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Abstract

The esophagus is derived from the anterior portion of the developmental intermediate foregut, a
structure that also gives rise to other organs including the trachea, lung, and stomach. Genetic
studies have shown that multiple signaling pathways (e.g. Bmp) and transcription factors (e.g.
SOX2) are required for the separation of the esophagus from the neighboring respiratory system.
Notably, some of these signaling pathways and transcription factors continue to play essential
roles in the subsequent morphogenesis of the esophageal epithelium which undergoes a simple
columnar-to-stratified squamous conversion. Reactivation of the relevant signaling pathways has
also been associated with pathogenesis of esophageal diseases that affect the epithelium and its
stem cells in adults. In this review we will summarize these findings. We will also discuss new
data regarding the cell-of-origin for the striated and smooth muscles surrounding the esophagus
and how they are differentiated from the mesenchyme during development.
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1. Introduction

The esophagus serves as a channel to transport food from the mouth to the stomach. Fitting
the need, the esophagus is ensheathed by multiple layers of muscles that are essential to
generate peristalsis to move food. Within the lumen a thick stratified squamous epithelium is
required to sustain the passing of the abrasive raw food, which is facilitated by secretions of
the esophageal submucosal glands. During embryonic development, the esophagus and
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trachea initially share a single-lumen tube at the anterior region of the foregut. As
organogenesis proceeds, the anterior foregut separates and generates the trachea ventrally
and the esophagus dorsally. This tracheal-esophageal separation occurs at around E9.5-
E11.5 in mice and approximately 4-6 weeks of gestation in humans. Although the exact
cellular and molecular mechanisms remain elusive, recent studies of mouse genetic models
suggest that this separation involves dorsal-ventral patterning of signaling molecules (e.g.
Bmps, Wnts) and transcription factors (e.g. SOX2, NKX2.1). Disruption of this expression
pattern leads to various anomalies such as esophageal atresia with or without
tracheoesophageal fistula (EA/TEF) where the esophagus is closed as a blind end sac
proximally, and in a worse scenario the foregut remains as a single-lumen tube [1]. Some of
the signaling molecules and transcription factors continue to play essential roles in the
subsequent development of the esophagus, especially for the morphogenesis of the
epithelium which involves a transition from simple columnar to stratified squamous. These
molecules are also required for the maintenance of the epithelium in the adult esophagus.
Abnormal activities of relevant signaling pathways or abnormal expression of the
transcription factors have been associated with the pathogenesis of several common
esophageal diseases including eosinophilic esophagitis, Barrett's esophagus, and even
cancer. This review will summarize these findings with a focus on how signaling pathways
and transcription factors regulate tracheal-esophageal separation and morphogenesis of the
esophageal epithelium. We will also discuss new findings regarding the development of the
mesenchyme, especially the formation of the muscle layers in the esophagus.

The anterior foregut exhibits dorsal-ventral differences in terms of gene expression prior to
the start of tracheal-esophageal separation. For example, the transcription factor SOX2 is
abundantly expressed in the dorsal epithelium [2]. By contrast, NKX2.1 (also known as
TTF1) is enriched in the epithelium at the ventral side [3-5]. As discussed in more details
below this dorsal-ventral expression of signaling molecules and transcription factors is
essential for the specification of the early foregut endoderm into different territories, i.e.
respiratory epithelium and esophageal epithelium (Fig. 1). When the esophagus is
completely separated from the respiratory system, the epithelium lining the nascent organ is
simple columnar. The epithelium promptly starts to stratify and differentiate to form a
multiple-layered squamous epithelium that consists of basal and suprabasal cells (Fig. 2).
The squamous epithelium is about 4-6 cell thick with a single layer of basal cells in the adult
mouse esophagus, while in the human esophagus the squamous epithelium contains 20-30
layer of cells with several layers of basal cells at the bottom [6]. In addition, an acellular
layer of keratin is found on the top of the squamous epithelium in rodent esophagus similar
to the skin, but this keratin layer is absent in the human esophagus (Fig. 2). On the other
hand, human but not rodent esophagus contains abundant submucosal glands that are
responsible for producing mucins and bicarbonate etc. [7]. The mechanism leading to the
formation of these glands remains unknown due to the lack of animal models.

The mesenchyme enclosing the epithelium is seemingly homogeneous when the esophagus
is established from the mouse foregut at E11.5. Similar to the epithelium the mesenchyme is
also highly proliferative at this stage. Previous genetic studies have shown that several
transcription factors including FOXP1 and FOXP2 are important for the differentiation of
the mesenchyme into layers of muscle cells (see review by Jacobs et al. [8]). Many questions
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remain unanswered, however, including determining the cell-of-origin for the surrounding
striated muscle. Recent lineage tracing experiments provide some unexpected results. These
findings will be discussed below.

