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Abstract

For over thirty years it has been known that enteroendocrine cells derive from common precursor
cells in the intestinal crypts. Until recently relatively little was understood about the events that
result in commitment to endocrine differentiation or the eventual segregation of over 10 different
hormone expressing cell types in the gastrointestinal tract. Enteroendocrine cells arise from
pluripotent intestinal stem cells. Differentiation of enteroendocrine cells is controlled by the
sequential expression of three basic helix loop helix transcription factors, Math1, Neurogenin 3,
and NeuroD. Math1 expression is required for specification and segregation of the intestinal
secretory lineage (Paneth, goblet, and enteroendocrine cells) from the absorptive enterocyte
lineage. Neurogenin 3 represents the earliest stage of enteroendocrine differentiation and in its
absence enteroendocrine cells fail to develop. Subsequent expression of NeuroD appears to
represent a later stage of differentiation for maturing enteroendocrine cells. Enteroendocrine cell
fate is inhibited by the Notch signaling pathway, which appears to inhibit both Math1 and
Neurogenin 3. Understanding enteroendocrine cell differentiation will become increasingly
important for identifying potential future targets for common diseases like diabetes and obesity.
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Introduction

The mammalian gastrointestinal tract contains the largest population of hormone producing
cells in the body [1]. Unlike most endocrine organs where endocrine cells are the
predominant cell type, enteroendocrine cells account for less than 1% of the epithelial cells
lining the stomach, small intestine, and colon and are scattered diffusely as individual cells
throughout the mucosa [2]. The first gut hormones were discovered at the beginning of the
20™ century as biological activities in extracts of intestinal tissue with physiological effects
on digestive organ function. Bayliss and Starling in 1903 showed that canine intestinal
extracts injected into another animal stimulated secretion of pancreatic juice. They proposed
that that the gut contained a substance, secretin that was secreted into the blood to act on a
distant target organ. Their discovery represented the birth of modern endocrinology.

Over the next 60 years, many additional biological activities in intestinal extracts were
discovered. However, the next major advance in the field that established the peptide nature
of gut hormones culminated in the purification of secretin in 1963 by Mutt and Jorpes.
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Further advances in peptide chemistry as well as recombinant DNA technology led to the
discovery of more peptide hormones in the gut.

The availability of new powerful genetic approaches for analyzing cell lineages in mice, as
well as major discoveries in the identification of intestinal stem cells, have resulted in major
advances in understanding differentiation of enteroendocrine cells. This paper will review
our current understanding of the development and differentiation of gut endocrine cells.
Topics considered will include the relationship between enteroendocrine cells and intestinal
stem cells and transcriptional programs that drive specification and differentiation of
enteroendocrine cells, and mechanisms that control gut hormone gene expression.

Origin of enteroendocrine cells: Neural crest- or endoderm?

With the emergence of immunohistochemical techniques in the 1960’s, gastrointestinal
endocrine cells were found to express markers for neuronal differentiation including those
involved in the biosynthesis of neurotransmitters as well as showing ultrastructural
properties common to neurons. These observations led to the “APUD” hypothesis,
suggesting that enteroendocrine cells arose from cells that migrated from the neural crest to
the gut [3]. Subsequent embryonic cell tracing techniques have clearly established that
gastrointestinal endocrine cells are derived from the endoderm and not neuroectoderm [4-8].
However, the original observations that enteroendocrine cells share features with neurons
has assumed new significance with recent discoveries showing that gut endocrine
differentiation [9-12]is regulated by basic helix loop helix transcription factors similarly to
differentiation in the nervous system [13-15]. As will be discussed later, gut endocrine
differentiation is also under control of the Notch signaling pathway.

