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For ~30-35 years, our insight into some of the funda-
mental aspects of pancreas development has been based
mainly on two independent studies performed in the
1960s by Golosow and Grobstein and Wessells and
Cohen. By performing classical embryological experi-
ments, these two reports described the morphogenesis of
the pancreas and the epitheliomesenchymal interactions
that are required for proper pancreas development. In
the 1970s, the groups of LeDourain and associates and
Rutter and associates showed, importantly, that despite
their similarities with neurons, the pancreatic endocrine
cells, like the exocrine and ductual cells, were of an
endodermal origin. Then during the 1980s, studies pio-
neered by Rutter, but also performed by many other
groups, were focused on the transcriptional regulation of
endocrine and exocrine genes. This eventually lead to the
cloning of various transcription factors. By using a
genetic approach to study the function of these tran-
scription factors, new insights into pancreas develop-
ment have now emerged that, on a molecular level, are
beginning to explain some of the earlier observations.
This review discusses our current knowledge of the
mechanisms by which the various pancreatic cell types
are generated. Diabetes 47:1817-1823, 1998

PATTERNING AND EARLY PANCREAS DEVELOPMENT

The pancreas derives from the upper, duodenal part of the
foregut via a dorsal and ventral protrusion of the epithelium
directly posterior to the developing stomach, and in mice, the
early pancreatic buds become evident on embryonic day 9
(e9) (Fig. 1). The part of the gut from which the pancreas orig-
inates becomes committed to a pancreatic fate already at
the ~10 somites stage, i.e., at €8.5 (1). At this stage, the first
molecular sign that the region at this anterior-posterior level
will develop into a pancreas is the restricted expression of the
homeodomain protein IPF1/PDX1 (2,3) (also known as IDX-
1, STF-1[4,5]) in both the dorsal and ventral gut epithelium.
A few somites later, these IPF1/PDX1-expressing regions of
the duodenal epithelium will begin to evaginate, thus form-
ing the dorsal and ventral pancreatic buds in which the
majority of the cells are IPF1/PDX1" (Figs. 1 and 2). Although
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interactions between the gut epithelium and the surrounding
mesenchyme have been demonstrated to be instrumental
for proper development of the gut and its associated organs
(6,7), relatively little is known about the molecular mecha-
nisms that underlie the early regionalization of the gut tube
along the anteroposterior (AP) axis. Analysis of the expres-
sion pattern of the hedgehog family of signaling molecules in
the developing mouse gut tube endoderm have revealed,
however, that sonic (shh) and indian hedgehog (ihh) are
differentially expressed in the presumptive pancreatic
epithelium, as compared with the rest of the developing gut
tube endoderm (8,9). Both shh and ihh are uniformly
expressed in the endoderm anterior and posterior to the pan-
creas. At the pancreatic AP level, hedgehog expression is,
however, restricted to the lateral, intestinal part, and neither
the dorsal nor the ventral pancreatic epithelium express shh
or ihh (8,9). Ectopic expression of shh in the pancreatic
epithelium under the control of the Ipf1/Pdx1 promoter in
transgenic mice clearly demonstrates that the exclusion of shh
in the developing pancreatic anlagen (Fig. 3) is indeed a pre-
requisite for proper pancreas development. In Ipfl/shh
transgenic mice, the mesenchymal component of the pancreas
is completely converted into intestinal smooth muscle, and
the pancreatic epithelium partly takes on an intestinal dif-
ferentiation program, although still retaining the capacity to
generate pancreatic cell types (9). Thus, these data provide
evidence that prevention of hedgehog expression in the
developing pancreatic anlagen is important for proper pan-
creas development. Recent work by Melton and associates
(10,11) studying early pancreas development in chick has
demonstrated a role for the notochord in repressing shh
expression in committed gut epithelium, thus allowing the ini-
tiation of the pancreatic program of differentiation. In vitro
cultures of early chick endoderm has also suggested that the
two signaling factors activinB and fibroblast growth factor
(FGF)-2, both expressed in the notochord, may be involved
in this notochord-mediated repression of shh expression in
the pancreatic anlagen (11). Initially, however, the dorsal
region of the endoderm along the entire AP axis lacks ihhand
shh expression, and later, this region of the endoderm
located on either side of pancreas starts to express ihh and
shh (9). In contrast, the dorsal pancreatic bud never initiates
the expression of ihh and shh, and thus the question seems
not to be how expression of ihh and shh is repressed, but
rather the how onset of ihh and ihh expression in the pan-
creatic epithelium is selectively prevented. Because there
exist no evidence of patterning of the notochord, the puta-
tive notochord-derived signals have to act on a prepatterned
dorsal endoderm. The notochord is not in direct contact
with the ventral gut epithelium, and it is not known whether
the epithelium of the prospective ventral pancreatic bud ini-
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tially expresses ihh and shh. Thus, the signals repressing or
preventing onset of shh and ihh expression in the ventral
pancreatic epithelium have to emanate from tissues other
than the notochord. So far, these studies suggest that pre-
vention of shh and ihh expression in the pancreatic endoderm
is important for proper differentiation of the pancreatic
mesoderm, which in turn appears to be required for correct
development of the pancreatic endoderm. However, these
results do not exclude the possibility that early exposure of
pancreatic endoderm to SHH and/or IHH is required for the
initial patterning of the pancreatic endoderm.

