eden et al., 2009). 

 

 

 

GO term Descriptio

n 

P-

value 

FDR 

q-

value 

Enrichme

nt (N, B, 

n, b) 

Genes 

GO:0003

713 

transcripti

on 

coactivato

r activity 

 

6.93E

-5 

 

 

6.62E

-2 

 

3.87 

(348,8,90

,8) 

 

HCFC1 

SMARC

C1  

BCL9L 

SMARC

A4 

MED23 

DDX17 

NCOA1  

MTA3 

GO:0003

712 

      

transcripti

on 

coregulato

r activity 

8.55E

-4 

 

 

4.08E

-1 

2.97 

(348,13,9

0,10) 

HCFC1 

SMARC

C1 

BCL9L 



 97 

      

      

      

SMARC

A4 

MED23 

DDX17 

NSD1 

BTG1 

NCOA1 

MTA3 
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Abstract 

The derivation of induced pluripotent stem cells (iPSCs) has ushered a new era to study human 

organ development, disease modelling, and drug discovery. The esophagus has been the least 

studied section of the digestive tract. A common acquired esophagus condition is Barrett’s 

esophagus (BE), a precursor to esophageal adenocarcinoma. In patients with BE, esophageal 

squamous mucosa is damaged by gastroesophageal reflux disease (GERD) and is replaced by 

metaplastic columnar mucosa. Clinically, esophageal atresia patients present a higher risk for 

GERD, and developing BE compared to the general population. We have previously succeeded in 

generating esophagus organoids from iPSCs derived from EA/TEF patients. Here, we suggest, for 

the first time, that EA/TEF esophagus organoids treated with 100ng/ml BMP4 expressed high 

levels of BE columnar epithelial markers FOXA2 and MUC5AC compared to healthy organoids. 

This model provides a platform to have extensive cellular, molecular, and clinical data to 

understand the susceptibility of EA/TEF patients to developing BE and potentially becoming a pre-

clinical tool for drug testing.  

 

Introduction 

Barrett’s esophagus (BE) is a potential serious complication of gastroesophageal reflux disease 

(GERD) causing chronic injury to the esophagus epithelium (Spechler and Souza 2014). The 

prevalence of BE ranges from 1 to 5%, which progresses into esophageal adenocarcinoma in 0.1 

to 0.3% cases every year (Bhat et al. 2011; Hvid-Jensen et al. 2011). In BE, the squamous 

epithelium in the distal part of the esophagus is replaced with columnar epithelium with gastric and 



 101 

intestinal features (Spechler and Souza 2014). The underlying cellular origin and molecular 

mechanisms that cause the replacement of squamous epithelium with metaplastic columnar mucosa 

remain poorly understood.  It has been previously demonstrated that the BMP signaling is essential 

for the morphogenesis of the esophagus. Specifically, BMP4 is generated in the surrounding 

mesenchyme during early foregut development. Conditional knockout of Bmp4 causes failure of 

foregut separation with a single tube connecting the pharynx to the stomach (Li et al. 2008). At 

later stages of esophagus development, Noggin, a BMP antagonist, regulates the transition from 

simple columnar to stratified squamous epithelium in the developing esophagus (Rodriguez et al. 

2010). However, abnormal BMP signaling has been directly associated with Barrett’s esophagus 

progression with a direct role in the metaplastic transformation of normal squamous cells into 

columnar epithelial cells (Que et al. 2019) 

Esophageal atresia tracheoesophageal fistula (EA/TEF) is a relatively common congenital anomaly 

of the upper gastrointestinal tract affecting 1 in 3,000 births (van Lennep et al. 2019). Long-term 

complications and outcomes of EA/TEF include respiratory and digestive problems such as 

tracheomalacia, eosinophilic esophagitis, and GERD among others (Kovesi and Rubin 2004). This 

raises concerns about the increased risk of developing BE and esophageal adenocarcinoma. The 

prevalence of BE in EA/TEF patients is relatively high (Tullie et al. 2021) with an incidence in 

EA/TEF patients as young as 2 years old (Hsieh et al. 2017). The exact mechanisms that make 

EA/TEF patients are more prone to BE complications and risks remain poorly understood.  

