
Summary. The gastrointestinal tract is an organized
structure originating from the three embryonic germ
layers: endoderm, mesoderm and ectoderm.
Morphological changes that accompany its formation are
relatively well known, although the underlying
molecular mechanisms are still poorly defined. Intestinal
metaplasia, resulting from an epithelial trans-
differentiation process, is considered a precursor lesion
of gastric adenocarcinoma, a malignancy with serious
consequences in terms of morbidity and mortality
worldwide. Similarly to gastrointestinal embryonic
development, molecular changes involved in the
development of this lesion that recapitulate the intestinal
development, out of time and space, are also widely
unknown.

In this review we present, briefly, the process of
formation of the digestive tract, from its embryonic age
to adulthood, with emphasis on anterior-posterior
patterning and on molecular mechanisms that may play
an important role. In addition, we try to establish a
parallel and understand what mechanisms can, through
their deregulation, originate the metaplastic lesion.

Cdx genes appear to be the main regulators of
normal intestinal differentiation and also to be largely
involved in the metaplastic epithelial transdifferentiation
process. However, control of gene expression both
during intestinal development and in intestinal

metaplasia is complex and seems to depend on several
transcription factors. More extensive studies about the
mechanisms underlying intestinal metaplasia are needed
if we aim to prevent neoplasia development and all its
negative consequences in persons at risk.
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Introduction

The gastrointestinal (GI) tract is a long tubular
system encompassing the esophagus, stomach, small
bowel and colon. It originates at the endoderm and
mesoderm and is innervated by cells originating from the
third germ layer, the ectoderm. It is a superiorly
organized structure that serves numerous and important
functions, including nutrient digestion and absorption,
endocrine and immune functions (Spence et al.,
2011a,b). 

Intestinal metaplasia (IM) of the stomach is a
preneoplastic lesion resulting from a process of
transdifferentiation of the gastric epithelium into an
intestinal-type epithelium. This condition takes part of a
sequence of changes in the gastric mucosa, triggered in
the majority of cases by the infection with Helicobacter
pylori, which may ultimately give rise to gastric cancer
(Mesquita et al., 2006; Gutierrez-Gonzalez and Wright,
2008; Busuttil and Boussioutas, 2009; Kang et al.,
2011). Although the sequence of morphological changes
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which causes gastric cancer is reasonably understood,
molecular mechanisms underlying the intestinal
metaplastic differentiation remain to be fully elucidated.
Phenotypic changes that occur in IM appear to arise as a
combination of modified expression of genetic factors,
transcription factors (TF), signalling pathways, growth
factors and epigenetic silencing (Gutierrez-Gonzalez and
Wright, 2008). 

Given that metaplasia involves the modification of a
gastric to an intestinal phenotype, the study of digestive
tract development is crucial to understand the
mechanisms underlying this process. Indeed it is
reasonable to hypothesize that some of them will be
recapitulated in the pathological setting, at least to some
extent. Embryo regional specification involves the
regulation, by multiple TFs, of genes necessary for
various specific developmental pathways. Understanding
the function of these genes might help understand how
the endoderm gives rise to different phenotypes along
the GI tract, and provide clues on how IM develops.

In this review, the embryonic development of the GI
tract will be addressed, with special emphasis on
anterior-posterior (AP) patterning and on molecular
pathways playing a role in its regulation. In the end, we
will try to establish a parallel with the pathways that may
be involved in the development of IM. 
Embryonic development

The development of the GI tract follows a well-
established sequence of steps, through which multiple
signals mainly derived from the mesoderm pattern future
intestinal domains according to four axes: anterior-
posterior, dorsoventral, left-right and radial (Wells and
Melton, 2000; McLin et al., 2009; Spence et al.,
2011a,b). In most vertebrates, including humans, the
primary germ layers originate from a primitive
pluripotent layer of epithelial cells called epiblast. This
in turn originates from the inner cell mass (ICM) and
does not exhibit AP axis. The ICM also differentiates
into a layer of extra-embryonic cells called the primitive
endoderm, which surrounds the epiblast and gives rise to

the visceral and parietal endoderm (Fig. 1). A group of
cells from the visceral part, moving to the anterior
segment of the embryo, forms the anterior visceral
endoderm (AVE), defining the initial AP axis of the
embryo (Zorn and Wells, 2007). During the third week
of pregnancy gastrulation begins, leading to the
formation of the three primary germ layers: endoderm,
mesoderm and ectoderm (Schoenwolf and Larsen, 2009;
Heath, 2010; Sadler et al., 2014). This process, which
begins with the formation of the primitive streak from
the posterior epiblast, originates the definitive endoderm,
through gradual replacement of visceral endoderm cells
(Lewis and Tam, 2006; Zorn and Wells, 2007). 

Several factors are involved in the regulation of this
trilaminate differentiation process. Nodal protein, a
member of the TGF-β superfamily, plays a key role in
this process. Nodal signalling is necessary and sufficient
to initiate the development of the endoderm and
mesoderm. Much evidence suggests that endoderm and
mesoderm arise from a common precursor cell, the
mesoendodermic cell (Lewis and Tam, 2006; Grapin-
Botton and Constam, 2007; Zorn and Wells, 2007, 2009;
Spence et al., 2011a,b). High Nodal exposure of
mesoendodermic cells during gastrulation promotes
endodermal differentiation, whereas low levels promote
mesodermal differentiation (Vincent et al., 2003; Lewis
and Tam, 2006; Grapin-Botton and Constam, 2007; Zorn
and Wells, 2009). Wnt signalling seems to cooperate
with Nodal at mesoendodermic standardization (Vincent
et al., 2003; Grapin-Botton and Constam, 2007; Zorn
and Wells, 2007). In mice, null mutants for β-catenin or
Wnt3 do not suffer gastrulation (Marikawa, 2006).
Furthermore, another member of the TGF-β superfamily,
Activin, is able to mimic Nodal function by binding to
the same receptors, promoting the formation of the
definitive endoderm (Zorn and Wells, 2009; Cao et al.,
2011). 

After all primary germ layers become established,
the endoderm undergoes a complex series of
transformations that gives rise to the digestive tract,
gradually standardized and differentiated into the various
specific organs. Different signalling pathways that might
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Fig. 1. Morphological overview of mouse early development. Thin arrows point the main structures in GI tract development. Thick arrows indicate key
cell movements during formation of the three primary germ layers. See text for details. Adapted, with permission, from Yusuke Marikawa (2006).



regulate this regionalization process have been
identified. In addition, several genes with temporally and
spatially limited expression patterns were also identified
(Kimura et al., 2011). 