MORPHOGENESIS AND DIFFERENTIATION

From ~el0 and onwards, the pancreatic epithelium subse-
quently proliferates and invades the surrounding mes-
enchyme and epitheliomesenchymal interaction(s), then
stimulates proliferation, branching, and differentiation of
the epithelium into endocrine and exocrine cells (Fig. 3)
(1,6,12). In 1962, Golosow and Grobstein (6) had already
demonstrated the importance of the mesenchyme for this
process, and later Pictet and Rutter (12) also greatly con-
tributed to the documentation of the importance of mes-
enchymal factors for pancreatic development. Despite
extensive efforts, again mainly by Rutter and associates
(13,14), to purify and identify this mesenchymal factor(s), its
nature still remains largely unresolved. It is possible that a
combination of mesenchymal-derived factors and/or cofac-
tors act in concert to ensure proper development of the pan-
creatic epithelium, thus rendering the task of purification of
the mesenchymal activity a laborious one. In vitro cultures
of pancreatic rudiments derived from rat embryos have pro-
vided new insights into the role of mesenchyme with respect
to pancreas development. The work carried out by Miralles
et al. (15) supports the observation that mesenchyme is crit-
ically required for exocrine differentiation, but at the same
time, this group provides evidence that the pancreatic mes-
enchyme impairs endocrine differentiation. In their in vitro
system, follistatin is capable of partly mimicking the effect
of mesenchyme. This suggests that blocking of activin
and/or BMP7 signaling is required to obtain exocrine differ-
entiation. This, in turn, suggests that activin and/or BMP7 acts
to promote endocrine differentiation, and that differentiation
of endocrine or exocrine cells occurs at the expense of the
other. Interestingly, both the BMP7 (which is expressed in the
pancreatic epithelium) (-/-~) and Follistatin (-/-) mice
(16-18) seem to have a normally developed pancreas (U.
Ahlgren, H. Li, E.J. Robertson, M.M. Matzuk, H.E., unpub-
lished observations). Thus, if these factors represent impor-
tant players during pancreatic development, there must
exist factors that are functionally redundant.
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FIG. 1. Schematic drawing illustrating the
morphological movements of the pancreatic
anlagen during mouse development. The pan-
creatic buds form as a dorsal and ventral
evagination of the foregut endoderm. The
rotation of the stomach and duodenum posi-
tions the pancreatic buds at the same side of
the duodenum, where they eventually fuse,
around el3-14. In all drawings, gray fields
correspond to the pancreatic primordium.

Mouae il (Hlustration by U. Ahlgren and S. Sandstrém.)