In this chapter, we used iPSC derived-esophageal organoids (discussed in chapter 3) to study 

EA/TEF patients' susceptibility to BE. We hypothesize that esophageal organoids derived from 

EA/TEF patients are more susceptible to developing BE. We treated mature esophageal organoids 

with human recombinant BMP4 for one-month and compared their gene expression profiles with 

healthy esophageal organoids. Our preliminary results show that EA/TEF derived-esophageal 

organoids express columnar marker, MUC5AC, an indication of metaplastic changes occurring in 

stratified squamous esophageal epithelium. MUC5AC expression was observed in healthy 

organoids. 
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Materials and Methods 

Human embryonic stem cell and induced pluripotent stem cells  

Human embryonic stem cell (ESC) line, H9 was a kind gift from the Andelfinger lab at CHU 

Sainte-Justine research center (Wunnemann et al. 2020). Healthy iPSC cell line (GHC4) and 

EA/TEF patient-derived iPSCs (EA1, EA2, and EA3) were generated and obtained from the IPSC 

Core Facility at CHU-Sainte Justine research center. 

 

Culture and expansion of ESCs and iPSCs 

Both ESCs and iPSCs were cultured on feeder free and non-xenogeneic conditions. Cells were 

plated on human vitronectin VTN XFTM (STEMCELL Technologies, Canada. Catalog#100-0763) 

coated 100mm cell culture dishes. Cells were maintained at 37oC with 5% CO2 with daily 

replacement of Essential 8 media system (Thermofisher, Canada. Catalog#A1517001). Cells were 

passaged as aggregates every 3-4 days until they reach 60-70% confluency with 0.5mM EDTA 

diluted in PBS (Thermofisher, Canada. Catalog#15575020).  

 

Differentiation protocol: Preparing cells for differentiation (Day -1 and Day 0) 

Two days prior to differentiation (D-1), cells were dissociated into single cells using AccutaseTM 

(Stem Cell technologies, Canada. Catalog# 07922) and transferred onto BIOLAMININ 521 LN 

(LN521, BioLamina, Sweden. Product# LN521-02) coated plates with E8 media supplemented 

with 10uM Rock inhibitor Y-27632 (Sigma-Aldrich, US. Product# SCM075). The following day 

(D0) (12-16 hours later), media was changed with E8 only. If survival rate of the cells were less 

than 50%, they were cultured for an additional 24 hours before starting the differentiation. ESC 

and iPSCs were maintained at 37oC with 5% CO2 throughout the differentiation process. 

 

Endoderm differentiation (Day 1 to Day 3) 

We modified and adapted previously published protocol for endoderm differentiation (Matsuno et 

al. 2016). Xeno-free media (XFM-) was prepared using 500 mL of RPMI 1640 medium without 
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L-Glutamine (Thermo Fisher Scientific, Canada. Catalog# 11875101), 10mL B-27 Supplement 

minus insulin (Thermo Fisher Scientific, Canada. Catalog# A1895601), 5mL GlutaMaxTM (Thermo 

Fisher Scientific, Canada. Catlog# 35050061), 5mL of KnockOutTM serum replacement (Thermo 

Fisher Scientific, Canada. Catalog# 10828010), 5mL Penicillin-Streptomycin (10,000 U/mL) 

(Thermo Fisher Scientific, Canada. Catalog# 15140148), 7.5mL HEPES (1M) Buffer (Thermo 

Fisher Scientific, Canada. Catalog# 15630130), 5mL of MEM Non-essential amino acids (100X) 

((Thermo Fisher Scientific, Canada. Catalog# 11140050). Day 1 of differentiation cells are first 

washed with XFM- media to remove any residual E8 media, then cultured in XFM- with 100ng/mL 

Activin A (R&D systems, US. Catalog# 338-AC-010/CF) and 3uM CHIR99021 (Stem Cell 

technologies, Canada. Catlog# 72052). On Days 2 and 3 of culture, cells were first washed with 

XFM- media and the culture was continued with XFM- supplemented with 100ng/mL Activin A 

and 250nM of LDN193189 (Stemgent, US. Code# 04-0074). By day 3, a 70-80% confluent 

monolayer of endodermal cells should be observed under the microscope.  

