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B Abstract Type I diabetes results from the autoimmune-mediated destruction of
pancreatic beta (! ) cells, which regulate blood sugar levels by secretion of insulin.
Recent clinical data suggest that the disease could be cured if an adequate supply of
new ! -cells were available, and one goal of pancreatic developmental biology is to
understand how endogenous ! -cells are made, with the hope of making them exoge-
nously. Much is now known about the transcriptional regulation of pancreatic organ
specification, growth, and lineage allocation; less is known about intercellular signals
that regulate this process, but candidates continue to emerge. Additional insights, of-
ten contradicting older models, have come from the application of new lineage-tracing
techniques. Altogether, these studies also shed light on the still-elusive pancreatic stem
cell, which may participate in normal organ maintenance as well as recovery from in-
jury. A rigorous proof of the existence of such a cell, whether in vivo or in vitro,
would offer real hope for the prospect of controlled ! -cell generation in a clinical

setting.
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IN TROD UCTION

If not for its diseases, it strikes us as unlikely that developmental biologists would
be keen to study the pancreas. So many factors weigh against the organ as a model
system: it arises quite early in development as a small, inaccessible primordium;
its differentiation involves the synthesis of proteases and RNAses, complicating
gene expression analyses; its branching morphogenesis is extremely fine and not
obviously stereotypic; even the plural of the word itself, panceats leaves much
to be desired.

However, we do not have the luxury of ignoring the pancreas, as its proper
growth and homeostasis is of critical medical importance. Type I diabetes, which
afflicts approximately a million Americans, results from the autoimmune-mediated
destruction of insulin-producing beta (8)-cells. Less widespread, but perhaps dead-
lier, is pancreatic cancer: some 30,000 Americans are diagnosed each year, and
nearly every one will rapidly succumb to the disease. In this review, we focus on
recent findings in pancreas development and discuss their potential importance in
the struggle against these diseases.

The adult mammalian pancreas is a heterogeneous organ composed of three
major cell types (Figure 1). Exocrine cells produce digestive enzymes, such as
trypsin and amylase, which are shunted into the gut via duct cells. Exocrine
tissue, organized into dense epithelial acini, makes up over 95% of the pancre-
atic mass. Digestive enzymes are secreted into the acinar lumens, which drain
into small ducts. Like the branches of a tree, these merge and feed into pro-
gressively larger structures, finally connecting to the common bile duct. The
predominant pancreatic malignancy, ductal adenocarcinoma, is often described
as arising from ducts (Hruban et al. 2000); however, as we shall see, discrimi-
nation of true ducts is not trivial, and the cellular origin of this tumor remains
uncertain.

Each of the endocrine cell types produces a distinct peptide hormone: alpha
(av)-cells make glucagon, B-cells produce insulin, delta (§)-cells make somato-
statin, and PP-cells make pancreatic polypeptide. Endocrine cells are organized
into islets of Langerhans, globular clusters of cells dispersed throughout the ex-
ocrine tissue. The islets make up only a small fraction of the total organ mass, about
1-2%. Within the islets, the endocrine cell types are present in varying proportions:
B-cells make up the majority (60—80%) and form a core around which the others
are arranged. «-cells comprise 15-20% of the islet mass, and the remaining cells
are of § and PP type. Histologically, the islets resemble colonies of endocrine tis-
sue suspended within the acinar matrix, as if derived from single progenitor cells;
however, lineage tracing shows that each islet is polyclonal in origin (Deltour
et al. 1991). Lineage tracing has provided many key insights into pancreas de-
velopment, often inconsistent with models developed on the basis of histology or
immunostaining.
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GEN ETIC AN ALYSIS OF PAN CREAS D EVELOPMEN T

A useful approach to describing the molecular basis of pancreas development is
to consider how it is disrupted in mutant animals. Such mutants can be compared
according to the stage at which pancreatic defects appear; combining this infor-
mation with available lineage tracing data, we can consider a timecourse of gene
action (Figure 1). This is a convenient device, but we cannot ignore two critical
facts: The cells of the pancreas do not develop synchronously, thus at any one
time some may be proliferating and others differentiating; and many genes serve
multiple, sequential functions in the developmental process.

