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m Abstract Endoderm, one of the three principal germ layers, contributes to all or-
gans of the alimentary tract. For simplicity, this review divides formation of endodermal
organs into four fundamental steps) formation of endoderm during gastrulatioh) (
morphogenesis of a gut tube from a sheet of cedlshdding of organ domains from

the tube, andd) differentiation of organ-specific cell types within the growing buds.

We discuss possible mechanisms that regulate how undifferentiated endoderm becomes
specified into a myriad of cell types that populate the respiratory and gastrointestinal

tracts.
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INTRODUCTION
How does a single fertilized egg gives rise to an entire organism? The funda-
mental processes involved in making a worm or a human are much the same. For

example, early in development, an embryo becomes oriented from top-to-bottom
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(anterior-posterior; A-P) and from front-to-back (dorsal-ventral; D-V). Cells of the
embryo are then partitioned into three groups: the ectoderm, which forms skin and
the central nervous system; the mesoderm, which forms blood, bone, and muscle;
and the endoderm, which forms the respiratory and digestive tracts. Parititioning
of cells occurs via a process called gastrulation, whereby totipotent cells of the epi-
blast divide, differentiate, and rearrange into three distinct germ layers: ectoderm,
mesoderm, and endoderm. After gastrulation, the endoderm is a one cell-layer
thick sheet of approximately 500 cells (mouse) that will form the epithelial lin-
ing of the esophagus, lungs, stomach, and intestines, and is a major component
of many glands including the thyroid, thymus, pancreas, and liver. Subsequent
morphogenetic movements result in the sheet of endoderm being pushed into the
inside of the developing embryo, eventually forming a primitive tube. The tube
will become the gut, and evaginations (buds) from this tube will grow, branch, and
eventually form differentiated functioning organs (Figure 1; see color insert). Some
endodermal functions include taste, gas exchange, digestion, nutrient absorption,
glucose homeostasis, detoxification, blood clotting, and hematopoiesis.

It is not known how endoderm gives rise to the variety of cell types of the
digestive and respiratory tracts. Presumably, a pluripotent endoderm cell (stem
cell) grown in vitro in a regulated environment could generate all endodermal
lineages. Although endoderm stem cells have not been well characterized, exciting
work has been done on mesodermally derived stem cells. Blood (hematopoietic)
stem cells and neural stem cells have been grown in vitro and can be manipulated
to give rise to their respective cell lineages (Johansson et al 1999, Ogawa 1993). In
this review, we discuss progress made in understanding early vertebrate endoderm
development and illuminate some areas that are still relatively unexplored. A long-
term goal of this research is to understand how endoderm progenitor cells (stem
cells) generate all differentiated endoderm derivatives. Such endodermal stem
research has implications for the treatment of diseases of the endoderm including
diabetes, cystic fibrosis, and cancer.

ENDODERM FORMATION

Gastrulation

Early in vertebrate development, gastrulation results in a group of undifferentiated
cells (the epiblast) forming the three principal germ layers the ectoderm, meso-
derm, and endoderm (Figure 2; see color insert. Endoderm is yellow). The start
of this process is evidenced by formation of a structure called the primitive streak
at the posterior of the epiblast. The primitive streak (PS) is marked by expres-
sion of several genes and seems to be involved in cell fate specification, whereby
endoderm and mesoderm precursors migrate through the PS in the process of dif-
ferentiating. Furthermore, the PS is necessary for gastrulation to occur properly,
and embryos that do not form a PS fail to gastrulate (Conlon et al 1994, Waldrip
et al 1998). A fate map of the mouse epiblast was generated using an intracellular
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Figure 1 Stages of endoderm development. Tbp panelsshow four stages of devel-
opment of the gastrointestinal tract in mouse embryos (E7.5-E14.5). These stages of gut
morphogenesis are illustrated in tlesver panels Embryonic endoderm is in yellow, and