2. Establishment of the Esophagus from the Early Foregut

Previously three models have been proposed to describe how the esophagus is separated
from the trachea, including: (1) The outgrowth model in which the trachea extends with the
lung primordium from the early foregut, (2) the watershed model in which a yet-to-be
identified mesenchymal condensation serves as a wedge to split the anterior foregut into the
trachea and esophagus, and (3) the septation model where epithelial cells at the dorsal-
ventral midline make contact across the midline of the lumen and fuse to form a septum [1].
Recent evidence, however, has suggested that none of these models fully accounts for
tracheal-esophageal separation. For example, the outgrowth model predicts that the common
tube above the lung budding site will be specified as one part of the esophagus.
Nevertheless, characterization studies showed that the expression of the respiratory marker
NKX2.1 is present in the ventral common foregut throughout tracheal-esophageal separation
[2, 9]. According to the watershed model, the common tube above the mesenchymal
condensation would remain undivided. Contrary to this prediction, the length of the
undivided foregut becomes shorter as separation proceeds [10]. Regarding the septation
model, the predicted septum has never been detected by scanning electron microscopy
during chicken foregut separation. Instead the authors observed an epithelial saddle at the
site where the lung buds initiate, which is continuously present at the location where the
trachea and esophagus are splitting [11].

We recently developed a mouse foregut culture system to visualize the separation process
and proposed an alternative model termed “splitting and extension model”. We used a
SOX2-GFPknockin allele to monitor the movement of the foregut epithelium and observed
an epithelial saddle that is initiated at the lung-esophageal boundary in the E9.5 foregut [1].
The saddle subsequently moves in a caudal-cranial direction to split the trachea and
esophagus, while both nascent organs extend caudally (see movie in [1]). The epithelial
saddle is composed of cells from the lung and future esophagus (Fig. 3), raising the
possibility that abnormal lung development (e.g. branching defects) is associated with
abnormal separation of the esophagus from the trachea. It is worth mentioning that up to
72% of surviving adolescents and adults with treated EA/TEF continue to suffer from
respiratory problems throughout their lifetime [12-14]. Consistently, lung lobe fusion
(horseshoe), agenesis, or hypoplasia with abnormal epithelial differentiation in the airways
has been reported in patients with EA/TEF [15]. The etiology and mechanism of EA/TEF
formation remains largely unknown. Nevertheless, recent studies with animal models are
beginning to provide insight into the dysmorphogenetic processes. Several signaling
pathways (e.g. Bmp, Wnt) and transcription factors (e.g. SOX2) have been shown to play
important roles in the regulation of tracheal-esophageal separation [2, 3, 16]. Intriguingly, in
these animal models EA/TEF is always accompanied by disturbances in lung development
most commonly characterized by lobulation and branching defects [8]. These observations
support the hypothesis that tracheal-esophageal separation and lung development are closely
linked. It remains unclear however how these developmental processes are connected and
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which underlying common mechanisms exist. A combination of live imaging, lineage
tracing, and genetic manipulation will be instrumental in addressing these issues.

2.1 Transcription factors controlling tracheal-esophageal separation

SOX2 and NKX2.1 in the epithelium—SOX2 is a key family member of SRY-related
transcription factors which are critical for organ development, stem cell proliferation, and
differentiation [17, 18]. Abnormal levels of SOX2 have been associated with pathogenesis of
multiple diseases such as anophthalmia-esophageal-genital (AEG) syndrome [19] and even
cancer malignancy [18]. For a comprehensive overview of SOX2 function in development
and disease we refer to a recently published book (Sox2: Biology and Role in Development
and Disease [20]). Abnormal levels of SOX2 are also found in patients with EA/TEF [19].
We showed that significant downregulation of SOX2 in the early foregut leads to EA/TEF in
SOX2GFP/COND hynomorphic mouse mutants. Notably, these mutants present abnormal lung
branching morphogenesis with elongated main bronchi and shortened trachea [2], further
supporting a connection between abnormal lung development and EA/TEF etiology.
Furthermore, TEFs connecting the trachea and the stomach contain respiratory epithelial
cells expressing NKX2.1 and Scgblal.