Specification of the Organ

The pancreas derives from two patches of epithelium that bud dorsally and ven-
trally from the gut epithelium, between the stomach and duodenum, beginning (in
the mouse) at approximately embryonic day 9 (E9) (Figure 1). Prior to and during
budding, the organ primordium expresses the homeodomain protein Pdx1/Ipfl
(henceforth referred to as Pdx1); all pancreatic cell types derive from PdxI
progenitors (Ohlsson et al. 1993, Gu et al. 2002). Pdx1 mutant pancreata ar-
rest after budding (Ahlgren et al. 1996, Offield et al. 1996); the fact that de-
velopment proceeds even this far implies that other factors promote pancreas
specification.

Recent work in zebrafish has begun to identify earlier regulators of pancreas
specification. Inhibition of retinoic acid (RA), bone morphogenetic protein (BMP),
or hedgehog (Hh) signaling disrupts pancreas development; conversely, excess
activity of these pathways results in expanded or ectopic pancreas development
(Roy et al. 2001, dilorio et al. 2002, Stafford & Prince 2002, Tiso et al. 2002).
RA and Hh act during gastrulation, thus considerably upstream of Pdx1 BMP
and RA regulate global anterior-posterior (A-P) patterning of the gut, whereas Hh
is selectively required for pancreatic endocrine development. In amniotes (mouse
and chick), excess Hh signaling inhibits pancreas development (Hebrok et al. 1998,
2000), and the paradoxical requirement for Hh in zebrafish may reflect evolutionary
divergence. Alternatively, Hh could have a positive role early and an inhibitory
one later. The use of conditional mouse knockouts might separate early and late
effects, thus reconciling zebrafish and amniote data.

In mice, several transcription factors expressed in the epithelium are now known
to be required for pancreas specification. Among the earliest specific markers of
the definitive endoderm is Sox17 which is expressed throughout the endoderm
after gastrulation (Kanai-Azuma et al. 2002). Although its expression subsequently
shifts to the hindgut, Sox17s required for pancreas formation, as assessed by Pdx1
expression. This defect is relatively specific insofar as the nearby liver primordium
is spared; presumably this reflects a role for Sox17very early in specification.
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The HIXb9 gene (encoding the Hb9 homeoprotein) is expressed throughout
both early pancreatic buds, and in the dorsal bud it precedes Pdx1(Harrison et al.
1999, Li et al. 1999). In mice lacking HIxb9, the dorsal pancreas is entirely absent,
Pdx1is not expressed, and the epithelium does not bud. The ventral pancreas,
remarkably, develops normally until later stages, at which point Hb9 is required
for ! -cell maturation. This may reflect an intrinsic difference between the dorsal
and ventral buds, but because Hb9 is also expressed in the notochord, which is
known to promote dorsal pancreas development (Kim et al. 1997), its role in
pancreas development may be indirect.

Conversely, mice lacking the Ptfla/p48bHLH transcription factor exhibit nor-
mal dorsal bud formation, whereas the ventral pancreas not only fails to bud but
actually becomes integrated into the surrounding duodenum (Kawaguchi et al.
2002). This was shown by “knocking-in” Cre recombinase to the Ptfla locus,
simultaneously disrupting the gene and generating a lineage-tracing reagent. In
the heterozygous state (Ptf1a®"®"), Cre-catalyzed activation of a LacZ reporter
gene showed that Ptflat cells contribute to all cell types of the dorsal and ventral
pancreas but not to the adjoining duodenum. In the absence of gene function, how-
ever, (Ptf1£™/C®) LacZ lineage label that corresponds to the ventral pancreas is
observed in the wall of the duodenum, apparently contributing to normal intestinal
epithelium.

Together, these data suggest that extrinsic factors regulate A-P patterning of the
endoderm to establish the position of the pancreas; this positional information is
interpreted by transcription factors that specify pancreatic fate, promoting Pdx1
expression and epithelial budding.

Growth of the Pancreatic Primordium

Following budding, the pancreatic primordia begin dramatic growth and branch-
ing, meanwhile reorienting and fusing into a single, bipolar organ. The growing
epithelium is surrounded by mesenchymal cells, and classic explant culture ex-
periments highlighted the importance of mesenchyme for growth and (exocrine)
differentiation (Gosolow & Grobstein 1962, Wessells & Cohen 1967). At least four
mesenchymal factors are now known to be required for this growth-promoting ef-
fect, although their interrelationship remains unclear.

