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Abstract

The gastrointestinal (Gl) tract, in simplest terms, can be described as an epithelial-lined muscular
tube extending along the cephalocaudal axis from the oral cavity to the anus. Although the general
architecture of the Gl tract organs is conserved from end to end, the presence of different epithelial
tissue structures and unique epithelial cell types within each organ enables each to perform the
distinct digestive functions required for efficient nutrient assimilation. Spatiotemporal regulation
of signaling pathways and downstream transcription factors controls Gl epithelial morphogenesis
during development to confer essential regional-specific epithelial structures and functions. Here,
we discuss the fundamental functions of each Gl tract organ and summarize the diversity of
epithelial structures present along the cephalocaudal axis of the Gl tract. Next, we discuss
findings, primarily from genetic mouse models, that have defined the roles of key transcription
factors during epithelial morphogenesis, including p63, SOX2, SOX15, GATA4, GATA6, HNF4A,
and HNF4G. Additionally, we examine how the Hedgehog, WNT, and BMP signaling pathways
contribute to defining unique epithelial features along the cephalocaudal axis of the Gl tract.
Lastly, we examine the molecular mechanisms controlling regionalized cytodifferentiation of
organ-specific epithelial cell types within Gl tract, concentrating on the stomach and small
intestine. The delineation of Gl epithelial patterning mechanisms in mice has provided
fundamental knowledge to guide the development and refinement of three-dimensional Gl
organotypic culture models such as those derived from directed differentiation of human
pluripotent stem cells and those derived directly from human tissue samples. Continued
examination of these pathways will undoubtedly provide vital insights into the mechanisms of Gl
development and disease and may afford new avenues for innovative tissue engineering and
personalized medicine approaches to treating Gl diseases.
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1. Introduction

The gastrointestinal (GI) tract is an epithelial-lined muscular tube extending from the oral
cavity to the anus. Organs of the Gl tract including the esophagus, stomach, small intestine,
and colon function in coordination with the pancreas, liver, and gall bladder to perform the
life-sustaining tasks of digestion and absorption. The Gl tract also contains the body's largest
reservoir of lymphoid tissue and an enteric nervous system with more neurons than the
spinal cord. The general architecture of Gl tract organs is conserved with all embryonic
germ layers contributing to tissues of each organ (Figure 1). The innermost mucosal layer
consists of an endoderm-derived epithelium. The epithelium is supported by lamina propria,
a connective tissue layer, and muscularis mucosae, a thin, smooth muscle layer, both derived
from mesoderm. Underlying the mucosa is the submucosa, which contains mesoderm-
derived loose collagenous tissue, adipose tissue, and large blood and lymphatic vessels.
Ectoderm-derived enteric ganglia also reside within the submucosa. The muscularis externa,
a thick layer of mesoderm-derived muscle containing additional enteric ganglia, wraps
around the mucosal and submucosal layers and generates the peristaltic forces that move
contents through the gut. Generally, the muscularis externa consists of smooth muscle;
however, the esophagus and anal sphincter contain skeletal muscle. Finally, the Gl tract is
covered by a mesoderm-derived adventitia or serosa.

Although the general three-dimensional structure of GI organs is conserved, each organ, and
even specific regions within an organ, perform specialized functions that together culminate
in efficient nutrient assimilation. In particular, unique features of each organ’s epithelium
provide the foundation for the regional-specific organ functions essential for digestion and
absorption. The structure of the epithelium and the presence of organ-specific epithelial cell
types drive regional-specific functions along the Gl tract. The goal of this review is to
explain how key transcription factors and signaling pathways contribute to regionalization of
the Gl epithelium. Investigations using genetically modified mouse models have been the
primary source of information regarding the mechanisms through which specific
transcription factors and signaling pathways orchestrate regionalization of the Gl epithelium
during development. More recently, studies using in vitro three-dimensional organoid
cultures have also shed light on regionalizing mechanisms. The first half of this review will
discuss how transcription factors and upstream signaling pathways shape the various three-
dimensional structures of each Gl organ’s epithelium. The second half will discuss how
transcription factors and upstream signaling pathways control specific cytodifferentiation
programs in the GI tract, with particular attention given to the gastric epithelium and the
intestinal epithelium.

2. Generating uniquely structured epithelia along the cephalocaudal axis
of the Gl tract

A. The diversity of epithelial structures within the Gl tract

Before discussing the molecular mechanisms underlying architectural patterning of the Gl
epithelium, we must first appreciate the structural differences that exist among epithelia of

Dev Biol. Author manuscript; available in PMC 2019 July 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thompson et al.

Page 3

the GI tract and how each Gl organ’s epithelial structure directly supports its unique
digestive and absorptive functions. The esophagus is essentially a muscular tube that
transports ingested materials from the oral cavity to the stomach. Its epithelium is stratified,
with multiple cell layers providing the protection needed in the face of the frictional forces
generated by the passage of undigested and partially digested materials. In rodents, the
esophageal epithelium is keratinized, and it extends into the proximal stomach forming a
gastric region known as the forestomach. Absent in human stomach, the rodent forestomach
serves as a holding zone for food and is responsible for some degree of mechanical digestion
(San Roman and Shivdasani, 2011). The simple columnar nascent epithelium of the
esophagus/forestomach undergoes morphogenesis during development to give rise to a
mature multi-layered epithelium that consists of a basal layer of proliferating cells and
suprabasal layers of differentiated cells (Figure 1) (Zhang et al., 2016).

There is a distinct change in the epithelial architecture of the Gl tract at the transition from
the esophagus/forestomach to the glandular hindstomach (Figure 1). As the site of chemical
and mechanical digestion, the simple columnar glandular epithelium of the stomach is
ideally suited for highly efficient secretion of acid and production of digestive enzymes. The
boundary between the stratified squamous epithelium of the esophagus/forestomach and the
simple columnar epithelium of the glandular stomach is referred to as the squamocolumnar
junction (SCJ) (Figure 1). Understanding how these different epithelial structures are
generated and maintained at the SCJ is essential because metaplasia occurs in these tissues
in Gl diseases including Barrett’s esophagus, esophageal adenocarcinoma, and gastric
adenocarcinoma.

The small intestine is the site of nutrient absorption and is also a fundamental component of
the innate immune system. Essential for the function of the small intestine is the large
surface area of its simple columnar epithelium, which has many folds with deep grooves,
called crypts, and finger-like projections, called villi (Figure 1) (Chin et al., 2017; Noah et
al., 2011; Thompson and Battle, 2014; Walton et al., 2016a). The small intestine can be
divided into three functional regions: duodenum, jejunum, and ileum. The epithelial cells of
the duodenum synthesize digestive enzymes, which are secreted or localized to the brush
border membrane. These enzymes, together with bile produced by the liver and pancreatic
digestive enzymes, complete the digestion of proteins, fats, and carbohydrates (Binder and
Reuben, 2005; Jeejeebhoy, 2002). The jejunal epithelium accomplishes the bulk of nutrient
absorption (Binder and Reuben, 2005; Davis and Attie, 2008; Jeejeebhoy, 2002). The ileal
epithelium is responsible for absorption of vitamin B12 in addition to bile salts, which are
recycled to the liver (Binder and Reuben, 2005; Davis and Attie, 2008; Jeejeebhoy, 2002).
Understanding how the small intestinal epithelium is appropriately regionalized should
provide fundamental insights into short bowel syndrome (SBS) and may lead to new SBS
treatment options.