The expression of SOX2 is enriched in the dorsal epithelium in contrast to the NKX2.1-
enriched ventral epithelium prior to the initiation of the tracheal-esophageal separation. This
unique dorsal-ventral expression pattern of the two transcription factors is important for the
separation [2, 21]. It is possible that downregulation of SOX2 promotes the expansion of
NKX2.1+ respiratory cells into the dorsal domain, thereby affecting the formation of the
epithelial saddle at the very beginning of the separation process. This possibility can be
tested with careful characterization of the saddle in SOX2GFP/COND hynomorphic mutants.
Live imaging of tracheal-esophageal separation in these mutants should provide additional
information. EA/TEF also develops in mutants lacking the NkxZ.1 gene, which is essential
for early lung morphogenesis; deletion of NKXZ2.1 leads to severely hypoplastic lungs [21].
In this case it is reasonable to postulate that NVkx2. 1 deletion directly impacts the formation
of the saddle which fails to move anteriorly to separate the esophagus from the trachea.
Again characterization of the saddle at the stage of tracheal-esophageal separation will
facilitate to address the possibility. Many questions remain, however, regarding the
underlying cellular and molecular mechanisms. For example, both SOX2 and NKX2.1 are
transcription factors regulating an array of downstream targets. Do they share common
downstream targets that directly regulate the movement of the saddle in addition to their
roles for the specification of the foregut endoderm? It was previously shown that inhibition
of SOX2 function leads to altered migration of neural progenitor cells in the chick neural
tube [22]. Moreover, NKX2.1 is also involved in cell movement through transcriptional
regulation of myosin binding protein H (MYBPH) which physically interacts with and
inhibits Rho kinase 1 (ROCK1). Downregulation of MYBPH with siRNAs leads to
increased motility of lung adenocarcinoma cells [23]. Along these lines examining
cytoskeletal organization in the epithelial saddle may reveal surprising results in SOX2 or
NKX2.1 mutants.
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FOXF1 and BARX1 in the mesenchyme—The role of mesenchymal cells in tracheal-
esophageal separation remains obscure. Deletion of the Bmp antagonist Noggin leads to
ectopic cartilage nodules in the TEF connecting the trachea and stomach [9], but
whether/how mesenchymal specification contributes to tracheal-esophageal separation
remains unknown. In our foregut culture the mesenchyme is highly proliferative which is
consistent with /n vivo characterization of the separating foregut [1, 10]. Whether the
proliferating mesenchyme is the driving force for foregut separation, however, is subject to
debate. We observed extensive migration of the expanding mesenchyme in a direction
opposite to where the saddle moves (see movie in [1]). Nevertheless, heterozygous deletion
of the transcription factor FOXF1 which is specifically expressed in the mesenchyme leads
to reduced growth of the foregut and EA/TEF formation accompanied by fusion of right
lung lobes on CD1 genetic background [24]. The phenotypes are similar to what were
observed in mutants having defects in sonic hedgehog (Shh) signaling, suggesting that
FOXF1 is a downstream target of the pathway. Consistently, the transcript levels of Foxf1
are reduced in the foregut of SA/ null mutants [24]. These findings inform a regulatory axis
where the epithelium signal (i.e. Shh) modulates mesenchymal morphogenesis. Interestingly,
a recent study showed that GLI12 and GLI3, downstream targets of Shh pathway, regulate the
expression of NKX2.1 in the ventral foregut [25], indicating a feedback loop during the
separation of the esophagus from the trachea. It will be interesting to determine whether
GLI2 or GLI3 or both are required for FOXF1 expression in the mesenchyme.

Findings in frog and mouse genetic models suggest that GL12 and GLI3 are both required
for the transcription of two important Wnt signaling ligands WNT2 and 2b in the
mesenchyme of the ventral foregut [25]. WNT2/2b mediated canonical Wnt signaling is
essential for the separation of the esophagus from the trachea (as discussed further below).
Interestingly, the activities of the canonical Wnt signaling pathway are limited to the ventral
side of the foregut prior to separation [16, 26]. Conversely, the transcription factor BARX1
is enriched in the dorsal foregut mesenchyme and mesenchyme between the nascent
esophagus and trachea. Genetic studies suggest that BARX1 is required for restricting Wnt
activation to the ventral foregut [27]. Deletion of the BarxI gene leads to expansion of
canonical Wnt signaling into the dorsal foregut and the mutants display EA/TEF. Further
analysis revealed that BARX1 regulates the expression of secreted Frizzled-related proteins
(sFRPs) which serve to antagonize the activity of the Wnt pathway. In the absence of
BARX1 the transcripts of SFRP1 and sFRP2 were not detected in the foregut mesenchyme.
Notably, it seems that loss of these Wnt antagonists occurs specifically in the foregut of the
BarxI null mutants [27]. As mentioned above, BARX1 expression is limited to the
mesenchyme between the nascent esophagus and trachea where the saddle is located. It will
be tempting to test whether this transcription factor has additional roles in modulating the
formation and/or movement of the saddle besides restricting Wnt signaling activities.

2.2 Signaling pathways controlling tracheal-esophageal separation

Establishment of the esophagus from the anterior foregut requires intimate interaction of the
mesenchyme and epithelium. The crosstalk is partly mediated by signaling molecules that
are able to freely move between the two compartments. Consistently, disruption of the
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essential components of multiple signaling pathways e.g. Bmp, Wnt and Shh results in
abnormal separation of the esophagus from the trachea.

Bmp and canonical Wnt signaling—The saddle consists of both lung and esophageal
cells while it moves anteriorly to separate the respiratory system from the esophagus.
Previous studies have shown that activation of Bmp and Wnt/R-catenin signaling is critical
for promoting respiratory while suppressing esophageal cell fate in the ventral side of the
foregut (Fig. 1). It is therefore expected that disruption of these two pathways will result in
the abnormal formation of the saddle, leading to defective tracheal-esophageal separation.
Indeed deletion of multiple components of the Bmp or Wnt pathways results in tracheal
agenesis or EA/TEF [3, 16, 26]. For example, EA/TEF develops in mutants lacking the Bmp
antagonist Noggin (Noggin”") or Bmp receptors (Shh-Cre; Bmprlal®?-; Bmprib”), while
loss of the Bmp ligand BMP4 results in transient expression of NKX2.1 in the tracheal field
at £9.25-E10.5 and tracheal agenesis [28]. Notably, lung branching morphogenesis is also
affected in all of these mutants. Moreover, loss of one copy of Bmp4 allele [9] or deletion of
Bmp7[29] rescues the separation defects in Moggin null background, further supporting that
balanced Bmp signaling activities are required for the formation of an intact esophagus. Of
interest is that Bmp signaling is active in the ventral foregut which serves as precursors of
respiratory cells. Removal of Bmprlaand 16 leads to increased expression of the dorsal
markers SOX2 and p63 at the expense of NKX2.1 in the E9.75 foregut of Shh-Cre;
Bmprial®-; Bmprlb”- mutants [3]. Further analysis showed that Bmp signaling represses
the transcription of the Sox2gene. Consistent with these findings, Sox2 inactivation is able
to restore NKX2.1 expression and normal tracheal-esophageal separation in Shh-Cre;
Bmprial®- Bmprib”"; Sox2/oX0/1ox0 compounds [3].