Through formation of two opposite endodermal
invaginations, anterior intestinal portal (AIP) and
posterior intestinal portal (PIP), and its junction at the
midline, while the lateral endoderm folds ventrally, a
primitive gut regionalized at a AP axis is formed -
foregut cranially, hindgut caudally and midgut between
them - by embryonic day 9 (e9.0) (mice) (Grapin-Botton
and Melton, 2000; Lewis and Tam, 2006; van den Brink,
2007; Noah et al., 2011; Spence et al., 2011a,b). The
outermost layer of this primitive tube is the ectoderm,
the innermost layer is the endoderm, with the mesoderm
between them. The endodermal layer will give rise to the
intestinal epithelium. The mesoderm will condense and
differentiate into lamina propria, submucosa, muscle
tissue, vessels and connective tissue (Rubin, 2007;
McLin et al., 2009; Schoenwolf and Larsen, 2009). 

After the intestinal tract is formed, the simple
epithelium condenses and converts into an
undifferentiated pseudostratified epithelium (e9.5)
(Spence et al., 2011a,b). The morphology of endodermal
cells remains undifferentiated until e12 (mice). After
morphogenesis, and continuing during the postnatal
period, the multiple cell types of the GI tract originate
from the undifferentiated endoderm. These cells generate
the characteristic epithelium of each organ (Kim et al.,
2005; McLin et al., 2009). The adult intestinal
epithelium is then composed of two predominant cell
groups, derived from multipotent stem cells: absorptive
cells, designated enterocytes in the small bowel and
colonocytes in the large bowel, and various types of
secretory cells: goblet, tuft, Paneth, and enteroendocrine
cells (Spence et al., 2011a,b). The cytodifferentiation
phase coincides with the formation of the fifth axis of
the GI tract, the villous-crypt axis, which is the
functional bowel axis. This phase is characterized by the
development of multiple invaginations into the lumen,
the villi, comprised of a mesodermal base and an
endodermal layer containing, among others, precursor
cells of the different cellular lineages (McLin et al.,
2009; Schoenwolf and Larsen, 2009; Yeung et al., 2011).
Mesenchyme encompasses, among others, subepithelial
myofibroblasts believed to be the major regulators of
mesenchymal signalling (McLin et al., 2009; Yeung et
al., 2011). Simultaneously with the elongation of the
digestive tract, the intestinal epithelium undergoes an
extensive restructuring process, at the rostro-caudal
direction, to finally become a simple columnar
epithelium overlaying the luminal surface of the bowel
(Sancho et al., 2004; van den Brink, 2007; Noah et al.,
2011; Spence et al., 2011a,b). 

Following a series of rotational events that result in
the correct positioning of the digestive tube within the
abdominal cavity (Schoenwolf and Larsen, 2009; Sadler
et al., 2014), the abdominal portion of the foregut
originates the esophagus, stomach, and proximal

duodenum (proximally to the ampulla of Vater). The
midgut differs in the distal duodenum (distally to the
ampulla of Vater), jejunum, ileum, cecum, ascending
colon and proximal two-thirds of the transverse colon.
The hindgut originates the distal third of the transverse
colon, descending and sigmoid colon and rectum (McLin
et al., 2009; Schoenwolf and Larsen, 2009). 
Anterior-posterior patterning of the digestive tract

The patterning process is orchestrated by several
families of TFs and can be divided into two stages, the
first occurring during or even before gastrulation, and
the second one after formation of the definitive
endoderm (Heath, 2010). 

The endoderm receives patterning signals even
before gut morphogenesis (Wells and Melton, 2000;
Dessimoz et al., 2006). In fact, there is AP asymmetry as
early as e5.5-e6 at visceral endoderm (Zorn and Wells,
2007). Additionally, regional differences regarding
expression of molecular markers can be detected at
gastrulation stage (e7.5) (Moore-Scott et al., 2007;
Grapin-Botton, 2005; Lewis and Tam, 2006; Zorn and
Wells, 2009). These observations suggest that, at this
stage, the endoderm has already been subdivided into
separate regions that will result in the foregut, midgut
and hindgut. Thus, despite the first AP polarity signal
being the formation of the primitive streak and AVE at
the beginning of gastrulation, specification of an AP axis
appears to initiate even before gastrulation. Furthermore,
expression of these markers persists during
establishment of the digestive tract (Moore-Scott et al.,
2007), suggesting that their early expression allows
prediction of expression domains at a later stage.
Accordingly, the position of endodermal progenitor cells
in the primitive streak reflects their future anterior-
posterior position (Grapin-Botton and Constam, 2007). 

One of the key proteins involved at an early stage in
AP patterning is Nodal. Its inactivation causes decreased
expression of the homeobox gene Hhex, an anterior
endodermal marker, and Shh, an anterior meso-
endodermal marker (Vincent et al., 2003; Lu and
Robertson, 2004). At later stages of gastrulation, cells in
the posterior primitive streak are under the influence of
lower levels of Nodal and tend to contribute to posterior
endoderm (Lewis and Tam, 2006; Zorn and Wells,
2009). Furthermore, through an exposure gradient,
Nodal also regulates expression of multiple TFs,
including, among others, Foxa2 and "mix-like" (Mixl1)
proteins (Zorn and Wells, 2007, 2009; Heath, 2010;
Noah et al. 2011) which appear to be necessary to
specify different regions of the endoderm: Foxa2-/-
embryos exhibit defects in the foregut and midgut, while
embryos lacking Mixl1 show defects in the hindgut
(Grapin-Botton, 2005; Grapin-Botton and Constam,
2007; Zorn and Wells, 2007). Thus, besides its role
during mesoendodermic differentiation, Nodal signalling
appears to play a secondary role in anterior specification,
granting anterior regional identity to the recently formed
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endoderm.
After gastrulation, however, naive endodermal cells

retain plasticity and are not yet programmed to
differentiate into a specific tissue (Wells and Melton,
2000; Zorn and Wells, 2009; Sherwood et al., 2009). In
fact, at this early stage of development, anterior
endoderm cells (e7.5) cultured with posterior mesoderm
express posterior markers and vice versa (Wells and
Melton, 2000). Although not determined, endoderm is
already patterned in different molecular domains, as
shown by anterior expression of Hhex, Foxa2 and Sox2,
and posterior expression of Cdx genes (Cdx1, Cdx2, and
Cdx4), required for the development of the foregut and
hindgut, respectively (Chawengsaksophak et al., 2004;
Grapin-Botton, 2005; Sherwood et al., 2009; Noah et al.,
2011). This gross regional differentiation is
progressively refined to a point where, along
somitogenesis, many TFs will define different territories
that will differentiate in the esophagus, stomach, liver,
duodenum, pancreas and small and large bowel (Grapin-
Botton, 2000). 