The transcription factor ISI1 is expressed throughout the dorsal mesenchyme
during bud formation; in ISI1 mutants, this mesenchyme is largely absent, and
Pdxlexpression in the adjacent dorsal epithelium is reduced (Ahlgren et al. 1997).
In vitro, the mutant dorsal bud does not undergo exocrine differentiation, which
is rescued by co-culture with wild-type mesenchyme, showing that ISl is re-
quired in the mesenchyme. This report did not address epithelial growth per se,
but exocrine differentiation in vitro usually correlates with growth (see below).
An identical phenotype is seen in mice lacking N-cadherin, which is also ex-
pressed and functionally required in the dorsal pancreatic mesenchyme (Esni et al.
2001).
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A similar albeit less severe phenotype is seen in mice lacking the homeodomain
gene Pbx], which exhibit severe hypoplasia of the dorsal pancreas, coupled with
lack of acinar development (Kim et al. 2002). Again, exocrine differentiation is
rescued by recombination with wild-type mesenchyme, showing that this aspect
of the Pbx1phenotype reflects its function in the mesenchyme.

How does the mesenchyme promote epithelial growth? One recently identi-
fied mesenchymal signal is fibroblast growth factor-10 (Fgf10). Fgfl0 mutant
mice have hypoplastic dorsal and ventral pancreata, apparently the result of de-
creased epithelial proliferation (Bhushan et al. 2001). Fgf10 is unlikely to be
the only signal emanating from the mesenchyme, as the hypoplasia is less dra-
matic than that seen in ISI1 or Pbx1dorsal pancreata. Other mesenchymal sig-
nals may include members of the epidermal growth factor (EGF) family, as EGF
receptormutants exhibit moderately decreased pancreatic growth (Miettinen et
al. 2000), and EGF promotes epithelial proliferation in vitro (Cras-Meneur et al.
2001).

Hypoplasia in these mutants is accompanied by decreased Pdxlexpression. As
noted above, Pdx1mutant pancreata undergo growth arrest following budding. To
better define the requirements for Pdx1during organ growth, Holland et al. (2002)
replaced the Pdx1coding region with that of the tetracycline transactivator protein
(tTA). When combined with a Pdx1transgene under Tet regulation, expression of
Pdx1could be temporally controlled in compound mutant embryos. By downreg-
ulating Pdx1subsequent to bud outgrowth, Holland et al. (2002) found that Pdx1
function is continuously required for epithelial proliferation.

Pdx1 protein can form a DNA-binding complex with Pbx1 (Asaharaetal. 1999),
which is expressed in pancreatic epithelium as well as surrounding mesenchyme
(Kim et al. 2002). Dutta et al. (2001) produced transgenic mice expressing a Pdx1
mutant unable to bind Pbx1; crossed onto a Pdx1null background, this transgene
only partially rescues the growth arrest phenotype. These data, together with the
observation of Kim et al. (2002) that the ventral pancreas of Pbx1 mutants is
moderately hypoplastic, suggest that Pdx1 promotes epithelial proliferation partly
through interaction with Pbx1.

As noted above, the dorsal bud of Ptflamutants is specified normally in con-
trast to the ventral bud; its outgrowth and branching, however, are considerably
decreased compared with wild-type buds (Kawaguchi et al. 2002). As yet, it is not
clear which epithelial cells require Ptflafor growth, and this phenotype is com-
plicated by the additional requirement for Ptflain exocrine differentiation (Krapp
et al. 1998).

To summarize: the pancreatic mesenchyme signals proliferation in the adjacent
epithelial buds; dorsally, this interaction requires 1sl1, N-cadherin and Pbx1lin the
mesenchyme. One of these signals is likely to be Fgf10 but others are almost cer-
tainly present, possibly acting redundantly. Pbx1also exerts a growth-promoting
effect within the epithelium itself, probably acting via protein-protein interactions
with Pdx1. Ptfla which is responsible for specification of the ventral pancreas, is
also needed for robust outgrowth of the dorsal bud.
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Specification and D ifferentiation 0f Endocrine
and Exocrine Cell Types

Even as the pancreas begins to bud, endocrine differentiation is apparent. During
these early stages, from E9.5 to E12.5, the majority of endocrine cells formed
are " -cells; subsequently, during the so-called secondary transition, endocrine
cells differentiate in exponentially increasing numbers, with ! -cells predominat-
ing (Pictet & Rutter 1972, Herrera et al. 1991). Newly formed endocrine cells
delaminate from the epithelium and subsequently aggregate into islets; studies of
cell kinetics indicate that new endocrine cells continue to differentiate throughout
embryonic life (Kaung 1994). Exocrine cells also begin to differentiate during the
secondary transition. Practically nothing is known about ductal differentiation.