 

Anterior foregut differentiation (Day 4 and Day 5) 

Endodermal cells were first washed with XFM- media and then cultured for 24 hours in XFM- 

supplemented with 1uM A8301 (Stemgent, US. Code# 04-0014) and 250nM of LDN193189. The 

following day cells were washed XFM- media and cultured in XFM- supplemented with 1uM 

A8301 and 1uM IWP2 (Stemgent, US. Code# 04-0034).  

 

Esophagus differentiation (Day 6 to Day 24) 

From day 6 to day 16 we switch to XFM+ containing the same components as XFM- and replacing 

b27 supplement minus insulin with b27 supplement with insulin (Thermofisher, Canada. Catalog# 

17504044). To induce esophageal fate, we modified and adapted published protocol (Zhang et al. 

2018; Trisno et al. 2018). Anterior foregut cells were cultured in XFM+ supplemented with 1uM 

A8301 and 250nM LDN193189 from day 6 until day 16, changing media daily. By day 16, we 

observed that cells had reached 100% confluency and the presence of dense cell clusters. On day 

16 esophageal progenitor cells are cultured in XFM+ only until day 24.  
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Esophageal organoid formation (2 months) 

Organoids were generated in suspension using NunclonTM SpheraTM low attachment 96-well plates 

(Thermofisher, Canada. Catalog# 174930) by modifying previously published esophageal studies 

(Giroux et al. 2017; DeWard, Cramer, and Lagasse 2014). On day 24 of esophageal differentiation, 

cells were detached using TrypLE (Thermo Fisher Scientific, Canada. Catalog# 12604013) and 

gently resuspended in XFM+ media. Viable cells were counted using Trypan blue solution 

(Thermofisher, Canada. Catalog# 15250061) and 50,000 cells are then aliquoted in each well of 

the 96-well plate containing XFM+ supplemented with 1uM A8301, 250nM LDN, 3uM 

CHIR99021, 20ng/mL FGF2/bFGF (Peprotech, US. Catalog# AF100-18B) and 200ng/mL EGF 

(Thermofisher, Canada. Catalog# PHG0313). 

 

BMP4 induction in Esophageal Organoids (1 month) 

To evaluate the effect of BMP4 signaling, 2 months old mature esophageal organoids from both 

healthy and EA/TEF groups were incubated in XFM+ media supplemented with either 25ng/mL 

or 100ng/mL BMP4 recombinant protein (Peprotech US. Catalog #120-05ET) for a month.  

 

RT-qPCR 

At each developmental stage (definitive endoderm, anterior foregut, esophageal progenitors, 

mature esophageal epithelium/organoids, and other organ-lineages), cells were detached using 

AccutaseTM and RNA was extracted using the Promega kit ReliaPrep TM RNA Cell Miniprep System 

(Promega, US. Catalog# Z6011). RNA was reverse transcribed using Omniscipt TM RT kit (Qiagen, 

US. Catalog# 205113) and the complementary DNA (cDNA) obtained was used for real time 

quantitative PCR using LightCycler instrument (Roche Life Science, Germany). cDNA was 

quantified using TaqMan Gene expression assays and the TaqMan primers to target genes were 

purchased from Thermo Fisher Scientific listed in Table 2. The transcript level of each gene was 

normalized to GAPDH housekeeping gene using the 2^-DDCT method. The relative gene 

expression was calculated and reported as fold change compared to indicated samples using 

GAPDH normalized transcript level. The results include a mean of at least 3 technical replicates of 
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each biological sample. All data quantification is presented as the mean ± SEM using GraphPad 

Software Prism 6. 

