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For over 30 yr, 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 segregation of over 10 different hormone-expressing
cell types in the gastrointestinal tract. The earliest cell fate
decisions appear to be regulated by the Notch signaling path-
way. Notch is inactive in endocrine precursor cells, allowing
for expression of the proendocrine basic helix-loop-helix pro-
teins Math1 and neurogenin3. Differentiating precursor cells
activate Notch in neighboring cells to switch off expression of
proendocrine factors and inhibit endocrine differentiation.
Math1 is the first factor involved in endocrine specification,
committing cells to become one of three secretory lineages—
goblet, Paneth, and enteroendocrine. Neurogenin3 appears to

be a downstream target that is essential for endocrine cell
differentiation. Events that control the segregation of each
mature lineage from progenitor cells have not been charac-
terized in detail. The transcription factors Pax4, Pax6, BETA2/
NeuroD, and pancreatic-duodenal homeobox 1 have all been
implicated in enteroendocrine differentiation. BETA2/Neu-
roD appears to coordinate secretin gene expression in S-type
enteroendocrine cells with cell cycle arrest as cells terminally
differentiate. Powerful genetic approaches have established
the murine intestine as the most important model for studying
enteroendocrine differentiation. Enteroendocrine cells in the
mouse are remarkably similar to those in humans, making it
likely that insights learned from the mouse may contribute to
both our understanding and treatment of a variety of human
disorders. (Endocrinology 145: 2639–2644, 2004)

ENDOCRINE CELLS WITHIN the gut epithelium from
the stomach to the colon represent the largest popu-

lation of hormone-producing cells in the body (1). Endocrine
cells are scattered as individual cells throughout the mucosa,
comprising approximately 1% of the cells lining the intestinal
lumen (2). Thus, unlike many endocrine glands, gastroin-
testinal endocrine cells differentiate in tissues where the
overwhelming majority of surrounding cells are nonendo-
crine, including enterocytes, goblet cells, and Paneth cells in
the intestine as well as parietal cells, chief cells, and mucous
neck cells in the stomach. This review will focus on our
current understanding of the development and differentia-
tion of gut endocrine cells.

With the emergence of immunohistochemical techniques
in the 1960s, 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. As
a result, gut endocrine cells were classified as APUD cells,
leading to the hypothesis that enteroendocrine cells arose
from cells that migrated from the neural crest to the gut (3).
Embryonic cell tracing techniques have clearly established
that gastrointestinal endocrine cells are derived from the
endoderm and not the neuroectoderm (4–8). However, the
original observations that enteroendocrine cells share fea-
tures with neurons has assumed new significance with recent

discoveries showing that gut endocrine differentiation is reg-
ulated similarly to differentiation in the nervous system. As
will be discussed later, both neuronal and gut endocrine
differentiation appear to be controlled by similar and in some
cases identical genes encoding basic helix-loop-helix (bHLH)
transcription factors under control of the Notch signaling
pathway. Many of the breakthroughs in understanding how
these molecules function during development and in endo-
crine differentiation were discovered using genetic mouse
models and will be a major focus of this review. Virtually all
of the transcription factors and signaling molecules dis-
cussed in this review are highly conserved, particularly be-
tween mammals. Furthermore, experiments in human cell
lines, expression profiles for some of these factors in human
tissue, and the use of human homologs in functional exper-
iments clearly suggests that endocrine differentiation and
development is highly conserved between mice and humans.
Finally, gene mutations that cause defects in murine endo-
crine differentiation in the pancreas and intestine have been
associated with human disease. For example, human muta-
tions in one allele of BETA2 have been associated with late-
onset diabetes, pancreatic-duodenal homeobox 1 (Pdx1) with
MODY (maturity onset diabetes of the young), and Pax6 with
aniridia and diabetes (9–11).

Gut Endocrine Cells Arise from
Multipotential Progenitors

All four epithelial cell types of the intestine, including
enteroendocrine cells, differentiate from common pluripo-
tent stem cells in the crypt compartment of the intestine (2).
Tritiated thymidine labeling after continuous infusion of the
isotope revealed that cells deep in the crypt labeled first,
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followed by more differentiated cells as one moved out of the
crypt, including enterocytes, goblet cells, enteroendocrine
cells, and Paneth cells. Cell-labeling kinetics indicate that
enterocytes, goblet cells, and enteroendocrine cells differen-
tiate as cells migrate up the crypt-villus axis turning over
every 3–4 d, whereas Paneth cells migrate downwards turn-
ing over more slowly (2). Unlike many endocrine cells in
different glands that differentiate early in life and turnover
slowly, enteroendocrine cells actively self-renew and differ-
entiate 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 (12).