Similar to the small intestine, the function of the epithelium of the large intestine is
absorption. Lined by a simple columnar epithelium arranged as crypts but lacking villi, these
epithelial cells primarily absorb water and electrolytes (Figure 1) (Jeejeebhoy, 2002). Like
the small intestine, the large intestine can also be divided into three regions: cecum, colon,
and rectum. Although the epithelia of the small and large intestines share many features, the
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presence of villi and Paneth cells in the small intestine is one distinguishing feature.
Understanding how the epithelium of these organs is specialized and regionalized is
important considering that this process can be disrupted in disease. For example, Paneth cell
metaplasia, or the abnormal presence of Paneth cells in the large intestine, sometimes occurs
in inflammatory bowel disease and colorectal cancer (Tanaka et al., 2001; Wada et al.,
2005).

B. Key transcription factors and signaling molecules that control structural patterning of
Gl tract epithelia

i. p63, master regulator of stratified squamous epithelial morphogenesis.—
The transcription factor p63 is considered to be a master regulator of stratified squamous
epithelium development (Figure 2) (Daniely et al., 2004; Koster et al., 2004; Mills et al.,
1999; Romano et al., 2012; Senoo et al., 2007; Wang et al., 2011; Yang et al., 1999; Yu et
al., 2005). p63 is required to establish stratified epithelia and, therefore, is typically absent
from columnar epithelia. Studies of p63 knockout mouse embryos reveal that proper
epithelial morphogenesis in the esophagus and forestomach requires p63, with its absence
posteriorizing this domain (Wang et al., 2011). Specifically, esophageal or forestomach
epithelium lacking p63 fails to stratify and instead remains columnar. Columnar-cell type
cytokeratins persist in p63—/— esophagus and forestomach in place of stratified-cell type
cytokeratins. Alterations in cytokeratin expression profiles likely directly contribute to
changes cell shape in mutant tissues. Moreover, Hutton et a/. have shown that the distinct set
of cytokeratins expressed in a particular epithelial tissue structure is necessary and specific
to that tissue’s structural and functional needs (Hutton et al., 1998). For example, the
columnar-type cytokeratin CK18 could not fully compensate for loss of the stratified-type
cytokeratin CK14 in CK14 mutant skin (Hutton et al., 1998). Beyond changes in cell shape
and epithelial structure, p63-null esophageal and forestomach epithelia further display
features of mucous metaplasia including the presence of intestinal-type goblet cells and the
expression of intestinal markers such as Villin suggesting p63 loss as a possible mechanistic
step in metaplasia observed in Barrett’s esophagus. Further emphasizing the crucial role of
p63 in stratified epithelium development, ectopic p63 expression in the simple epithelium of
the lung is sufficient to convert it to stratified (Romano et al., 2012).

ii. SOX2 and SOX15, transcription factors with essential roles in
regionalizing stratified squamous epithelium.—S0X2, a transcription factor of the
Sry-like HMG box family, is abundant in the early dorsal foregut endoderm as the gut tube
separates into the esophagus and trachea (Que et al., 2007; Sherwood et al., 2009). SOX2
remains highly expressed in the esophagus during epithelial stratification suggesting a role
for it in this process (Que et al., 2007) (Figure 2). Because SOX2 null embryos die before
gastrulation (Avilion et al., 2003), the role of SOX2 in Gl development has been studied
using hypomorphic mutants (Que et al., 2007). These studies provide compelling evidence
that morphogenesis and differentiation of the esophageal epithelium require SOX2. While
SOX2 hypomorphic mutant embryos with the most severe reduction of SOX2 (~5% normal
SOX2 level) develop esophageal atresia (EA) and tracheoesophageal fistula (TEF) due to
defects in tube separation, those retaining slightly higher SOX2 levels (~18% normal SOX2
level) instead have defects in stratification and development of the esophageal epithelium. In
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these mutants, the esophageal epithelium contains regions of abnormal columnar cells rather
than stratified squamous cells. Accordingly, the number of p63+ cells is decreased.
Moreover, some SOX2-deficient esophageal cells express markers of gastric and intestinal
columnar epithelial cells. These studies implicate downregulation of SOX2 as a putative
mechanism involved in Barrett’s esophagus and its transition to adenocarcinoma (Chen et
al., 2008; Que et al., 2007). Loss of SOX2 has been associated with poorer survival in
patients with esophageal adenocarcinoma (Honing et al., 2014). Conversely, up-regulation of
SOX2 has been associated with squamous cell carcinoma (Bass et al., 2009; Liu et al.,
2013).

SOX2 expression extends beyond the esophageal epithelium into the murine forestomach,
which expresses high levels of SOX2, and into the murine/human glandular stomach, which
expresses relatively low levels of SOX2 compared with the esophagus and forestomach
(Figure 2) (Que et al., 2007). Like the esophagus, SOX2 deficiency in the developing
forestomach posteriorizes the epithelium. Mutants contain regions of simple columnar
epithelium with characteristics mirroring that of the glandular columnar stomach (Que et al.,
2007). Surprising, perhaps, is the fact that glandular stomach development appears to be
normal in SOX2 hypomorphic embryos (Que et al., 2007). It is possible that the level of
SOX2 retained in the developing glandular stomach of mutants is sufficient to guide proper
epithelium development. With the advent of in vitro stem cell-based models that mimic
stomach development in a dish, the absolute requirement for SOX2 in glandular stomach
development can be more readily addressed (McCracken et al., 2014; McCracken et al.,
2017).

Although SOX2 is normally absent in the intestinal epithelium, studies of embryos
ectopically expressing SOX2 in the intestine have been informative about SOX2 as a
dominant driver of foregut epithelial development. The presence of SOX2 in the developing
small intestine anteriorizes the epithelium suggesting that SOX2 has a dominant effect on
driving esophageal/gastric epithelial phenotypes (Raghoebir et al., 2012). Expression of
intestinal epithelial cell type markers is reduced, and expression of both gastric and
forestomach/esophageal epithelial cell type markers is stimulated. Epithelial architecture,
although remaining columnar, is abnormal with villus number and shape being affected.
Taken together, these studies implicate SOX2 as a transcription factor with an essential role
in specifying stratified squamous epithelial identity.

Recent work has shown that SOX15, a SOX family transcription factor with 75% amino acid
identity to SOX2, also controls gene expression in human stratified esophageal epithelial
cells by regulating the expression of a significant fraction of the esophageal stratified
squamous epithelial cell transcriptome (Figure 2) (Sulahian et al., 2015; van de Wetering and
Clevers, 1993). This study was performed using an in vitro deletion of SOX15 in an
esophageal cell culture model, and so it will be important to assess the role of SOX15 in Gl
epithelial regionalization using in vivo mouse models or esophageal organoid models.
Although Sox5null mice have been reported to be grossly normal and fertile, an in-depth
analysis of esophageal development in the absence of SOX15 has not been performed
(Maruyama et al., 2005). Consistent with SOX15’s imputed role as a stratified epithelial cell
transcription factor, SOX15 is absent in columnar metaplastic lesions of Barrett's esophagus
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(Sulahian et al., 2015). Surprisingly, although absent in a majority of esophageal
adenocarcinomas, SOX15 remains expressed in ~20-30% of esophageal adenocarcinomas
(Sulahian et al., 2015). This suggests that SOX15 can be re-activated during the progression
from Barret’s esophagus to cancer. As expected, SOX15+ cancers express markers of both
stratified squamous and columnar lineages, and it will be important to determine the
pathophysiology of such lesions.

iii. CDX2, a master regulator of columnar intestinal epithelium development.
—The homeobox-domain containing transcription factor CDX2 functions as a master
regulator of columnar intestinal epithelium development (Beck et al., 1999;
Chawengsaksophak et al., 1997; Gao et al., 2009; Grainger et al., 2010; Stringer et al.,
2012). During mouse development, CDX2 expression is prominent in the developing
hindgut by E8.5, becomes restricted to the intestine at the foregut/midgut boundary by
E12.5, and is maintained in this pattern throughout adulthood (Beck et al., 1995; Beck et al.,
1999; Chawengsaksophak et al., 2004). The proximal boundary of CDX2 expression is met
by the distal boundary of SOX2 expression at the gastro-intestinal junction (Figure 2).
Studies of SOX2 and CDX2 mutants demonstrate that establishing a balance between SOX2
and CDX2 is essential for proper regional patterning at this junction. Ectopic CDX2
expression in the mouse glandular gastric mucosa induces the expression of intestinal genes,
and intestine-like goblet cells emerge (Mutoh et al., 2002; Silberg et al., 2002). More
recently, Jiang ef a/. report that ectopic CDX2 expression in a transitional zone of cells at the
SCJ induces intestinal metaplasia in vivo, mimicking the metaplasia characteristic of
Barrett’s esophagus (Jiang et al., 2017). On the other hand, ectopic SOX2 expression in the
intestine inhibits the ability of CDX2 to bind to its target genes resulting in a foregut-like
phenotype or anteriorization of the intestine (Raghoebir et al., 2012).