the visceral (yolk sac) endoderm in light green. The line dividing the E7.5 embryo separates
the lower part of the conceptus, which forms the embryo proper, from the upper part from
which derives extra embryonic structures such as yolk sac. The later stage embryos do not
show the extraembryonic structures. Atthe end of gastrulation (E7.5), the endodermis aone
cell-layer thick cup of approximately 500 cells, which covers the mesoderm and ectoderm
of the embryo. Within 24 h (E8.5), a series of morphogenetic processes transforms the cup
into a tube (for more detail, see Figure 4). The dotted yellow line outlines the forming gut
tube of the E8.5 embryo, which shows albumin expression in the ventral foregut. The next
step, the formation of organ buds, is seen in a E10.5 embryo, which has been stained for
the pancreatic/duodenal marker Pdx1. Inltheer pane) the schematized E10.5 gut tube
shows the relative positions of organ buds (lung-Lu; liver-Li; stomach-St; dorsal pancreatic
bud-d.Panc; ventral pancreatic bud-v.Panc; and duodenum/intestine-int). Theupfér5
panelshows a dissected stomach, pancreas, and duodenum that have been stained for Pdx1
expression. Significant branching and differentiation of organ cell types has occurred [the
pancreas contains all major endocrine (blue) and exocrine cell types by this time].
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Figure 2 Gastrulation and endoderm formation. Tio@ panelshows relative po-
sitions of the embryonic ectoderm (blue), mesoderm (red), and endoderm (yellow)
during gastrulation of the mouse embryo in a partially cut-away view (adapted from
Hogan et al 1994). All embryonic tissues derive from the blue region of the E6 em-
bryo, which is called the primitive ectoderm or epiblast at this stage. The layer of cells
surrounding the E6 epiblast, the visceral endoderm (light green), does not contribute
to the embryonic gut, but does contribute to extraembryonic structures such as the
yolk sac. Gastrulation begins at E6 when cells migrate out of the epiblast through the
primitive streak (PS), at a site that marks the future posterior of the embryo. Within
24 h (early to mid PS), the embryo has a well-formed primitive streak and mesoderm
(red) has begun to ingress between the endoderm and ectoderm in a medial and lat-
eral direction. Embryonic endoderm (yellow), which is first detected over the anterior
primitive streak, migrates along the mid-line in an anterior direction. Migration of
endoderm and mesoderm continues throughout gastrulation (E7-7.5) and is shown in
more detail in théottom pane{adapted from Beddington & Smith 1993). The arrows
show the relative paths of migration of cells during mouse gastrulation. Yellow arrows
demarcate endoderm migration from the anterior part of the primitive streak. No-
tochord (pink), endoderm, and mesoderm (red) all derive from the epiblast/primitive
streak. Endoderm follows an anterior path of migration similar to that of the notochord
precursor cells, in contrast to the migration of lateral mesoderm (red).
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tracer and it shows that most definitive (embryonic) endoderm cells originate from
the anterior primitive streak (Lawson et al 1991, Rosenquist 1971). These endo-
derm precursor cells are thought to migrate though the PS and intercalate into the
overlying visceral endoderm layer (Figure 3; see color insert), eventually displac-
ing these cells (Lin et al 1994). The visceral endoderm does not contribute to the
embryonic gut, but to extraembryonic endoderm, namely, the yolk sac. We do not
discuss its development further here. Consistent with these findings, embryonic
endoderm is first detected over the anterior PS between E6 and E6.5 (Lawson
et al 1986), where it migrates medially in an anterior direction and contributes to
anterior endoderm. Endoderm that exits the PS later contributes to more posterior
endoderm.

Although mesoderm and endoderm cells both arise from the epiblast and mi-
grate through the primitive streak (Lawson et al 1991), it is unclear when or how
cells decide between these two fates (Figure 3; see color insert). Cells may be
instructed to be mesoderm or endoderm prior to migration through the primitive
streak. Itis just as likely that cells acquire a fate while migrating through the prim-
itive streak. This possibility is strengthened by the finding that some mesoderm
begins to expresBgf3 upon exiting the streak (Niswander & Martin 1992). An-
other more stochastic possibility is that cells migrate out of the primitive streak and
remain multipotent until entering an environment that promotes one cell fate over
another. The molecules that regulate endoderm cell fate in chick and mouse are un-
determined. In frog, however, several transcription factors (mixer and so17
are able to dictate endodermal cell fate in a cell-autonomous fashion (Henry &
Melton 1998, Hudson et al 1997). Itis unclear whether the functionally equivalent
genes exist in higher vertebrates.

Regulation of Endoderm Cell Fate

The choice between a mesodermal or endodermal fate may be regulated by soluble
factors. The primitive streak and node (anterior region of the PS) produce numerous
growth factors, including members of the fibroblast growth factor (FGF), trans-
forming growth factor beta (TG#), and Wnt growth factor families (Beddington

& Smith 1993, Conlon etal 1994, Faust & Magnuson 1993, Tam & Behringer 1997,
Yamaguchi & Rossant 1995), as well as the morphogen, retinoic acid (Hogan et al
1992). These soluble factors are widely known to influence cell fate and may act
in various combinations to induce either mesoderm or endoderm. Although a di-
rect role for growth factors in mammalian endoderm differentiation is not known,
gene targeting experiments in mouse have demonstrated that growth factors are
involved in many phases of gastrulation. For example, FGF4 is necessary for initial
outgrowth of the epiblast (Feldman et al 1995), whereas thegi@mily member