How stem cells are allocated to differentiate into endo-
crine cells is not completely understood. For many years,
it was not known whether each endocrine cell type dif-
ferentiated from its own precursor, or whether all en-
teroendocrine cells segregate from a common progenitor
cell. The first clues came from the identification of indi-
vidual 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, lead-
ing to speculation that serotonin and secretin cells arise
from substance P cells (13, 14). In the colon, peptide YY,
glucagon-like peptide (GLP)-1, cholecystokinin, and neu-
rotensin are coexpressed in some cells. Likewise, seroto-
nin-expressing cells often coexpress substance P but never
the preceding four hormones, leading to the hypothesis
that there are two major branches for enteroendocrine
differentiation in the colon (15).

Expression of stable reporter genes in transgenic mice
suggests that enteroendocrine cells differentiate from mul-
tipotential progenitor cells. Expression of a human GH
reporter under control of the liver-fatty acid binding pro-
tein (L-FABP) gene showed labeling of multiple lineages
of enteroendocrine cells (13). Similarly a secretin-human
GH transgenic mouse showed that the transgene was co-
expressed in several enteroendocrine cell types in addition
to secretin cells, suggesting that multiple lineages share a
developmental relationship (16). Another approach for
establishing a common origin involves the expression of a
toxic gene in specific cell types of transgenic mice. Ex-
pression of herpes simplex virus 1 thymidine kinase in
secretin-expressing cells of transgenic mice rendered cells
susceptible to the antiviral drug ganciclovir. Treatment of
transgenic mice with the drug resulted in depletion of
secretin cells as well as most cells expressing cholecysto-
kinin and L cells expressing peptide YY and GLP-1. In
addition, the numbers of cells expressing serotonin, gastric
inhibitory polypeptide (GIP), substance P, and somatosta-
tin were significantly reduced as well, revealing previ-
ously unappreciated relationships between these different
cell types and secretin cells. The results further suggested
that many cell lineages express secretin at levels below the
detectable limit for immunostaining. The enteroendocrine
cells repopulated the small intestine in normal numbers
after withdrawal of ganciclovir, indicating that stem cells
were not targeted (17).

Role of Notch Signaling in
Enteroendocrine Differentiation

Signaling by the cell surface protein, Notch, plays a
critical role in endocrine cell fate determination in the
intestine. Notch proteins mediate cell fate decisions and
patterning in different tissues of invertebrates and verte-
brates by regulating expression of bHLH transcription
factors that control terminal differentiation (18). One of the
functions of Notch signaling is to mediate lateral inhibi-
tion between adjacent cells in a field of initially identical
cells; therefore, the first cell that begins differentiation
prevents the neighboring cells from adopting the same cell
fate (19, 20). This mechanism of inhibition produces spe-
cialized cell types that are scattered in appearance, similar
to how endocrine cells appear in the gastrointestinal tract.
Analysis of transgenic mice with mutations that disrupt
Notch signaling indicates that Notch regulates enteroen-
docrine differentiation by inhibiting expression of proen-
docrine bHLH transcription factors in the gastrointestinal
tract (21, 22).

Gene inactivation studies in mice have identified three
atonal-related bHLH factors important for intestinal en-
docrine differentiation—Math1, neurogenin3 (NGN3),
and BETA2/NeuroD (BETA2). These factors are structur-
ally related to the Drosophila atonal gene, which is impor-
tant in neural differentiation and contain two amphipathic
helices that act in dimerization and a basic domain which
directs DNA binding (for review see Ref. 23). This family
of transcriptional regulators functions in cascades, where
one factor activates a later factor and continues in a se-
quential order to control both cell fate determination and
differentiation of specific cell types. Math1, NGN3, and
BETA2 appear to be expressed sequentially during the
course of neuronal differentiation, emphasizing the im-
portance of earlier work showing similarities between
neurons and enteroendocrine cells (24 –26). As will be
described later, the sequential appearance of Math1,
NGN3, and BETA2 may represent distinct stages in the
differentiation of enteroendocrine cells. Therefore, regu-
lation of early-acting bHLH factors by Notch signaling
may regulate the earliest stage of cell fate determination
of the endocrine lineage, whereas late-appearing factors
control differentiation of a specific cell type.