Further consistent with the idea that the developing gut must have appropriately balanced
SOX2-CDX2 expression, elimination of CDX2 from the early developing midgut via
conditional knockout induces SOX2 expression. Accordingly, the CDX2-deficient, SOX2-
expressing midgut becomes anteriorized, expressing p63, a master regulator of stratified
epithelial development (Gao et al., 2009). Coincident with p63 and SOX2 expression, CDX2
mutant intestinal epithelium loses columnar characteristics and is instead flattened with
stratified-like characteristics. Gene expression profiling confirms that the CDX2-deficient
intestine transcriptome more closely resembles an esophageal/forestomach profile rather
than an intestinal profile (Gao et al., 2009). Similarly, Cdx2+/- animals can develop
intestinal polyps that contain foregut-type stratified squamous epithelium
(Chawengsaksophak et al., 1997).

The role of CDX2 in later stages of intestinal epithelium development is generally conserved
as loss of CDX2 from the mouse intestine beginning at ~E13.5 also anteriorizes the
epithelium, albeit partially. When eliminated at this later stage, CDX2-deficient intestinal
epithelium expresses SOX2, but not p63, and becomes partially transformed toward a
glandular stomach-type identity rather than taking on a fully stratified esophageal/
forestomach identity (Grainger et al., 2010). Similarly, inducible knockout of Cax2from the
adult intestinal epithelium induces gastric epithelial cell marker expression and reduces
intestinal epithelial cell marker expression (Stringer et al., 2012). It may be that the failure to
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induce p63 underlies the differences between the degree of anterior transformation observed
in early versus late CDX2 mutants. CDX2 is also absolutely required for colon development
as conditional deletion of CDX2 in the midgut and hindgut during early embryonic
development completely abrogates colon development (Gao et al., 2009).

Taken together, CDX2 function can be juxtaposed with that of p63 and SOX2 in
regionalizing the Gl epithelium (Figure 2). CDX2, expressed highly in the midgut and
hindgut, is essential to direct development of a columnar, intestinal epithelium whereas
SOX2 and p63, both expressed highly in the foregut, are essential to direct development of a
stratified esophageal/forestomach epithelium. Not surprising is the observation that CDX2 is
present in columnar intestinal-type metaplasia in the esophagus and stomach (Bai et al.,
2002; Phillips et al., 2003). Moreover, recent work from the Que lab suggests a mechanistic
link between CDX2 and BE as CDX2 expression alone induced Barrett’s esophagus type-
intestinal metaplasia within the SCJ in vivo in mice (Jiang et al., 2017). The striking
difference between the effects of early loss of CDX2 in the developing small intestine versus
the colon may be explained by differential impacts on the expression of key downstream
effectors. For example, the foregut-associated factors SOX2, PAX9, and WNT10A are
highly induced in the distal midgut/hindgut of CDX2 mutants, and the columnar factor
Indian Hedgehog (discussed below) is only severely diminished in the distal midgut/hindgut
domain of mutants (Gao et al., 2009).

iv. The Hepatic Nuclear Factor 4 family transcription factors in columnar
epithelial development.—The Hepatic Nuclear Factor 4 (HNF4) family of transcription
factors, which includes HNF4 alpha (HNF4A) and HNF4 gamma (HNF4G), has also been
implicated in controlling regionalization of the Gl epithelium (Figure 2). HNF4A is
expressed in the developing and mature epithelium of the stomach, small intestine, and colon
whereas HNF4G is expressed only in the developing and mature colon (Drewes et al., 1996;
Duncan et al., 1994; Li et al., 2009; Taraviras et al., 1994; Taraviras et al., 2000). The role of
HNF4A in development of the colon epithelium has been examined via conditional
knockout (Garrison et al., 2006). Because this model also deletes HNF4A in the liver
causing a lethal phenotype (Battle et al., 2006; Parviz et al., 2003), the colon phenotype
could only be studied in embryos. Elimination of HNF4A within the embryonic colon
epithelium severely disrupts colon architecture with defects in both epithelial morphogenesis
and epithelial cell cytodifferentiation (Garrison et al., 2006). Several groups have examined
HNF4A function in patterning the small intestine epithelium at later development stages and
in adult mice, but none have reported any major effect on small intestinal epithelium
development (Ahn et al., 2008; Babeu et al., 2009; Darsigny et al., 2009). It is possible that
deletion of HNF4A earlier in the course of small intestinal development would illuminate a
new role for HNF4A in this process. It is also possible that HNFAG, which is absent in the
colon epithelium but present in the small intestinal epithelium, compensates for HNF4A
function in mutants. A role for HNF4A in development of the stomach epithelium has not
been reported. However, the Mills group has shown that HNF4A is necessary for
cytodifferentiation and homeostasis of the adult mouse gastric epithelium (Moore et al.,
2016). Although GI epithelium development has yet to be fully examined in HNF4G
knockout mice, HNF4G has been implicated in regulating development of the gastric-
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duodenal boundary. Expression of HNFAG becomes highly upregulated in the epithelium of
the duodenum compared with that of the stomach during segregation of these foregut
endoderm domains suggesting a role for it in this process (Li et al., 2009). Moreover,
HNF4G has been shown to be upregulated in metaplastic lesions in stomach further
supporting a role for high levels of HNF4G in distinguishing the gastric and intestinal
domains (Sousa et al., 2016).

V. GATA4 and GATAG in regionalizing the columnar epithelium of the
stomach and intestine.—Of the six known GATA family transcription factors, GATA4,
GATADS, and GATAG are expressed in the developing endoderm that gives rise to the
epithelium of the Gl tract. GATA4 and GATAG, but not GATAS, have been shown to be
important regulators of Gl epithelial development (Aronson et al., 2014; Battle et al., 2008;
Beuling et al., 2008; Beuling et al., 2010; Beuling et al., 2011; Beuling et al., 2012; Bosse et
al., 2006; Kohlnhofer et al., 2016; Thompson et al., 2017; Walker et al., 2014a; Walker et al.,
2014b). While GATAG is expressed in the epithelia of the glandular hindstomach, the entire
small intestine, and the colon, GATA4 expression ceases at the jejunal/ileal boundary within
the small intestinal epithelium (Figure 2) (Battle et al., 2008; Beuling et al., 2012; Bosse et
al., 2006; Fang et al., 2006; Jacobsen et al., 2002). Mosaic genetic analysis studies with
chimeric embryos containing Gata4 null cells suggest an important role for GATA4 in
driving proper columnar glandular epithelium development in the mouse hindstomach
(Jacobsen et al., 2002). In this model, Gata4 null cells rarely contribute to the glandular
hindstomach epithelium, implicating GATA4 as a critical regulator of overall hindstomach
development. The few Gata4 null regions emerging within the chimeric hindstomachs are
anteriorized, taking on a stratified squamous type epithelial morphology. Furthermore, Gata4
null cells lack expression of gastric differentiation markers. GATA4 has been shown to
cooperate with the transcriptional co-factor Friend-of-GATA (FOGL) to direct gene
expression within the hindstomach epithelium (Jacobsen et al., 2005). Conditional
knockouts to study GATAA4's role in stomach regionalization or studies to examine GATAG'S
role in defining the stomach epithelium have not yet been reported. Expression of GATA4
and GATAG, however, has been reported in Barrett’s esophagus and esophageal
adenocarcinoma, providing justification for further studies of these factors in regulating
regionalization of the squamocolumnar junction (Duggan et al., 2016; Haveri et al., 2008;
Miller et al., 2003).