nodal as well as SMAD2, which transmits T@Fignals from the cell surface to

the nucleus, are necessary for epiblast patterning and formation of the primitive
streak (Conlon et al 1994, Waldrip et al 1998). Later during gastrulation, the bone
morphogenetic protein BMP4 is required for mesoderm differentiation (Winnier
et al 1995).
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The Liver The foregut is an epithelial tube ventrally adjacent to cardiac meso-
derm and dorsally adjacent to the notochord (Figure 5; see color insert). The liver,
lungs, and ventral pancreas derive from the ventral foregut. In the case of the liver,
specification of ventral foregut by adjacent cardiac mesoderm has been shown in
chick (Le Douarin 1968) and in mouse (Gualdi et al 1996). In mouse, both posi-
tive and negative signals restrict liver albumin gene expression to ventral foregut
endoderm (Figure Sower left pane). For example, at the 6 somite stage, ventral
foregutendoderm requires a positive signal from cardiac mesodermto express liver
albumin. At the same time, albumin expression in non-hepatic (liver) endoderm
is inhibited by dorsal mesoderm and ectoderm. Surprisingly, when non-hepatic
trunk endoderm is separated from adjacent dorsal mesoderm, it begins to express
albumin even without a positive signal from cardiac mesoderm. These data suggest
that differences exist between ventral foregut endoderm and trunk endoderm prior
to albumin expression. Transcription factors expressed in pre-hepatic endoderm
(endoderm fated to become liver) may predispose ventral foregut endoderm to
respond to permissive signals from cardiac mesoderm. One candidate is the tran-
scription factor Hex1, which is expressed in pre-hepatic endoderm before cardiac
mesoderm signaling, and later in the liver (Thomas et al 1998). GATA and hepa-
tocyte nuclear transcription factors are also expressed in early endoderm and have
been shown to directly regulate transcription of liver genes (Bossard & Zaret 1998,
Lai & Darnell 1991).

The cardiac mesoderm signals that pattern ventral endoderm are unidentified.
However, there are reciprocal interactions in which endoderm induces cardiac
myogenesis, and this is mediated in part by BMPs. Anterior (pre-hepatic) endo-
derm is in contact with and able to induce differentiation of cardiac mesoderm
precursor cells (Narita et al 1997, Schultheiss et al 1995). Cardiac induction is
at least partially mediated by BMPs and can be blocked by the BMP antagonist
noggin (Schultheiss et al 1997). Strangely enougétberus another BMP an-
tagonist, which is also expressed in anterior endoderm, has the opposite affect
of noggin Injection ofcerberusRNA into a frog embryo results in induction of
ectopic head, heart, and liver (Bouwmeester et al 1996). Although the mechanism
of cerberus induction of hearts and livers could be a secondary affect, these exper-
iments implicate the involvement of T@Fsignaling in anterior/ventral endoderm
patterning and elucidate a reciprocal inductive event that is pivotal for patterning
of anterior/ventral structures.

The Pancreas The dorsal endoderm of the foregut and midgut gives rise to the
dorsal components of the esophagus, stomach, pancreas, and duodenum. Dorsa
endoderm is in contact with the notochord until the dorsal aorta fuse, which results
in separation of endoderm from notochord (E9.5 in mouse). This interaction of
endoderm with notochord is necessary for proper dorsal pancreas formation and
for expression of pancreatic genes (Figurddsyer middle pangl Deletion of

the notochord in cultured chick embryos results in loss of dorsal pancreatic gene
expression. Co-culture of notochord with endoderm fated to become pancreas
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the pancreas, all exocrine and endocrine cell types develop, and these mice are
viable. It is not yet clear if spleen and pancreatic mesenchyme share a functional
association or are connected by proximity alone.

Pancreatic mesenchyme is also able to influence the differentiation of pancreatic
epithelium into exocrine or endocrine tissue. An example of this is seen in mice
that lack dorsal pancreatic mesenchyme as a result of disruptingl¢tid gene.
Endocrine and exocrine differentiation are also disrupted; however, only exocrine
development can be rescued in vitro by culturlsti '~ pancreatic epithelium
with wild-type mesenchyme (Ahlgren et al 1997). Consistent with this, the man-
ual removal of mesenchyme results in pancreatic epithelia forming predominantly
endocrine cells in culture (Miralles et al 1998) or when grown under a kidney cap-
sule (Gittes et al 1996). This mesenchymal regulation of exocrine and endocrine
pancreas development is mediated in part by growth factors. For example, pan-
creatic rudiments cultured in vitro with T@Rwill form predominantly endocrine
cells (Sanvito et al 1994), whereas the Tg&5antagonist follistatin, which is ex-
pressed by mesenchyme, will promote exocrine cell development (Miralles et al
1998). Similarly, the hepatocyte growth factor (HGF) secreted by the mesenchyme
can sustain in vitro growth of pancreatic epithelium (Birchmeier et al 1997) and
promote endocrine cell differentiation (K O’'Donnell, personal communication).
These data suggest that early epithelial/mesenchymal interactions are fundamen-
tally important for differentiation of organ-specific cell types and for subsequent
compartmentalization of endocrine cells into islets of Langerhans and exocrine
cells into acini.

PERSPECTIVES AND OBJECTIVES

Although endoderm differentiation is far from understood, this review highlights
the remarkable progress made in elucidating how a few early endoderm cells de-
velop and give rise to such a multitude of functionally diverse cell types. In fact,
the endoderm and its organs are now receiving increased attention on two fronts.
First, the recognition that understanding lung, liver, pancreatic, and intestinal de-
velopment will inform thinking about treating diseases of those organs has led to
increased research activity. Second, the possibility of replacing lost or dysfunc-
tional tissues by stem cell differentiation and/or regeneration represents a broader
challenge to biologists, and this avenue is likely to be explored in the context of
endodermal development. With advances in functional genomics and experimental
ingenuity, there is every reason to believe that significant advances in these areas
will be forthcoming.
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