Notch proteins comprise a family of four transmem-
brane receptors in mammals that interact with cell surface
ligands, � and Jagged, from neighboring cells. Ligand
binding activates a series of proteolytic cleavages and
posttranslational modifications, releasing the Notch intra-
cellular domain (NICD) (27). The NICD translocates to the
nucleus and associates with the DNA binding protein,
RBP-J� (28) to form a complex that binds to and activates
the promoters of the hairy/enhancer of split (HES) bHLH
transcriptional repressors (29). HES1 binds to N-box se-
quences in promoters to repress the expression of several
bHLH transcription factors important for terminal differ-
entiation (30). Readers are referred to any one of a number
of reviews of Notch signaling for more details (19, 20).
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Notch Signaling Blocks Endocrine Differentiation in
the Gastrointestinal Tract

Components of the Notch signaling pathway are present
in mouse intestinal epithelium beginning about embryonic d
13.5 and continue through adulthood (22, 31). The first ev-
idence that Notch regulates gastrointestinal endocrine dif-
ferentiation came from studies on the development of the
pancreas in mouse embryos null for either delta 1 or RBP-J�.
These animals showed arrested pancreatic development
with increased NGN3 expression, a marked increase in the
number of endocrine cells, and the failure to initiate acinar
differentiation. These studies suggested that in the absence
of Notch signals, there is precocious endocrine differentia-
tion with resultant depletion of immature epithelial precur-
sor pools (21).

A role for Notch signaling in the regulation of enteroen-
docrine differentiation was shown in another model of wide-
spread Notch inactivation, mice harboring a deletion of Hes1,
a factor downstream of activated Notch. Analysis of Hes1
�/� mice showed a 3- to 7-fold increase in the number of
enteroendocrine cells in the stomach and small intestine (22).
This was accompanied by elevated expression of the cell
surface ligand, delta 1, as well as the proendocrine bHLH
proteins Math1, NGN3, and BETA2, suggesting that Hes1
normally inhibits expression of these transcription factors.
Also, the NGN3 promoter has several Hes1 binding sites and
transfection studies indicate that Hes1 directly inhibits
NGN3 expression (32). Taken together, these results indicate
that Notch is off in differentiated endocrine cells. These same
cells activate Notch signals in neighboring cells thereby
blocking endocrine differentiation (Fig. 1).

Math1 and NGN3 Are Required for Differentiation of
Enteroendocrine Cells

The bHLH gene Math1 is a mammalian homolog of the
Drosophila atonal gene that plays a pivotal role in neuronal
specification as well as functioning as a positive regulator of
neuronal differentiation (33, 34). Math1 is expressed in the
gastrointestinal tract during development and has been iden-
tified in both the immature crypts and villi of the intestinal
epithelium but not in the stomach (35). Math1 appears to be
important for specification of intestinal secretory lineages as
Math1 �/� mice fail to develop three of the four gastroin-
testinal epithelial cell types—goblet, Paneth, and enteroen-
docrine cells (35). Cell lineage studies where the �-galacto-
sidase gene was knocked into the Math1 allele, which relies
upon the high abundance and long half-life of the �-galac-
tosidase reporter gene, demonstrated Math1 expressing cells
become goblet, enteroendocrine, or Paneth cells and suggests
that each of these three lineages arise from a Math1-express-
ing precursor cell (35). The dependence on Math1 expression
distinguishes enteroendocrine differentiation from the pan-
creas where islet differentiation is unaffected in Math1 null
mice (Fig. 2).

A second atonal-related bHLH protein, NGN3, is required
for endocrine cells to differentiate in the gastrointestinal tract
(36–38). NGN3 �/� mice fail to develop any endocrine cells
in the small intestine. However, in the glandular stomach
serotonin cells, enterochromaffin-like cells, and ghrelin-

expressing cells differentiate in the absence of NGN3, indi-
cating that these lineages are not dependent upon NGN3
expression (38). This suggests that enteroendocrine determi-
nation occurs differently along the gut tube and that other
factors are important for endocrine specification in the stom-
ach. NGN3 expression is detected as early as embryonic d
12.5 in the developing murine intestine and is restricted to
proliferating, immature cells in the crypts of the adult in-
testine as well as the glandular stomach (37, 38). NGN3 has
not been identified in cells expressing endocrine differenti-
ation markers in both the pancreas and intestine, indicating
that it is transiently expressed, switching off before terminal
differentiation (39). NGN3 �/� mice express Math1, sug-
gesting that NGN3 is a downstream target of Math1 in the
transcription factor cascade controlling endocrine differen-
tiation (37) (Fig. 2).