One important aspect of morphogenesis is the branching of
the pancreatic epithelium. Although the factor(s) responsible
for the pancreatic epithelial growth and branching is
presently unknown, there is accumulating data that FGF sig-
naling is critically involved in controlling branching morpho-
genesis in both Drosophila and mouse. In Drosophila, the
Branchless FGF induces secondary branching by activating the
Breathless FGF receptor near the tips of growing secondary
branching. In addition, Branchless FGF induces the newly
identified FGF antagonist sprouty, which acts to control the
degree of branching by blocking signaling to the more distant
stalk cells (19). In mouse, genetic inactivation of FGFs or
their receptors have, because of early embryonic lethality or
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FIG. 2. A: Whole-mount immunohistochemistry of an €9.5 embryo
stained with anti-IPF1 antibodies. At this stage, the majority of the
epithelial cells of the buds express high levels of IPF1. B: Adult islet
cell stained for IPF1 expression. C: Diagram illustrating the temporal
expression of IPF1 expression. The early phase of IPF1 expression
(—) is confined to the region of the gut epithelium from which the
pancreatic buds are formed. Around €10.5, IPF1 expression is down-
regulated in the buds but reappears again in the differentiated B-
cells (----).
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functional redundancy, failed to provide information regard-
ing their role in vertebrate organogenesis. As an alternative
approach, different transgenic mice expressing, for example,
FGF7/KGF in the liver (20) or a dominant-negative form of the
FGF-receptor 2b under the control of the metallothionein
promoter (21) have been generated. In both of these experi-
ments, the fate of the epithelium of a number of different
organs, including the pancreas, where mesenchymal-epithe-
lial interactions are known to regulate the growth and mor-
phogenesis of the epithelium, were severely affected (20,21).

IPF1 AND PANCREAS DEVELOPMENT

During embryogenesis, IPF1/PDX1 expression is initiated at
the 10-12 somite stage, i.e., before hormone gene expres-
sion, and is restricted to the dorsal and ventral walls of the
primitive foregut at the positions where pancreas will later
form. The pattern of IPF1/PDX1 expression (Figs. 2 and 3) and
its ability to stimulate insulin gene transcription suggested that
IPF1/PDX1 functions both in the regionalization of the prim-
itive gut endoderm and in the maturation of the pancreatic p-
cell (2,3). Homozygosity for mutations in the 1pf1/Pdx1 gene
in mice and humans results in a complete pancreas agenesis
(22-24). IPF1/PDX1 does not seem to be required for the
evagination and initial bud formation, but rather it appears to
specify the early pancreatic epithelium, permitting its prolif-
eration, branching, and subsequent differentiation (2,23).
Thus, the initial stages of pancreas ontogeny involving the
early inductive events leading to the formation of the pan-
creatic buds and the appearance of a few early insulin, and
in particular glucagon cells, still occurs in the Ipfl/Pdx1-
deficient embryos (Fig. 3). These results suggest that addi-
tional transcriptional factors exist that act upstream of
IPF1/PDX-1 in the initial specification of the pancreatic endo-
derm (Fig. 4). However, the subsequent morphogenesis of the
pancreatic epithelium and the progression of differentiation
of the endocrine cells are arrested in the Ipfl/Pdx1 (-/-)
embryos. In contrast, the pancreatic mesenchyme grows and
develops both morphologically and functionally independent
of the epithelium (2). The pancreatic epithelium in the
Ipf1/Pdx1 mutants is, however, unable to respond to the
mesenchymal-derived signal(s) that normally promotes pan-
creatic morphogenesis. Together, these data provide evi-
dence that IPF1/PDX-1 acts cell-autonomously and that the
lack of a pancreas in the Ipfl/Pdx1 (-/-) mice is due to a
defect in the pancreatic epithelium.