Within the intestinal and colon domains, GATA factors primarily control regionalization of
epithelial cytodifferentiation rather than epithelial structure, although early deletion of
GATA4 within the midgut delays the onset of villus morphogenesis (Kohlnhofer et al.,
2016). These cytodifferentiation phenotypes are discussed below in Section 3.

vi. Hedgehog signaling in Gl epithelial regionalization.—Hedgehog (HH)
proteins, secreted by epithelial cells, act on underlying mesenchymal cells, which in turn
signal back to the epithelium to direct its development (van den Brink, 2007). Two HH
proteins, Sonic Hedgehog (SHH) and Indian Hedgehog (IHH), are dynamically expressed in
the developing endoderm and its derivative epithelia (Feng et al., 2012; Khurana and Mills,
2010; Ramalho-Santos et al., 2000; van den Brink, 2007). Early in development, SHH and
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IHH are broadly expressed throughout the foregut, midgut, and hindgut endoderm (Figure
3). Later, SHH is primarily expressed in the esophageal and forestomach domains, while
IHH is primarily expressed in the hindstomach and intestinal domains (Figure 3). By E18.5,
after Gl epithelial domains have undergone significant morphogenetic remodeling, SHH
expression decreases in the bulk of the stratified squamous epithelium of the esophagus,
becoming limited to the distal esophageal epithelium, yet it increases in the epithelium of the
hindstomach and intestines. This dynamic temporal expression pattern of HH proteins has
important ramifications for regionalization of the Gl epithelium (Figure 3).

Studies of SHH gain and loss of function in the esophagus reveal an essential role for this
signaling pathway in esophageal epithelial regionalization. The complete absence of SHH in
the early developing foregut endoderm blocks tracheal-esophageal separation causing
tracheoesophageal fistulas (Litingtung et al., 1998). A more recent examination of any
remaining esophageal cells in SHH mutants shows that elimination of SHH in the
esophageal domain results in premature expression of stratified epithelial cell markers
(Wang et al., 2014). These data suggest that although down-regulation of SHH is detrimental
during the earliest stages of esophageal development, down-regulation of SHH at later stages
is key to control the onset of the stratified squamous epithelial cell differentiation program in
the esophagus. Further emphasizing the necessity for SHH down-regulation in the
esophageal domain to confer stratified epithelial cell development is the finding that re-
activation of SHH in the esophageal epithelium drives development of columnar epithelial
features, one of which is expression of the SHH-regulated transcription factor FOXA2
(Wang et al., 2014). Both SHH and FOXAZ2 are re-activated in the columnar metaplasia of
Barrett's esophagus (Wang et al., 2014), indicating that SHH signaling is detrimental for
homeostasis of the esophageal stratified squamous epithelium.

Perhaps not unexpected, HH signaling is also an essential player in regionalizing the
stomach epithelium (Figure 3). Stomachs lacking SHH exhibit a greatly expanded glandular
columnar stomach domain at the expense of the stratified squamous forestomach domain
(Ramalho-Santos et al., 2000). Moreover, the glandular stomach of SHH mutants is also
posteriorized, expressing some intestinal markers. Likewise, loss of HOXAS from the
underlying gastric mesenchyme disrupts epithelial HH signaling in the developing stomach.
IHH expression expands into the forestomach domain at the expense of SHH expression in
HOXAJS5 mutants and mutant stomachs are posteriorized, expressing the intestinal marker
alkaline phosphatase even into the presumptive forestomach domain (Figure 3) (Aubin et al.,
2002). On the other hand, induced expression of SHH in the hindstomach as a consequence
of Hnf1bknockout, Fgfi0knockout, Fgfr2knockout, or the expression of mutant Activin
receptors compromises the IHH domain within the hindstomach and anteriorizes the
epithelium (Figure 3) (Haumaitre et al., 2005; Kim et al., 2000; Spencer-Dene et al., 2006).
In these cases, the mutant epithelium is thickened, and there is a loss of glandular cell types.
Taken together, the balance between SHH and IHH expression is essential to pattern the
stratified squamous and gastric columnar epithelia in the stomach (Figure 3).

HH signaling also regulates critical aspects of epithelial morphogenesis in the small intestine
(Madison et al., 2005; Walton et al., 2012; Walton et al., 2016a). When Hedgehog signaling
is blocked by expression of the pan-Hedgehog inhibitor protein Hhip, the epithelium
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remains immature with a pseudostratified architecture persisting (Madison et al., 2005).
Furthermore, HH signals control the clustering of underlying PDGFRA+ mesenchymal
cells, which is absolutely necessary for villus outgrowth, and so villus morphogenesis is
abnormal in HH mutants (Walton et al., 2012). Finally, HH signaling regulates localization
of the proliferative cell niche to the intestinal crypt. When blocked, proliferative cells
migrate upward out of the crypt to form ectopic crypts that abnormally branch villi
(Madison et al., 2005).

vii. WNT signaling in regionalizing the Gl epithelium.—During foregut
development, WNT signaling needs to be minimized for proper regionalization. If early
mouse foregut endoderm (E7.5-8.5) is exposed to WNT signaling via expression of
constitutively active B-catenin, the foregut endoderm begins to aberrantly express the
intestinal master regulator CDX2, generally at the expense of foregut regulator SOX2,
although rare CDX2, SOX2 co-expressing cells are present (Sherwood et al., 2011).
Moreover, CDX2 expression in these cells is sufficient to induce an intestinal-like gene
expression program thereby posteriorizing the foregut.

The homeodomain transcription factor BarH-like homeobox 1 (BARX1), expressed in the
esophageal, forestomach, and hindstomach mesenchyme, plays a central role in inhibiting
WNT signaling in the posterior foregut domain (Figure 4). Loss of mesenchymal BARX1
reduces the expression of the WNT signaling inhibitors secreted frizzled-related proteins 1
and 2 (SFRP1/2) (Kim et al., 2005; Kim et al., 2007; Woo et al., 2011). Abnormal activation
of WNT signaling in the foregut endoderm of BARX1-deficient stomachs has consequences
throughout the esophagus, forestomach, and hindstomach organ domains (Kim et al., 2005;
Kim et al., 2007). The entire BARX1 mutant foregut is posteriorized, with anterior
(esophagus/forestomach) regions containing a mixed *“squamo-glandular” type epithelium
with reduced levels of SOX2. Perhaps most striking is the intestinal villus-like epithelium
present in BARX1 mutant hindstomachs. In this region, aberrant WNT signaling induces
CDX2 expression to shift the global gene expression profile in the developing stomach
toward a more posterior midgut/intestinal endoderm program. Mesenchymal expression of a
related homeobox transcription factor, BAPX1, in the distal hindstomach requires BARX1,
and distal gastric marker expression and pyloric constriction are lost in both BarxZ and
Bapx1 null mice (Verzi et al., 2009).

