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SUMMARY

Pluripotent stem cells (PSCs) could provide a powerful system to model development of the 

human esophagus, whose distinct tissue organization compared to rodent esophagus suggests that 

developmental mechanisms may not be conserved between species. We therefore established an 

efficient protocol for generating esophageal epithelial progenitors (EPCs) from human PSCs. We 

found that inhibition of TGFß and BMP signaling is required for sequential specification of EPCs, 

which can be further purified using cell surface markers. These EPCs resemble their human fetal 

counterparts and can recapitulate normal development of esophageal stratified squamous 

epithelium during in vitro 3D cultures and in vivo. Importantly, combining hPSC differentiation 

strategies with mouse genetics elucidated a critical role for Notch signaling in the formation of this 

epithelium. These studies therefore not only provide an efficient approach to generate EPCs, but 

also offer a model system to study the regulatory mechanisms underlying development of the 

human esophagus.

Graphical Abstract

In Brief (eTOC statement):

Que, Zhang and colleagues established an efficient approach to differentiate human pluripotent 

stem cells (hPSCs) into esophageal progenitor cells (EPCs). Combined use of hPSC-derived EPCs 

and mouse genetic models demonstrates the important role of BMP and NOTCH signaling in 

promoting squamous differentiation of EPCs.
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INTRODUCTION

Differentiation of human pluripotent stem cells (hPSCs) including embryonic stem cells 

(ESCs) and induced pluripotent stem cells (iPSCs) has offered avenues to directly study 

human organ development and disease mechanisms (Huang et al., 2014; Longmire et al., 

2012; McCracken et al., 2014; Mou et al., 2012; Pagliuca et al., 2014; Shi et al., 2017; 

Spence et al., 2011; Wong et al., 2012). In addition, these hPSC-derived cells hold the 

potential to provide unlimited sources for clinical uses and pharmacological applications 

(Trounson and DeWitt, 2016). Generation of lineage-specific progenitor cells from hPSCs 

leverages the knowledge of signaling mechanisms obtained from studying other species 

mostly mice. Multiple signaling pathways such as WNT and BMP have been shown to play 

essential roles in the development of different organs including the lung and esophagus 

(Domyan et al., 2011; Goss et al., 2009; Harris-Johnson et al., 2009; Que et al., 2006). Much 

of this knowledge has now been utilized to successfully promote the differentiation of 

hPSCs into various cell lineages in tissues like the lung and thyroid where the same 

epithelial types are shared among rodents and humans (Huang et al., 2014; Longmire et al., 

2012). By contrast, for the esophagus where the epithelial structure is distinct between 

rodents (keratinized) and humans (non-keratinized), it is unknown whether the 

developmental mechanisms are conserved. Consequently, thus far derivation of esophageal 

epithelium from hPSCs has not been successful.

The esophagus is established from the dorsal side of the anterior foregut endoderm (AFE) at 

around 4 weeks of development in humans and embryonic (E) 9.5 in mice. By contrast, the 

ventral foregut endoderm gives rise to the thyroid, lung and trachea (Jacobs et al., 2012). 

Studies of mouse genetic models have shown that establishment of these foregut organs 

involves a dorsal-ventral patterning of transcription factors and signaling pathways (Que, 

2015). For example, the transcription factors NKX2.1 and SOX2 are preferentially expressed 

in the ventral and dorsal side of the AFE, respectively. Disruption of the Nkx2.1 or Sox2 
gene leads to abnormal formation of the lung and esophagus (Minoo et al., 1999; Que et al., 

2007). Furthermore, BMP and WNT signaling are preferentially activated in the ventral 

foregut, and disruption of the signaling pathways also leads to abnormal lung specification 

and agenesis (Domyan et al., 2011; Goss et al., 2009; Harris-Johnson et al., 2009; Que et al., 

2006). Accordingly, activation of the WNT pathway using the GSK3ß inhibitor CHIR99021 

is instrumental for coaxing the differentiation of hPSCs towards lung epithelium (Huang et 

al., 2014; McCauley et al., 2017). We previously showed that the BMP inhibitor Noggin is 

enriched in the dorsal side of the early foregut. Deletion of the Nog gene leads to failed 

separation of the esophagus from the foregut, resulting in birth defects including esophageal 

atresia with tracheoesophageal fistula (EA/TEF) (Que et al., 2006). Our further studies 

showed that Noggin-mediated inhibition of BMP signaling continues to play important roles 

for epithelial morphogenesis in the developing esophagus. Nog deletion results in failed 

conversion of simple columnar cell into stratified squamous epithelium and the esophagus 

becomes lined by a mucin-producing glandular epithelium (Rodriguez et al., 2010). 

Moreover, our recent studies suggested that BMP inhibition is required for the maintenance 

of basal cells, progenitor cells of the stratified squamous epithelium in the esophagus (Jiang 

et al., 2015). Of note is that there are several distinct characteristics between the mouse and 
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human esophagus. For example, similar to the skin, the mouse esophageal epithelium is 

keratinized in contrast to the non-keratinized human esophagus (Jacobs et al., 2012). 

Therefore, it remains unknown whether the activities of the relevant signaling pathways (e.g. 

BMP) are similarly involved in the specification of human esophageal epithelium. It is also 

unknown whether other signaling pathway(s) are required for epithelial morphogenesis.

Here, we report an efficient method to induce differentiation of hPSCs towards esophageal 

progenitor cells (EPCs) which can be further purified with the cell surface markers EPCAM 

and ITGß4. The hPSC-derived EPCs express genes that are enriched in the human fetal 

esophagus, and they are able to recapitulate human esophageal developmental processes, 

forming the stratified squamous epithelium in three-dimensional (3D) organoids and kidney 

capsule xenografts. Notably, using a combination of hPSC differentiation and mouse 

genetics we further identified a conserved role for NOTCH signaling in esophageal 

development in human and mouse.

RESULTS

Sequential differentiation of hPSCs towards esophageal progenitor cells through the 
inhibition of BMP and TGFβ signaling.

We previously demonstrated that Noggin expression is localized in the dorsal foregut 

endoderm where progenitor cells for the esophageal epithelium arise (Que et al., 2006). The 

unique expression of Noggin in the dorsal foregut is maintained at E10.5 and E11.5, but it is 

absent at E12.5 (Figure 1A). We also used a BRE-lacZ transgenic reporter mouse line in 

which ß-gal expression is regulated by BMP response elements (BREs) from the ID1 gene to 

determine BMP activity (Blank et al., 2008). Consistently, BMP activation is limited to the 

ventral side of the anterior foregut where the lung and trachea arise (Figure 1A). These 

findings suggest that inhibition of BMP signaling is required for the specification of EPCs 

from the AFE. In addition, a previous study showed that BMP/TGFß dual inhibition 

promotes the expansion of mouse esophageal basal cells in vitro (Mou et al., 2016). These 

findings prompted us to test whether inhibition of BMP and TGFß signaling promotes the 

specification of AFE towards EPCs.

We first followed a previously published protocol to differentiate the ES cell line RUES2 

into the endoderm (CXCR4+ c-KIT+) with a combination of Activin A, BMP4, FGF2 and 

the ROCK inhibitor Y-27632 (day1-4) (Figures 1B-C and S1A) (Huang et al., 2014). Noggin 

and SB431542 were then used to block BMP and TGFß signaling, respectively (day4-5), 

followed by a one-day treatment of SB431542 and the WNT/ß-catenin inhibitor IWP2 to 

promote the formation of AFE (Huang et al., 2014). From day6 to day16 Noggin and 

SB431542 were reapplied to the culture to block BMP and TGFß signaling. Cells were then 

maintained in the serum-free differentiation medium (SFD) to allow full commitment until 

day24 (Figures 1B-C). Noggin and SB431542 treatments led to significant reduction in the 

levels of the BMP signaling targets ID2 and JUNB and TGFß targets p15, p21, COL1A1 and 

TGFBI (Figure S1B). During the initial differentiation the transcript levels of the pluripotent 

markers NANOG and SOX2 decreased concomitantly with increased expression of the 

endodermal marker FOXA2 post endodermal induction by Activin A (day4) (Figure 1D). 