IPF1 FUNCTION IN DIFFERENTIATED gB-CELLS

Mice in which the Ipfl/Pdx1 gene has been disrupted specif-
ically in B-cells initially appear healthy but, on aging, develop
diabetes (25). Analysis of these mice revealed that IPF1/PDX1
is required for maintaining the hormone-producing pheno-
type of the B-cell by positively regulating insulin and islet
amyloid polypeptide expression and by repressing glucagon
expression. IPF1/PDX1 is also required for the expression of
glucose transporter type 2 (GLUT2) in B-cells. IPF1/PDX1
seems to regulate the expression of GLUT2 in a dosage-
dependent manner, suggesting that lowered IPF1/PDX1 activ-
ity may contribute to the development of type 2 diabetes by
causing impaired expression of both GLUT2 and insulin (25).
Interestingly, heterozygosity for mutations in the human Ipfl
gene causes maturity-onset diabetes of the young (MODY) 4
(26), a form of diabetes that results from defects in insulin
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FIG. 3. Summary of the expression profile of IPF1 and different induc-
tive events involved in the development of the pancreas from e8 to e15.
This model proposes a dual role for the homeobox gene Ipfl during pan-
creas development. A: e8: Patterned embryonic gut epithelium (striped)
receives an inductive signal before 10 somites. This leads to the onset
of IPF1 in the dorsal and ventral shh-negative part of the gut wall and
the initiation of evagination. At this stage, no pancreatic mesenchyme
is associated with the dorsal gut tissue, which instead is in direct con-
tact with the notochord. B: €9: High levels of IPF1 expression (black)
in the protruding dorsal and ventral pancreatic diverticulum (see also
Fig. 2). Mesenchymal cells (gray) gradually accumulate adjacent to the
dorsal gut epithelium. Glucagon-expressing cells appear. C: e10: IPF1 has
activated gene(s) that makes the pancreatic epithelium able to grow,
branch, and differentiate. Early insulin cells appear. In the Ipfl (-/-)
mice, pancreas development is arrested at this stage. D: ell: Epithe-
liomesenchymal interactions lead to morphogenesis and differentiation
of the pancreas. IPF1 expression is downregulated. During the follow-
ing days, the secondary transition state occurs. This leads to a marked
increase in the relative numbers of insulin-positive cells that are now
IPF1 positive. E: el5: The pancreatic buds are heavily lobulated, and dif-
ferentiated exocrine cells have appeared. The majority of the insulin-
expressing cells (dark gray dots) are now IPF1 positive and produce high
amounts of the hormone.
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FIG. 4. Model for pancreatic cell differentiation based on genetic
analysis of transcription factors.

secretion, suggesting that the late function of IPF1/PDX1 is also
conserved from mice to humans. Together, these results point
toward a role for IPF1 in ensuring normal B-cell homeostasis,
and suggest that decreased IPF1/PDX1 expression and/or
function may contribute in a more general way to type 2 dia-
betes. Enticingly, four of five genes presently linked to MODY
represent transcription factors: MODY4, as already men-
tioned, is linked to mutations in the 1pfl gene; MODY1 and -3
to mutations in hepatocyte nuclear factor (HNF)-4a and -1a,
respectively; MODY to mutations in HNF-18; and MODY2 to
glucokinase (26-30). Itis thus plausible to assume that muta-
tions in other transcription factors (see below) regulating the
expression of pancreatic B-cell genes will turn out to be
linked to other forms of MODY.

OTHER TRANSCRIPTION FACTORS LINKED TO
PANCREAS DEVELOPMENT

ISL1. During pancreas ontogeny, the expression of the LIM
homeodomain protein ISL1 is initiated soon after the islet cells
have left the cell cycle, and in the adult pancreas, ISL1 is
expressed in all classes of islet cells (31,32). ISL1 is also
expressed in mesenchymal cells that surround the dorsal, but
not ventral, evagination of the gut endoderm and that
together comprise the pancreatic anlagen. In mice lacking
ISL1 function, the dorsal pancreatic mesenchyme does not
form, and there is an associated failure of exocrine cell dif-
ferentiation in the dorsal but, not the ventral, pancreas (32).
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In addition, there is a complete loss of differentiated islet cells.
Exocrine, but not endocrine, cell differentiation in the dorsal
pancreas can be rescued in vitro by the provision of mes-
enchyme derived from wild-type embryos. These results indi-
cate that ISL1, by virtue of its requirement for the formation
of dorsal mesenchyme, is necessary for the development of
the dorsal exocrine pancreas and that ISL1 function in pan-
creatic endodermal cells is required for the generation of all
endocrine islet cells (32).

PAX6. Pax6 belongs to the Pax gene family and, along with
ISL1, is expressed in all endocrine cells both during devel-
opmentand in the adult pancreas, but unlike ISL1, PAX6 is not
expressed in the surrounding mesenchyme (33,34). In mice
homozygous for deletions of the Pax6 gene, the numbers of
all differentiated endocrine cell types are markedly reduced,
and in addition, there is a significant decrease in hormone pro-
duction (33,34). The latter is in agreement with the observa-
tion that PAX6 binds to a conserved element common to the
glucagon, insulin, and somatostatin promoters (33). The
endocrine phenotype partly mimics that of Isl1 mutants,
although the Pax6 phenotype seems less severe because a
small numbers of cells expressing hormones still occur in the
Pax6 mutants. Interestingly, Pax6 expression cannot be
detected in e9.5 Isl1 (-/~) embryos, although the expression
of other endocrine-specific genes like Nkx2.2 and NeuroD
appears normal (U. Ahlgren, H.E., unpublished observa-
tions). This suggests that ISL1 may act upstream of PAX6 dur-
ing pancreatic endocrine differentiation.