After formation of the primitive gut, the endoderm is
additionally patterned by a set of (instructive and
permissive) signals mainly from the adjacent mesoderm,
which progressively subdivide it along the AP axis, first
in foregut, midgut and hindgut, and finally in the
primitive organs (Grapin-Botton, 2000, 2005; Sherwood
et al., 2009). The gastric endoderm of the 4-day chicken
embryo, when incubated with duodenal mesenchyme,
differentiates into an intestinal-type epithelium,
suggesting that mesenchyme is capable of inducing
gastric epithelium differentiation into intestinal
epithelium (Yasugi and Mizuno, 2008). However, the
endoderm itself is also a source of patterning signals,
proved by the implication of endodermal Sox2 in the
establishment of pylorus-duodenal junction (Sherwood
et al., 2009), as well as the boundary between the
proximal squamous esophagus and stomach and the
distal glandular stomach (Que et al., 2007). In fact,

positional information is not only derived from the
endoderm or mesoderm, but both seem to have partial
information that changes throughout different stages of
development.

In addition to Nodal, other pathways that appear to
play a role in digestive tract AP patterning include Cdx,
Wnt, Fgf, Bmp, Sox, retinoic acid (RA), Hedgehog,
Hox, Barx1 and Runx3 (Fig. 2).
Cdx family

Mammalian embryos contain three homeobox genes
related to the Drosophila Caudal, with overlapping
expression patterns in the posterior region: Cdx1, Cdx2
and Cdx4 (Benahmed et al., 2008; Faas and Isaacs, 2009;
Grainger et al., 2010). Due to this overlap there is
probably a functional redundancy among Cdx genes and
some degree of compensation can occur in deficiencies
of its members (Faas and Isaacs, 2009). Both Cdx1 and
Cdx2, but not Cdx4, are also expressed in the epithelium
of adult mouse and human intestine, from the duodenum
to the rectum (Grainger et al., 2010; Kang et al., 2011)
and play a role in epithelium development, maintenance,
proliferation and AP patterning (Silberg et al., 2000; Guo
et al., 2004). 

The member of the ParaHox family Cdx2 is perhaps
the most important intrinsic TF in intestinal patterning
and specification (Gao et al., 2009; Grainger et al., 2010;
Silberg et al., 2000). In mice, its expression begins at
e8.5 (Stringer et al., 2008; Grainger et al., 2010),
predominantly in posterior endoderm. By e12.5 it is only
expressed in the gut endoderm with a clear limit at the
foregut-midgut junction (Silberg et al., 2000;
Chawengsaksophak et al., 2004) and a more pronounced
expression in the region that will originate the proximal
colon, decreasing both anteriorly and posteriorly (Silberg
et al., 2000; Chawengsaksophak et al., 2004; Guo et al.,
2004) (Fig. 2). In contrast, its associated ParaHox gene
Cdx1 is only expressed in embryos from e12.5, with
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Fig. 2. Localization of several genes with a role
on anterior-posterior patterning during normal
development of gastrointestinal tract. It is noted
an overlapping expression of various genes,
both at anterior and at posterior later.
Nonetheless, an anterior-posterior gradient of
expression is evident, with some genes
restricted to the anterior gastrointestinal tract
(Sox2, Barx1 and Runx3) and others restricted
to the posterior end (Cdx1, Cdx2, Fgf, Wnt,
Bmp and Retinoic Acid).



increasing expression along the AP axis, reaching
highest intensity at the distal colon (Fig. 2), and it does
not appear to have a preponderant role in intestinal
development (Silberg et al., 2000; Guo et al., 2004;
Benahmed et al., 2008; Grainger et al., 2010). In contrast
to previous evidence (Gao et al., 2009) it was shown that
Cdx1 expression is not affected by loss of Cdx2 by
e13.5; however, Cdx1 null mutants showed a reduction
of Cdx2 expression, consistent with a cross regulation
between Cdx genes (Grainger et al., 2010). 

In vivo knock-out (Chawengsaksophak et al., 2004)
and overexpression studies (Mutoh et al., 2002) indicate
that Cdx2 is involved in intestinal epithelium
morphogenesis and differentiation, regulating Hox genes
expression as well as intestinal differentiation genes
(Almeida et al., 2003; Chawengsaksophak et al., 2004;
Guo et al., 2004). Its deficiency seems to result in the
formation of gastric mucosa rather than intestinal one
(Stringer et al., 2008). Indeed, it was reported that
expression of endodermal Sox2 and mesodermal Barx1,
typically gastric genes (Kim et al., 2005, 2007;
Tsukamoto et al., 2005; Que et al., 2007), was observed
in the midgut of Cdx2+/- and Cdx2-/- embryos (Stringer
et al., 2008). Expression of Barx1 in these embryos and
the expression of intestinal genes, including Cdx2, in the
gastric mucosa of Barx1 null mutants (Kim et al., 2007)
indicate the existence of a negative feedback loop
between Barx1 and Cdx2.