 

Results and discussion  

Induction of metaplasia to create BE from healthy and EA patient esophageal organoids 

In this study, we examined the acquired esophagus disease BE in our generated esophagus organoid 

model. We used the same esophageal differentiation protocol discussed in chapter 3, to direct the 

differentiation of PSCs (embryonic stem cells (H9) and iPSCs derived from a healthy subject) and 

3 EA/TEF iPSCs into esophageal organoids.  

To investigate the effect of BMP signaling on our system, mature esophagus organoids (after 2 

months of culture without passaging) from both groups were treated with BMP4 recombinant 

protein for 30 days at 2 different concentrations: 25ng/mL and 100ng/mL. No morphological 

changes were observed in BMP4 treated esophagus organoids in both groups (Fig. 1). 

The genomic signature of BE shares similarities with that of normal intestinal tissue. This includes 

transcription factors such as FOXA2. FOXA2 is normally expressed in columnar epithelium of 

embryonic development and the adult intestine and is considered a BE progression marker (Wang 

et al. 2014). mRNA expression levels of FOXA2 in all 3 patient derived esophagus organoids were 

significantly higher in healthy organoids after 1 month exposure to 100ng/mL of BMP4 (Fig. 2A).  

Untreated esophagus organoids from both healthy and patient PSCs did not express FOXA2 

(supplementary figure S1). 

We then looked into the expression of MUC5AC, columnar epithelial marker, known to be strongly 

expressed in BE epithelium (Arul et al. 2000). Healthy derived organoids expressed MUC5AC at 

very low levels after BMP4 treatment at 25ng/mL or at 100ng/mL whereas EA/TEF-derived 

organoids revealed high expression of MUC5AC after one month exposure to BMP4 but only at 

100ng/mL (Fig 2B, 2C). Untreated esophagus organoids derived from both groups did not express 

FOXA2 or MUC5AC. We did not detect the expression of MUC2, intestinal epithelial mucin marker 

(data not shown), but suspect that longer exposure at higher concentrations of BMP4 (at 

200ng/mL) might induce its expression in esophagus organoids. 
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Conclusion 

Over the last decade, BE has dramatically risen in incidence (Runge, Abrams, and Shaheen 2015) 

and the mechanism by which BE develops remains unknown. Moreover, concerns exist with 

EA/TEF patients who have a high prevalence of developing BE compared to the normal population. 

Our preliminary data reveal that EA/TEF derived esophagus organoids are more susceptible to 

developing BE upon overexpression of BMP4 compared to healthy organoids. After a 1-month 

treatment of healthy and EA/TEF derived organoids with 100ng/mL of BMP4, EA/TEF derived 

esophagus organoids expressed FOXA2 and MUC5AC significantly higher than healthy derived 

esophagus organoids. Our in vitro esophageal organoid system is a good tool to investigate the 

crosstalk and signaling pathways such as BMP, Hedgehog and WNT that have been suggested to 

play a key role in BE progression. This work mainly focused on the epithelial transformation as 

our organoids lack submucosal glands, gastroesophageal junction epithelium, and residual 

embryonic cells. However, our system can be used as a patient-specific model to understand the 

cellular and molecular mechanisms affected in EA/TEF patients which could make these patients 

more susceptible to BE progression.  
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Figure 1: PSC derived esophagus organoids after 1-month BMP4 treatment. Representative 

bright field images of esophagus organoids from healthy and patients PSCs. No morphological 

differences were detected after 1-month BMP4 treatment. Scale bar 50um 
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Figure 2: Gene expression of key BE markers in healthy and EA/TEF derived esophagus 

organoids after 1 month treatment with BMP4. A, B and C) mRNA expression levels of FOXA2 

transcription factor and MUC5AC by qPCR. The fold change (y axis) was generated by 

normalizing the transcript levels to those of the healthy esophagus organoids (H9). Data 

representative mean ± SEM (n=3 technical replicates for each biological cell line) **p<0.01, *** 

p<0.001 by unpaired two tailed Student’s t test. 
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Supplementary Figure S1: Gene expression of FOXA2 in untreated control healthy and 

EA/TEF derived esophagus organoids. Absent expression of FOXA2 transcription factor by 

qPCR. The fold change (y axis) was generated by normalizing the transcript levels to those of the 

healthy esophagus organoids (H9). Data representative mean ± SEM (n=3 technical replicates for 

each biological cell line). 
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CHAPTER 5: Conclusions and Future Directions 

Discussion 

During embryonic development, a single primordial anterior foregut tube separates into two 

structurally and functionally distinct tubular organs: the esophagus, that allows the passage of food 

to the stomach, and the trachea, which branches into the lungs to allow air passage. Efforts in 

understanding this rapid and complex division of the foregut tube into the esophagus and the 

trachea remain to this day. Esophageal atresia and tracheoesophageal fistula (EA/TEF) are common 

abnormalities arising from a disruption of the proper separation of the foregut (1 in 3500 births). 