PAX4. Pax4 expression is evident as early as €9.5 in both pan-
creatic buds, but later in the development, Pax4 expression
becomes restricted to the developing B-cells (35). Mice lack-
ing a functional Pax4 gene lack differentiated insulin and
somatostatin cell types (35). In addition, there is an associated
increase in the number of glucagon-producing cells. This
could possibly suggest that Pax4 is responsible for an Ins* cell
fate choice and that in absence of Pax4, the default fate
would be to become a Glu* cell. The increase in Glu® cells is,
however, reminiscent of the islet phenotype of the B-
cell-specific Ipfl mutants, and it is thus possible that Pax4 is
directly or indirectly involved in repressing glucagon expres-
sion. It would be interesting to analyze the expression of
other types of B-cell-associated genes like Glut2, gluco -
kinase, IAPP, prohormone convertase 1/3 (PC1/3), and
Nkx6.1 in the Pax4-deficient mice to more fully elucidate
the B-cell phenotype of the Pax4 (/=) mice (see below).
Nkx2.2. Nkx2.2 belongs to the mammalian NK2 homeobox
family of transcription factors (36) and, as revealed by in
situ hybridization, is expressed from at least the ~14 somite
stage (€8.75-9.0) in both the dorsal and ventral pancreatic
epithelium (H.E., unpublished observations). Later in devel-
opment, Nkx2.2 is expressed in all islet cells except the
somatostatin-producing 8-cells, and Nkx2.2 (-/-) mice lack
Ins* cells and have reduced numbers of Glu™ and PP* cells
(36). Interestingly, presumptive B-cells seem to form in these
mice, and although failing to express insulin, these cells still
express, for example, IAPP and PC1/3. This suggests that
Nkx2.2 is required for the terminal differentiation of B-cells
or, alternatively, that Nkx2.2 is critically required for the
expression of the insulin gene but not for the expression of
other B-cell-specific genes (36).

Nkx6.1. Another NK2 family member, Nkx6.1 (37,38) is ini-
tially (~€9.0-9.5) expressed predominantly in the dorsal pan-
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creatic epithelium in a subset of the IPF1/PDX1* cells (H.E.,
unpublished observations). Later in development, Nkx6.1,
which is analogous to IPF1/PDX1, becomes restricted to the dif-
ferentiated B-cells (37,38), and preliminary analysis of Nkx6.1
(-/-) mice show that they have drastically reduced numbers of
Ins* cells but normal numbers of the other islet cells (38).
NeuroD/Beta2. NeuroD/Beta? is a cell-type restricted basic
helix-loop-helix (bHLH) transcription factor that is expressed
in all pancreatic endocrine cells (39,40); together with its
ubiquitous counterpart, the E2A gene product E12, Neu-
roD/Beta2 hinds to the E-boxes of the insulin regulatory
region. In NeuroD/Beta2-deficient mice, endocrine cells still
appear, but at markedly reduced numbers: B-cells are reduced
by ~75%, a-cells by 40%, and &-cells by 20%, and the remain-
ing endocrine cells fail to form mature islets (41).

p48. All of the above described transcription factors, many
of them first identified as endocrine gene transcription reg-
ulators, are or become endocrine specific, and mutations in
either of these genes affect various aspects of pancreatic
endocrine differentiation. In contrast, relatively little is
known about transcription factors controlling pancreatic
exocrine gene expression and/or exocrine cell differentia-
tion. To fully understand pancreas development, itis crucial
to identify genes involved in the specification and/or differ-
entiation of exocrine cells. p48 is a bHLH transcription fac-
tor that, together with E12 and HEB/REB/AIf1, constitutes
the exocrine transcription complex PTF1, which binds to a
conserved element of the regulatory region of exocrine
genes (42-44 and O. Hagenbichle, P. Wellauer, personal
communication). p48 mMRNA expression is restricted to the
exocrine part of the pancreas. However, during develop-
ment, p48 mMRNA expression can be detected as early as
€10 in both pancreatic buds (U. Ahlgren, H.E., unpublished
observations), and thus p48 mRNA expression proceeds
exocrine enzyme expression, which first occurs at e12-14.
It is noteworthy, though, that PTF1 DNA-binding activity is
first detectable around el5 (42), i.e., the time at which a
high level of exocrine gene expression becomes conceived.
p48 (-/-) mice generated by O. Hagenbichle, P. Wellauer, and
coworkers point toward a crucial role for p48 in exocrine cell
differentiation, since it is completely impaired in these mice,
whereas endocrine cell differentiation is not (43 and O.
Hagenuchle, P. Wellauer, personal communication). p48 is
thus the first exocrine-specific transcription factor that has
been isolated and whose function has been genetically
tested. Further analysis of p48 function will be of vital
importance for our understanding of pancreatic cell differ-
entiation. Two other exocrine transcription factors,
although not yet genetically analyzed, will probably add to
our understanding of pancreas development and are thus
worth mentioning.