Similar to Bmp, the activities of canonical Wnt signaling are also limited to the ventral side
of the anterior foregut. The Wnt ligands WNT2 and WNT2b are expressed specifically in the
mesenchyme surrounding the ventral foregut. This expression pattern is correlated with Wnt
signaling activation as demonstrated by the Wnt signaling reporter allele BAT-GAL [26].
Both Wnt2/2b double knockouts (DKO) and Shh-Cre; B-catenin’@?/1oxp mutants display
lung and tracheal agenesis. The expression of NKX2.1 is lost in the mutants and the anterior
foregut ends as a single-lumen tube lined by SOX2" and p63" esophageal precursors [30].
On the contrary, B-catenin gain-of-function driven by Shh-Cre leads to a switch of cell fate
in the esophagus and proximal stomach as evidenced by ectopic expression of NKX2.1 [16,
26]. Ectopic NKX2.1 expression was also detected in the TEFs of BarxI”- mutants which
show ectopic Wnt signaling activities in the dorsal foregut as described above [27]. It is
noteworthy that 3-catenin gain-of-function is unable to rescue NKX2.1 expression in the
foregut of Shh-Cre; Bmprial®-; Bmprlb”- mutants. In addition, Bmp signaling activities
are maintained in the foregut of Shh-Cre; B-catenin/®®/10XP mutants, suggesting that the
canonical Wnt and Bmp signaling pathways act in parallel to promote respiratory cell fate
and tracheal-esophageal separation [3].

Shh and Retinoic acid signaling—The activation of Shh signaling is dynamic during
the development of the early foregut endoderm. Shh protein is initially detected in the
ventral foregut endoderm where the lung and trachea arise, and it can also be detected in the
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ventral side of the esophagus [9, 16]. The expression pattern is maintained until E11.5 when
the esophagus is completely separated from the trachea. The expression then shifts to the
epithelium of the dorsal side of the esophagus, while the expression in the trachea and
ventral esophagus becomes attenuated [31]. Deletion of Sh# or its downstream effectors
GLI2 and GLI3 (GL/27; GLI3*) leads to severely hypoplastic lungs and EA/TEF [32, 33],
consistent with the important roles for this pathway in foregut development. The levels of
NKX2.1 are significantly reduced in the anterior foregut of GL /27", GL/3*/ mutants
accompanied by decreased expression of WNT2/2b and BMP4 [25], supporting a crosstalk
of multiple signaling pathways during lung morphogenesis and tracheal-esophageal
separation.

Retinoic Acid (RA) signaling has recently been shown to modulate the expression of Shh in
the anterior foregut endoderm prior to lung bud specification [25]. The authors treated E7.5
whole embryos in culture with the RA inhibitors DEAB or BMS493 for two days. They
found that both Shh and Indian Hedgehog (lhh) are not expressed in the foregut epithelium
accompanied by the loss of NKX2.1. Of note is that NKX2.1 expression remains unaltered
in the brain and thyroid, suggesting a tissue specific function for the RA/Shh regulatory axis.
These findings are consistent with previous reports that RA signaling is crucial for lung
development and tracheal-esophageal separation. Rat fetuses fed with food deficient for the
RA precursor vitamin A exhibits lung agenesis [34], while mouse mutants lacking the RA-
synthesizing enzyme retinaldehyde dehydrogenase 2 (Raldh2) also present lung agenesis
and EA/TEF [35]. Interestingly, in organ culture blocking TGFR signaling is able to rescue
lung defects induced by RA inhibition [36], suggesting that RA promotes lung bud induction
through the inhibition of TGFR signaling.

3. Epithelial Morphogenesis and Stem/Progenitor Cells of the Esophagus

The conversion of simple columnar into stratified squamous epithelium during esophageal
development involves dynamic changes in the expression of cytokeratin. KRT8 and its
binding partner KRT18 are enriched in the columnar epithelium lining the nascent
esophagus. As stratification begins, the bottom layer (basal layer) initiates the expression of
KRT5 and its partner KRT14 while the levels of KRT8/18 are reduced (Fig. 4, 5) [31, 37].
However, the top a few layers (suprabasal layer) of the stratified epithelium maintain low
levels of KRT8/18 until postnatal (P)3 in mice [37]. Meanwhile these suprabasal cells also
start to express KRT1/10, KRT4/13, and gradually lose the proliferating capability [37] (Fig.
4, 5). As the cells further differentiate and move up to the top layers they express Loricrin
and Involucrin. Finally in mouse but not human esophagus the epithelial cells undergo
enucleating process and lose nuclei while keratin proteins deposit on the top, similar to skin
morphogenesis [38, 39]. Recent studies suggested that transcription factors and signaling
pathways that are important for the establishment of the esophagus from the foregut also
play critical roles in the morphogenesis and maintenance of the stratified squamous
epithelium. Some of these transcription factors (e.g. p63) and signaling pathways (e.g. Bmp,
Whnt) are also important for skin morphogenesis [38-41].
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3.1 Epithelial morphogenesis in the developing esophagus