Although both gain and loss of function studies in trans-
genic mice suggest that NGN3 expression is essential for
much of normal gastrointestinal endocrine differentiation,
they do not establish that the affected populations arise from
a NGN3-expressing precursor. The absence of NGN3 ex-
pression in hormone-producing cells does not directly link
NGN3 expression to endocrine precursors and cannot rule
out the possibility that NGN3-expressing cells do not become
endocrine cells, but instead influence surrounding cells to
adopt an endocrine cell fate. Expression of �-galactosidase in
transgenic mice under control of 6.9-kb NGN3 gene flanking
sequence showed transgene expression in some but not all

FIG. 1. Lateral inhibition of endocrine differentiation by Notch sig-
naling. 1, Differentiating cells up-regulate the Notch ligand, delta,
which binds to the Notch extracellular domain on adjacent cells and
activates cleavage of the NICD. 2, NICD migrates to the cell nucleus
and interacts with RBP-J� to activate transcription of target genes.
3, Downstream target genes include Hes1, a repressor that inhibits
proendocrine bHLH transcription factors.
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endocrine cells in the intestine and the stomach. A number
of enteroendocrine cells showed �-galactosidase colocalized
with chromogranin A, a marker of endocrine differentiation,
despite the absence of NGN3 expression, which may have
been transient in these cells (37). The increased stability of the
�-galactosidase reporter beyond the half-life of NGN3 prob-
ably accounts for this discrepancy, although the failure to
observe �-galactosidase staining in a significant fraction of
NGN3� cells (37) may indicate that the transgene did not
completely recapitulate the expression of NGN3, possibly
due to the failure to include all regulatory elements impor-
tant for transgene expression in the stomach and intestine.
Although these studies suggested that some NGN3� cells
become endocrine cells, it was unclear whether all gastric and
intestinal endocrine cells arise from NGN3� cells.

Recombination-based cell lineage marking may represent
the best approach to determine the eventual cell fate of all
NGN3� cells by marking cells even after NGN3 expression
switches off. A more recent study generated a transgenic
mouse expressing Cre recombinase under control of 6.5 kb
of NGN3 flanking sequence. Crossing this mouse with a Cre
indicator strain marked all pancreatic islet cells, indicating
that they all arose from NGN3� cells (40). Similar studies in
the intestine will be needed to establish whether all enteroen-
docrine cells arise from NGN3� precursors.

Transcription Factors Controlling Terminal
Differentiation of Enteroendocrine Cells

Although there is an increasing body of evidence suggest-
ing that most enteroendocrine cells arise from common
progenitor cells, relatively little is known about how the
approximately 10 different lineages segregate as they dif-

ferentiate. Whereas some cell lineages are found primarily in
the stomach and proximal small intestine (gastrin, ghrelin,
GIP, secretin, cholecystokinin), others are predominantly
found in the ileum and colon (peptide YY, GLP-1, GLP-2,
neurotensin), and still others are found throughout the gas-
trointestinal tract (somatostatin, serotonin, substance P). The
nature of positional cues that direct the rostro-caudal distri-
bution of each cell type have not been characterized thus far.

Because the expression of most gut hormones is restricted
to a specific enteroendocrine cell type, elucidation of tran-
scriptional controls regulating expression of a gut hormone
gene may provide important insights for understanding how
endocrine cells differentiate. Relatively few gut hormone
genes have been studied in detail thus far. The sections that
follow briefly illustrate the roles of several transcription fac-
tors belonging to the bHLH, homeodomain, and paired box
homeodomain families in regulating hormone expression
(Fig. 2).

The cell type-restricted bHLH transcription factor BETA2,
also known as NeuroD1, was originally discovered as a factor
important for activating insulin gene transcription and neu-
ronal differentiation (26, 41). BETA2 binds to E box sequences
(CANNTG) as part of a heterodimeric complex with ubiq-
uitously expressed bHLH proteins like E12/E47. Several ob-
servations suggest that BETA2 is a downstream target of
NGN3. BETA2 expression is absent in NGN3 �/� mice and
the BETA2 gene is transactivated by NGN3 (37, 42). Subse-
quent work showed that BETA2 is also an important regu-
lator of secretin and possibly cholecystokinin gene transcrip-
tion (43). BETA2 null mice fail to develop secretin and
cholecystokinin cells in the intestinal tract (44), suggesting
that BETA2 is required for the expression of both secretin and
cholecystokinin. In addition to its effects on secretin gene
transcription, BETA2 induces cell cycle arrest, possibly by
increasing expression of p21, an inhibitor of cyclin-depen-
dent kinases (45). In BETA2 null mice, cells expressing the
null allele show reduced p21 expression with increased ex-
pression of cell proliferation markers, suggesting that BETA2
may function to coordinate expression of secretin with cell
cycle arrest and terminal differentiation.

Pdx1, a homeobox protein, regulates insulin and soma-
tostatin gene expression in the endocrine pancreas (46, 47).
Most intestinal Pdx1 expression is restricted to the proximal
duodenum during fetal development, where it is believed to
mediate foregut competence to form pancreas. The number
of enteroendocrine cells expressing serotonin, secretin, and
cholecystokinin is reduced in this region of the duodenum
but not elsewhere in Pdx1 �/� mice (48). Gastrin cells are
absent in Pdx1 �/� mice, which suggest that Pdx1 is re-
quired for gastrin cell maturation (49). However, Pdx1 has
not been shown to be critical for gastrin transcription because
not all gastrin cells express Pdx1 (49). It is not clear whether
the changes in enteroendocrine cells populations seen in
Pdx1 null mice results from direct activation of each gene by
Pdx1 or by an indirect mechanism. In the case of the secretin
gene enhancer, there are no known functionally important
elements resembling a Pdx-1 binding site (50).