Common origin for enteroendocrine cells

The discovery of over 15 gut hormones produced by enteroendocrine cells, along with
characterization each cell type and its origins became a topic of considerable interest. It was
unclear if each endocrine cell type expressed one or multiple hormones. In addition, little
was known about the precursor cells that gave rise to enteroendocrine cells. Classic studies
of Cheng and Leblond from 1974 identified self renewing properties of the four epithelial
cell types of the intestine, including enteroendocrine cells and proposed that they arise from
common multipotential cells in the intestinal crypts [2]. Continuous infusions of tritiated
thymidine first labeled cells deep in the crypt followed by more differentiated cells up the
crypt-villus axis including enterocytes, goblet cells, enteroendocrine cells, and Paneth cells
(Fig. 2). Cell labeling kinetics indicated that enterocytes, goblet cells, and enteroendocrine
cells differentiated as cells migrate up the crypt-villus axis turning over every 3—4 days
whereas Paneth cells migrated downwards to the crypt base with a much slower turnover of
approximately 21 days [2]. Unlike many endocrine cells in different glands that differentiate
early in life and turnover slowly, enteroendocrine cells actively self-renew and differentiate
throughout the life of an animal from a large reservoir of stem cells. As mature
enteroendocrine cells migrate to the tips of the villi, they presumably undergo apoptosis and
are extruded into the lumen [16].

Additional evidence for a common multipotential enteroendocrine precursor cell included
the identification of individual cells coexpressing more than one hormone. In the small
intestine, a subpopulation of substance P expressing cells in villi coexpressed serotonin and
secretin whereas proliferating substance P cells in the crypts did not, leading to speculation
that serotonin and secretin cells arise from substance P cells [17, 18]. In the colon, peptide
YY, GLP-1, cholecystokinin, and neurotensin are coexpressed in L-type enteroendocrine
cells. Colonic serotonin expressing cells coexpress substance P but never the preceding four
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hormones, leading to the hypothesis that there are two major branches for enteroendocrine
differentiation in the colon [19].

Expression of stable reporter genes in transgenic mice provided further indirect support for
the existence of multipotential enteroendocrine progenitor cells. Expression of a human
growth hormone reporter (hGH) under control of the L-FABP gene showed labeling of
multiple lineages of enteroendocrine cells [17]. Cell lineage ablation studies involving
expression of a toxic gene in transgenic mice further established relationships between
different enteroendocrine cell types. Expression of herpes simplex virus 1 thymidine kinase
(HSVTK) in secretin-expressing cells of transgenic mice rendered cells susceptible to the
antiviral drug ganciclovir [20]. Treatment of transgenic mice with the drug resulted in
depletion of secretin cells as well as most cells expressing CCK and L cells expressing
peptide YY and GLP-1. In addition, the numbers of cells expressing serotonin, GIP,
substance P, and somatostatin were significantly reduced as well, revealing previously
unappreciated relationships between these different cell types and secretin cells. The results
further suggested that many cell lineages may express secretin at levels below the detectable
limit for immunostaining [20].

Current model of enteroendocrine cell differentiation

Earlier studies on enteroendocrine cell differentiation were hampered by significant
limitations. Most histochemical studies and labeling kinetics were largely descriptive and
did not identify genes required for enteroendocrine cells to differentiate. The paucity of
markers for the precursor cells was a second major limitation for progress. Since then,
several factors have contributed to major advances in understanding enteroendocrine
differentiation. New lines of knockout transgenic mice have identified genes that are
required for enteroendocrine cells to differentiate. Increased use of recombination-based cell
lineage analysis along with the discovery of better markers for intestinal stem cells has
further enhanced identification of cells from which the enteroendocrine lineage arises.

In many developmental systems, expression of one or more specific transcription factors
sequentially activates lineage specific gene expression programs. Differentiation may be
highly dependent on the timing and context of transcription factor expression. A number of
signaling pathways, most notably Wnt, Notch, BMP, and hedgehog often regulate
transcriptional activation of specific lineage differentiation programs.

Enteroendocrine cells arise from pluripotent intestinal stem cells, which give rise to the four
epithelial cell types of the small intestine (Fig. 1). As cells exit the stem cell compartment at
the crypt base, they are fated either to become absorptive enterocytes or to cells of the
secretory lineages (goblet cells, Paneth cells, and enteroendocrine cells). The progenitor
cells rapidly proliferate, undergoing a number of cell divisions in the transit-amplifying zone
of the upper crypt before terminally differentiating in the villus compartment. Three basic
helix loop helix transcription factors related to the Drosophila protein, atonal, are involved
in different stages differentiation of enteroendocrine cells and will be considered in more
detail later. MATH1 appears to specify the secretory lineage whereas Neurog3 is obligatory
for endocrine lineage specification, with NeuroD playing a role in later events in
differentiation (Table 1).