However, the levels of SOX2 increased at day6 and maintained during EPC differentiation, 
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indicating that BMP/TGFß dual inhibition promotes the specification of AFE towards the 

dorsal foregut endoderm which serves as progenitor cells for the esophagus (Figure 1D). 

Consistently, the transcript levels of the esophageal basal cell marker p63, PAX9 and 

FOXE1 increased upon differentiation (Dathan et al., 2002; Peters et al., 1998) (Figure 1D). 

Of note is that the transcripts of these genes are all similarly enriched in the epithelium of 

human fetal esophagus (Figure 1D). p63+ cells were first detected by immunostaining at 

day10 of differentiation, co-expressing FOXA2, PAX9 and FOXE1 (Figures S1D-E). The 

transcript levels of KLF4, KLF5 and WNT5A, critical factors in regulating esophageal 

epithelial proliferation and differentiation (Goldstein et al., 2007; Okano et al., 2000; 

Tetreault et al., 2016), also increased upon differentiation (Figure S1C). Notably, treatment 

with Noggin or SB431542 alone was insufficient to promote AFE differentiation into p63+ 

NKX2.1− EPCs (Figure 1E). Taken together, these results emphasize the importance of BMP 

and TGFß dual inhibition in promoting AFE towards EPCs.

WNT has been shown to play an important role in the foregut patterning into different 

organs including thyroid, lung, stomach, liver and pancreas in mouse development and hPSC 

differentiation (Goss et al., 2009; Harris-Johnson et al., 2009; Jacob et al., 2017; Longmire 

et al., 2012; McCracken et al., 2017; Ober et al., 2006; Wells et al., 2007). Previous studies 

revealed that WNT signaling is inactive during dorsal foregut commitment to the esophagus 

at E9.5 (Jacobs et al., 2012). Consistently, the transcript levels of the WNT downstream 

targets AXIN2, LEF1 and NKD1 were low (Figure S2A), suggesting low WNT signaling 

activities during the specification of EPCs. In addition, treatment with the WNT inhibitor 

DKK1 alone was insufficient to promote p63 expression in hPSCs (Figure 1E), and the 

presence of WNT inhibitor IWP2 in culture treated with Noggin and SB431542 at day6-16 

did not further promote p63 expression (Figure S2B). These data are consistent with the 

finding that WNT loss of function does not affect esophageal development in mice (Goss et 

al., 2009; Harris-Johnson et al., 2009). By contrast, activation of WNT signaling reduced 

p63 expression in a dose-dependent manner (Figures 1F and S2C), which is consistent with 

the finding that ectopic WNT activation inhibits squamous cell specification in the mouse 

esophagus and forestomach which is also lined by the stratified squamous epithelium (Goss 

et al., 2009; Harris-Johnson et al., 2009). Notably, while the levels of the general foregut 

marker SOX2 remained unchanged, the levels of the posterior foregut markers PROX1 and 

HNF6 increased upon WNT activation (Figure 1F) (Burke and Oliver, 2002; Rausa et al., 

1997), indicating that ectopic WNT activation in the presence of Noggin and SB431542 

posteriorizes the foregut reminiscent of the role of WNT signaling in promoting the 

development of posterior foregut organs such as liver and pancreas (Figure S2D) (Ober et 

al., 2006; Wells et al., 2007). Together these data suggest that maintaining WNT at low 

activities facilitates the specification of AFE towards the EPC lineage.

hPSC-derived EPCs express SOX9 and KRT7, characteristics of the developing human and 
mouse esophagus

Our transcript analysis showed that hESC-derived EPCs expressed endodermal and 

esophageal progenitor markers such as p63, SOX2 and FOXA2 (Figure 1D). 

Immunostaining confirmed strong expression of these transcription factors at day24 (Figures 

2A-B and S3A). In addition, the transcription factors PAX9 and FOXE1 that are present in 
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the mouse embryonic esophageal epithelium (Dathan et al., 2002; Peters et al., 1998), were 

also expressed by hESC-derived EPCs at the protein levels (Figures 2C-D). These 

transcription factors were also present in the epithelium of the developing mouse and human 

fetal esophagus (Figure 2E-F and data not shown). Of note, NKX2.1 was not detected in 

EPCs (Figure 2G), excluding the lung and thyroid lineages. A previous study showed that 

NANOG is expressed in the basal cells of the adult mouse esophagus (Piazzolla et al., 2014). 

However, we did not see the expression in EPCs (Figure S3B). Intriguingly, immunostaining 

analysis indicated that the hESC-derived EPCs also expressed SOX9 (Figure 2H), a 

transcription factor considered as a specific marker for the distal lung epithelium and 

tracheal cartilage cells (Chang et al., 2013; Rockich et al., 2013). We found SOX9 proteins 

are also present in the developing mouse and human fetal esophagus (Figure 2H), but not in 

their adult counterpart (Figure S3C). hESC-derived EPCs also express high levels of the 

intermediate filament protein KRT7 and KRT5 (Figure 2I). While KRT7 is specifically 

expressed in the embryonic but not adult esophagus (Figures 2J and S3D), KRT5 is 

expressed in both the fetal and adult esophagus (Figures 2K and S3E). These findings 

suggest that the hESC-derived EPCs mimic human esophageal progenitor cells at the 

embryonic stage. Furthermore, EPCs can also be reproducibly generated from the hESC cell 

line H9 using the same protocol (Figure S3F).

We also asked whether EPCs can be derived from iPSCs and exhibit similar characteristics. 

We tested two iPSC cell lines, sviPSC and mRNA iPSC using the same protocol above 

(Figure 3A). Both cell lines gave rise to EPCs which express increased levels of p63, SOX2, 

FOXA2, SOX9, KRT5, KRT7, KRT13, and INVOLUCRIN (INV) but reduced levels of 

NANOG during differentiation (Figures 3B-D, F-G and data not shown) as observed in 

hESC-derived EPCs. Consistently, NKX2.1 expression was not detected in the iPSC-derived 

EPCs (Figure 3E), confirming that these EPCs are not lung and thyroid cells.