WNT signaling also plays a crucial role in colon development. Expression of the WNT
inhibitor Dickkopt-1 (DKK-1) results in severely altered colon epithelial morphology,
including loss of crypt architecture (Kuhnert et al., 2004). Additionally, embryos lacking the
WNT effectors TCF1 and TCF4 fail to form a posterior gut (Gregorieff et al., 2004).
Furthermore, there is interplay between HH and WNT signaling with HH signaling
restricting WNT signaling to the crypt base. Accordingly, IHH-deficient embryonic colon
lacks crypts and has a multilayered epithelium rather than a simple columnar epithelium
(van den Brink et al., 2004).

viii. Bone Morphogenetic Proteins (BMPS) in regionalizing Gl epithelia.—

Proper temporal modulation of BMP signaling is absolutely required during esophageal and
forestomach development (Figure 5A) (Que et al., 2006; Rodriguez et al., 2010). During the
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early period of epithelial stratification, BMP signaling must be inhibited. In fact, if present,
BMP signaling represses SOX2 expression in the foregut to disrupt esophageal epithelial
development (Domyan et al., 2011). To protect the esophageal epithelium from
mesenchymal BMP signals, the epithelium secretes the BMP antagonists to block BMP
signaling (Que et al., 2006; Rodriguez et al., 2010). Expression of a constitutively active
BMP receptor in the developing esophagus and forestomach blocks epithelial stratification
(Rodriguez et al., 2010). Later, active BMP signaling is required as esophageal epithelium
lacking BMP receptors fails to differentiate (Rodriguez et al., 2010). Interestingly, stromal
up-regulation of BMPs in the adult esophagus has been associated with columnar metaplasia
in Barrett’s esophagus (Castillo et al., 2012).

In the small intestine, BMP signaling plays a key role in villus morphogenesis. However,
BMP signaling is primarily focused within mesenchymal clusters, not in the epithelium
(Walton et al., 2016b). While deletion of BMP receptors in the epithelium fails to disrupt
villus formation, modulation of BMP signaling within the mesenchyme—either increased or
decreased mesenchymal BMP—disrupts villus morphogenesis by altering the pattering of
mesenchymal PDGFRA+ cell clusters (Figure 5B). BMP signaling is further required for
colon development from hindgut endoderm. Recent studies using human pluripotent stem
cells show that in the presence of WNT, FGF, and BMP signaling, human colonic organoids
develop; in the absence of BMP, however, small intestinal organoids are the default (Figure
5C) (Munera et al., 2017).

3. Key transcription factors and signaling molecules regulating

regionalized cell differentiation gastric and intestinal epithelia

The first part of this review focused on how transcription factors and signaling pathways
contribute to regionalized patterning of the three-dimensional epithelial structure. Now, we
will examine another key aspect of Gl epithelial regionalization, namely the mechanisms
through which essential organ-specific epithelial cell types develop. We will focus on
epithelial cell type regionalization in the glandular hindstomach and small intestine (Figure
6).

A. Gastric cytodifferentiation.

Specific gastric epithelial cell types synthesize acid, digestive enzymes, and hormones that
enable chemical and mechanical digestion of food and regulate gastric motility (Figure 6A)
(Choi et al., 2014; Kim and Shivdasani, 2016; McCracken and Wells, 2017; Willet and
Mills, 2016). Two types of cells secrete mucus, neck mucus cells and surface mucus (pit/
foveolar) cells. Chief cells secrete digestive enzymes including pepsinogen. Parietal cells
secrete acid to control stomach pH. Enteroendocrine cells secrete hormones into the
underlying lamina propria such as gastrin to promote acid secretion. Finally, as a luminal
chemosensing cell type, gastric tuft cells project apical processes into the lumen and also
produce secreted molecules including acetylcholine, to stimulate epithelial cell secretions,
and cytokines, to mediate inflammatory responses (Gerbe and Jay, 2016; Hayakawa et al.,
2017; Kaji and Kaunitz, 2017). The distribution of the specific epithelial cell types within a
given gastric gland varies along the proximal to distal axis of the glandular hindstomach
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(Figure 6A) (Choi et al., 2014; Kim and Shivdasani, 2016; McCracken and Wells, 2017;
Willet and Mills, 2016). In rodents, all differentiated cell types are present in glands of the
proximal (also known as fundic) hindstomach, whereas chief cells and parietal cells are
absent in the distal (also known as antral) hindstomach. Gastrin-producing enteroendocrine
cells (G cells) reside exclusively in distal (antral) hindstomach glands of mice and humans.
Distal (antral) glands also contain basal gland cells, which display features of both neck
mucus and chief cells (Willet and Mills, 2016). Although there is an approximately 90%
decrease in parietal cells along the transition zone between proximal (fundic) gastric glands
and distal (antral) gastric glands in the human stomach, glands containing both gastrin-
expressing G cells and acid-producing parietal cells can exist in the most distal regions of
the stomach (Choi et al., 2014).

Although the mechanisms controlling epithelial cytodifferentiation in the stomach are less
understood compared with the intestine, several transcription factors and signaling pathways
have emerged as key players. WNT signaling plays an essential role in regionalizing
epithelial cell type identity within the proximal (fundic) and distal (antral) domains of the
glandular hindstomach. One key marker distinguishing these domains is the transcription
factor pancreatic and duodenal homeobox 1 (PDX1), which is present in the distal (antral)
glands but absent in the proximal (fundic) glands. When WNT signaling is blocked early in
the developing proximal hindstomach epithelium by elimination of B-catenin using Shh-Cre,
proximal gland marker expression is replaced by distal gland marker expression by E10.5,
including the induction of PDX1 (McCracken et al., 2017). This suggests that WNT
signaling is necessary to specify proximal versus distal gastric gland types during
development. Analogous to mouse stomach, WNT signaling is also essential to promote
proximal (fundic) glandular stomach development as demonstrated using human pluripotent
cell-derived gastric organoids (McCracken et al., 2017). When WNT is added to the cultures
during the gastric specification phase, proximal (fundic) type organoids emerge. The
omission of WNT allows distal (antral) type organoids to form. Together, these data indicate
that regulation of WNT signaling is essential for correct gastric gland regionalization in
mice and humans.

Chief cell maturation within the proximal (fundic) hindstomach requires the transcription
factor X-box binding protein 1 (XBP1) and its target, Muscle intestine and stomach
expression 1 (MIST1) (Huh et al., 2010; Ramsey et al., 2007; Tian et al., 2010). Most
recently, MIST1 has been identified as a transcription factor that widely controls the
establishment and maintenance of a generalized secretory cell architecture in diverse cell
types, including the gastric chief cell (Lo et al., 2017). Estrogen-related receptor gamma
(ESRRG) null mice have reduced parietal cells in proximal (fundic) glands suggesting
ESRRG-regulated production of these cells (Alaynick et al., 2010). Pit cell differentiation
requires the forkhead protein FOXQ1 (\Verzi et al., 2008). GATA4 may also play a role in
development of gastric cell types including parietal cells, chief cells, and neck mucus-
producing cells (Jacobsen et al., 2002).

Enteroendocrine cell types vary along the proximal to distal aspect of the hindstomach, and
specific transcription factors regulate differentiation of region-specific types. For example,
Neurogenin 3 (NGN3) and ARX are required for differentiation of distinct subsets of gastric
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enteroendocrine cells found in either the proximal (fundic) or distal (antral) regions (Du et
al., 2012; Jenny et al., 2002; Kokubu et al., 2008; Lee et al., 2002). PDX1, NKX6.3, and
PAX®6 are each required specifically in the distal (antral) hindstomach for gastrin-producing
G-cell differentiation, while PAX4 is necessary for serotonin and somatostatin producing
enteroendocrine subtypes in this region (Choi et al., 2008; Larsson et al., 1996; Larsson et
al., 1998). Tuft cells, although present throughout the hindstomach, are enriched at the
squamocolumnar junction and require Pou2f3 (Gerbe et al., 2016). SPDEF is essential for
differentiation of mucus cells within the distal (antral) hindstomach (Horst et al., 2010).