Cdx2 deletion in mice predominantly affects
intestinal formation and growth. Gao et al. showed that
gut lacking Cdx2 suffered a process of anterior
transformation to a squamous type epithelium
characteristic of the esophagus (Gao et al., 2009). This is
consistent with the activation of a foregut differentiation
program in the posterior region of the digestive tract and
suggests that Cdx2 normally represses foregut
differentiation in the posterior gut. Moreover, it was
shown that Cdx2 is essential for early expression and/or
subsequent maintenance of various pro-intestinal TFs,
including Cdx1. In fact, although some controversy
remains, Cdx1 is absent in the intestine of conditional
Cdx2 knock-outs, reinforcing its dependence on Cdx2
expression and reflecting their sequential expression
during endoderm development. Surprisingly, in the same
study, it was found that in a Cdx2 deficiency-state, the
primary enteric Hox code persisted and, in addition, the

expression of other genes such as Barx1 remained
unchanged (Gao et al., 2009). These findings support the
idea that Cdx2 deficient bowel, despite suffering a
posterior to anterior transformation, still maintains some
AP identity. In another study, Grainger et al. showed that
Cdx2 loss in mice at a later stage (e13.5) led to partial
conversion of the intestinal epithelium into a pyloric
identity with increased expression of gastric markers,
including Sox2, and decrease of another intestinal
marker, IFABP (Grainger et al., 2010). Taken together,
these results support the hypothesis that Cdx genes,
especially Cdx2, are essential in the establishment of an
intestinal identity (Fig. 3) and that loss of Cdx2 affects
the intestinal patterning on a time-dependent manner,
with early loss resulting in a more marked anterior
transformation.

Cdx2 appears initially necessary to establish an
endodermal posterior identity and to suppress an anterior
identity and, at a later stage, to maintain the AP axis (Gao
et al., 2009; Grainger et al., 2010). This suggests that a
combination of molecules responsible for the AP
patterning, described ahead and including Wnt, Fgf, Bmp
and RA, incorporate their signalling and regulate Cdx2
activity on the endoderm, with Cdx2 acting as a point of
convergence of these signalling pathways (Fig. 3).
Mechanisms whereby Cdx2 expression is regulated are
complex and still widely unknown. Furthermore, different
signalling pathways probably have different effects on
Cdx2 expression at various developmental stages.
Fgf family

Fgf4 appears to have an important role in the
anterior-posterior patterning of the gut, both during
gastrulation and at later stages (Wells and Melton, 2000;
Dessimoz et al., 2006). Fgf signalling is required for
normal expression of Cdx genes in the gastrula stage
(Keenan et al., 2006). In mice and chicken it was
demonstrated that an endoderm that does not receive
Fgf4 signals develops foregut characteristics. On the
other hand, posterior endoderm is progressively
programmed upon exposure to higher concentrations of
this TF, through Cdx expression (Fig. 3) and inhibition
of expression of anterior genes such as Hhex and Foxa2.
Indeed, endoderm exposure in the late gastrula stage to
Fgf4 results in the anterior expression of genes that are
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Fig. 3. Transcription factors
involved in intestinal
differentiation. Note that the
multiple signaling pathways
may, on one hand, directly
regulate this process, or
operate over Cdx, behaving
this as a point of convergence
of the different signaling
pathways.



normally posterior, such as Cdx and Pdx1 (Wells and
Melton, 2000; Dessimoz et al., 2006). It was also
reported that Fgf2, and not Fgf4, may be the main Fgf
signal with patterning functions of human stem cells
(Ameri et al., 2010). 
Bmp family

Bmps are signalling proteins belonging to the TGF-β
superfamily that are crucial for normal intestinal
development, contributing to its patterning, development
and differentiation (De Santa Barbara et al., 2005;
Barros et al., 2008). Experiments in zebrafish, Xenopus
and chicken suggest that during the early stages of
development Bmp signalling promotes development of
posterior endoderm (Tiso et al., 2002; De Santa Barbara
et al., 2005; Wills et al., 2008). In the gut, this signalling
pathway, through Bmp2 and Bmp4, is a key mediator of
the differentiation and architecture of intestinal
epithelium. Furthermore, expression of Noggin, a Bmp
pathway antagonist, in the mesenchyme ensures
maintenance of the undifferentianted compartment. 
Wnt family

Wnt signalling is evident early in gastrointestinal
development and by e6.5 is already regulated in a
differentiated manner in the visceral endoderm, stronger
in the posterior side than in the anterior one (Marikawa,
2006). It was shown that Wnt signalling activates Cdx2
in the endoderm (Fig. 3), leading to a posterior migration
of definitive endoderm by the induction of an intestinal
genetic program in the anterior endodermal cells
(Sherwood et al., 2011). Tcf1 and Tcf4 double mutants,
at e8.5, do not form the PIP and lose expression of
posterior endoderm markers (Gregorieff et al., 2004). In
zebrafish and frogs, Wnt/β-catenin, similarly to Fgf, is
necessary and sufficient to promote posterior intestinal
development and inhibit anterior development (Zorn and
Wells, 2009). 

Stem cell-derived endoderm exposed to Wnt3a
increases the expression of Cdx2 (Cao et al., 2011).
Also, it was shown that expression of Wnt3a and Wnt5a
decreases in response to Cdx decrease, and that
increasing Cdx expression increases the expression of
Wnt genes (Faas and Isaacs, 2009). Together with the
fact that mice lacking expression of Wnt3a or of Cdx2
exhibit similar phenotypes (Chawengsaksophak et al.,
2004), we can infer the existence of a positive feedback
loop between these two pathways for posterior
development. Although it was shown that Wnt activation
is sufficient to induce intestinal differentiation
(Sherwood et al., 2011), this is in disagreement with
another study where simultaneous expression of Wnt
and Fgf signals was required for the induction of
intestinal differentiation (Spence et al., 2011a,b). 

At this point, we can infer that differentiation of
anterior structures, such as the stomach, requires
suppression of the Wnt pathway (Kim et al., 2005, 2007)

while posterior gut development is dependent on Wnt
(Gregorieff et al., 2004). 
Sox family

Sox2 is normally expressed in the gastric mucosa
and is absent from the intestinal epithelium (Tsukamoto
et al., 2005; Que et al., 2007; Camilo et al., 2015). Its
expression is reduced in IM, namely of the complete
type, and in more advanced lesions in the carcinogenesis
cascade such as gastric dysplasia (Tsukamoto et al.,
2005; Camilo et al., 2015). Also, upon H. pylori
infection, a presumed triggering factor of IM, gastric
mucosa of mice exhibits upregulation of an intestinal
differentiation program and downregulation of a gastric
one, with decreased expression of Sox2, which may
eventually lead to the onset of IM (Camilo et al., 2012). 
Other signalling pathways

Retinoic acid promotes the formation of hindgut
(Duester, 2008) directly stimulating the expression of
Cdx genes (Bayha et al., 2009) (Fig. 3). On the other
hand, the foregut only forms in the absence of RA
(Bayha et al., 2009). 