Regulation of epithelial stratification and differentiation by P63 and SOX2—
P63 is thus far the most potent regulator of the conversion of simple columnar into stratified
squamous epithelium [42]. Similar to the skin the epithelium remains simple columnar in the
esophagus of p637- mutants, expressing high levels of KRT8/18 but not KRT5/14 [40-43]
(Fig 6). A significant portion of p63”- epithelial cells in the esophagus contain multi-cilia
[42]. 1t was reported that ciliated cells are transiently present in the developing esophagus [1,
37, 42], suggesting that the epithelial differentiation is arrested in p63 null mutant. However,
it is also possible that transdifferentiation occurs following p63 deletion given that ciliated
cells are one of the major cell lineages in the lung. Transcripts of several genes (e.g. Villin)
marking intestinal cells were also detected in the simple columnar epithelium of p63”-
mutants [44]. Transcription of the p63 gene results in two major isoforms, TAp63 and
ANp63 which further generate a, B, and -y forms depending on splicing [45, 46]. Each
isoform has distinct functions in organ development and stem cell maintenance [45]. A
detailed characterization study is lacking for the isoforms expressed in the developing
esophagus. ANp63 is the major isoform in the skin [47]. Conditional deletion of ANp63
isoform recapitulates the stratification defects in both skin and the esophagus [48, 49].

SOX2 is expressed highly in the epithelium of the developing esophagus while its expression
in the skin is limited to the mesenchyme dermal papilla [50, 51]. SOX2 not only plays
important roles in the initial establishment of the esophagus from the anterior foregut, it is
also required for generating the organized structure of the stratified squamous epithelium.
Significant downregulation of SOX2 protein levels leads to a disorganized epithelium in
hypomorphic Sox2GF/COND muytants that have separated esophagus (~60% of total
mutants) [2]. In addition, SOX2 regulates the commitment of the epithelium to squamous
cell fate, and the epithelial cells produce a large amount of mucins (Alcian blue+) in the
esophagus of Sox2GFP/COND mytants [2]. The expression of p63 is maintained although the
levels are reduced. This is consistent with the finding that the epithelium remains stratified
in the esophagus [2].

Regulation of epithelial differentiation by Bmp signaling—Bmp signaling is not
activated in the mouse esophageal epithelium until E14.5 when the expression of Noggin is
lost [31]. Through analysis with the BRE-/acZ reporter mouse line, we showed that the
activity of the Bmp signaling pathway is limited to the differentiating suprabasal cells at
E14.5, and the activity is further enhanced at E15.5 and adult stage [31, 52]. When Bmp
signaling is inactivated the epithelium fails to differentiate, although the stratification
proceeds normally in the esophagus of Shh-Cre; Bmprial®/oxP mice. All of the epithelial
cells express the basal cell proteins p63 and SOX2, and proliferating cells are present in the
suprabasal layers [31]. Inhibition of Bmp signaling is also required for the self-renewal of
basal cells in the adult esophagus. For example, treatment with Noggin promotes the self-
renewal of basal progenitor cells in a 3-D organoid culture [53]. Conversely, treatment with
Bmp4 reduces proliferation and promotes squamous differentiation of basal progenitor cells,
leading to the expression of the differentiation markers Loricrin and Involucrin [52].
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Regulation of epithelial differentiation by Notch signaling—Studies in the skin
suggest that p63 controls the epithelial stratification and differentiation through Notch
signaling. Activation of the Notch pathway is dependent on the binding of the
transmembrane ligands Jagged (Jagl, 2) and Delta-like (DIl 1, 3, 4) proteins provided by the
adjacent cells to Notch receptors. The receptors are then cleaved by protease metalloprotease
and -y-secretase, thereby producing Notch intracellular domain (NICD). Subsequently,
NICD translocates into the nucleus where it directly induces gene transcription by forming a
complex with cofactors CSL (CBF1/RBPj/Su(H)/Lag-1) and mastermind-like (MAML1-3)
proteins. Downstream targets of the Notch pathway include HES, HEY and ESR [54]. In the
embryonic skin deletion of ANp63 results in decreased levels of Jagl, Notchl and Hesl
while the levels of Notch2, Notch3 and RBPjx are increased [48]. In the adults Notch
activation is correlated with decreased expression of KRT5 and KRT14 in skin basal cells
[55]. While it remains to be determined whether deletion of p63in the esophagus invokes
similar changes in the expression of Notch pathway components, a recent study
demonstrated that Notch3 knockdown blocks squamous differentiation of cultured
esophageal epithelium [56]. Moreover, inhibition of Notch signaling by -y-secretase
inhibitors or ectopic expression of dominant negative MAML1 also reduces the expression
of Involucrin. Consistent with these /n vitro findings, overexpression of dominant negative
MAML1 impairs the squamous differentiation in the esophagus of adult mice [56].