Intestinal Stem Cells

Studies of Cheng and Leblond suggested the existence of multipotential cells that give rise
to each intestinal lineage, based on cell labeling kinetics of cells mutagenized to alter cell
surface lectin expression. True pluripotency could not be established in this system due to
the absence markers for cell lineage analysis. Studies of stem cells in other organs, like bone
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marrow and skin, indicated that adult stem cells were relatively quiescent and long-lived.
The technique of long-term label retention, which identified cells that incorporated and
retained BrDU, was used to localize putative hematopoietic and skin cells. Using this
technique, label-retaining cells in the small intestine were localized, on average, to a
position 4 cells from the Paneth cells at the crypt base and are referred to +4 LRCs.
Although +4 LRCs exhibited many properties expected of stem cells functional stem cell
activity such as pluripotency has only recently been demonstrated based on their telomerase
activity.

Recently, an orphan G protein couple receptor, LGR5, a Wnt target gene upregulated in
colorectal cancer, was identified as a marker for cells that fulfill the properties predicted for
intestinal stem cells. LGR5 expression was mainly confined to crypt base columnar cells
flanked by Paneth cells. Lineage tracing the descendants of LGR5™ cells using mice
expressing Cre recombinase under control of the LGR5 gene and Cre indicator mice showed
LGR5* cells give rise to all four epithelial lineages, including enteroendocrine cells. LGR5*
cells self renew, are long-lived (60 days), and are relatively resistant to radiation.
Surprisingly, LGR5* cells are rapidly cycling, dividing every 24 hours, in contrast to
quiescent stem cell populations in other organs as well as the +4 LRCs in the intestine.
Isolated LGR5* cells can be cultured to form organoid bodies containing all intestinal
lineages in structures bearing a resemblance to intestinal crypts in the absence of
mesenchymal cells [21].

of the enteroendocrine lineage from intestinal secretory progenitor cells

The Math1 gene encodes a basic helix loop helix protein that is the mouse homologue of the
Drosophila atonal. Math1 is expressed in the gastrointestinal tract during development and
has been identified in both the immature crypts and villi of the intestinal epithelium but not
in the stomach [12]. Math1 appears to be essential for specification of the intestinal
secretory progenitor as Math1™/~ mice fail to develop all three secretory cell types (goblet,
Paneth, and enteroendocrine cells) [12]. Expression of a B-galactosidase gene knocked into
one Math1 allele, suggested that Math1 expressing cells become goblet, enteroendocrine, or
Paneth cells and suggests that each of these three lineages arises from a Math1-expressing
precursor cell [12]. Further evidence that Math 1 directs intestinal progenitors to the
secretory lineage was shown in mice expressing Math1l in the intestine under the control of
the villin promoter. Widespread expression of Math1 resulted in a striking expansion of
secretory lineage cell number with a dramatic loss in absorptive enterocytes [22]. The
corepressor protein, Gfil, a downstream target of Math1 appears to direct secretory lineage
cells to the goblet and Paneth cell lineages whereas in its absence these two lineages are
reduced with an increase in enteroendocrine cells [23].

Neurogenin 3 is required for differentiation of enteroendocrine cells

Expression of a second afonal-related bHLH protein, Neurogenin 3 (Neurog3), appears to be
essential for initiating the endocrine differentiation program in the gastrointestinal tract [9,
10, 24]. Neurog3 =/~ mice express Math1, suggesting that Neurog3 is a downstream target of
Math1 in the transcription factor cascade controlling endocrine differentiation [9].

Neurog3 ~~ mice fail to develop any endocrine cells in the small intestine. However, in the
glandular stomach, small numbers of serotonin cells, enterochromaffin like cells, and
ghrelin-expressing cells differentiate in the absence of Neurog3, indicating that these
lineages are not dependent upon Neurog3 expression [10]. Interpretation of these results has
been somewhat difficult because Neurog3 null mice die within 3 days of birth prior to the
differentiation of most gastric endocrine cells.
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Neurog3 expression is detected as early as e12.5 in the developing murine intestine and is
restricted to proliferating, immature cells in the crypts of the adult intestine as well as the
glandular stomach [9, 10]. For many years, Neurog3 was not identified in cells expressing
endocrine differentiation markers in either the pancreas or the intestine, leading to the
suggestion that it was transiently expressed in endocrine progenitor cells, switching off prior
to terminal differentiation [25]. Although loss of function studies in transgenic mice
suggested that Neurog3 expression was essential for enteroendocrine cell specification, the
absence of Neurog3 expression in hormone producing cells made it uncertain whether the
effects of Neurog3 were cell autonomous. Expression of p-galactosidase in transgenic mice
under control of 6.9 kb Neurog3 gene flanking sequence showed transgene expression in
some but not all endocrine cells in the intestine and the stomach [9]. The discrepancy
between transgene reporters and the endogenous gene expression may have resulted from
greater sensitivity for detecting for p-galactosidase. It is also possible that the transgene did
not completely recapitulate the expression of Neurog3. While these studies suggested that
some Neurog3™ cells become endocrine cells, it was unclear whether all enteroendocrine
cells arise from Neurog3* cells.