Pax4 and Pax6 are paired box homeodomain transcription
factors implicated in pancreatic and intestinal endocrine cell
fate determination (51, 52). Pax6 is required for normal pro-

FIG. 2. Schematic overview of enteroendocrine differentiation in the
intestinal tract. Stem cells located in the crypts differentiate into all
four cell types present in the intestinal epithelium. Math1 expression
restricts cells to the secretory lineage and NGN3 restrict cells to the
endocrine lineage, whereas the transcription of specific hormones is
regulated by several late acting transcription factors such as Pax4,
Pax6, and BETA2.
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glucagon gene expression in both the pancreas and intestine.
Deletion of Pax6 eliminates GLP-1- and GLP-2-expressing
cells in the distal intestine (52), gastrin and somatostatin cells
in the antrum, and GIP cells in the duodenum (51). In ad-
dition, reduced numbers of all four pancreatic islet cell types
was seen in Pax6 null mice (53), and pancreatic endocrine
cells were absent in Pax4 and Pax6 double knockout mice
(54). Pax4 null mice lack serotonin and somatostatin cells in
the antrum as well as most endocrine cell types in the prox-
imal small intestine (51). The absence of these endocrine cell
types in null mice indicates that Pax4 and Pax6 may be
required for normal enteroendocrine differentiation.

However, it is not known whether Pax4 and Pax6 directly
activate transcription of all of the affected hormones. Trans-
fection experiments indicate that Pax6 binds to regulatory
elements in the proglucagon enhancer to increase progluca-
gon transcription (55, 56). Proglucagon mRNA transcripts
were significantly reduced in mice carrying a dominant-
negative mutation in Pax6 and GLP-1 and GLP-2 cells were
not detected in the intestinal epithelium (52). The presence of
peptide YY-expressing cells in Pax6 null mice (Ratineau, C.,
and A. Leiter, unpublished observations), suggests that the
absence of Pax6 does not disrupt the terminal differentiation
of L cells in the ileum and colon. In vitro observations show
that Pax4 and Pax6 may be targets of proendocrine bHLH
transcription factors. NGN3 appears to activate Pax4 expres-
sion (57, 58), whereas BETA2 may activate PAX6 (59). There-
fore, Pax4 and Pax6 are likely downstream effectors of the
Math1-NGN3-BETA2 cascade and act to restrict endocrine
progenitors to a specific endocrine lineage (Fig. 2).

Future Questions

Many open questions remain regarding how different en-
teroendocrine cells are specified. Very little is known about
the transcriptional and signaling events that direct highly cell
type- and region-specific expression of hormones in the gut.
Differentiation of intestinal epithelial cells, of which en-
teroendocrine cells comprise a very minor fraction, is not
well characterized, further emphasizing the complexity of
the gastrointestinal tract. Although Math1 and NGN3 are
important for the global initiation of endocrine differentia-
tion in the intestine, the signals and pathways involved in
defining specific endocrine cell types in the proximal intes-
tine vs. the colon remain unknown. Relatively little is known
about how enteroendocrine cell lineages segregate from their
precursor cells as they terminally differentiate within a given
region of the gastrointestinal tract. Future work in transgenic
mouse models will contribute to identifying new factors as
well as understanding the spatial and temporal expression of
these factors during endocrine differentiation. Furthermore,
the answers to these questions will depend in part on the
analysis of how gut hormone gene expression is regulated.
For many years, it was believed that the major function of
gastrointestinal hormones was to regulate other digestive
organs like the stomach, pancreas, and intestine. However,
hormones of the gastrointestinal tract have been increasingly
implicated in the regulation of a number of physiological
processes unrelated to digestive organ function such as ap-
petite regulation via the central nervous system and insulin

secretion from pancreatic � cells. The ability to potentially
modify different populations of enteroendocrine cells may
become an important therapeutic strategy for treating
and/or preventing a variety of common human diseases like
diabetes and obesity.

Acknowledgments

Received January 16, 2004. Accepted February 25, 2004.
Address all correspondence and requests for reprints to: Andrew B.

Leiter M.D., Ph.D., Division of Gastroenterology No. 218, New England
Medical Center, 750 Washington Street, Boston, Massachusetts 02111.
E-mail: aleiter@tufts-nemc.org.