Finally, loss of gastric BMP signaling disrupts parietal cell development in the proximal
(fundic) glands (Shinohara et al., 2010). Epithelial hyperplasia and the development of
hybrid cells producing both mucins and zymogens also occurs in the absence of proper BMP
signaling. Overall, BMP signaling seems to have a vital role in maintenance of the gastric
epithelium because loss of BMP signaling resulting in metaplasia and dysplasia (Todisco,
2017).

B. Intestinal cytodifferentiation.

Similar to the gastric epithelium, specific types of intestinal epithelial cells work in
coordination to accomplish the functions of the small intestine. The cell fate decisions that
determine specification of secretory versus absorptive intestinal epithelial cells have been
rigorously studied and extensively reviewed by others (Bjerknes and Cheng, 2010; Cheng
and Leblond, 1974; Chin et al., 2017; De Mey and Freund, 2013; Noah et al., 2011; Qi and
Chen, 2015; Simons and Clevers, 2011; Spence et al., 2011). The secretory cell lineage is
composed of four subtypes: goblet, enteroendocring, tuft, and Paneth cells. Goblet cells
account for approximately 10% of the cells in the intestinal epithelium. These cells produce
and secrete mucins that coat the apical surface of the epithelium providing a protective
barrier against luminal pathogens (Birchenough et al., 2015; McCauley and Guasch, 2015).
Enteroendocrine cells, comprising only 1% of the intestinal epithelium, secrete hormones
into the lamina propria to regulate processes including cell growth and repair, glycemia,
exocrine pancreatic secretion, and gut wall motility (Jenny et al., 2002). Tuft cells,
comprising a rare 0.4% of the epithelium, secrete opioids to control pain, gastric emptying,
intestinal secretion, and gut motility (Gerbe et al., 2012; Gerbe and Jay, 2016; Holzer, 2009;
Kaji and Kaunitz, 2017). Paneth cells, which secrete antimicrobial peptides into the lumen,
are the only mature cell type to migrate downward into the crypt instead of upward along the
villus (Andreu et al., 2008; Ayabe et al., 2000). Finally, cells of the absorptive lineage,
enterocytes, are most abundant. Enterocytes have microvilli on their apical surface,
significantly expanding the luminal surface area to promote maximal efficiency in nutrient
absorption.

Of these cell types, both enterocytes and enteroendocrine cells are specialized along the
length of the small intestinal epithelium to have specific functions within different regions of
the intestine (Figure 6B). The signaling mechanism(s) and transcription factors necessary to
regionalize an enterocyte, giving it distinct functions, are not well understood. Factors
differentially expressed within enterocytes in these regions likely play vital roles in
determining and maintaining regional enterocyte identity. PDX is one such factor. PDX1
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expression spans the SOX2/CDX2 boundary extending from the distal (antral) SOX2+
hindstomach into the CDX2+ duodenum, making PDX1 a duodenal-specific transcription
factor in the small intestine (Figure 2) (Guz et al., 1995). Mice lacking PDX1 have impaired
iron absorption, a specific duodenal function, as well as altered lipid absorption and lipid
clearance (Chen et al., 2009). Consistent with this finding, PDX1 overexpression in the
colon carcinoma-derived cell line Caco-2 causes changes in expression of genes associated
with nutrient and lipid metabolism (Chen et al., 2012a). Genes directly regulated by PDX1
include the proximal enteroendocrine cell markers gastric inhibitory polypeptide (Gip) and
somatostatin (Sst) as well as the duodenal expressed gene Ada (Chen et al., 2009; Dusing et
al., 2001; Jepeal et al., 2005). PDX1 has also been shown to repress Sucrase isomaltase,
Lactase, and Fatty acid binding protein 1 transcription, each encoding proteins primarily
associated with jejunal function (Chen et al., 2012b; Heller et al., 1998; Wang et al., 2004).
These data implicate PDX1 as a key regulator of duodenal enterocyte identity (Figure 6B).

Another differentially expressed transcription factor is GATA4, which is present within the
epithelium of the duodenum and jejunum but absent from epithelium of the ileum (Battle et
al., 2008; Bosse et al., 2006; Fang et al., 2006). Early (E11.5) conditional knockout of Gata4
in the intestine results in an epithelial cell proliferation defect via transcriptional regulation
of cell cycle proteins and Frizzled class receptor 5 (Fzd5) (Kohlnhofer et al., 2016).
Additionally, villus morphogenesis is delayed, and epithelial cell populations are altered.
Importantly, jejunal-enriched transcripts decrease, and ileal-enriched transcripts increase. A
shift away from jejunal identity and toward ileal identity also occurs when GATAA4 is deleted
in the intestinal epithelium later in development (E16.5) using Villin-Cre (Walker et al.,
2014b). Morphologically, jejuna of E16.5 GATA4-Villin-Cre knockout intestines are
predominantly normal but with altered gene expression in the enterocyte and
enteroendocrine cell populations and a slight increase in goblet cell number. The changes in
jejunal enterocyte gene expression observed in embryonic GATA4 mutants persist into
adulthood with GATA4-deficient jejunum losing expression of 53% of the jejunal-specific
gene set and gaining expression of 47% of the ileal-specific gene set (Battle et al., 2008).
Importantly, the jejunal-specific set repressed includes genes encoding proteins necessary
for lipid and cholesterol transport. The ileal-specific set upregulated includes genes encoding
proteins involved in bile acid absorption. Consequently, these mice absorb less fat and
cholesterol than wild-type mice. Inducible knockout of GATA4 from the mature epithelium
results in a similar effect on gene expression (Bosse et al., 2006). Most recently, GATA4 has
been shown to be both necessary and sufficient maintain jejunal and suppress ileal identity
within the small intestinal epithelium (Thompson et al., 2017). Ectopic expression of
GATA4 in the mouse ileum results in a loss of the ileal gene expression program and a gain
in the jejunal program. Together, these findings indicate that GATA4 is essential for the
establishment and maintenance of jejunal versus ileal enterocyte identities. To date, GATA4
is the only factor known to have such a principal role in regulating the jejunal-ileal
boundary.

It is important to note that GATAG is present throughout the intestinal epithelium and that
the presence of GATAG in GATA4-deficient jejunum or GATA4-expressing ileum does not
compensate for loss or gain of GATA4 function in these tissues (Walker et al., 2014a; Walker
et al., 2014b). Furthermore, inducible deletion of GATA6 from the adult intestinal
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epithelium does not alter jejunal enterocyte identity (Beuling et al., 2011). Together, these
data emphasize that jejunal enterocyte regionalization is a function is unique to GATAA4.
When GATAG is deleted from the ileum (where GATA4 is absent), however, ileal enterocyte
gene expression changes with expression of colon epithelial cell markers Carl and Car2
induced (Beuling et al., 2011). Loss of GATAG from the embryonic ileal intestinal
epithelium also reduces expression of ileal enterocyte markers and induces expression of the
colon epithelial cell marker Carl (Walker et al., 2014b). Simultaneous inducible deletion of
both GATA4 and GATAG6 from the adult intestinal epithelium results in duodenal and jejunal
epithelial cells displaying a phenotype similar to the GATA6-deficient ileum (Beuling et al.,
2011). A similar phenotype also occurs in embryos lacking both GATA4 and GATAG in
jejunal epithelium (Walker et al., 2014a). These data suggest that while GATA4 controls
jejunal versus ileal enterocyte patterning, GATAG refines ileal enterocyte identity within the
intestinal epithelium by repressing expression of colonic genes.