Purification of hPSC-derived EPCs with the cell surface markers EPCAM and ITGβ4

We noticed a mixture of epithelial (EPCAM+) and non-epithelial (EPCAM−) cells in the 

culture differentiated for 24 days (Figure 4A). If the epithelial cells were not isolated, the 

highly proliferative non-epithelial cells which were mainly neuroectodermal cells (PAX6+ 

Vimentin+) quickly overgrew (Figures 4D and S4A-B). EPCAM is co-expressed with p63 in 

both mouse and human fetal esophageal progenitor cells and the hPSC-derived EPCs 

(Figures 4A-B and S4C). We therefore initially used FACs to determine the percentage of 

p63+ EPCAM+ cells in both ESC and iPSC culture at day24 differentiation. In RUES2 

culture, the percentage of p63+ EPCAM+ cells gradually increased to 79±3.2% from day10 

to day24 (Figure 4C), which is consistent with the increased expression of p63 transcripts 

along differentiation (Figure 1D). Similarly, the yield of EPCAM+ p63+ cells in H9 hESC 

culture was 80.6±4.2% (Figure S4D). The EPC derivation efficiency for iPSC lines was also 

high although the efficiency for mRNA iPSC was relatively lower (Figures S4E-F). At 

day24 of differentiation the yield of p63+ EPCAM+ cells for sviPSC and mRNA iPSC was 

80.2±6.5% and 50.1±3.5%, respectively (Figure S4E-F). Previously the cell surface markers 

CD47 and CD26 were used for the prospective isolation of hPSC-derived lung progenitor 

cells during differentiation (Hawkins et al., 2017). We asked whether hESC-derived EPCs 

could also be isolated with cell surface proteins. Multiple markers including p75, integrin 
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α6, Bß1 and ß4, CD34 and CD73 have been used to enrich stem/progenitor cells in the adult 

mouse and human esophagus (Barbera et al., 2015; DeWard et al., 2014; Kalabis et al., 

2008). Some of these markers including p75 are also expressed in other cell lineages (e.g. 

neural) which introduced contamination in FACS analysis (data not shown). Interestingly, 

the epithelial cells (EPCAM+) in the human fetal esophagus express integrin ß4 (ITGß4) 

(Figure 4B). We therefore combined EPCAM and ITGß4 to further purify EPCs from the 

mixed culture (Figure 4D). Significantly, approximately 100% epithelial cells purified with 

EPCAM and ITGß4 expressed p63 while nearly all EPCAM− ITGß4− cells did not express 

p63 (Figure 4D). However, we also observed a small percentage of EPCAM+ ITGß4− 

expressed p63 (Figure 4D), which is consistent with previous finding that a small 

subpopulation of EPCs expressed low levels of ITß4 in the esophagus (DeWard et al., 2014). 

The FACS-purified EPCs (EPCAM+ ITGß4+) were able to grow and form 3D organoids 

(Figures 4E and S5C). Overall these findings indicate that use of the cell surface markers 

EPCAM and ITGß4 allows the purification of hESC-derived EPCs for further application.

hPSC-derived EPCs are capable of recapitulating the stratified squamous epithelium both 
in vitro and in vivo

Next, we asked whether the hPSC-derived EPCs can undergo normal squamous 

differentiation. Interestingly, hESC-derived EPCs expressed the squamous differentiation 

proteins KRT4 and KRT13 when they were further cultured for 10 days in the SFD medium 

supplemented with 5% FBS, 20 ng/ml EGF, 20 ng/ml FGF2 and 10 μM ROCK inhibitors 

(Figure 5A). We also observed that a very minor population of epithelial cells expressed the 

terminal differentiation marker LORICRIN (Figure 5A). Consistently, while KRT4 and 

KRT13 were readily detected in the differentiating suprabasal cells (Figures 5C and S5A), 

LORICRIN is barely detected in the embryonic mouse and human esophagus (Figure S5B 

and data not shown). The nascent esophagus is initially lined by a simple layer of cells that 

are replaced by stratified squamous epithelia during development (Zhang et al., 2017). To 

test whether hPSC-derived EPCs are able to recapitulate the morphogenetic process we used 

air-liquid interface (ALI) culture (Kalabis et al., 2012). The seeded EPCs initially formed a 

simple columnar epithelium (p63+ KRT5+) which proliferated and differentiated to form a 

stratified squamous epithelium composed of basal cells (p63+) and differentiating suprabasal 

cells (KRT13+) (Figure 5B). The epithelium resembled the cells lining the 10-week human 

fetal esophagus where p63 expression was enriched in the basal layers and diminished in the 

suprabasal cells (KRT13+) cells (Figure 5C).

We and others previously showed that mouse esophageal progenitor cells formed organoid 

(esophageospheres) when cultured in Matrigel (DeWard et al., 2014; Giroux et al., 2017; Liu 

et al., 2013). hPSC-derived EPCs also formed 3D organoids when cultured in Matrigel 

(Figures 4E, 5D and S5C-D). The sphere at week 1 consisted of undifferentiated cells 

expressing high levels of p63 and KRT5 and low levels of KRT7 (Figures 5D and S5D). At 

week 4, p63+ cells were limited to the peripheral regions of the spheres, and cells in the 

center expressed high levels of KRT13 (Figure 5D). Thus hPSC-derived EPCs undergo 

squamous differentiation to recapitulate the stratified epithelium.
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Next we tested whether these EPCs are capable of differentiation into the stratified 

squamous epithelium in an in vivo setting, and we delivered Matrigel implants containing 

EPCs into the kidney capsule. An esophagus-like tubular structure developed one month 

after implantation, and the lumen was lined by a stratified epithelium with underlying p63+ 

cells (Figures 5E-F). Of note is that the differentiation process did not seem synchronized 

and unified throughout the tube which was also noticed in the developing mouse esophagus 

(Wang et al., 2011). While the epithelium was stratified with 2-3 layers of cells in certain 

parts of the tube, a large portion of the epithelium remained columnar-like (Figures 5E-F) 

mimicking a 10-week human fetal esophagus (Figure 5C). Similar to ALI and organoid 

culture, the differentiating cells located at the top layers expressed KRT13 (Figures 5F).

Combined use of hPSC differentiation and mouse genetic models identified a conserved 
role for NOTCH signaling in esophageal development

We previously showed that BMP signaling activation promotes terminal differentiation of 

esophageal progenitors in the developing and adult esophagus (Jiang et al., 2015; Rodriguez 

et al., 2010). We asked whether purified hPSCs-derived EPCs respond to BMP activation in 

a similar manner, and found that BMP4 treatment significantly increased the levels of 

KRT13 and INV (Figures 6A-B). We reasoned that our hPSC differentiation system will 

allow quick and efficient functional tests of candidate pathway(s) by adding chemical 

stimulators/inhibitors. Our RNA-seq analysis revealed that the major components (e.g. Jag 1, 

2, Notch1, 2, 3) of the NOTCH signaling pathway were enriched in hPSC-derived EPCs and 

human fetal esophageal epithelia (Figure 6C). Interestingly, these components including 

Jag1 and Jag2 were also enriched in the epithelium of E12.5 mouse esophagus as compared 

to the skin (Figure 6C). RNA in situ hybridization confirmed Jag1 and 2 expression in the 

E12.5 mouse esophagus and skin (Figure S6A) and E18.5 esophagus (Figure S6B). By 

contrast, Dll1, 3 and 4 were expressed at very low levels in hPSC-derived EPCs, mouse and 

human fetal esophageal epithelium (Figure 6C). The expression of Notch 1 Intracellular 

Domain (NICD1) seemed correlated with the differentiation of esophageal progenitors. 

While NICD1 was too low to be detected at E12.5, at E18.5 the expression was limited to 

the differentiated suprabasal cells (Figure S6C). We then tested whether NOTCH signaling 

is involved in the differentiation of hPSC-derived EPCs. We treated the hPSC-derived EPCs 

with DAPT to block NOTCH signaling. As expected, treatment with DAPT led to 

downregulation of HES5, HEY1 and HEY2, the downstream targets of NOTCH signaling 

(Kopan and Ilagan, 2009) (Figure S6D). More importantly, inhibition of NOTCH signaling 

led to the reduced expression of KRT13 and INV at the transcription and protein levels 

(Figure 6D), supporting that NOTCH is required for the differentiation of the hPSC-derived 

EPCs. We also tested whether inhibition of NOTCH signaling affected the specification of 

EPCs during PSC differentiation, and we found that application of DAPT did not affect 

initial EPC commitment from the AFE (Figure S6E). This finding is consistent with the 

normal specification of esophageal progenitor cells (p63+ Sox2+ NKX2.1−) in the E11.5 

Shh-Cre; RBPjκloxp/loxp mouse mutants where the transcriptional regulator RBPjκ of 

canonical Notch signaling was ablated in the early AFE (Figure S6F), confirming that 

NOTCH signaling is not required for EPC specification from AFE in both human and 

mouse.