This work was supported in part by National Institutes of Health
(NIH) Grants DK43673 and DK52870 (to A.B.L.). The GRASP Digestive
Disease Center P30-DK34928 and NIH Grants T32-CA65441 and T32-
DK07542 supported training of S.E.S. and M.G.

References

1. Rehfeld JF 1998 The new biology of gastrointestinal hormones. Physiol Rev
78:1087–1108

2. Cheng H, Leblond CP 1974 Origin, differentiation, and renewal of the four
main epithelial cell types in the mouse small intestine. V. Unitarian theory of
the origin of of the origin of the four epithelial cell types. Am J Anat 141:537–562

3. Pearse AG 1969 The calcitonin secreting C cells and their relationship to the
APUD cell series. J Endocrinol 45(Suppl):13–14

4. Andrew A, Kramer B, Rawdon BB 1998 The origin of gut and pancreatic
neuroendocrine (APUD) cells—the last word? J Pathol 186:117–118

5. Andrew A 1976 An experimental investigation into the possible neural crest
origin of pancreatic APUD (islet) cells. J Embryol Exp Morphol 35:577–593

6. Fontaine J, Le Lievre C, Le Douarin NM 1977 What is the developmental fate
of the neural crest cells which migrate into the pancreas in the avian embryo?
Gen Comp Endocrinol 33:394–404

7. Le Douarin NM, Teillet MA 1973 The migration of neural crest cells to the wall
of the digestive tract in avian embryo. J Embryol Exp Morphol 30:31–48

8. Le Douarin NM 1988 On the origin of pancreatic endocrine cells. Cell 53:
169–171

9. Malecki MT, Jhala US, Antonellis A, Fields L, Doria A, Orban T, Saad M,
Warram JH, Montminy M, Krolewski AS 1999 Mutations in NEUROD1 are
associated with the development of type 2 diabetes mellitus. Nat Genet 23:
323–328

10. Stoffers DA, Ferrer J, Clarke WL, Habener JF 1997 Early-onset type-II diabetes
mellitus (MODY4) linked to IPF1. Nat Genet 17:138–139

11. Yasuda T, Kajimoto Y, Fujitani Y, Watada H, Yamamoto S, Watarai T,
Umayahara Y, Matsuhisa M, Gorogawa S, Kuwayama Y, Tano Y, Yamasaki
Y, Hori M 2002 PAX6 mutation as a genetic factor common to aniridia and
glucose intolerance. Diabetes 51:224–230

12. Simon TC, Gordon JI 1995 Intestinal epithelial cell differentiation: new in-
sights from mice, flies and nematodes. Curr Opin Genet Dev 5:577–586

13. Roth KA, Hertz JM, Gordon JI 1990 Mapping enteroendocrine cell popula-
tions in transgenic mice reveals an unexpected degree of complexity in cellular
differentiation within the gastrointestinal tract. J Cell Biol 110:1791–1801

14. Aiken KD, Roth KA 1992 Temporal differentiation and migration of substance
P, serotonin, and secretin immunoreactive enteroendocrine cells in the mouse
proximal small intestine. Dev Dyn 194:303–310

15. Roth KA, Kim S, Gordon JI 1992 Immunocytochemical studies suggest two
pathways for enteroendocrine cell differentiation in the colon. Am J Physiol
263:G174–G180

16. Lopez MJ, Upchurch BH, Rindi G, Leiter AB 1995 Studies in transgenic mice
reveal potential relationships between secretin-producing cells and other en-
docrine cell types. J Biol Chem 270:885–891

17. Rindi G, Ratineau C, Ronco A, Candusso ME, Tsai M, Leiter AB 1999
Targeted ablation of secretin-producing cells in transgenic mice reveals a
common differentiation pathway with multiple enteroendocrine cell lineages
in the small intestine. Development 126:4149–4156

18. Kageyama R, Nakanishi S 1997 Helix-loop-helix factors in growth and dif-
ferentiation of the vertebrate nervous system. Curr Opin Genet Dev 7:659–665

19. Artavanis-Tsakonas S, Rand MD, Lake RJ 1999 Notch signaling: cell fate
control and signal integration in development. Science 284:770–776

20. Gaiano N, Fishell G 2002 The role of notch in promoting glial and neural stem
cell fates. Annu Rev Neurosci 25:471–490

21. Apelqvist A, Li H, Sommer L, Beatus P, Anderson DJ, Honjo T, Hrabe de
Angelis M, Lendahl U, Edlund H 1999 Notch signalling controls pancreatic
cell differentiation. Nature 400:877–881

22. Jensen J, Pedersen EE, Galante P, Hald J, Heller RS, Ishibashi M, Kageyama
R, Guillemot F, Serup P, Madsen OD 2000 Control of endodermal endocrine
development by Hes-1. Nat Genet 24:36–44