Cell fate of Neurog3-expressing cells

We established the cell-fate of Neurog3 expressing cells in the Gl using a Neurog3-Cre
mouse where Cre recombinase was inserted into a BAC containing the Neurog3 gene to
ensure that sufficient sequences were included to recapitulate the expression of the
endogenous gene [26]. Crossing the Neurog3-Cre mouse with the ROSA26 Cre indicator
strain enabled all cells that expressed Cre to undergo recombination at the ROSA26 reporter,
with excision of a LoxP-Stop-LoxP (LSL) cassette. The resultant transcriptional read
through with expression of B-galactosidase allowed us to identify all cells that arose from
Neurog3™ as well as their descendants irrespective of their cell fate. One powerful advantage
of this strategy is the ability to identify cells that transiently expressed Neurog3 at an earlier
stage of differentiation.

As anticipated, almost all cells expressing the endocrine marker, chromogranin A (ChgA) in
Neurog3-Cre; ROSA26 mice also stained for B-galactosidase activity, indicating that they
arose from Neurog3-expressing precursor cells [26]. This observation also established that
the effects of Neurog3 on endocrine progenitor cells were cell autonomous. Surprisingly, we
found that up to 40% of duodenal Paneth cells expressed the p-galactosidase indicator. We
also observed that up to 15% of goblet cells in the duodenum expressed p-galactosidase,
although percentage of B-gal* goblet cells gradually decreased in the distal small intestine to
zero in the colon. In rare instances (1:250) we identified entire crypt-villus units stained for
[B-galactosidase activity.

The labeling of Paneth and some goblet cells by lineage tracing indicated that the Neurog3-
Cre transgene was expressed in a subpopulation of intestinal secretory progenitor cells. The
occasional labeling of entire crypt-villus units suggested that the reporter gene in these cases
was expressed in pluripotent (stem) cells. These latter observations are consistent with low-
level expression of Neurog3 with other nonendocrine pancreas lineage markers in single
cells isolated from prepancreatic endoderm [27]. The labeling of nonendocrine cells in the
intestine probably occurs from very low levels of Cre expression that efficiently catalyze a
recombination at the ROSA26 locus. It is likely that Neurog3 protein is expressed at very
low levels, below the threshold to drive endocrine differentiation in cells destined to
nonendocrine cell fates. Others have subsequently shown that cells that express Neurog3
protein do not contribute to nonendocrine cell types [28].

The ability of Neurog3 to direct an endocrine differentiation in the intestine was confirmed
by driving expression throughout the intestinal epithelium under control of the villin gene,
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resulting in increased number of enteroendocrine cells and increased expression of several
hormones and proendocrine transcription factors [29]. The increase in enteroendocrine cell
number was associated with reduced numbers of goblet cells with little change in the total
number of secretory cells, suggesting that Neurog3 can redirect differentiation of a
bipotential secretory progenitor cell to an enteroendocrine cell fate.