Zhang et al. Page 8

Cell Stem Cell. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Next we asked whether the NOTCH pathway played a conserved role in the differentiation 

of the mouse esophagus. We first examined the esophagus of Shh-Cre; RBPjκloxp/loxp 

mutants at P0 (Figure 6E). Strikingly, the epithelial morphogenesis was severely disrupted, 

and the number of epithelial layers was decreased following RBPjκ deletion (Figures 6E and 

S6G). RBPjκ deletion also resulted in decreased thickness of the differentiating suprabasal 

cells (KRT13+) (Figures 6F and S6H). In keeping with this finding, the numbers of 

differentiating cells (KRT4+) were also decreased (Figure 6G). We next performed 

combined deletion of Jag1 and Jag2 in Shh-Cre; Jag1loxp/loxp; Jag2loxp/loxp mutants. Loss of 

Jag1 and Jag2 also blocked the squamous differentiation of progenitor cells in the 

developing esophagus (Figure 7A), and thickness of the differentiating suprabasal layer 

(KRT13+ KRT4+) was significantly reduced (Figures 7B-C and S6I). Notably, while the 

impact on epithelial differentiation was apparent in the mutant esophagus lacking Jag2, 

epithelial differentiation is minimally affected in mutants lacking Jag1 only (Figures 7A-C). 

Taken together, these studies suggest that hPSC differentiation and mouse genetics studies 

complement each other, providing an efficient platform to identify the important role of the 

NOTCH pathway in the morphogenesis of the esophageal epithelium.

DISCUSSION

Here, we provide a robust protocol to generate human EPCs through sequential 

differentiation of hPSCs including hESCs and iPSCs. We further identified EPCAM and 

ITGß4 as the cell surface markers to allow purification of hPSC-derived EPCs. Functionally, 

these purified human EPCs are capable of undergoing normal differentiation to establish the 

stratified squamous epithelium both in vitro and in vivo. This differentiation system 

combined with genetic mouse models allowed us to identify a critical role of the NOTCH 

pathway in esophageal development. Our approach therefore provides a unique and efficient 

platform to study the developmental mechanisms of the human esophagus. Complimentary 

findings reported by Dr. Trisno et al. also suggest that hPSC-derived EPCs are useful for 

studying the molecular mechanisms promoting esophageal versus tracheal lineage (Trisno et 

al., 2018).

We built on our previous findings and used the BMP inhibitor Noggin to promote the 

commitment of AFE towards EPCs (p63+ SOX2+ NKX2.1−). This is in contrast to the effect 

of WNTs which promote the differentiation of AFE into lung epithelial progenitors 

(McCauley et al., 2017). Consistently, we and others showed that WNT signaling promotes 

lung specification while BMP signaling needs to be inhibited by Noggin to allow generation 

of the esophagus in mice. Deletion of β-catenin or Nog leads to abnormal formation of the 

lung and esophagus, respectively (Domyan et al., 2011; Goss et al., 2009; Harris-Johnson et 

al., 2009; Que et al., 2006). Furthermore, ectopic WNT activation in genetically engineered 

mice suppresses the formation of the squamous epithelium in both forestomach and 

esophagus (Goss et al., 2009; Harris-Johnson et al., 2009). Here, we found low WNT 

signaling activities during the specification of EPCs. Ectopic WNT activation in 

combination with BMP and TGFß dual inhibition represses EPC specification accompanied 

by increased expression of PROX1 and HNF6, which are expressed in the posterior foregut-

derived organs e.g. liver and pancreas (Burke and Oliver, 2002; Rausa et al., 1997), 

suggesting ectopic WNT signaling posteriorizes the foregut (Ober et al., 2006; Wells et al., 
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2007). BMP signaling is required for the terminal differentiation of epithelial progenitor 

cells after the esophagus is established from the early foregut (Jiang et al., 2015; Rodriguez 

et al., 2010). Consistently, we found that BMP4 treatment promotes the squamous 

differentiation of hPSC-derived EPCs. Therefore, function of BMP signaling in esophageal 

morphogenesis seems conserved in mouse and human.

The hPSC differentiation system has offered an avenue to study the mechanisms regulating 

the development of the esophagus. Here, we combined hPSCs and moue genetic models to 

identify the role of NOTCH signaling in the differentiation of epithelial progenitor cells in 

the developing esophagus. We identified that the Notch ligands (Jag1 and Jag2) are enriched 

in the esophageal epithelium and hPSC-derived EPCs. NOTCH1 and 3 previously have been 

shown to be expressed in the adult human esophageal epithelium (Ohashi et al., 2011; 

Ohashi et al., 2010). Here, we found that blocking NOTCH signaling in both mouse genetic 

models and hPSC-derived EPCs leads to reduced squamous differentiation of esophageal 

progenitor cells. These studies prove that a combination of mouse genetics and hPSCs 

differentiation is powerful for elucidating the developmental mechanisms conserved between 

species.

Notably, through the differentiation of hPSCs we identified for the first time that SOX9 is 

expressed in the early esophageal progenitor cells. We further showed that SOX9 is also 

expressed in the epithelium of the developing mouse esophagus but the expression is lost in 

adults. SOX9 is similarly expressed in the lung epithelium in the early stage of development, 

but the expression falls to undetectable levels in the adult lung (Chang et al., 2013; Rockich 

et al., 2013). Conditional deletion of SOX9 disrupts lung branching morphogenesis and 

epithelial differentiation (Chang et al., 2013; Rockich et al., 2013). Although the role of 

SOX9 in the developing esophagus remains unknown, re-expression of SOX9 accompanied 

by high levels of KRT7 has been found in Barrett’s esophagus (also known as intestinal 

metaplasia) and esophageal adenocarcinoma (Jiang et al., 2017; Song et al., 2014; Wang et 

al., 2014). How SOX9 is involved in the pathogenesis of Barrett’s esophagus and 

tumorigenesis remains unknown. Study of the hPSC-derived EPCs (SOX9+) may provide 

insights into this issue.

In summary, building on our previous understanding of mouse esophageal development we 

established a robust protocol to derive EPCs from both hESCs and iPSCs. The hPSC-derived 

EPCs are capable of undergoing normal differentiation and generating the stratified 

squamous epithelium from simple columnar cells both in vitro and in vivo. More 

importantly, we employed the differentiation system in combination with mouse genetic 

models to identify the conserved roles of the BMP and NOTCH pathways in the 

morphogenesis of the esophagus. Our findings therefore provide a useful platform for 

studying regulatory mechanisms underlying human esophageal development and diseases.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by, the 

lead contact, Jianwen Que (jq2240@cumc.columbia.edu)

Zhang et al. Page 10

Cell Stem Cell. Author manuscript; available in PMC 2019 October 04.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—Shh-Cre (Harfe et al., 2004), RBPjκloxp/loxp (Han et al., 2002), Jag1loxp/loxp 

(Brooker et al., 2006), Jag2 loxp/loxp (Xu et al., 2010), BRE-lacZ (Blank et al., 2008), 

Noggin-lacZ (McMahon et al., 1998), NOD.Cg-Prkdcscid.Il2rgtm1Wjl/SzJ (NSG) mice (The 

Jackson Laboratory) mouse strains were maintained on a C57BL/6 and 129SvEv mixed 

background, 8 to 24 weeks of age, and of both sexes. All animals were genotyped by PCR of 

tail DNA. Mice were housed in a specific pathogen-free mouse facility with 12-hour light/

dark cycle and provided with food and water ad libitum according to Columbia University 

IACUC. Mice used had no known health/immune concerns, were not involved in previous 

procedures, and were drug or test naive. Experimental procedures and animal care were 

performed in accordance with the protocols approved by The Columbia University 

Institutional Animal Care and Use Committee.