Distinct subtypes of enteroendocrine cells are also differentially distributed among small
intestine regions. For example, GIP-expressing and CCK-expressing enteroendocrine cells
are enriched in the proximal intestine while PYY-expressing enteroendocrine cells are
enriched in the distal intestine (Schonhoff et al., 2004). Several transcription factors have
been found to play key roles in enteroendocrine cell development including ATOH1, NGN3,
NEUROD1, PDX1, PAX4, and PAX6 (Schonhoff et al., 2004; Sheaffer and Kaestner, 2012).
While ATOH1, NGN3, and NEUROD1 seem to regulate global development of
enteroendocrine cells in the intestine, PDX1, PAX4, and PAX6 control enteroendocrine
differentiation within the proximal intestine with enteroendocrine cells virtually eliminated
from the duodenum and jejunum of mutants (Figure 6B) (Larsson et al., 1998; Schonhoff et
al., 2004; Sheaffer and Kaestner, 2012). Differences in regionally-enriched enteroendocrine
cell populations also occur in the small intestine of GATA4 and GATAG conditional
knockout embryos (Battle et al., 2008; Walker et al., 2014a; Walker et al., 2014b). While
GATAG is present in enteroendocrine cells and, therefore, may exert direct control over cell
differentiation, GATA4 is absent from this cell population (Bosse et al., 2006; Walker et al.,
2014b). Therefore, GATA4 likely regulates the enteroendocrine cell population within the
intestine indirectly.

4. Concluding remarks and future perspectives

Although a handful of signaling pathways and transcription factors have been identified as
key regulators of Gl regional patterning, more work is needed to complete the picture. A full
understanding of the mechanisms through which the Gl epithelium acquires and maintains
the unique gene expression patterns and tissue architectures requisite for regional-specific
functions is expected to provide essential new insights into Gl diseases including
metaplasias, cancers, and short bowel syndrome. For example, knowledge of the normal
mechanisms of esophageal and gastric epithelial development and homeostasis provides a
foundation upon which new strategies to diagnose, treat, and inhibit metaplasia including
Barrett's esophagus, spasmolytic polypeptideexpressing metaplasia, and intestinal metaplasia
in the stomach can be elucidated. Knowledge of the patterning mechanisms that regulate
duodenal, jejunal, and ileal epithelial cell identities in the small intestine provides the basis
for future development of better short bowel syndrome therapies, particularly those aimed at
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restoring lost functions to remaining intestinal tissue. Finally, knowledge of Gl epithelial
patterning mechanisms has been used to guide the development of new and refinement of
existing in vitro Gl organ model systems including those derived from directed
differentiation of pluripotent stem cells or those derived directly from human tissue samples.
These models hold tremendous promise for improving our understanding human Gl
development itself, for bettering of our knowledge of infectious diseases, for improved
pharmacology and toxicology studies, and for innovative tissue engineering and
personalized medicine approaches to treating Gl diseases.
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Highlights

Regionalization of the gastrointestinal (Gl) epithelium is necessary for
efficient nutrient assimilation.

Development of unique organ-specific epithelial structures and cell types is
required for organs to perform distinct digestive functions.

Spatiotemporal regulation of signaling pathways and downstream
transcription factors controls Gl epithelial morphogenesis and
cytodifferentiation.

This review discusses fundamental mechanisms that govern the patterning of
Gl epithelium along the cephalocaudal Gl axis to confer regional-specific
functions.
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Figure 1.
All embryonic germ layers contribute to the tissue layers of Gl organs. Divided into three

regions, the endoderm (orange) gives rise to the innermost epithelial layer of all Gl organs.
The stratified squamous epithelium of the esophagus (E) and forestomach (FS) as well as the
simple columnar epithelium of the hindstomach (HS) and proximal duodenum (D) of the
small intestine originate from foregut endoderm. The junction between the stratified
squamous epithelium and simple columnar epithelium is referred to as the squamocolumnar
junction (SCJ). Midgut endoderm gives rise to the simple columnar epithelium of the distal
duodenum, jejunum (J), and ileum (1) of the small intestine as well as to the simple
columnar epithelium of the proximal colon (PC). The simple columnar epithelium of the
distal colon (DC) arises from hindgut endoderm. Beneath the epithelium (Ep), the lamina
propria (LP), muscularis mucosae (MM), submucosa (SM), vasculature, lymphatics, and
muscularis externa (CM, circular muscle; LM, longitudinal muscle) layers develop from
mesoderm (green). The enteric nervous system is derived from ectoderm and ganglia reside
within the submucosa and the muscularis externa (blue). The gut tube is covered by a
mesoderm derived adventitia (A) or serosa (S).
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Figure 2.

FS HS
s (.
4/\ D J ! Protein Main Function References
P63 Master regulator of stratified epithelium development Mills etal,, 1999; Yang et al., 1999; Daniely et al., 2004;
Koster et al., 2004; Yu et al., 2005; Senoo et al., 2007;
_ Wang et al., 2011; Roman et al., 2012
SOX2 Regulates the between foregut and midgut Que et al., 2007; Raghoebir et al., 2012
[ -, SOX15 g gene in stratified Sulahian et al.,, 2015
| ] [CDX2 Master regulator of columnar intestinal epithelium development Beck et al., 1999; Chawensaksophak et al., 1997; Gao et
al., 2009; Grainger et al., 2010; Stringer et al., 2012
HNF4A | Essential for colon epithelial morphogenesis and cytodifferentiation; |Garrison et al., 2006; Moore et al., 2016
y and of the mature stomach
HNF4G | Di gastric and duodenal boundary Li et al., 2009; Sousa et al., 2016
PDX1 Regulator of duodenal gene expression; Distal (antral) hindstomach |Chen et al., 2009; McCracken et al., 2017
development
_ GATA4 and Jacobsen et al., 2002; Battle et al., 2008; Walker et al.,
2014; Kolhnhofer et al., 2016; Thompson et al., 2017
_ GATA6 and gene in the colon ileal Beuling et al., 2011; Walker et al., 2014
identity
|

Expression and functions of key transcription factors required for regionalization of the Gl
tract epithelium. Black bars represent transcription factor expression profiles and gradients
along the cephalocaudal axis of the Gl tract including the esophagus (E), forestomach (FS),
hindstomach (HS), duodenum (D), jejunum (J), ileum (1), cecum (Ce) and colon (C). The
table summarizes each transcription factor’s role(s) in Gl tract epithelial patterning and

development.
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Modification

Phenotype

Reference

Loss of SHH (FG)

Trachealesophageal fistulas

Litingtung et al., 1998

Loss of SHH (FS)

Expansion of glandular stomach, intestinal transformation of the stomach

Ramalho-Santos et al., 2000

Loss of SHH (E)

Re-activation of SHH (E)

Loss of HOXA5

Gain of SHH (HS)

Premature expression of stratified epithelial markers
Columnar epithelial characteristics

Wang et al., 2014

Wang et al., 2014

Anteriorization of the HS epithelium

Haumaitre et al., 2005; Spencer-Dene et al., 2006; Kim et al., 2000

Expansion of IHH domain rostrally, Posteriorization of the stomach

Aubin et al., 2002

Inhibition of HH (D,J,I)

branched villi

Loss of PDGFRA mesenchymal clustering prevents villus morphogenesis;
block of columnar epithelial morphogenesis; ectopic crypt formation and

Walton et al., 2012; Madison et al., 2005

Figure 3.
A critical boundary of hedgehog signaling is required to regionalize the mouse stomach

epithelium at the squamocolumnar junction. Early in development, Sonic Hedgehog (SHH)
and Indian Hedgehog (IHH) are broadly expressed in all three regions of the endoderm,
foregut (FG), midgut (MG) and hindgut (HG). As development progresses, SHH becomes
restricted to domains that give to rise stratified squamous epithelium (esophagus, E, and
forestomach, FS), and IHH becomes restricted to domains that give rise to columnar
epithelium (hindstomach, HS, duodenum, D, jejunum, J, ileum, I, and colon, C). The
boundary of SHH/IHH expression in the developing stomach is critical for proper SCJ
development. If disrupted, the boundaries of stratified squamous epithelium and columnar
epithelium shift. Loss of SHH in the forestomach domain, with concomitant induction of
IHH, posteriorizes the forestomach epithelium. Conversely, loss of IHH in the hindstomach
domain, with concomitant induction of SHH, anteriorizes the hindstomach domain. The
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table summarizes phenotypes observed in mouse mutants with HH gain and loss of function
in the Gl tract.