Mutations in Hox genes indicate that they are
required for GI tract development: anterior expression of
a normally posterior gene, Hoxa13, results in the
transformation of the gastric epithelium into an intestinal
one (Grapin-Botton, 2005) and abnormal expression of
Hoxd13 in the chicken midgut causes hindgut
development (McLin et al., 2009). 

Recent studies demonstrate the possible existence of
additional regulators of Cdx2 expression, namely Pinin
(Joo et al., 2010), ISX (Sue et al., 2016) and NKX6.3
(Yoon et al., 2016). 
Transcription factors involved in intestinal
metaplasia development

Both Cdx1 and Cdx2 are restrictively expressed in
small bowel and colon epithelium and are also
ectopically expressed in gastric IM (Silberg et al., 2002;
Almeida et al., 2003). Ectopic expression of Cdx2 in
mouse stomach results in transformation of the gastric
mucosa into an intestinal-type mucosa, which is
evidenced by the presence of typical intestinal cells and
genes, similar to what happens in human IM. This
evidence shows the sufficiency of Cdx2 homeobox gene
in ectopic intestinal epithelial specification and its
central role in the induction of IM (Mutoh et al., 2002;
Silberg et al., 2002). Similarly to Cdx2, it was shown
that transgenic mice with gastric Cdx1 expression also
develop IM (Mutoh et al., 2004). The association of
Cdx1 and Cdx2 with MUC2 expression (Almeida et al.,
2003), a marker of intestinal differentiation (Reis et al.,
1999), and its increased expression in gastric dysplastic
and neoplastic tissues (Kang et al., 2011), are additional
facts supporting the hypothesis that these genes are
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involved in gastric carcinogenesis. Taken together, these
results suggest that Cdx genes have a fundamental role,
through independent programs, in the trans-
differentiation of the gastric mucosa to an intestinal type
characteristic of IM. The maintenance of intestinal
differentiation appears also dependent on the presence of
Cdx2.

Based on above mentioned results, it seems
reasonable to suggest that the gradient of Fgf
mesodermal expression that starts during gastrulation
may be involved in the establishment of Cdx2
expression domains, resulting in final specification of
the intestinal mucosa. Accordingly, its deregulation
could be involved in the transdifferentiation metaplastic
process.

BMP2 and BMP4 TFs are increased and active along
with Cdx2 in IM and upregulate its expression (Fig. 3),
as well as that of MUC2, through signalling transducers
such as Smad4 (Barros et al., 2008). These data may also
indicate a significant role of Bmp family in IM origin.

Regarding the Wnt pathway, at later stages of
development repression of Wnt signalling results in
incomplete intestinal development with reduced Cdx2
expression and a posterior expansion of the anterior
marker Sox2, consistent with an anterior displacement of
the GI tract (Gregorieff et al., 2004), a phenotype very
similar to the one obtained with loss of Cdx2 at e13.5
(Grainger et al., 2010). On the other hand, anterior Wnt
activation can cause IM, similar to that observed in
humans (Grapin-Botton, 2005).

Gastric TFs such as Sox2 may also be involved in
IM development. Very recently, it was shown that Sox2
KO stomach exhibits upregulation of a subset of genes
associated with intestinal homeostasis and metaplasia
and downregulation of gastric ones (Sarkar et al., 2016).
These data may indicate that a mutual inhibition between
Sox2 and Cdx2 may have a relevant role in lower
digestive tract homeostasis as well as in the origin of IM.

Also in stomach, the expression of Shh, a member of
the Hedgehog family, is reduced by H. pylori infection
and is absent in IM (van den Brink, 2007). Moreover,
Shh-/- mice exhibit intestinal transformation of the
stomach (Ramalho-Santos et al., 2000) which together
indicate that Shh might be involved in IM development.
However, in mutant mice, goblet cells were not observed
in the epithelium nor was expression of either Cdx2 or
Muc2 documented, while gastric markers remained
expressed. Altogether, available data suggest that Shh
may be important to restrict the expression of gastric
markers but may not suffice to induce IM.

Gastric specification needs Barx1, a TF exclusive of
the gastric mesoderm. Barx1 loss of function profoundly
affects gastric differentiation, with ectopic expression of
intestinal markers (Cdx2) in the distal stomach (Kim et
al., 2005, 2007). Barx1 expression is transient, occurring
only during organogenesis, thus it is unlikely to
participate in the maintenance of the gastric mucosa or
prevention of IM in adults. However, IM may partly
result from the injury induced by reactivation of the Wnt

signalling in adult life when Barx1 is not present to
inhibit it (Kim et al., 2005). 

In humans, Runx3 expression is markedly decreased
in IM (Li et al., 2002), and in mice, Runx3-/- gastric
epithelial cells differentiate in vivo into intestinal-type
cells with Cdx2 expression. This puts forward the
hypothesis that the loss of Runx3 may be a triggering
event for gastric Cdx2 expression with resultant
intestinal differentiation, and that in normal gastric
mucosa Cdx2 is inhibited, directly or indirectly, by
Runx3 (Fukamachi et al., 2004). 
Cross-regulation between different signalling
pathways

The available information supports a model in which
proteins such as Cdx, Wnt, Bmp and Fgf4 progressively
establish posterior regions at the endoderm. The way
these multiple signalling pathways interact with each
other and in particular in Cdx2 regulation, both in
normal intestinal mucosa and in metaplastic lesions, is
largely unclear. However, several molecular interactions
are already evident.

Besides Cdx2 regulation by several pathways, the
existence of cross-regulation between other TFs has
been suggested. It was shown that synergistic activity
between Wnt and Fgf is necessary to induce sustained
formation of posterior endoderm lineage with Cdx2
expression (Keenan et al., 2006; Spence et al., 2011).
Fgf4 and RA also appear to cooperate synergistically in
endoderm posterior induction, stimulating Cdx2
expression (Johannesson et al., 2009; Camilo et al.,
2012). Other endodermal TFs, namely from the Sox
family (Sox2 and Sox9), counterbalance the effect of
these posteriorizing TFs, suggesting that the demarcation
between gastric and intestinal mucosa may involve the
balance between them (Blache et al., 2004; Benahmed et
al., 2008). Indeed, it seems clear that an antagonism
between an intestinal promoter pathway Wnt/Cdx2 and
Barx1/Sox2 governs the establishment of a demarcation
line between stomach and gut (Stringer et al., 2008;
Sherwood et al., 2009). 