Several key genes and signaling pathways involved in this segregation have been described, mostly 

from animal models. These include SOX2 and NKX2.1 transcription factors and BMP, TGF-ß, 

WNT and HH signaling pathways which are critically involved in the specification, regulation, and 

development of the esophagus. However, many questions as to how cellular behavior accompanied 

by these signaling queues orchestrate intact foregut separation, remain unanswered. In addition, 

mouse models exhibit a limitation as they are structurally different from the human esophagus. 

This led us to think of induced pluripotent stem cells. Since their discovery, iPSCs have been used 

to model the development of a variety of human tissues and organs. Also, iPSCs through 

reprogramming of patient cells are being used to model human diseases. A fundamental 

understanding of the development of the esophagus helps recognize how and why congenital 

malformation and esophageal diseases may occur. Here, we successfully generated the first 

reported iPSCs from the PBMCs of 3 type C EA/TEF pediatric patients to model not only an 

esophageal congenital disease such as EA/TEF but also an acquired disease such as Barrett’s 

esophagus. We developed a protocol in which we differentiate iPSCs into esophagus organoids by 

tightly regulating developmental pathways such as Nodal, Wnt, BMP, and TGF-ß, to drive the 

differentiation first into definitive endoderm, then the anterior foregut to finally induce esophageal 

commitment and maturation into esophagus organoids. Using EA/TEF patient iPSCs we generated 

matrix- and xenogeneic-free 3-dimensional mature stratified squamous esophageal epithelial 

organoids and compared them to esophageal organoids derived from healthy individuals. The 

generated 2 months old esophageal stratified squamous epithelial organoids expressed key mature 

markers such as KRT4, KRT13, INV and p63 in both the groups. However, at the crucial stage of 

anterior foregut differentiation, we observed a significant downregulation of transcription factor, 
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SOX2, a dorsal marker for esophageal fate, in EA/TEF patient-derived cells. Though the patient-

derived cells achieved maturity similar to healthy cells, we observed an abnormal expression of 

transcription factor NKX2.1, a ventral marker for trachea in esophageal organoids. Both factors, 

SOX2 and NKX2.1 are known to play key roles during anterior foregut patterning and subsequent 

separation. Using nanopore RNA sequencing of anterior foregut stage in healthy and patient cells, 

we were able to identify 173 differentially expressed transcripts. These include GSTM1, an enzyme 

that plays a role in detoxification, and was linked to EA/TEF. Another one is RAB37 from the Rab 

family of proteins and have also been linked to anterior foregut malformations. This unique 

molecular signature was specific for patient-derived cells directed toward the esophageal fate only. 

When we directed the differentiation towards other cellular fates such as the trachea, the 

hepatoblast and myoblasts, we did not observe any significant differences in their differentiation 

potential in both health and EA/TEF patient-derived cells. The strategic approach of using EA/TEF 

derived iPSCs, allowed us to mimic the initial developmental stages of the human esophagus to 

understand the origins of this malformation. We can conclude that the intrinsic defect observed in 

these cells are limited only to the esophagus. Our work is limited to isolated type C EA/TEF and 

thus cannot relate our results to other types of EA or syndromic EA with associated malformations. 

More studies are required to understand the failure of key mechanisms and pathways involved 

during the critical interface of anterior foregut specification.  

We also used our iPSC-derived esophageal organoids to model Barrett’s esophagus, an acquired 

esophageal disease. It is known that EA/TEF patients are more prone to BE. In fact, the prevalence 

of BE in adults with EA/TEF is four times higher than the general population and is present at a 

younger median age (43 vs 60 years). Several pathways, such as the BMP pathway, involved in 

esophagus development are also linked to BE development. Previous work demonstrated that EA 

patients have an intrinsic cellular and molecular susceptibility to BE (Ten Kate et al. 2022). 