Dev Biol. Author manuscript; available in PMC 2019 July 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Thompson et al.

WNT inhibited

WNT permitted

Page 30

~
FS HS Sl COLON
Modification Phenotype Reference
Loss of BARX1 Posteriorization of foregut with midgut/intestinal character Kim et al., 2005, 2007

Loss of BAPX1 Loss of gastric marker expression. Loss of pyloric constriction

Verzi et al., 2009

Gain of B-Catenin Posteriorization with intestinal marker expression

Sherwood et al., 2011

Gain of DKK1 Loss of colon crypt architecture and epithelial morphology Kuhnert et al., 2004

Loss of Tcf1 and Tcf4 Failure to form posterior gut Gregorieff et al., 2004

Loss of IHH Loss of colon crypts; multi-layered epithelium (anteriorized) van den Brink et al., 2004
Figure 4.

WNT signaling must be inhibited in the foregut and induced in the midgut and hindgut for
proper regionalization of the Gl tract epithelium. In the developing stomach, WNT signaling
must be inhibited for proper gastric epithelial development. The absence of WNT is critical
for establishment of SOX2 expression in this domain. The mesenchymal transcription factor
BARX1 is required to inhibit WNT signaling in the foregut domain. BARX1 induces
expression of the WNT inhibitors known as SFRPs (secreted frizzled-related proteins). In
this environment of low WNT, proper formation of the stratified squamous epithelium of the
esophagus, forestomach and glandular columnar epithelium of the hindstomach occurs. In
the absence of BARX1, WNT is upregulated. The esophagus and forestomach epithelia take
on a “squamo-glandular” hybrid structure whereas the hindstomach epithelium becomes
intestinalized. BAPX1, another gastric mesenchymal factor, also contributes to
differentiation of the gastric versus intestinal domains. In posterior endoderm regions, WNT
signaling is permitted, and CDX2 is induced. In the colon, loss of the WNT effectors TCF1
and TCF4 blocks posterior gut development. Additionally, cross talk between HH and WNT
is required to generate the simple columnar epithelium of the colon. In the absence of IHH,
WNT is perturbed, and the epithelium is anteriorized. The table summarizes phenotypes in
loss and gain of function experiments involving WNT activators and repressors, as well as
proteins involved in cross talk with the WNT pathway, during Gl tract development and
epithelial morphogenesis.
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A. Esophagus

00 — BMP )@ + BMmP )%

Stratification Differentiation

B. Small Intestine C. Human pluripotent stem cell differentiation
; to smallintestine or colon

0 ' small intestine
siisussiining WNT _A

See8 FGF
iPS

. derived
mﬂﬁbﬁt@ endoderm
T~

-
FGF

Modification Phenotype Reference
Loss of BMP (E&FS) Esophageal and forestomach epithelial cell differentiation disrupted Rodriguez et al., 2010
Gain of BMP (FG) Epithelial stratification blocked in esophagus and forestomach Rodriguez et al., 2010
Gain of BMP (E) Esophageal atresia and tracheo-esophageal fistulas Que et al., 2006
Inhibition of BMP (E) Anterior expansion of high SOX2 foregut domain Domyan et al., 2011
Loss of BMP (D,J,l) Merged cluster formation during villus morphogenesis Walton et al., 2016
Gain of BMP (D,J,1) Abolished cluster formation during villus morphogenesis Walton et al., 2016
No BMP Present CDX2 expressing midgut/hindgut spheroids from iPS derived endoderm | Munera et al., 2017

Figure 5.
Temporal modulation of BMP signaling is required for development of multiple Gl epithelia.

(A) Early in foregut development, BMP signaling must be inhibited to induce epithelial
stratification, whereas, later in esophagus and forestomach development, BMP signaling
must be active to induce differentiation of suprabasal cells within the stratified squamous
epithelium of these organs. (B) BMP signaling controls villus morphogenesis in the small
intestine through pattering of mesenchymal PDGFRA+ cell clusters. Mesenchymal cells
beneath the developing intestinal epithelium (i) respond to BMP signaling, cluster (ii), and
villus outgrowth occurs (iii). Mesenchymal clusters remain in the villus tip as the villi
continue to develop (iii). (C) Differentiation of human induced pluripotent stem (iPS) cells
to small intestinal organoids is driven by WNT and FGF signaling, while derivation of
colonoids from iPS cells requires WNT, FGF and BMP signaling. The table summarizes the
phenotypes driven by loss and gain of function studies involving key players of BMP
signaling during development of Gl tract organs.
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Figure 6. Key transcription factors and signaling molecules controlling cytodifferentiation in the

gastric epithelium and small intestinal epithelium.
A) Illustration contrasts the cellular architecture

of proximal (fundic) and distal (antral)

glands of the hindstomach and shows key transcription factors and signaling molecules

implicated in regulating cytodifferentiation in these regions. WNT signaling is necessary to

specify the proximal (fundic) type glands and is

absent in the distal (antral) region.

Conversely, distal (antral) glands express the transcription factor PDX1 whereas proximal
(fundic) glands lack PDX1. Note the parietal cells, chief cells, and neck mucus cells are
enriched in proximal (fundic) glands compared with distal (antral) glands. B) Illustration
depicts the cellular architecture of the small intestinal villus and crypt and shows key
transcription factors and signaling molecules implicated in regulating intestinal
cytodifferentiation. Factors are noted as D (duodenum), J (jejunum), and/or I (ileum) to
describe their expression pattern. Note that enterocytes are regionalized by differential
expression of PDX1 (D) and GATA4 (D, J) and that enteroendocrine cells are regionalized

by differential expression of PAX4 (D,J), PAX6

(D,J), and PDX1 (D).

Dev Biol. Author manuscript; available in PMC 2019 July 09.




	Abstract
	Introduction
	Generating uniquely structured epithelia along the cephalocaudal axis of the GI tract
	The diversity of epithelial structures within the GI tract
	Key transcription factors and signaling molecules that control structural patterning of GI tract epithelia
	p63, master regulator of stratified squamous epithelial morphogenesis.
	SOX2 and SOX15, transcription factors with essential roles in regionalizing stratified squamous epithelium.
	CDX2, a master regulator of columnar intestinal epithelium development.
	The Hepatic Nuclear Factor 4 family transcription factors in columnar epithelial development.
	GATA4 and GATA6 in regionalizing the columnar epithelium of the stomach and intestine.
	Hedgehog signaling in GI epithelial regionalization.
	WNT signaling in regionalizing the GI epithelium.
	Bone Morphogenetic Proteins (BMPs) in regionalizing GI epithelia.


	Key transcription factors and signaling molecules regulating regionalized cell differentiation gastric and intestinal epithelia
	Gastric cytodifferentiation.
	Intestinal cytodifferentiation.

	Concluding remarks and future perspectives
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.