Another possible mechanism through which various
TFs, including Cdx2, control the identity of diverse
segments along the GI tract is by direct regulation of
Hox gene expression in specific areas of the AP axis
(Grapin-Botton, 2005). Hox genes may possibly
integrate all the regulatory information and provide
positional information along the mouth-anus axis.
Conclusions

The study of intestinal development, particularly at
the molecular level, is still an area of limited knowledge
but with a great potential to allow us to understand
intestinal metaplasia development and, from there,
enable us to intervene in its progression.

Cdx genes, namely Cdx2, appear to be the main
regulators of normal intestinal differentiation and also to
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be largely involved in the metaplastic epithelial
transdifferentiation process. However, control of gene
expression both along intestinal development and in IM
is complex and seems to depend on several families of
signalling molecules besides Cdx, namely Fgf, Bmp and
Wnt. In fact, genes involved in normal intestinal
differentiation are unquestionably involved in IM
development. As knowledge in this area increases, the
number of potential players in this process enlarges and,
on the other hand, contradictory results persist as
obstacles for the clear definition of the mechanisms
involved in IM.

Considering that IM is a major precursor lesion of
gastric dysplasia and cancer, further studies are needed
to clarify the mechanisms underlying IM, with the aim
of preventing neoplastic development.
Acknowledgements. This work was financed by the projects NORTE-01-
0145-FEDER-000029 and NORTE-01-0145-FEDER-000003, supported
by Norte Portugal Regional Programme (NORTE 2020), under the
PORTUGAL 2020 Partnership Agreement, through the European
Regional Development Fund (ERDF). This work was also financed by
FEDER - Fundo Europeu de Desenvolvimento Regional funds through
the COMPETE 2020 - Operacional Programme for Competitiveness and
Internationalisation (POCI), Portugal 2020, and by Portuguese funds
through FCT - Fundação para a Ciência e a Tecnologia/ Ministério da
Ciência, Tecnologia e Inovação in the framework of the project "Institute
for Research and Innovation in Health Sciences" (POCI-01-0145-
FEDER-007274). RB acknowledges FCT for f inancial support
(SFRH/BPD/68276/2010).
Disclosures. The authors do not have any interest which might be
interpreted as influential in this report. This report did not receive any
support from corporations, industrial or private.

References

Almeida R., Silva E., Santos-Silva F., Silberg D.G., Wang J., De Bolos
C. and David L. (2003). Expression of intestine-specific transcription
factors, CDX1 and CDX2, in intestinal metaplasia and gastric
carcinomas. J. Pathol. 199, 36-40.

Ameri J., Stahlberg A., Pedersen J., Johansson J.K., Johannesson
M.M., Artner I. and Semb H. (2010). FGF2 specifies hESC-derived
definit ive endoderm into foregut/midgut cell l ineages in a
concentration-dependent manner. Stem Cells. 28, 45-56.

Barros R., Pereira B., Duluc I., Azevedo M., Mendes N., Camilo V.,
Jacobs R.J., Paulo P., Santos-Silva F., van Seuningen I., van den
Brink G.R., David L., Freund J.N. and Almeida R. (2008). Key
elements of the BMP/SMAD pathway co-localize with CDX2 in
intestinal metaplasia and regulate CDX2 expression in human
gastric cell lines. J. Pathol. 215, 411-420.

Bayha E., Jorgensen M.C., Serup P. and Grapin-Botton A. (2009).
Retinoic acid signaling organizes endodermal organ specification
along the entire antero-posterior axis. PLoS One. 4, e5845.

Benahmed F., Gross I., Gaunt S.J., Beck F., Jehan F., Domon-Dell C.,
Martin E., Kedinger M., Freund J.N. and Duluc I. (2008). Multiple
regulatory regions control the complex expression pattern of the
mouse Cdx2 homeobox gene. Gastroenterology 135, 1238-1247.

Blache P., van de Wetering M., Duluc I., Domon C., Berta P., Freund

J.N., Clevers H. and Jay P. (2004). SOX9 is an intestine crypt
transcription factor, is regulated by the Wnt pathway, and represses
the CDX2 and MUC2 genes. J. Cell Biol. 166, 37-47.

Busuttil R.A. and Boussioutas A. (2009). Intestinal metaplasia: a
premalignant lesion involved in gastric carcinogenesis. J.
Gastroenterol. Hepatolol. 24, 193-201.

Camilo V., Barros R., Sousa S., Magalhaes A.M., Lopes T., Mario
Santos A., Pereira T., Figueiredo C., David L. and Almeida R.
(2012). Helicobacter pylori and the BMP pathway regulate CDX2
and SOX2 expression in gastric cells. Carcinogenesis 33, 1985-
1992.

Camilo V., Garrido M., Valente P., Ricardo S., Amaral A.L., Barros R.,
Chaves P., Carneiro F., David L. and Almeida R. (2015).
Differentiation reprogramming in gastric intestinal metaplasia and
dysplasia: role of SOX2 and CDX2. Histopathology 66, 343-350.

Cao L., Gibson J.D., Miyamoto S., Sail V., Verma R., Rosenberg D.W.,
Nelson C.E. and Giardina C. (2011). Intestinal lineage commitment
of embryonic stem cells. Differentiation 81, 1-10.

Chawengsaksophak K., de Graaff W., Rossant J., Deschamps J. and
Beck F. (2004). Cdx2 is essential for axial elongation in mouse
development. Proc. Natl. Acad. Sci. USA 101, 7641-7645.

De Santa Barbara P., Williams J., Goldstein A.M., Doyle A.M., Nielsen
C., Winfield S., Faure S. and Roberts D.J. (2005). Bone
morphogenetic protein signaling pathway plays multiple roles during
gastrointestinal tract development. Dev. Dyn. 234, 312-322.

Dessimoz J., Opoka R., Kordich J.J., Grapin-Botton A. and Wells J.M.
(2006). FGF signaling is necessary for establishing gut tube
domains along the anterior-posterior axis in vivo. Mech. Dev. 123,
42-55.

Duester G. (2008). Retinoic acid synthesis and signaling during early
organogenesis. Cell 134, 921-931.

Faas L. and Isaacs H.V. (2009). Overlapping functions of Cdx1, Cdx2,
and Cdx4 in the development of the amphibian Xenopus tropicalis.
Dev. Dyn. 238, 835-852.