Recent development in understanding Neurog3 function in the intestine

Earlier studies on the role of Neurog3 in intestinal function and homeostasis were limited by
difficulties in direct detection of Neurog3 expression by immunohistochemistry and by
death of Neurog3 null mice in the perinatal period. The ability to detect this protein by
immunostaining has improved considerably. Clonal labeling studies identified Neurog3*
cells most commonly at positions 5-8 in the crypt [28]. Surprisingly, only 1/3 of the
Neurog3™ cells were slowly cycling with the remainder being post mitotic. About 1/3 of
Neurog3™ cells expressed of endocrine differentiation markers like chromogranin A in
contrast to earlier studies, which suggested that Neurog3 expression was extinguished with
the onset of hormone expression in enteroendocrine cells. Thus it appears that the majority
of Neurog3™ cells may be precursors that do not express detectable levels of mature
endocrine cell markers and none contribute directly to nonendocrine lineages [28]. A very
recent study identified Neurog3™ cells near the crypt base at positions +1 and +2
differentiation markers as well as staining for the putative stem cell markers Lgr5,
DCAMKUL1, and CD133. Cells expressing markers of endocrine differentiation appeared to
be postmitotic throughout the crypt [30]. These observations may indicate that the
enteroendocrine lineage differentiates directly from the stem cell pool without going through
a transit amplifying population, potentially explaining their low frequency in the intestinal
mucosa.

Neurog3~~ mice die shortly after birth, presumably from severe diabetes and/or
neurological deficits. Unfortunately, the stomach and intestine and their respective
enteroendocrine cells are not fully differentiated at that stage. Neurog3 was selectively
deleted from all cells in the intestine by crossing mice with a conditional Neurog3 null allele
with a villin-Cre line [31]. This approach made it possible to examine the functional
importance of enteroendocrine cells since single and double hormone knockouts often show
minimal phenotypes due to functional redundancy and overlapping functions with
nontargeted hormones. Mice with Neurog3 deleted from the intestine showed profound
growth retardation, fat malabsorption, with increased crypt proliferation and accelerated cell
turnover, establishing the importance of intestinal Neurog3 expression and enteroendocrine
cells for intestinal homeostasis and normal growth and development. Of note, these findings
are similar to congenital malabsorptive diarrhea reported in infants with mutations in the
Neurogenin 3 gene associated with greatly reduced numbers of enteroendocrine cells [32].

The bHLH protein NeuroD and later stages of enteroendocrine
differentiation

The cell type restricted bHLH transcription factor NeuroD1, also known as BETA2, was
originally discovered as a factor important for activating insulin gene transcription and
neuronal differentiation [33, 34]. NeuroD binds to E box sequences (CANNTG) as part of a
heterodimeric complex with ubiquitously expressed bHLH proteins like E12/E47. Several
observations suggest that NeuroD is a downstream target of Neurog3. NeuroD expression is
absent in Neurog3 =/~ mice. In addition, Neurog3 binds to the NeuroD gene promoter and
increases NeuroD transcription [9, 35]. Subsequent work showed that NeuroD is also an
important regulator of secretin gene transcription [36]. NeuroD ™'~ mice fail to develop
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secretin and cholecystokinin cells in the intestinal tract [37], suggesting a potential role for
this protein for the expression of both secretin and cholecystokinin.

Although most enteroendocrine cells express NeuroD [38], the presence of most
enteroendocrine cell types in NeuroD~/~ mice indicates that they do not require NeuroD for
hormone expression. These findings were confirmed by crossing NeuroD-Cre mice [39] to
ROSA26 indicator mice, showing expression of B-galactosidase in most enteroendocrine
cells with no expression in nonendocrine lineages of the intestine (Leiter, A., unpublished
observations). Thus cells that express NeuroD appear to be truly endocrine restricted in
contrast to Neurog3* cells. In addition to its effects on secretin gene transcription, NeuroD
induces cell cycle arrest, possibly by increasing expression of p21, an inhibitor of cyclin
dependent kinases [40]. In NeuroD null mice, cells expressing the null allele show reduced
p21 expression with increased expression of cell proliferation markers, suggesting that
NeuroD may function to coordinate expression of secretin with cell cycle arrest and terminal
differentiation.

Since the secretin gene is the only confirmed direct target of NeuroD in enteroendocrine
cells identified thus far, our laboratory has focused most of our efforts to characterizing its
transcriptional regulation. Transcription of the secretin gene is restricted to S type
enteroendocrine cells and is under control of a single a proximal enhancer between —30 and
—200 (Fig. 3). The enhancer contains two Sp1 binding sites and another upstream site
important for transcriptional activity, in addition to a NeuroD binding E box. The absence of
additional enhancer elements for this gene made it difficult to explain its restricted
expression when only a single transcription factor that bound to this enhancer, NeuroD, was
relatively restricted in its expression.