Human Fetal Esophagus—This study was approved by the Medical Ethical Committee 

of the Leiden Medical University Center (P08.087) Informed consent was obtained and the 

study was conducted in accordance with the Declaration of Helsinki by the World Medical 

Association. 10-week-old human fetal esophagi were obtained from abortion material 

(vacuum aspiration) without medical indication (Roost et al., 2015). De-identified human 

fetal esophagi between 14-18 weeks of gestation were obtained under IRB approvals at 

CHLA and USC (USC-HS-13-0399 and CHLA-14-2211) after signed informed consent was 

granted. Tissues were collected in cold HBSS and processed in the lab within an hour of 

collection. Tissues from samples with known structural or chromosomal anomalies were 

excluded from this study.

Maintenance of hPSCs—RUES2 (Rockefeller University Embryonic Stem Cell Line 2, 

NIH approval number NIHhESC-09-0013), and Sendai virus and modified mRNA generated 

human dermal fibroblasts iPSC lines (sviPSC) and mRNA iPSC were kindly provided by the 

Mount Sinai Stem Cell Core facility and cultured as previously described (Huang et al., 

2015; Huang et al., 2014). H9 was purchased from WiCell. hPSCs lines were maintained on 

mouse embryonic fibroblasts (MEFs) feeder cells. Briefly, CF-1 MEF (MTI-GlobalStem) 

mitotically arrested by irradiation were plated at a density of ~25,000 cells/cm2. hPSCs were 

plated on the fibroblasts and cultured in the maintenance medium: 400 ml of DMEM/F12 

(Thermo Fisher Scientific), 100 ml of KnockOut Serum Replacement (Thermo Fisher 

Scientific), 5 ml of GlutaMAX (Thermo Fisher Scientific), 5 ml of MEM non-essential 

amino acids solution (Thermo Fisher Scientific), 3.5 μl of 2-mercaptoethanol (Sigma-

Aldrich), 1 ml of primocin (Thermo Fisher Scientific), and FGF2 (R&D Systems) with a 

final concentration of 20 ng/ml to make a total of ~500 ml of medium. For passaging cells 

were detached with Accutase/EDTA (Innovative Cell Technologies) and replated at a ratio of 

1:24. Cells were maintained in an incubator with 95% humidity, 95% air and 5% CO2 at 

37°C. Human ES/iPS cell research was conducted under the approval of the Columbia 

University Human Embryonic and Human Embryonic Stem Cell Research Committee.

METHOD DETAILS

Endoderm and Anterior Foregut Endoderm Differentiation—We followed a 

previously described protocol to differentiate hPSCs into endodermal and anterior foregut 
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(Huang et al., 2015; Huang et al., 2014). Serum-Free Differentiation (SFD) medium was 

prepared as following: 750 ml of reconstituted IMDM (Thermo Fisher Scientific), 250 ml of 

F- 12 (Corning), 7.5 ml of 7.5% Bovine Albumin Fraction V Solution (Thermo Fisher 

Scientific), 10 ml of GlutaMAX (Thermo Fisher Scientific), 5 ml of N2 (Thermo Fisher 

Scientific), 10 ml of B27 (Thermo Fisher Scientific) and 10 ml of Penicillin/Streptomycin 

(Thermo Fisher Scientific), and adding L-Ascorbic acid (Sigma-Aldrich) and MTG (Sigma-

Aldrich) on the day of use to obtain a final concentration of 50 μg/ml and 0.04 μl/ml, 

respectively. To generate endoderm, hPSCs were detached by Accutase/EDTA and cultured 

in the SFD medium plus 10 μM Rock inhibitor Y-27632 (Tocris), 100 ng/ml Activin A, 2.5 

ng FGF2 and 0.5 ng/ml BMP4 (R&D Systems) in 6-well Ultra-Low-Attachment plates 

(Corning) for 72 hours (day1-4). At day4 anterior foregut progenitor cells were further 

induced by culturing endoderm in the SFD medium plus 10 μM SB431542 (Tocris) and 100 

ng/ml Noggin (R&D Systems) for 24 hours (day4-5) and the SFD medium plus 10 μM 

SB431542 and 1 μM IWP2 (Tocris) for another 24 hours (day5-6). Cells were maintained at 

5% O2/95% N2/5% CO2 from day1-6.

Esophageal and Lung Progenitor Cell Differentiation—To induce esophageal 

progenitor cell differentiation, anterior foregut progenitor cells were cultured from day6 to 

day16 in the SFD medium plus 10 μM SB431542 and 100 ng/ml Noggin. From day16 to 

day24, cells were maintained in the SFD medium. We followed a previously described 

protocol to generate lung progenitor cells from AFE (Huang et al., 2015; Huang et al., 2014) 

in which AFE cells were cultured in the SFD medium supplemented with 3 μM CHIR99021 

(Tocris), 10 ng/ml human FGF10 (R&D Systems), 10 ng/ml human KGF/FGF7 (R&D 

Systems), 10 ng/ml human BMP4 and 50 nM retinoid acid (Sigma) (day6-16). Cells were 

cultured at 5% O2/95% N2/5% CO2 at day6-7 and maintained at 95% air/5% CO2 from day7 

onwards.

3D Organoid Culture and Air-liquid interface (ALI) culture—20,000 sorted hPSC-

derived EPCs (ITGß4+ EPCAM+) were suspended in 75 μl medium and mixed with 75 μl 

Matrigel (Corning). The mixture was plated in 24-well cell culture inserts (Falcon), and the 

medium was added to the bottom and top chambers after Matrigel solidified. The organoid 

culture medium including the SFD medium supplemented with 10 μM Y27632, 100 ng/ml 

Noggin, 10 μM SB431542, 3 μM CHIR99021, 20 ng/ml FGF2, 200 ng/ml EGF was 

modified from previous studies (DeWard et al., 2014; Giroux et al., 2017; Liu et al., 2013). 

For ALI culture, 20,000 sorted EPCs (ITGß4+ EPCAM+) were cultured in Matrigel-coated 

24-well inserts (Falcon) in the SFD medium supplemented with 5% FBS, 20 ng/ml EGF, 20 

ng/ml FGF2 and 10 μM Y27632. When cells were confluent, medium was removed from the 

upper chamber to create air-liquid interface, and the culture was further maintained for one 

month.

Kidney Capsule Implantation—For the kidney transplantation assay, one million 

RUES2-derived esophageal progenitor cells (day24 differentiation) were mixed with 

Matrigel (Coring) at 1:1 ratio and implanted under the kidney capsule as previously 

described (Chen et al., 2017). Grafts harvested from the kidney capsules one month after 

transplantation were embedded in paraffin and subjected to histological analysis.
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Immunofluorescence, X-gal Staining and Microscopy Imaging—For 

immunofluorescence staining, cells were fixed in 4% paraformaldehyde (PFA) for 15 

minutes at room temperature and washed with 1× PBS for three times. Cells were 

permeabilized with 0.3% Triton X-100 in 1× PBS for 15 minutes. Then cells were incubated 

in blocking solution (0.3% Triton X-100 plus 2% donkey serum in 1× PBS) for 1 hour. 