Fukamachi H., Ito K. and Ito Y. (2004). Runx3-/- gastric epithelial cells
differentiate into intestinal type cells. Biochem. Biophys. Res.
Commun. 321, 58-64.

Gao N., White P. and Kaestner K.H. (2009). Establishment of intestinal
identity and epithelial-mesenchymal signaling by Cdx2. Dev. Cell.
16, 588-599.

Grainger S., Savory J.G. and Lohnes D. (2010). Cdx2 regulates
patterning of the intestinal epithelium. Dev. Biol. 339, 155-165.

Grapin-Botton A. (2005). Antero-posterior patterning of the vertebrate
digestive tract: 40 years after Nicole Le Douarin's PhD thesis. Int. J.
Dev. Biol. 49, 335-347.

Grapin-Botton A. and Melton D.A. (2000). Endoderm development: from
patterning to organogenesis. Trends Genet. 16, 124-130.

Grapin-Botton A. and Constam D. (2007). Evolution of the mechanisms
and molecular control of endoderm formation. Mech. Dev. 124, 253-
278.

Gregorieff A., Grosschedl R. and Clevers H. (2004). Hindgut defects
and transformation of the gastro-intestinal tract in Tcf4(-/-)/Tcf1(-/-)
embryos. EMBO J. 23, 1825-1833.

Guo R.J., Suh E.R. and Lynch J.P. (2004). The role of Cdx proteins in
intestinal development and cancer. Cancer Biol. Ther. 3, 593-601.

Gutierrez-Gonzalez L. and Wright N.A. (2008). Biology of intestinal
metaplasia in 2008: more than a simple phenotypic alteration. Dig.
Liver Dis. 40, 510-522.

Heath J.K. (2010). Transcriptional networks and signaling pathways that

530
Regulation of intestinal differentiation



govern vertebrate intestinal development. Curr. Top Dev. Biol. 90,
159-192.

Johannesson M., Stahlberg A., Ameri J., Sand F.W., Norrman K. and
Semb H. (2009). FGF4 and retinoic acid direct differentiation of
hESCs into PDX1-expressing foregut endoderm in a time- and
concentration-dependent manner. PLoS One. 4, e4794.

Joo J.H., Taxter T.J., Munguba G.C., Kim Y.H., Dhaduvai K., Dunn
N.W., Degan W.J., Oh S.P. and Sugrue S.P. (2010). Pinin
modulates expression of an intestinal homeobox gene, Cdx2, and
plays an essential role for small intestinal morphogenesis. Dev. Biol.
345, 191-203.

Kang J.M., Lee B.H., Kim N., Lee H.S., Lee H.E., Park J.H., Kim J.S.,
Jung H.C. and Song I.S. (2011). CDX1 and CDX2 expression in
intestinal metaplasia, dysplasia and gastric cancer. J. Korean Med.
Sci. 26, 647-653.

Keenan I.D., Sharrard R.M. and Isaacs H.V. (2006). FGF signal
transduction and the regulation of Cdx gene expression. Dev. Biol.
299, 478-488.

Kim B.M., Buchner G., Miletich I., Sharpe P.T. and Shivdasani R.A.
(2005). The stomach mesenchymal transcription factor Barx1
specifies gastric epithelial identity through inhibition of transient Wnt
signaling. Dev. Cell. 8, 611-622.

Kim B.M., Miletich I., Mao J., McMahon A.P., Sharpe P.A. and
Shivdasani R.A. (2007). Independent functions and mechanisms for
homeobox gene Barx1 in patterning mouse stomach and spleen.
Development 134, 3603-3613.

Kimura W., Alev C., Sheng G., Jakt M., Yasugi S. and Fukuda K.
(2011). Identification of region-specific genes in the early chicken
endoderm. Gene Expr. Patterns 11, 171-180.

Lewis S.L. and Tam P.P. (2006). Definitive endoderm of the mouse
embryo: formation, cell fates, and morphogenetic function. Dev.
Dyn. 235, 2315-2329.

Li Q.L., Ito K., Sakakura C., Fukamachi H., Inoue K., Chi X.Z., Lee K.Y.,
Nomura S., Lee C.W., Han S.B., Kim H.M., Kim W.J., Yamamoto H.,
Yamashita N., Yano T., Ikeda T., Itohara S., Inazawa J., Abe T.,
Hagiwara A., Yamagishi H., Ooe A., Kaneda A., Sugimura T.,
Ushijima T., Bae S.C. and Ito Y. (2002). Causal relationship
between the loss of RUNX3 expression and gastric cancer. Cell 109,
113-124.

Lu C.C. and Robertson E.J. (2004). Multiple roles for Nodal in the
epiblast of the mouse embryo in the establishment of anterior-
posterior patterning. Dev. Biol. 273, 149-159.

Marikawa Y. (2006). Wnt/beta-catenin signaling and body plan formation
in mouse embryos. Semin. Cell Dev. Biol. 17, 175-184.

McLin V.A., Henning S.J. and Jamrich M. (2009). The role of the
visceral mesoderm in the development of the gastrointestinal tract.
Gastroenterology 136, 2074-2091.

Mesquita P., Raquel A., Nuno L., Reis C.A., Silva L.F., Serpa J., Van
Seuningen I., Barros H. and David L. (2006). Metaplasia - a
transdifferentiation process that facilitates cancer development: the
model of gastric intestinal metaplasia. Crit. Rev. Oncog. 12, 3-26.

Moore-Scott B.A., Opoka R., Lin S.C., Kordich J.J. and Wells J.M.
(2007). Identification of molecular markers that are expressed in
discrete anterior-posterior domains of the endoderm from the
gastrula stage to mid-gestation. Dev. Dyn. 236, 1997-2003.

Mutoh H., Hakamata Y., Sato K., Eda A., Yanaka I., Honda S., Osawa
H., Kaneko Y. and Sugano K. (2002). Conversion of gastric mucosa
to intestinal metaplasia in Cdx2-expressing transgenic mice.
Biochem Biophys Res. Commun. 294, 470-479.

Mutoh H., Sakurai S., Satoh K., Osawa H., Hakamata Y., Takeuchi T.
and Sugano K. (2004). Cdx1 induced intestinal metaplasia in the
transgenic mouse stomach: comparative study with Cdx2 transgenic
mice. Gut. 53, 1416-1423.

Noah T.K., Donahue B. and Shroyer N.F. (2011). Intestinal development
and differentiation. Exp. Cell Res. 317, 2702-2710.