3.2 Stem/progenitor cells in the adult esophagus

Are basal cells heterogeneous or homogeneous?—Quick turnover of the stratified
squamous epithelium requires constant self-renewal of basal cells in the adult esophagus. We
previously used a KRT5-CreER transgenic mouse line to show that basal cells proliferate
and differentiate to replenish the epithelium during daily tear-and-wear [57]. However, it
remains unknown whether every single basal cells possess equal potential, and the findings
thus far do not agree with each other (Fig 7).

Seery et al. reported that basal cells in the human esophagus are heterogeneous [58]. They
proposed that basal cells at the interpapillary zone contain stem cells characterized by low
expression of Integrin B1 and high levels of the 82 laminin chain. These stem cells are less
proliferative (Ki67+) and tend to go through asymmetric division to generate one stem cell
and one differentiated daughter cell in response to cues from the underlying basement
membrane [58]. By contrast, a side population (CD34+) in the basal layer of the mouse
esophagus was considered as stem cells [59]. The population was initially identified by the
Hoechst dye exclusion assay. The group found that these cells express CD34 and maintain
proliferative capability after multiple passages. When cultured in a 3D system, CD34+ cells
are able to reconstitute the stratified squamous epithelium [59]. Furthermore, the purified
basal cell subpopulation (CD34+) is able to repair the esophageal epithelium following
scratch-induced injury in a mouse model [59]. Interestingly, according to Croagh et al. the
esophageal basal cells are divided into three subpopulations based on the expression levels
of Integrin a6 and CD71. These three groups include quiescent stem cells
(Itga6highCcD71oW), transit-amplifying cells (Itga.6M9INCD71M9M) and cells destined to
differentiate (Itga.6'® CD71high) [60]. On the other hand, a recent report demonstrated that
basal cells express differential levels of Integrin a6, 1 and 4 [53]. Similar to our findings
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[61], the authors found that SOX2+ basal cells express high levels of Itg1 and p75, and they
readily form 3-D organoids when cultured in the presence of growth factors including Egf
[53, 61]. The authors further found that basal cells expressing high levels of Itga6, 4, and
CD73 are more proliferative and less-differentiated, and retinoic acid treatment promotes
self-renewal of this subpopulation [53]. It remains to be determined whether the basal cell
subpopulations identified by different groups exhibit overlapping gene expression. For
example, CD34+ subpopulation is also Itga6MINCD71!°W, We recently showed that Bmp4 is
expressed specifically in a subpopulation of basal cells [52]. However, whether the
expression pattern is stochastic or indeed labels a unique subpopulation requires further
analysis. Genetic lineage labelling combined with /n vitro live imaging will help address the
issue.

On the other hand, a recent report by Frede et al. suggested that the normal esophageal
epithelium is maintained by a single population of progenitor cells, arguing against the
heterogeneous hypothesis [62]. This finding is consistent with what the group has previously
reported through the use of lineage tracing combined with mathematics modelling [63]. The
authors proposed that every basal cell possesses equal potential of self-renewal and
differentiation. At homeostasis, cell production and cell loss are balanced as proliferating
basal cells generate equal proportions of dividing and non-dividing cells [64]. By contrast,
during wound healing basal cells in the injured site generate more proliferating cells until
the epithelium is repaired. This potential seems to be shared by all of the basal cells lining
the esophagus [63].

4. A New Paradigm for Muscle Development

Generation of peristalsis to move food along the esophagus requires coordinated action of
multiple layers of muscle [65]. In adult mice, the cervical and most thoracic regions are
composed of striated muscle, while lower thoracic and distal parts consist of smooth muscle
[8, 66]. In humans the upper part of the esophagus is also surrounded by two layers of
striated muscle. However, the muscle layers in the middle 1/3 is composed of a mixture of
striated and smooth muscle, and the bottom 1/3 is surrounded entirely by two layers of
smooth muscle [8, 67, 68]. The smooth muscle in the lower esophageal sphincter (LES) is
important to maintain basal tonic contraction to prevent reflux of food back into the
esophagus from the stomach [69, 70]. Weakening muscle function is believed to promote
gastroesophageal reflux disease [69, 71]. Conversely, impaired relaxation of the LES and
perturbed peristalsis are the main characteristics of achalasia, a motility disorder leading to
accumulation of ingesta in the lower part of the esophagus (i.e. megaesophagus) [72].

When the esophagus is established from the anterior foregut, the mesenchyme surrounding
the epithelium is uncommitted. Differentiation of the mesenchyme into the smooth muscle
starts at approximately E11.0 in mice equivalent to 4-5 weeks of gestation in humans [73,
74]. Initially the entire esophagus is enclosed by two layers (outer longitudinal and inner
circular) of smooth muscle. The precursors of striated muscle are first present in the
proximal esophagus at E13.0, and the smooth muscle is replaced by striated muscle in a
proximal-to-distal manner over the next three weeks until the adult pattern is achieved [66,

Semin Cell Dev Biol. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al.

Page 11

75]. Muscle formation occurs similarly in human esophageal development but the final
striated—smooth muscle boundary is more proximal than in mice as described above.