Primary antibodies were added into blocking solution and incubated at 4°C overnight. The 

next day, cells were washed with 1× PBS for three times. Secondary antibodies conjugated 

to Alexa Fluor (Thermo Fisher Scientific) were incubated for 1 hour. Images were taken 

using Leica DMI6000 B (Leica Microsystems) or DMi8 (Leica Microsystems) and a Zeiss 

LSM700 confocal laser scanning microscope. Bright field images were acquired using a 

Nikon Labophot 2 microscope equipped with a Nikon Digital Sight DS-Ri1 charge-coupled 

device camera. The thickness and areas composed of KRT13+ cells were calculated by 

ImageJ (National Institutes of Health). Primary antibodies are listed in the Key Resources 

Table. For X-gal staining, tissues were fixed in 4% paraformaldehyde for 30 minutes and 

incubated in X-gal solution overnight at 37°C as previously described (Que et al., 2006).

RNA in situ Hybridization—RNA in situ hybridization was performed as previously 

described (Que et al., 2006). Briefly, embryos were fixed in 4% PFA overnight and 

embedded in OCT. Cryo-sections were hybridized with specific digoxigenin-labeled 

riboprobe at 65°C in a moist chamber, overnight. Sections were then washed in high-

stringency conditions and incubated with alkaline phosphatase-conjugated anti-digoxigenin 

antibody overnight at 4°C. Following a chromogenic reaction with nitro blue tetrazolium/5-

bromo-4-chloro-3-indolyl phosphate, in situ gene expression was indicated by the blue color 

of specific tissue regions. Jag1 and Jag2 probes were kindly provided by Dr. Doris K. Wu 

(National Institute on Deafness and Other Communicative Disorders) and Dr. Thomas 

Gridley (Maine Medical Center Research Institute), respectively (Chang et al., 2008; 

Kiernan et al., 2005).

Flow Cytometric Analysis and Cell Sorting—To perform cell surface marker staining, 

cells were disassociated with 0.05% Trypsin-EDTA (Thermo Fisher Scientific) and stained 

with fluorophore conjugated antibodies in FACS buffer (1× PBS, 2% FBS, 0.2mM EDTA) 

for 30 min with live/dead staining dye (LIVE/DEAD™ Fixable Violet Dead Cell Stain Kit, 

Thermo Fisher Scientific) to exclude dead cells. Cell surface marker antibodies are listed in 

Key Resources Table. Intracellular staining cells were performed according to the 

manufacturer’s instructions in eBioscience™ Foxp3/Transcription Factor Staining Buffer 

Set (Thermo Fisher Scientific). Fixation and permeabilization was performed at room 

temperature for 1 hour followed by incubation of primary antibody for 1 hour. Cells were 

washed with 1× PBS and fluorophore-conjugated secondary antibodies were incubated for 1 

hour. Stained cells were analyzed BD FACSCanto (BD Biosciences) data were analyzed 

with FlowJo software (Ashland, Oregon). Sorted EPCAM+ ITGß4+ cells were maintained in 

the SFD medium supplemented with 5% FBS, 20 ng/ml EGF, 20 ng/ml FGF2 and 10 μM 

Rock inhibitor Y27632.

Mouse and human fetal esophageal epithelium isolation—Muscle layers were 

stripped off the esophagi using forceps and the remaining tissue (epithelium and 
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mesenchyme) was incubated in 50 U/ml Dispase (Corning) in 1xPBS for 10 minutes at room 

temperature for mouse esophagi and 16 U/ml Dispase for 8 minutes at room temperature for 

human fetal esophagi. Epithelium was peeled off from mesenchyme with forceps and 

subjected to RNA purification.

RNA Sequencing—RNA was extracted from RUES2-derived esophageal progenitor cells, 

human fetal (14-18 weeks) and E12.5 mouse esophageal epithelium and skin using the 

PicoPure™ RNA Isolation Kit (Thermo Fisher Scientific). RNA concentration was 

measured by 2100 Bioanalyzer (Agilent Technologies). Libraries were prepared using 

Illumina TruSeq RNA prep kit (Illumina) and sequenced by the Illumina HiSeq4000 

(Illumina) at the Columbia Genome Center. We multiplexed samples in each lane, which 

yields targeted number of single-end/paired-end 100 bp reads for each sample, as a fraction 

of 180 million reads for the whole lane. We used RTA (Illumina) for base calling and 

bcl2fastq (version 1.8.4) for converting BCL to fastq format, coupled with adaptor trimming. 

We mapped the reads to a reference genome (Mouse: UCSC/mm9) and (Human: NCBI/

build37.2) using Tophat (version 2.1.0) with 4 mismatches and 10 maximum multiple hits. 

To tackle the mapping issue of reads that are from exon-exon junctions, Tophat inferred 

novel exon-exon junctions ab initio, and combined them with junctions from known mRNA 

sequences as the reference annotation. We estimated the relative abundance/expression level 

of genes and splice isoforms using Cufflinks (version 2.0.2) with default settings. Estimated 

normalized expression level Fragments Per Kilobase of transcript per Million (FPKM) of 

known genes and transcripts were presented.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)—Cells were lysed 

with TRIzol (Invitrogen) and RNA was purified using the RNeasy Mini Kit (QIAGEN). 

RNA was reverse transcribed to cDNA by the SuperScript III First-Strand SuperMix 

(Invitrogen). cDNA was quantified by real-time PCR using the iQ SYBR Green Supermix 

(Bio-Rad) and StepOnePlus™ Real-Time PCR System (Applied Biosystems). The transcript 

level of each gene was normalized to the ß-actin control using 2(−ΔΔCT) method. Relative 

gene expression was calculated and reported as fold change compared to the indicated 

samples using ß-actin-normalized transcript level. All qRT-PCR experiments were 

performed at least triplicate. PCR primers were designed and produced by Integrated DNA 

Technologies and primer sequences were summarized in Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented as the mean ± SEM using GraphPad Software Prism 6. Statistical 

significance was determined by Student's t tests. When more than two groups are compared, 

multiple comparisons were performed using one-way ANOVA followed by Bonferroni 

correction. For each analysis, at least 3 biological replicates were included. Representative 

pictures shown are indicated in the legends. P-values of 0.05 or less were considered to be 

statistically significant.

DATA AND SOFTWARE AVAILABILITY

The accession number for the published RNA-sequencing data reported in this paper is 

GEO: GSE116272.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights:

• BMP/TGFß dual inhibition promotes hPSC differentiation into EPCs

• hPSC-derived EPCs can be purified with EPCAM and ITGß4

• hPSC-derived EPCs recapitulate human esophageal epithelial development

• BMP and NOTCH pathways are required for EPCs differentiation
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Figure 1. Derivation of esophageal progenitor cells (EPCs) from human embryonic stem cells 
(hESCs) by inhibiting TGFβ and BMP signaling.
(A) Noggin-mediated inhibition of BMP signaling in mouse esophageal progenitor cells. 

BMP signaling is active in the ventral but not dorsal foregut where Nog-lacZ is expressed at 

E10.5. Note Nog-lacZ expression in the tracheal mesenchyme at E11.5 and E12.5. (B-C) 
Sequential differentiation of the human ES cell line RUES2 into EPCs. Scale bar: 100 μm. 