Mist1. Mist1 also belongs to the bHLH family of transcription
factors and can, at least in vitro, bind to E-box elements
either as a homo- or a heterodimer together with E12 (45). In
the pancreas, Mist 1 is expressed in the exocrine cells from
el4.5 and onward, suggesting that Mistl is acting late in
exocrine differentiation.

HNF-6. HNF-6 is a member of the winged helix/fork head
family of transcription factors. HNF-6 expression can be
detected as early as €10.5 in both pancreatic buds, but later,
the expression becomes restricted to the exocrine pancreas
(46,47). HNF-6 expression also remains in the pancreatic
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epithelium, but the endocrine cells are HNF-6-negative
throughout development.

AN EPIGENETIC CODE FOR THE PANCREAS?

The pancreas has rapidly become one of the most studied
organs with respect to function of transcription factors, and
many pancreatic phenotypes have been described. However,
the present genetic data only allow some more general com-
ments to be made about the epigenetic control of pancreas
development. One major reason for this is that most genetic
studies have so far failed to address whether a given tran-
scription factor exerts its function in pancreatic progenitor
and/or in postmitotic cells.

Isl1 and Pax6 show a very similar pattern of expression and
appear to be selectively expressed in postmitotic endocrine
cells. No terminally differentiated endocrine cells are found in
Isl1 (—/~) mice (32), and in Pax6 (-/-) mutants, the number of
hormone-producing cells are severely reduced. Pax6 is not
expressed in Isll (-/~) mice, suggesting that it acts down-
stream of Isll in postmitotic endocrine cells. I1pfl/Pdx1,
Pax4, NeuroD, Nkx2.2, and Nkx6.1 are expressed both in
progenitor cells and in differentiated endocrine cells. Nkx2.2
and NeuroD are expressed in most endocrine cells. Never-
theless, in mice deficient in either of these genes, endocrine
progenitor cells and terminally differentiated islet cells still
appear. This provides evidence that neither of these tran-
scription factors is involved in the generation of a multipotent
progenitor cell for endocrine cells. Both Pax4 and Nkx6.1 are
expressed in a manner strikingly similar to that of
IPF1/PDX1. The B-cell specific loss of IPF1/PDX1 in adult
mice (25), together with preliminary analysis of e10.5
Ipf1/Pdx1 null mutants performed in our laboratory, indi-
cates that at least Nkx6.1, but also possibly Pax4, is acting
downstream of IPF1/PDX1. At present, it is not possible to dis-
tinguish whether these genes exert their functions in pro-
genitor cells and/or in postmitotic endocrine cells.