Studies of the cell of origin for the striated muscle in the developing esophagus have been
controversial. Earlier studies suggested that the striated muscle is derived from somite, a
common source for striated muscles in the body trunk [76]. It was also proposed that
transdifferentiation of smooth muscle cells into skeletal muscle cells occurs during
esophageal development [77]. However, transdifferentiation was not observed when lineage
tracing was used in genetic studies [77, 78]. Interestingly, a recent lineage tracing study
demonstrated that the striated muscle is indeed originated from the cranial mesoderm [79].
The authors utilized Pax3Cre; R26mTmG mice to show that somite-derived myogenic Pax3-
GFP+cells do not contribute to esophageal striated muscles, although Pax3Cre-labeled cells
contribute extensively to the diaphragm and trunk muscles. By contrast, lineage tracing
experiments with Mesoderm progenitor 1 (Mesp1)-Cre and /s/1-Cre showed that cranial
mesodermal cells generate the striated muscle layers in the mouse esophagus [79]. It was
previously known that cranial mesoderm gives rise to the head muscles and derivatives of
the second heart field [80], in contrast to the findings that all body muscles and part of the
tongue musculature are established from somites [81]. This new finding now adds the
esophageal striated muscle as the third derivative of the cranial mesoderm [79]. Intriguingly,
the esophageal striated muscle develops through intercalating into the smooth muscle layer.
It seems that the initial smooth muscles in the nascent esophagus form a scaffold to allow
the migration of striated muscle progenitors from the cranial arch [79]. In addition, the
transcription factor TBX1 is required for the downward migration of the muscle progenitors.
Deletion of 7bx1 leads to the loss of striated muscles in the esophagus while the smooth
muscles remain throughout the esophagus [79]. This new model of muscle development
opens a new window into the possibility of dissecting the molecular mechanisms controlling
striated muscle differentiation.

Several genes have been shown to regulate muscle development in the esophagus. For
example, the cell surface receptor Cdo (also called Cdon) is required for setting up the
striated-smooth muscle boundary. Deletion of Cdo leads to aberrantly proximal location of
the boundary, achalasia and megaesophagus [82]. In addition, the bHLH transcription factor
Myf5 is required for striated muscle differentiation [66]. Deletion of the Wnt signaling
receptor Fz4 also affects the formation of the striated muscle, leading to esophageal
distension [83]. Moreover, Pax77- mice develop megaesophagus due to the disrupted
differentiation of striated muscle and abnormal orientation of smooth muscles [84].
FoxpI*~; Foxp2”~ mice also display abnormal smooth muscles, and the striated muscle is
absent in the esophagus of the compound mutants [85]. Many questions remain regarding
the functions of these genes in muscle development. For example, do they regulate the
migration and/or differentiation of the muscle precursors? Are they involved in the loss of
the smooth muscle while replacing with the striated muscle? With the identification of the
cell of origin for the striated muscle it is now possible to perform cell specific deletion/
overexpression through Cre/loxP system, thereby providing a new dimension of insights into
the muscle differentiation program.
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5. Concluding Remarks

The development of the esophagus requires interaction between multiple transcription
factors and cellular signaling pathways that mediate the epithelial-mesenchymal crosstalk.
Through genetic analysis and /n vitro modelling we have begun to gain insights into the
mechanism regulating the initial establishment of the esophagus from the foregut and
subsequent epithelial morphogenesis. We are also capable of identifying the cell of origin for
different components of the mesenchymal derivatives by using lineage tracing tools. These
novel findings provide us with new opportunities to study esophageal development and
subsequent diseases which have seen significant increase over the past three decades. Some
of the signaling molecules and transcription factors from development are reused during
disease initiation and progression. For example, we have shown that suppressed Bmp
signaling promotes basal cell hyperplasia in EOE [52]; high levels of SOX2 drive the
malignant transformation of basal cells, leading to squamous cell carcinoma [61]. How these
embryonic signaling molecules are reactivated during disease pathogenesis is an intriguing
issue. Understanding these mechanisms will help us devise new tools to prevent or even
reverse disease progression. That said, probing these mechanisms will need an integrated
application of multiple technologies including genetic manipulation and live imaging.
Moreover, we have fairly limited knowledge for the development of the esophageal
submucosal glands which are lacking in rodents. With the advances of genome editing tools
like CRISPR/Cas9 we now can consider generating genetic models to study these glands in
animals such as porcine. We can also develop experimental protocols to directly study
human submucosal glands through differentiation of human pluripotent stem cells.
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Thh
MYBPH
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sFRPs
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esophageal atresia/tracheoesophageal fistula
lower esophageal sphincter

bone morphogenetic protein

sonic hedgehog

Indian hedgehog

myosin binding protein H

Rho kinase 1

secreted Frizzled-related proteins

retinoic acid

retinaldehyde dehydrogenase 2
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Fig. 1. Establishment of the esophagus from the anterior foregut
(A) The gut endoderm is specified into the foregut (SOX2+), midgut (PDX1+) and hindgut