Schonhoff et al. • Minireview Endocrinology, June 2004, 145(6):2639–2644 2643

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/6/2639/2878067 by guest on 21 August 2022



23. Garrell J, Campuzano S 1991 The helix-loop-helix domain: a common motif
for bristles, muscles and sex. Bioessays 13:493–498

24. Ben-Arie N, Bellen HJ, Armstrong DL, McCall AE, Gordadze PR, Guo Q,
Matzuk MM, Zoghbi HY 1997 Math1 is essential for genesis of cerebellar
granule neurons. Nature 390:169–172

25. Sommer L, Ma Q, Anderson DJ 1996 Neurogenins, a novel family of atonal-
related bHLH transcription factors, are putative mammalian neuronal deter-
mination genes that reveal progenitor cell heterogeneity in the developing CNS
and PNS. Mol Cell Neurosci 8:221–241

26. Lee JE, Hollenberg SM, Snider L, Turner DL, Lipnick N, Weintraub H 1995
Conversion of Xenopus ectoderm into neurons by NeuroD, a basic helix-loop-
helix protein. Science 268:836–844

27. Ray WJ, Yao M, Mumm J, Schroeter EH, Saftig P, Wolfe M, Selkoe DJ, Kopan
R, Goate AM 1999 Cell surface presenilin-1 participates in the �-secretase-like
proteolysis of Notch. J Biol Chem 274:36801–36807

28. Tamura K, Taniguchi Y, Minoguchi S, Sakai T, Tun T, Furukawa T, Honjo
T 1995 Physical interaction between a novel domain of the receptor Notch and
the transcription factor RBP-J �/Su(H). Curr Biol 5:1416–1423

29. Jarriault S, Le Bail O, Hirsinger E, Pourquie O, Logeat F, Strong CF, Brou C,
Seidah NG, Isra l A 1998 Delta-1 activation of notch-1 signaling results in
HES-1 transactivation. Mol Cell Biol 18:7423–7431

30. Sasai Y, Kageyama R, Tagawa Y, Shigemoto R, Nakanishi S 1992 Two
mammalian helix-loop-helix factors structurally related to Drosophila hairy and
enhancer of split. Genes Dev 6:2620–2634

31. Schroder N, Gossler A 2002 Expression of Notch pathway components in fetal
and adult mouse small intestine. Gene Expr Patterns 2:247–250

32. Lee JC, Smith SB, Watada H, Lin J, Scheel D, Wang J, Mirmira RG, German
MS 2001 Regulation of the pancreatic pro-endocrine gene neurogenin3. Dia-
betes 50:928–936

33. Akazawa C, Ishibashi M, Shimizu C, Nakanishi S, Kageyama R 1995 A
mammalian helix-loop-helix factor structurally related to the product of Dro-
sophila proneural gene atonal is a positive transcriptional regulator expressed
in the developing nervous system. J Biol Chem 270:8730–8738

34. Ben-Arie N, McCall AE, Berkman S, Eichele G, Bellen HJ, Zoghbi HY 1996
Evolutionary conservation of sequence and expression of the bHLH protein
Atonal suggests a conserved role in neurogenesis. Hum Mol Genet 5:1207–1216

35. Yang Q, Bermingham NA, Finegold MJ, Zoghbi HY 2001 Requirement of
Math1 for secretory cell lineage commitment in the mouse intestine. Science
294:2155–2158

36. Gradwohl G, Dierich A, LeMeur M, Guillemot F 2000 Neurogenin3 is re-
quired for the development of the four endocrine cell lineages of the pancreas.
Proc Natl Acad Sci USA 97:1607–1611

37. Jenny M, Uhl C, Roche C, Duluc I, Guillermin V, Guillemot F, Jensen J,
Kedinger M, Gradwohl G 2002 Neurogenin3 is differentially required for
endocrine cell fate specification in the intestinal and gastric epithelium. EMBO
J 21:6338–6347

38. Lee CS, Perreault N, Brestelli JE, Kaestner KH 2002 Neurogenin 3 is essential
for the proper specification of gastric enteroendocrine cells and the mainte-
nance of gastric epithelial cell identity. Genes Dev 16:1488–1497

39. Schwitzgebel VM, Scheel DW, Conners JR, Kalamaras J, Lee JE, Anderson
DJ, Sussel L, Johnson JD, German MS 2000 Expression of neurogenin3 reveals
an islet cell precursor population in the pancreas. Development 127:3533–3542

40. Gu G, Dubauskaite J, Melton DA 2002 Direct evidence for the pancreatic
lineage: NGN3� cells are islet progenitors and are distinct from duct pro-
genitors. Development 129:2447–2457