The functional importance of Sp1 in tissue specific expression of the secretin gene was
examined in further detail [41]. NeuroD and Sp1 appeared to have a much greater than
additive effect on NeuroD-dependent transcription. Examination of DNA-Protein complexes
that formed between the enhancer and NeuroD, E12, and Sp1 by EMSA revealed the
presence of a slow migrating higher order complex in addition to the NeuroD/E12
heterodimer and Sp1 containing complex. The complex was comprised of all three proteins
and was present in far greater excess than predicted, suggesting cooperative binding activity.
NeuroD appeared to stabilize the binding of Sp1 to its binding site immediately adjacent to
the E box and thereby further increase transcription. This mechanism was confirmed with
chromatinized DNA using ChIP assays to show loss of Sp1 occupancy in the absence of
NeuroD.

We identified a previously described large zinc finger protein, RREB1 as another protein
that bound to the enhancer by expression cloning. RREB1 was originally discovered as a
DNA binding protein involved in RAS signaling but was subsequently found to be devoid of
transactivating function [42, 43]. Subsequent studies showed that RREB1 did not directly
transactivate the secretin gene. However, it potentiated NeuroD dependent transcription, an
activity that depended on its ability to both bind to DNA as well as to physically associate
with NeuroD [44]. These studies suggested that RREB1 might represent a novel class of
transcription modifier protein as a coactivator that must bind to DNA for its effects. RREB1
contains two consensus motifs, PXDLS, for binding to the corepressor protein CtBP.
RREB1 has been subsequently identified as a component of a large multiprotein corepressor
complex containing several chromatin and histone modifying activities in addition to CtBP
[45, 46]. The recruitment of proteins like CtBP that are normally associated with large
corepressor complexes to the actively transcribed secretin gene is not well understood and is
currently under investigation (Fig. 3).
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Role of Notch signaling in enteroendocrine differentiation

The Notch signaling pathway is used throughout metazoan evolution to enable adjacent cells
to adopt alternate cell fates. When Notch ligands from one cell bind to the Notch receptors
on an adjacent cell, the intracellular domain of the receptor (NICD) is cleaved, allowing it to
migrate to the nucleus where it interacts with the DNA binding protein RBP-Jx (also known
as CSL) [47] to form a complex that binds to and activates the promoters of the hairy/
enhancer of split (HES) bHLH transcriptional repressors that serve as effectors of the Notch
pathway [48]. HES proteins bind to GC rich sequences known as N boxes in promoters to
repress the expression of a number of bHLH transcription factors important for cell fate
decisions [49]. Since intestinal secretory lineage cell fate, including enteroendocrine cells,
depends on three bHLH protein, Math1, Neurog3, and NeuroD, it is not surprising that these
lineages are regulated by Notch.

Both gain and loss of function studies suggest that Notch signaling inhibits enteroendocrine
differentiation. Disruption of the Notch pathway in Hes1 knockout mice was the first study
to implicate Notch in enteroendocrine differentiation. Hes1™/~ mice show increased numbers
of enteroendocrine and goblet cells, suggesting that precocious secretory lineage
differentiation occurred in the absence of Notch signaling with increased expression of
proendocrine bHLH transcription factors [50]. Somewhat different results were seen in mice
where RBP-jxwas conditionally deleted from the intestine or when animals were treated
with -y secretase inhibitors [51]. Disruption of Notch in this context resulted in massive
expansion of the goblet cell lineage at the expense of absorptive enterocytes with little effect
on the number of enteroendocrine cells.

Conditional activation of Notch throughout the intestinal epithelium resulted in marked
reduction in the number of goblet and enteroendocrine cells [52, 53], confirming the
inhibitor effects of Notch on enteroendocrine cells. The studies done thus far did not directly
address which of the three bHLH proteins involved in enteroendocrine cell fate are targeted
by Notch. However, the effects on two secretory lineages suggest that Math11 is a likely
target. Conditional activation of Notch in Neurog3™ cells phenocopied the perinatal
mortality and absence of enteroendocrine cells seen in Neurog3~~ mice whereas conditional
Notch activation in NeuroD™ cells had no effect on enteroendocrine cell differentiation,
suggesting that Neurog3 but not NeuroD is a direct target of Notch (Leiter, A., unpublished
observations). Consistent with our findings, the Neurog3 promoter has several Hesl binding
sites and transfection studies indicate that Hes1 directly inhibits Neurog3 expression [54].