(CDX+) after gastrulation. (B-D) Dorsal-ventral patterning of the transcription factors and
signaling molecules is required for the generation of the esophagus from the anterior foregut.
The transcription factor SOX2 is highly expressed in the epithelial precursors of the dorsal
foregut (future esophagus) at E9.5, while NKX2.1 is enriched in the ventral foregut (future
trachea and lung). The activities of the Bmp and canonical Wnt signaling pathways promote
lung lineage differentiation while repressing the esophageal fate. SHH-GIi2/3 and Retinoic
acid are required for the growth of the esophagus and lung. (E) Dorsal-ventral expression of
SOX2 and NKX2.1 in the E9.5 foregut (cross section). (F) High levels of SOX2 are
maintained in the esophagus and also present in the trachea following tracheal-esophageal
separation. However, NKX2.1 is only present in the trachea. Abbreviation: Tra, trachea.
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Fig. 2. The mouse and human esophagus (hematoxylin and eosin staining)

(A) The stratified squamous epithelium in the adult esophagus. (B) The stratified squamous
epithelium in the adult esophagus. The epithelium consists of basal cells (undifferentiated)

and suprabasal cells (differentiated) in both mouse and human esophagus. The average
thickness of the epithelial is 4-6 and 30-40 cells in the mouse and human esophagus,

respectively. Note that the keratin layer is absent in the human esophagus which contains

several layers of basal cells as compared to a single layer in the mouse esophagus.
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Fig. 3. Tracheal-esophageal separation: Splitting and extension model
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(A) A saddle-like structure starts to form at the distal end of the anterior foregut at E9.5 (19-
somite stage). (B, C) The saddle-like structure moves in a bottom-up manner (red arrow) and
splits the lung from the esophagus as the lung and esophagus grow rostrally (black arrow).
(D) A second wave of bottom-up movement occurs to complete the separation process
(yellow arrow). The lung and esophagus are highlighted by pink and green, respectively.
Asterisk labels constriction site where the first wave of separation ends. Abbreviation: Lu,
lung; T, trachea; E, esophagus.
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Fig. 4. Conversion of simple columnar to stratified squamous epithelium in the developing
esophagus
(A) Prior to tracheal-esophageal separation, the esophageal epithelial precursors lining the

dorsal foregut are simple columnar (KRT8+). (B) The epithelium lining the nascent
esophagus remains columnar (p63+, KRT8+) at E11.5. (C) The stratified epithelium
expresses KRT5 and KRT14 in the basal layer and KRT8 in the suprabasal layers at E15.5.
(D) Suprabasal cells undergo terminal differentiation and express KRT4, KRT13, Loricrin
and Involucrin. Abbreviation: Lor, Loricrin; Inv, Involucrin.
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Fig. 5. Gene expression in the mouse esophageal epithelium at E18.5 and adult stages
(A) p63, SOX2 and KRT5 are enriched in the basal cells, while KRT4 and KRT13 are

expressed in differentiating suprabasal cells of the esophagus at E18.5. (B) The expression
of p63 and SOX2 is maintained in the adult esophagus.
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Stratified squamous
epithelium

Single columnar
epithelium

Fig. 6. p63 ablation leads to failed stratification of the esophageal epithelium
(A) p63deletion results in a single layer of columnar epithelium at E18.5. (B) The

epithelium of the esophagus remains simple columnar (KRT8+) in the E14.5 p63”-
esophagus. Note that KRT8 is present in the suprabasal cells of wild type esophagus at
E14.5. (C) p63deletion leads to the loss of KRT5 expression in the esophageal epithelium at
E14.5. Abbreviation: KO, knockout.
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Fig. 7. Heterogeneous vs. homogeneous basal cell population in the adult esophagus
(A) Heterogeneous model. Multiple subpopulations of basal cells were reported to present

stem cell capabilities and these subpopulations were indicated as (Laminin R2M9h: Integrin
R1highy (CD34%), (Integrin a6M9", CD71'°W) and (Integrin a.6Mgh, R4high cpD73high),
Whether the subpopulations express overlapping cell surface markers has not been
determined. (B) Homogeneous model. Basal cells are considered as a homogeneous
population through lineage tracing and mathematical modeling. See text for details.
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Table 1
Transcription factors and signaling molecules involved in the development of the esophageal epithelium and
mesenchyme.

Mouse mutants Genetic function change Epithelium or Muscle | Phenotypes and pathological disorders References
Disrupted esophageal epithelium

Sox2EGFPICOND Hypomorphism Epithelium stratification and the epithelium secrets 21
mucin.
Deficient in basal cells. Esophageal

p637 Loss of function Epithelium epithelium remains as simple columnar and | [40-42]
fails to stratify.
Multiple abnormal gland-like pits lined

Noggin” Loss of function Epithelium with simple columnar epithelium producing | [31]
Alcian Blue stained mucus.

. . Multiple clusters of clusters of simple
Ectopic expression of I >
. CA

Shh-Cre; Bmpria constitutively active Bmprla Epithelium columnar epithelial cells along the [31]
esophagus.

Ralanhz™"~ Loss of function Epithelium Formation of esophageal atresia. [35]

Tox17~ Loss of function Muscle Lack of skeletal muscle. [79]

- . Proximal move of skeletal-smooth muscle
/

Cdo Loss of function Muscle boundary, achalasia and megaesophagus. (84]

Myr5” Loss of function Muscle Failed to undergo skeletal myogenesis. [66]
Megaesophagus due to the disrupted

Pax77~ Loss of function Muscle differentiation of striated muscle and [84]
abnormal orientation of smooth muscles.

Foxp1*"; Foxp2” Loss of function Muscle Absence of esophageal skeletal muscle. [85]
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