41. Naya FJ, Stellrecht CMM, Tsai M-J 1995 Tissue-specific regulation of the

insulin gene by a novel basic helix-loop-helix transcription factor. Genes Dev
9:1009–1019

42. Huang HP, Liu M, El-Hodiri HM, Chu K, Jamrich M, Tsai MJ 2000 Regulation
of the pancreatic islet-specific gene BETA2 (neuroD) by neurogenin 3. Mol Cell
Biol 20:3292–3307

43. Mutoh H, Fung B, Naya F, Tsai M-J, Nishitani J, Leiter AB 1997 The basic
helix-loop-helix transcription factor BETA2/NeuroD is expressed in mamma-
lian enteroendocrine cells and activates secretin gene expression. Proc Natl
Acad Sci USA 94:3560–3564

44. Naya FJ, Huang H, Qiu Y, Mutoh H, DeMayo F, Leiter AB, Tsai M-J1997
Diabetes, defective pancreatic morphogenesis, and abnormal enteroendocrine
differentiation in BETA2/NeuroD-deficient mice. Genes Dev 11:2323–2334

45. Mutoh H, Naya FJ, Tsai M-J, Leiter AB 1998 The basic helix loop helix protein
BETA2 interacts with p300 to coordinate differentiation of secretin-expressing
enteroendocrine cells. Genes Dev 12:820–830

46. Miller CP, McGehee Jr RE, Habener JF 1994 IDX-1: a new homeodomain
transcription factor expressed in rat pancreatic islets and dudodenum that
transactivates the somatostatin gene. EMBO J 13:1145–1156

47. Ohlsson H, Karlsson K, Edlund T 1993 IPF1, a homeodomain-containing
transactivator of the insulin gene. EMBO J 12:4251–4259

48. Offield MF, Jetton TL, Labosky PA, Ray M, Stein RW, Magnuson MA,
Hogan BLM, Wright CVE 1996 PDX-1 is required for pancreatic outgrowth
and differentiation of the rostral duodenum. Development 122:983–995

49. Larsson LI, Madsen OD, Serup P, Jonsson J, Edlund H 1996 Pancreatic-
duodenal homeobox 1—role in gastric endocrine patterning. Mech Dev 60:
175–184

50. Wheeler MB, Nishitani J, Buchan AMJ, Kopin AS, Chey WY, Chang T, Leiter
AB 1992 Identification of a transcriptional enhancer important for enteroen-
docrine and pancreatic islet cell-specific expression of the secretin gene. Mol
Cell Biol 12:3531–3539

51. Larsson LI, St-Onge L, Hougaard DM, Sosa-Pineda B, Gruss P 1998 Pax 4 and
6 regulate gastrointestinal endocrine cell development. Mech Dev 79:153–159

52. Hill ME, Asa SL, Drucker DJ 1999 Essential requirement for Pax6 in control
of enteroendocrine proglucagon gene transcription. Mol Endocrinol 13:1474–
1486

53. Sander M, Neubuser A, Kalamaras J, Ee HC, Martin GR, German MS 1997
Genetic analysis reveals that PAX6 is required for normal transcription of
pancreatic hormone genes and islet development. Genes Dev 11:1662–1673

54. St-Onge L, Sosa-Pineda B, Chowdhury K, Mansouri A, Gruss P 1997 Pax6
is required for differentiation of glucagon-producing �-cells in mouse pan-
creas. Nature 387:406–409

55. Hussain MA, Habener JF 1999 Glucagon gene transcription activation me-
diated by synergistic interactions of pax-6 and cdx-2 with the p300 co-activator.
J Biol Chem 274:28950–28957

56. Trinh DK, Zhang K, Hossain M, Brubaker PL, Drucker DJ 2003 Pax-6 acti-
vates endogenous proglucagon gene expression in the rodent gastrointestinal
epithelium. Diabetes 52:425–433

57. Smith SB, Watada H, German MS 2004 Neurogenin3 activates the islet dif-
ferentiation program while repressing its own expression. Mol Endocrinol
18:142–149

58. Smith SB, Gasa R, Watada H, Wang J, Griffen SC, German MS 2003 Neu-
rogenin3 and hepatic nuclear factor 1 cooperate in activating pancreatic ex-
pression of Pax4. J Biol Chem 278:38254–38259

59. Marsich E, Vetere A, Di Piazza M, Tell G, Paoletti S 2003 The PAX6 gene is
activated by the basic helix-loop-helix transcription factor NeuroD/BETA2.
Biochem J 376:707–715

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

2644 Endocrinology, June 2004, 145(6):2639–2644 Schonhoff et al. • Minireview

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/145/6/2639/2878067 by guest on 21 August 2022