Role of Wnt signaling in enteroendocrine differentiation

Enteroendocrine cells failed to develop with generalized disruption of Wnt signaling in
TCF4 null mice or in Villin-DKK1 mice, initially raising the question whether Wnt activity
is required for their specification [55, 56]. The absence of enteroendocrine cells following
disruption of canonical Wnt signaling in the intestine may be the result of stem cell
depletion rather than a lineage specific requirement. To determine if Wnt signaling was
required for differentiation of enteroendocrine cells, we disrupted Wnt signaling in
enteroendocrine precursors by conditionally deleting p-catenin in Neurog3* cells. The
enteroendocrine cells of these mice appeared normal with no effect on the number and
subtypes [39], suggesting that Wnt-p catenin signaling was not required for either
specification or terminal differentiation of the enteroendocrine lineage.

Abnormal Wnt signaling may be associated with gut neuroendocrine tumors [57]. Since Wnt
signaling is the hallmark of self-renewing tissues and most enteroendocrine cells are
relatively quiescent, it is not certain whether they respond to this pathway. Conditional
activation of Wnt signaling by deleting exon 3 of B-catenin in Neurog3-expressing cells
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resulted in widespread adenomatous polyposis in the small intestine with many polyps
expressing serotonin, suggesting that early enteroendocrine precursors retain the capacity to
respond to Wnt. Surprisingly, conditional activation of B-catenin in NeuroD™ cells had no
effect on the intestine, suggesting that at this stage of differentiation, maturing
enteroendocrine cells do not respond to Wnt effectors [39]. These observations are
consistent with other findings described earlier that suggest that expression of Neurog3 and
NeuroD represent distinct, early and late stages in the differentiation of enteroendocrine
cells.

Future questions

Many questions remain regarding how different endocrine hormone producing cells
differentiate in the intestine. While Math1 and neurogenin3 are important for the global
initiation of endocrine differentiation in the intestine, the signals and pathways involved in
defining specific endocrine cell types remain largely unknown. Answers to these questions
will depend in part on the analysis of how gut hormone gene expression is regulated and
finding suitable models for further investigation. Furthermore, the hormones of the
gastrointestinal tract have been increasingly implicated in the regulation of energy
homeostasis, food intake, and insulin secretion. Targeting enteroendocrine cells may become
an important therapeutic strategy in the future for treating and/or preventing common human
diseases, including diabetes and obesity.
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Fig. 1. Enteroendocrine cell differentiation from progenitors

Enteroendocrine cells arise from pluripotent stem cells that give rise to secretory progenitor
cells that express the transcription factor, Math1. GFI1 expression drives differentiation to
the goblet and Paneth cell lineages. Neurog3 represents the first specific step to initiate
endocrine cell fate. Additional transcription factors, including Pax4 and Nkx2.2 are switched
on as enteroendocrine cells mature. Once cells express NeuroD, they become restricted to an
enteroendocrine cell fate before giving rise to various mature enteroendocrine cells.
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Fig. 2. Differentiation and functional anatomy within the crypt-villus unit

Rapidly cycling crypt base columnar (CBC) and slowing cycling LRC+4 stem cells give rise
to all four epithelial lineages. Enterocytes, goblet cells, and enteroendocrine cells
differentiate as cells exit the lower crypt and a proliferative transit amplifying (TA) zone as
they migrate up the crypt-villus axis. Some enteroendocrine cells differentiate just above the
crypt base without without going through a TA population. In contrast, Paneth cells migrate

to the crypt base and become intercalated between CBC stem cells.
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Fig. 3. Functional cooperation between NeuroD and other proteins occupying the secretin gene
enhancer

Four DNA binding proteins bind to a proximal enhancer in the secretin gene within 200 bp
of the transcription start site. RREB1 binds directly to the enhancer and recruits CtBP and
other proteins in multiprotein coactivator complex. Dotted lines indicate direct protein-
protein interactions.
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Table 1
Intestinal phenotype of MATH1, Neurog3, and NeuroD1 knockout mice

Survival Gut Endocrine Phenotype Alternate names
MATH1 Perinatal Absent goblet, paneth, and enteroendocrine cells  Atoh1, mammalian atonal homologue
1
Neurogenin3  Perinatal No enteroendocrine cells Ngn3, Neurog3
NeuroD1 perinatal/longer depending on Secretin and chole-cystokinin cells absent. BETA2
background
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