(D) Increased expression of EPC proteins during RUES2 differentiation. Note SOX2 levels 

were reduced at day4 but increased at day6. The fold change (Y axis) was generated by 

normalizing the transcript levels to those of day 1 (D1) hESC. Human fetal esophagus (Hu-
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Fetal) was included as control. Data represent mean ± SEM (n = 3). (E) Expression of p63 

and NKX2.1 in cultures treated in parallel with either Noggin/SB-431542 or other factors 

from day6 to day16. The transcript levels of p63 and NKX2.1 were represented by the fold 

change compared to SFD condition. Data represent mean ± SEM (n = 3). **p < 0.01, ***p < 

0.001 by unpaired, two-tailed Student’s t test. (F) Ectopic WNT activation inhibits AFE 

commitment to EPCs. The GSK3 inhibitor CHIR99021 (0.5, 1 or 3 μM) was added to the 

culture from day6 to day16 along with Noggin (NOG) and SB431542 (SB). The expression 

of p63, AXIN2, PROX1, HNF6 and SOX2 was quantified by qPCR and reported as the fold 

change compared to NOG+SB. Data represent mean ± SEM (n = 3). *p < 0.05, **p < 0.01 

by unpaired, two-tailed Student’s t test. Abbreviation: Eso, esophagus; Tra, trachea; NOG, 

Noggin; SB, SB431542; CFKBR=CHIR99021, FGF10, KGF, BMP4 and Retinoic acid; 

SFD, serum free medium. N.S., not significant. See also Figures S1-S4.
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Figure 2. Human ESC-derived EPCs express embryonic esophageal markers.
(A-D) hESC RUES2-derived EPCs express multiple markers when examined at day24 of 

differentiation (n = 5). (E-F) The epithelia in E11.5 mouse esophagus and 10-week human 

fetal esophagus express p63 etc. (G) RUES2-derived EPCs do not express NKX2.1. (H) 
SOX9 is expressed in RUES2-derived EPCs and epithelial progenitors in E11.5 mouse and 

10-week human esophagus. Note the increased expression of SOX9 transcripts during hESC 

differentiation and SOX9 expression in the tracheal mesenchyme. Human fetal esophagus 

(Hu-Fetal) was included as control. (I-K) RUES2-derived EPCs express the intermediate 

filament protein KRT7 that is transiently present in the embryonic esophagus. Note EPCs 
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also express the basal cell marker KRT5 (I, K). Abbreviation: Eso, esophagus; Tra, trachea; 

epi, epithelium; mes, mesenchyme. Scale bars: 20 μm. See also Figures S1-S3.
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Figure 3. Derivation of esophageal epithelial progenitor cells from two induced human 
pluripotent stem cell lines, sviPS and mRNA iPS.
(A) Schematic diagram depicts the differentiation of EPCs from human iPS cell lines. (B) 
Increased expression of p63, SOX9, FOXE1, KRT5, KRT7, KRT13 and INV but reduced 

NANOG expression during the commitment of sviPSC towards EPCs. Human fetal 

esophagus (Hu-Fetal) was included as control. The transcript levels were represented by the 

fold change compared to day 1 (D1) sviPSC. Data represent mean ± SEM (n = 3). (C-E) 
Similar to hESC-derived EPCs, sviPSC-derived EPCs express FOXA2 and SOX9 but not 
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NKX2.1. (F-G) Representative tile scan images of sviPSC- and mRNA iPSC-derived EPCs 

co-expressing p63 and SOX2. Scale bars: (C-F) 20 μm, (G) 100 μm. See also Figures S3-S4.
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Figure 4. Purification of RUES2-derived EPCs with the cell surface markers EPCAM and ITG෴.
(A) Day24 culture contains a mixture of epithelium (EPCAM+) and non-epithelium 

(EPCAM−) cells. Note that most of EPCAM+ cells are also p63+ (n = 5). (B) ITGß4 is co-

expressed with EPCAM and p63 in the epithelium of the human fetal esophagus. (C) 
Gradual increase of p63+ EPCAM+ cells during RUES2 differentiation. Data represent mean 

± SEM (n = 3). *p < 0.05, **p< 0.01 by unpaired, two-tailed Student’s t test. Note that a 

minor population (3.9%) of p63+ cells began to appear at day 10. (D) RUES2-derived EPCs 

can be further purified with EPCAM and ITGß4 as confirmed by immunostaining. Day24 

cultures were detached, replated and maintained in the SFD medium supplemented with 5% 
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FBS, 20 ng/ml EGF, 20 ng/ml FGF2 and 10 μM ROCK inhibitor Y-27632 for another five 

days prior to FACs sorting. Note that non-epithelium (EPCAM−) cells outgrow EPCAM+ 

cells during the five-day culture as shown in FACS analysis. In one presentative of five 

experiments, 99.2% EPCAM+ ITGß4+ (Q2) cells expressed p63 while 99.0% EPCAM− 

ITGß4− (Q4) cells were p63 negative. We also noticed 22.3% of EPCAM+ITGß4− (Q3) 

expressed p63 which is consistent with previous finding that a small subpopulation EPCs 

expressed low levels of ITGß4. (E) Gradual expansion of organoids formed from single 

RUES2-derived EPCs that were sorted with EPCAM and ITGß4. Scale bars: (A-B and D) 20 

μm, (E) 100 μm. See also Figures S4-S5
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Figure 5. hESC RUES2-derived EPCs reconstitute the stratified squamous epithelium, 
mimicking human esophageal development.
(A) Differentiating EPCs express KRT4 and KRT13. A minor population also expresses 

LORICRIN. (B) Reconstitution of the stratified squamous epithelium in air-liquid interface 

(ALI) culture of EPCAM+ ITGß4+ EPCs. Note conversion of simple layer of epithelium to 

stratified squamous epithelium with basal cells (p63+) and suprabasal cells (KRT13+). (C) 
10-week human fetal esophagus expressing KRT13. (D) Differentiation of EPCAM+ 

ITGß4+ EPCs in 3D organoid culture. Note epithelial cells in the center of the sphere lose 

p63 expression while gaining KRT13 at 4 weeks. (E-F) EPCs form tubular structure lined by 

a mixture of simple columnar and stratified epithelium (KRT13+) upon transplantation into 
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the mouse kidney capsule for 30 days (n=3). Note that basal cells (p63+, arrowheads) 

surround the tube. Scale bars: 20 μm. See also Figure S5.
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Figure 6. Conserved roles for BMP and NOTCH signaling in the differentiation of hPSC-derived 
EPCs.
(A-B) BMP4 treatment promotes the squamous differentiation of RUES2-derived EPCs. 

Data represent mean ± SEM (n = 4). *p < 0.05 by unpaired, two-tailed Student’s t test. (C) 
Enrichment of Jag1, Jag2 and receptors in the epithelium of E12.5 mouse esophagus (n=3) 

and skin, human fetal esophageal epithelia (n=4) and RUES2-derived EPCs (n=3). FPKM, 

Fragments Per Kilobase of transcript per Million mapped reads. (D) DAPT treatment leads 

to the reduced expression of KRT13 and INVOLUCRIN in EPCs. Data represent mean ± 

SEM (n = 3). *p < 0.05 by unpaired, two-tailed Student’s t test. (E-G) Deletion of 
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RBPjκblocks the formation of the stratified squamous epithelium in the esophagus of Shh-
Cre; RBPjκloxp/loxp mutants (n = 4). Note the reduced thickness of the suprabasal layers 

(KRT13+ KRT4+) in mutants. Scale bars: 20 μm. See also Figure S6.
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Figure 7. Conditional deletion of the NOTCH ligands Jag1 and Jag2 impairs the squamous 
differentiation of esophageal progenitor cells.
(A) Shh-Cre mediated deletion of Jag2 but not Jag1 blocks the formation of the stratified 

squamous epithelium. Note the comparable phenotypes in mutants lacking Jag2 only and 

Jag1; Jag2. (B-C) Impaired squamous differentiation in the esophagus of Shh-Cre; 
Jag2loxp/loxp (Jag 2 KO) and Shh-Cre; Jag1loxp/loxp ;Jag2loxp/loxp (Jag1; 2 KO) compound 

mutants. Note the significant loss of KRT4 and KRT13 expression in the mutant esophagus 