Therefore, using our EA/TEF patient-derived organoids it would be possible to identify genetic 

risk factors in EA/TEF patients as well as decipher the underlying mechanisms associated with BE. 

Our preliminary results showed that EA/TEF patient-derived organoids express early BE columnar 

epithelium markers FOXA2 and MUC5AC, compared to the healthy when exposed to high levels 

of BMP4. However, more studies are required to understand the mechanisms regulating this higher 

susceptibility of EA/TEF patients to develop BE. 
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Our work therefore highlights the advantage of using patient-derived iPSCs to model congenital 

diseases which allows to gain new insights on organ development during embryogenesis. 

Despite the exciting findings in our work, we still lack the exact understanding and mechanistic 

causing the dysregulation in gene and protein expression in patient-derived cells. The next steps 

would be to help define the regulatory network and potential downstream effectors causing this 

unique molecular signature in patient-derived cells.  

Future directions 

This study just touches the tip of an iceberg and therefore more in-depth studies are required to 

unravel the mechanisms involved in the dysregulation of key factors during embryonic esophageal 

development in EA/TEF patients. 

To understand SOX2 downregulation, we sought the role of a long non- coding RNA, SOX2OT 

and we observed that SOX2OT was downregulated in EA/TEF patient-derived cells. SOX2OT is 

a long non-coding RNA, that harbors SOX2 gene in its intronic region and is expressed in 

embryonic stem cells which is downregulated during cellular differentiation. SOX2OT is involved 

in the regulation of transcription factor, SOX2 (Shahryari et al.2014) and we hypothesize that 

SOX2OT may play a crucial role during foregut/esophagus differentiation. This could be 

determined by performing knockout studies of SOXOT expression in healthy cells and investigate 

dysregulation of SOX2 expression at the anterior foregut stage. One can also use editing tools like 

CRISPR/Cas9 and consider editing SOX2OT promoter in vitro in healthy iPSCs and relate its effect 

on the SOX2 expression during directed esophagus differentiation.  

It would also be important to use CRIPR/Cas9 gene editing to correct identified dysregulated gene 

transcripts such as GSTM1 and RAB37 in the patient iPSCs, to determine if it is sufficient to cause 

a defective phenotype of generated esophageal organoids. This will help further improve our 

understanding on the underlying mechanisms and signaling networks regulating foregut separation. 

These transcripts can also be studied in animal models to validate the in vitro findings and thus 

better assess their involvement alone or with other genes causing disruption in cellular behavior 

during esophageal development.   

Another limitation in our model was the lack of the different cell types that make up the esophagus. 

Cells originating from all 3 germ layers interact throughout organogenesis during embryonic 
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development of individual organs. Organoids of multicellular origins can recapitulate accurately 

the aspects of human physiology by controlling in vitro environments during cell differentiation. 

This approach has been successfully used to create complex liver organoids by incorporating 

mesenchymal cells, enteric nervous cells, and vessels (Takebe et al. 2013). Eicher et al. (2021) 

generated complex gastric organoids by combining gastric epithelial mesenchymal cells with 

neural crest cells to model gastrointestinal tract (Eicher et al. 2021). This approach could be used 

provide insights in the role mesenchymal and neural cells during esophageal development. Despite 

these limitations, our patient-derived organoid system can be used as an ideal model for high 

throughput screening of drugs or therapeutic options to have a personalized and precise treatment 

approach. This can further improve esophageal functionality such as dysmotility, gastroesophageal 

reflux disease, and recurring stenosis. 

Finally, multicellular esophageal organoids could be used to engineer an artificial tube to repair 

discontinued esophagus in EA/TEF patients. Using corrected patient-derived esophageal epithelial 

and mesenchymal cells in a biomimetic material can bridge the gap between the two ends of the 

esophagus, especially, in long gap EA/TEF patients. This bioengineering approach could provide 

a long-term alternative for gastric replacement and the associated postoperative problems. 
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