Que J., Okubo T., Goldenring J.R., Nam K.T., Kurotani R., Morrisey
E.E., Taranova O., Pevny L.H. and Hogan B.L. (2007). Multiple
dose-dependent roles for Sox2 in the patterning and differentiation
of anterior foregut endoderm. Development 134, 2521-2531.

Ramalho-Santos M., Melton D.A. and McMahon A.P. (2000). Hedgehog
signals regulate multiple aspects of gastrointestinal development.
Development 127, 2763-2772.

Reis C.A., David L., Correa P., Carneiro F., de Bolos C., Garcia E.,
Mandel U., Clausen H. and Sobrinho-Simoes M. (1999). Intestinal
metaplasia of human stomach displays distinct patterns of mucin
(MUC1, MUC2, MUC5AC, and MUC6) expression. Cancer Res. 59,
1003-1007.

Rubin D.C. (2007). Intestinal morphogenesis. Curr. Opin. Gastroenterol.
23, 111-114.

Sadler T.W. and Langman J. (2014). Langman's medical embryology.
Philadelphia, Wolters Kluwer Health/Lippincott Williams & Wilkins.

Sancho E., Batlle E. and Clevers H. (2004). Signaling pathways in
intestinal development and cancer. Annu. Rev. Cell Dev. Biol. 20,
695-723.

Sarkar A., Huebner A.J., Sulahian R., Anselmo A., Xu X., Flattery K.,
Desai N., Sebastian C., Yram M.A., Arnold K., Rivera M.,
Mostoslavsky R., Bronson R., Bass A.J., Sadreyev R., Shivdasani
R.A. and Hochedlinger K. (2016). Sox2 suppresses gastric
tumorigenesis in mice. Cell Rep. 16, 1929-1941.

Schoenwolf G.C. and Larsen W.J. (2009). Larsen's human embryology.
4nd ed. Philadelphia, /Elsevier/Churchill Livingstone.

Sherwood R.I., Chen T.Y. and Melton D.A. (2009). Transcriptional
dynamics of endodermal organ formation. Dev. Dyn. 238, 29-
42.

Sherwood R.I., Maehr R., Mazzoni E.O. and Melton D.A. (2011). Wnt
signaling specifies and patterns intestinal endoderm. Mech. Dev.
128, 387-400.

Silberg D.G., Swain G.P., Suh E.R. and Traber P.G. (2000). Cdx1 and
cdx2 expression during intestinal development. Gastroenterology
119, 961-971.

Silberg D.G., Sullivan J., Kang E., Swain G.P., Moffett J., Sund N.J.,
Sackett S.D. and Kaestner K.H. (2002). Cdx2 ectopic expression
induces gastric intestinal metaplasia in transgenic mice.
Gastroenterology 122, 689-696.

Spence J.R., Lauf R. and Shroyer N.F. (2011a). Vertebrate intestinal
endoderm development. Dev. Dyn. 240, 501-520.

Spence J.R., Mayhew C.N., Rankin S.A., Kuhar M.F., Vallance J.E.,
Tolle K., Hoskins E.E., Kalinichenko V.V., Wells S.I., Zorn A.M.,
Shroyer N.F. and Wells J.M. (2011b). Directed differentiation of
human pluripotent stem cells into intestinal tissue in vitro. Nature
470, 105-109.

Stringer E.J., Pritchard C.A. and Beck F. (2008). Cdx2 initiates
histodifferentiation of the midgut endoderm. FEBS Lett. 582, 2555-
2560.

Sue S., Shibata W., Kameta E., Sato T., Ishii Y., Kaneko H., Miwa H.,
Sasaki T., Tamura T., Kondo M. and Maeda S. (2016). Intestine-
specific homeobox (ISX) induces intestinal metaplasia and cell
proliferation to contribute to gastric carcinogenesis. J. Gastroenterol.

531
Regulation of intestinal differentiation



51, 949-960.
Tiso N., Filippi A., Pauls S., Bortolussi M. and Argenton F. (2002). BMP

signalling regulates anteroposterior endoderm patterning in
zebrafish. Mech. Dev. 118, 29-37.

Tsukamoto T., Mizoshita T., Mihara M., Tanaka H., Takenaka Y.,
Yamamura Y., Nakamura S., Ushijima T. and Tatematsu M. (2005).
Sox2 expression in human stomach adenocarcinomas with gastric
and gastric-and-intestinal-mixed phenotypes. Histopathology 46,
649-658.

van den Brink G.R. (2007). Hedgehog signaling in development and
homeostasis of the gastrointestinal tract. Physiol. Rev. 87, 1343-
1375.

Vincent S.D., Dunn N.R., Hayashi S., Norris D.P. and Robertson E.J.
(2003). Cell fate decisions within the mouse organizer are governed
by graded Nodal signals. Genes Dev. 17, 1646-1662.

Wells J.M. and Melton D.A. (2000). Early mouse endoderm is patterned
by soluble factors from adjacent germ layers. Development 127,
1563-1572.

Wills A., Dickinson K., Khokha M. and Baker J.C. (2008). Bmp signaling
is necessary and sufficient for ventrolateral endoderm specification
in Xenopus. Dev. Dyn. 237, 2177-2186.

Yasugi S. and Mizuno T. (2008). Molecular analysis of endoderm
regionalization. Dev. Growth Differ. 50 (Suppl 1), S79-96.

Yeung T.M., Chia L.A., Kosinski C.M. and Kuo C.J. (2011). Regulation
of self-renewal and differentiation by the intestinal stem cell niche.
Cell Mol. Life Sci. 68, 2513-2523.

Yoon J.H., Choi S.S., Kim O., Choi W.S., Park Y.K., Nam S.W., Lee J.Y.
and Park W.S. (2016). Inactivation of NKX6.3 in the stomach leads
to abnormal expression of CDX2 and SOX2 required for gastric-to-
intestinal transdifferentiation. Mod. Pathol. 29, 194-208.

Zorn A.M. and Wells J.M. (2007). Molecular basis of vertebrate
endoderm development. Int. Rev. Cytol. 259, 49-111.

Zorn A.M. and Wells J.M. (2009). Vertebrate endoderm development
and organ formation. Annu. Rev. Cell Dev. Biol. 25, 221-251.

Accepted October 13, 2017

532
Regulation of intestinal differentiation