(n = 4). Scale bars: 20 μm. See also Figure S6.
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KEY RESOURCES TABLE

REAGENT OR RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal APC anti-human CD184 
(CXCR4) BioLegend Cat#306510; RRID:AB_314616

Mouse monoclonal PE anti-human CD184 
(CXCR4) BioLegend Cat#306505; RRID:AB_314611

Mouse monoclonal APC anti-human CD326 
(EPCAM) BioLegend Cat#324208; RRID:AB_756082

Mouse monoclonal PE anti-human CD117 (c-
KIT) BioLegend Cat#313204; RRID:AB_314983

Mouse monoclonal PE anti-human CD104 
(ITGß4) BioLegend Cat#327807; RRID:AB_2129147

Rabbit polyclonal anti-EPCAM abcam Cat#ab71916; RRID: AB_1603782

Rabbit monoclonal anti-P63 Santa Cruz Cat#sc-8343; RRID:AB_653763

Mouse monoclonal anti-P63 BioLegend Cat#687202; RRID:AB_2616941

Rabbit monoclonal anti-P63-α Cell Signaling Cat#13109; RRID:AB_2637091

Mouse monoclonal anti-NKX2.1 Thermo Fisher Scientific Cat#MA5-13961; RRID: AB_10984070

Rabbit monoclonal anti-NKX2.1 abcam Cat#ab76013; RRID: AB_1310784

Rat monoclonal anti-SOX2 Thermo Fisher Scientific Cat#14-9811-82;RRID: AB_11219471

Goat polyclonal anti-FOXA2 Santa Cruz Cat#sc-6554; RRID:AB_2262810

Mouse monoclonal anti-FOXA1 Santa Cruz Cat#sc-101058;RRID: AB_1124659

Goat polyclonal anti-SOX9 R&D Systems Cat#AF3075; RRID: AB_2194160

Mouse monoclonal anti-PAX9 BioLegend Cat#658202; RRID: AB_2562877

Goat polyclonal anti-FOXE1 abcam Cat#ab5080; RRID: AB_304738

Mouse monoclonal anti-KRT4 abcam Cat#ab9004; RRID: AB_306932

Chicken polyclonal anti-KRT5 BioLegend Cat#905901; RRID: AB_2565054

Mouse monoclonal anti-KRT7 abcam Cat#ab9021; RRID: AB_306947

Rabbit monoclonal anti-KRT13 abcam Cat#ab92551; RRID: AB_2134681

Mouse monoclonal anti-KRT14 abcam Cat#ab7800; RRID: AB_306091

Rabbit polyclonal anti-LORICRIN BioLegend Cat#9051011; RRID: AB_2565046

Mouse monoclonal anti-ITGα6 abcam Cat#Ab20142; RRID: AB_445361

Rabbit monoclonal anti-NOTCH3 Cell Signaling Cat#5276S; RRID: AB_10560515

Rabbit monoclonal anti-NICD1/Cleaved 
NOTCH1 (Val1744) Cell signaling Cat#4147S; RRID: AB_2153348

Rabbit monoclonal anti-RBPjκ Cell Signaling Cat#5313S; RRID: AB_2665555

Goat polyclonal anti-NANOG R&D Systems Cat#AF1997; RRID: AB_355097

Rabbit polyclonal anti-PAX6 BioLegend Cat#901301; RRID: AB_2565003

Mouse monoclonal anti-Vimentin Santa Cruz Cat#sc-6260; RRID: AB_628437

Biological Samples

Primary human fetal esophagus This paper N/A

Chemicals, Peptides, and Recombinant Proteins
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Ham's F12 Corning Cat#10-080-CV

Iscove's Modified Dulbecco's Medium 
(IMDM) Corning Cat#10-016-CV

DMEM/F12 Corning Cat#10-092-CV

Growth factor reduced matrigel Corning Cat#354231

6-well Ultra-Low-Attachment plates Corning Cat#3471

Penicillin-Streptomycin Thermo Fisher Scientific Cat#15140122

1xPBS Thermo Fisher Scientific Cat#10010049

KnockOut Serum Replacement Thermo Fisher Scientific Cat#10828010

N2 Thermo Fisher Scientific Cat#17502048

B27 Thermo Fisher Scientific Cat#17504044

7.5% Bovine Albumin Fraction V Solution Thermo Fisher Scientific Cat#15260037

GlutaMAX Thermo Fisher Scientific Cat#35050061

MEM non-essential amino acids solution Thermo Fisher Scientific Cat#11140050

Accutase/EDTA Innovative Cell Technologies Cat#AT104

0.05% Trypsin/EDTA Thermo Fisher Scientific Cat#25300120

0.5M EDTA Thermo Fisher Scientific Cat#15575020

Primocin InvivoGen Cat#ant-pm-1

Mouse embryonic fibroblasts MTI-GlobalStem Cat#GSC-6201G

Fibronectin Sigma Cat#F0895

L-Ascorbic acid Sigma Cat#A4544

1-Thioglycerol (MTG) Sigma Cat#M6145

2-mercaptoethanol Sigma Cat#M3148

BMP4 R&D System Cat#314-BP

FGF2 R&D System Cat#233-FB

Activin A R&D System Cat#338-AC

FGF10 R&D System Cat#345-FG

KGF/FGF7 R&D System Cat#251-KG

All-trans Retinoic acid R&D System Cat#0695

Noggin R&D System Cat#6057-NG

SB431542 Tocris Cat#1614

IWP2 Tocris Cat#3533

Y-27632 Tocris Cat#1254

CHIR99021 Tocris Cat#4423

Deposited data

RNA sequencing of E12.5 mouse esophagus 
and skin, human fetal esophagus and RUES2-
derived EPCs This paper GEO: GSE116272

Experimental Models: Cell Lines

Human: RUES2 embryonic stem cell line Rockefeller University
National Institutes of Health (NIH) approval number: 
NIHhESC-09-0013
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REAGENT OR RESOURCE SOURCE IDENTIFIER

Human: H9 embryonic stem cell line WiCell Cat#WA09

Human: Sendai virus-generated iPSC 
(sviPSC) line

Sunita D'Souza in Icahn School 
of Medicine at Mount Sinai 
(Huang et al., 2014) N/A

Human: modified mRNA transfection-
generated iPSC line

Sunita D'Souza in Icahn School 
of Medicine at Mount Sinai 
(Huang et al., 2014) N/A

Experimental Models: Organisms/Strains

NOD.Cg-Prkdcscid.Il2rgtm1Wjl/SzJ (NSG) The Jackson Laboratory Stock#005557

Shh-Cre (Harfe et al., 2004) N/A

RBPjkloxp/loxp (Han et al., 2002) N/A

Jag1loxp/loxp (Brooker et al., 2006) N/A

Jag2loxp/loxp (Xu et al., 2010) N/A

BRE-lacZ (Blank et al., 2008) N/A

Noggin-lacZ (Harfe et al., 2004) N/A

Recombinant DNA

Plasmid for Jag1 in situ probe

Dr. Doris K. Wu (National 
Institute on Deafness and Other 
Communication Disorders)
(Chang et al., 2008)

Plasmid for Jag2 in situ probe

Dr. Thomas Gridley (Maine 
Medical Center Research 
Institute)(Kiernan et al., 2005)

Software and Algorithms

ImageJ National Institutes of Health https://imagej.nih.gov/ij/

Prism 6 GraphPad Software https://www.graphpad.com/scientific-software/prism/
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