These and other studies have not yet provided sufficient
information to establish the lineage relationship between
the different endocrine cells, the existence of lineage-
restricted endocrine progenitor cell populations or identified
transcription factors that selectively control the generation
of progenitor populations and individual islet cell types.
However, based on the recent genetic data, a working model
for the role of transcription factors in pancreatic cell differ-
entiation can be proposed (Fig. 4). On e8.0, patterning of the
embryonic endoderm by a yet unknown transcription factor,
gene X, commits a region of the endoderm to a pancreatic
fate (Fig. 4), partly by preventing the onset of hedgehog
expression. By e8.5 IPF1/PDX1 expression has been
induced, and shortly thereafter, the pancreatic epithelium
evaginates to form the pancreatic buds (Figs. 3 and 4). The
first endocrine cells to appear are the glucagon cells that
appear around €9.5. These cells require Isl1 and Pax6, but are
independent of Ipfl/Pdx1, since although there is already an
arrest in the pancreatic development around €9.5-10 in the
Ipf1/Pdx1 null mutants, postmitotic Isl1™ glucagon cells still
appear. This is consistent with the observation that
IPF1/PDX1 is not normally expressed in glucagon cells (2),
and suggests that glucagon cells originate from a separate
pool of early IPF1/PDX1-negative progenitor cells. In the
absence of Isl1l expression, the loss of IPF1/PDX1 in pro-
genitor cells is not sufficient to generate ectopic glucagon
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cells (2). In contrast, loss of IPF1/PDX1 in differentiated 3-
cells seems to allow glucagon expression in B-cells (25),
which concomitantly lose insulin expression. It is possible
that this switch in hormone production is enabled by the
expression of Isll in these postmitotic endocrine cells.

High levels of IPF1/PDX1 expression persist until ~e10.5,
and this initial phase of IPF1/PDX1 expression is required for
pancreas development to proceed beyond this stage (Figs. 3
and 4). The high-level IPF1/PDX1 expression is then down-
regulated, and in a majority of pancreatic epithelial cells,
p48 MRNA expression is now initiated. These p48* cells are
the progenitors of the exocrine lineage. The phenotype of the
p48 —/— mice partly mimics that of the Ipf1/Pdx1 mice, and
p48 seems to be downstream of IPF1/PDX1 (U. Ahlgren,
H.E., unpublished observations). Hence, the full analysis of
the p48 —/— mice will be critical for our understanding of
when and how exocrine precursor cells are generated. The
insulin and somatostatin cells seem to segregate relatively late
in development, and the differentiation of both cell types
requires Pax4. The insulin cells appear around e14.5 and are
dependent on high-level expression of Ipfl/Pdx1 and
Nkx6.1, whereas the somatostatin-cells appear a few days
later from the remaining Pax4" cells (Fig. 4). All endocrine
cells depend on Isl1 for their terminal differentiation.

CONCLUSION

The work done by Pictet et al. (48) and by Fontaine and Le
Douarin (49) unequivocally showed that the different pan-
creatic endocrine cells, like the exocrine and ductual cells, are
of true endodermal origin. However, how these various cell
types are generated from a pool of endodermal cells fated to
become the pancreas still remains poorly understood. The
identification and loss of function analysis of transcription fac-
tors expressed in the pancreas have provided some insight
into this process. However, to fully understand the principle
of pancreas development, we need to identify transcription
factors that initially specify gut endoderm for a pancreatic
fate, to find out when exocrine, ductual, and endocrine lin-
eages segregate and to identify the transcription factors con-
trolling these events. We also need to isolate transcription fac-
tors selectively expressed in ductual cells and to identify the
mechanism underlying the generation of the different
endocrine cell types. The fact that a variety of additional
transcription factors already have been associated with the
pancreas (50), but have not yet been genetically analyzed,
makes such a goal a prosperous one. Whether the key event
in the generation of the various islet cells is the early induc-
tion of different populations of lineage-restricted progenitor
cells or whether the different endocrine cells are generated
from multipotent precursor cells by later-acting instructive sig-
nals remains to be established. Also, although a requirement
has been established for many transcription factors by loss
of function analysis, sufficiency has rarely been tested by
gain of function experiments. It seems evident that to under-
stand the principles behind these processes, more attention
has to be given to the latter approach.

A major reason for our limited understanding of pancreas
development is the relative lack of information on prolifera-
tive and inductive signals operating in the pancreas. In con-
trast to many other organs or tissues, little or almost no
genetic evidence exists for the involvement of different
classes of proliferative or patterning signals in the pancreas.
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Whether this reflects that unique signals or common, but
redundant, signals are used in the pancreas remains to be
established. Still, as exemplified in other systems, the iden-
tification of signal molecules and transcription factors
expressed in the pancreas and the elucidation of their func-
tions should be a powerful way to rapidly unravel the prin-
ciples of pancreas development. Finally, the prospect of
establishing a system where B-cells might be selectively
induced and amplified, in vivo or in vitro, and subsequently
used as cell replacement therapy in both type 1 and type 2 dia-
betes, will be critically dependent on the identification of
factors controlling the generation of precursor cells and their
differentiation into B-cells.
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