Wilson et al. (2003) have recently published an exhaustive review of the tran-
scription factors involved in pancreatic differentiation; here, we offer a narrower
picture of what remains a very fast-moving field.

As mentioned above, all adult pancreatic cells derive from PdxLexpressing
progenitors. During bud outgrowth, Pdxlexpression shifts from uniform to bipha-
sic, at high levels in ! -cells and lower levels in undifferentiated precursors (Guz
et al. 1995, Jensen et al. 2000a). Inactivation of Pdx1after bud formation, using
the tTA system (Holland et al. 2002), prevents both islet and acinar differentiation;
this general function in development may reflect a role in multipotent progenitors
or stem cells.

A key regulator of endocrine development is the bHLH protein Neurogenin3
(Ngn3), which is expressed exclusively in endocrine precursor cells, and subse-
quently downregulated during differentiation (Schwitzgebel et al. 2000, Gu et al.
2002). Its absolute requirement for islet cell development (Gradwohl et al. 2000)
suggests that Ngn3promotes endocrine fate in cells descended from Pdx1 pro-
genitors. Moreover, misexpression of Ngn3is sufficient to induce endocrine dif-
ferentiation throughout the gut epithelium (Grapin-Botton et al. 2001). Ngn3is
ordinarily expressed in scattered cells of the epithelium; broader misexpression of
Ngn3in the early pancreas, using the Pdx1promoter, results in complete diversion
of the organ to an endocrine fate (Apelqvist et al. 1999, Schwitzgebel et al. 2000).

Ngn3expression is reminiscent of other Ngn-type bHLH factors, broadly termed
pro-neural (Lee 1997). In the developing nervous system, the expression of these
genes is controlled by lateral inhibition, such that a field of initially equivalent cells
subdivides into Ngn™ neural progenitors surrounded by non-neuronal cells. Lat-
eral feedback is mediated by Delta-Notch signaling; if this pathway is abrogated,
neural potential becomes spatially unrestricted (Lewis 1998). This paradigm also
applies to the pancreas: Mice lacking the ligand Deltal, the Notch DNA-binding
partner RBPJ#, or the Notch target gene Heslexhibit a phenotype similar to those
broadly misexpressing Ngn3 widespread endocrine differentiation, with deple-
tion of exocrine progenitors (Apelqvist et al. 1999, Jensen et al. 2000b). Indeed,
these experiments identify Ngn3as negative target of Notch, as do Ngn3promoter-
mapping studies (Lee et al. 2001).
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Ngn3is also positively regulated by the cut-homeodomain protein HNF6, which
is broadly epressed in the developing gut (Jacquemin et al. 2000); Hnf6 mutant
mice lack most Ngn3expressing cells during development and instead accumulate
primitive, undifferentiated epithelium. Intriguingly, the block to endocrine differ-
entiation in HNf6 mutants is only temporary, and islets begin to bud out of the
abnormal epithelium shortly after birth.

We have spoken so far of Ngn3as being necessary and sufficient for endocrine
development, but we must point out that Ngn3 misexpression in vivo induces
mostly glucagon-producing " -cells, not ! -cells. In unperturbed animals, glucagon
is also produced outside the pancreas, by gastric and intestinal endocrine cells,
and these cells similarly require Ngn3(Jenny et al. 2002, Lee et al. 2002). It may
be telling that pancreatic " -cells normally appear several days prior to the onset
of I -cell differentiation (Herrera et al. 1991); driving Ngn3expression with the
Pdx1promoter will result in misexpression during this early phase. The fact that
this does not elicit ectopic ! -cells may reflect lack of competence within the early
pancreas, pending either intrinsic cues or external signals that arrive only later
(Schwitzgebel et al. 2000).

! -cell competence factors likely include the NK-homeodomain genes Nkx2.2
and Nkx6.1(Sussel et al. 1998, Sander et al. 2000). Both of these factors act either
downstream of or in parallel to Ngn3 as Ngn3expression is normal in mice lack-
ing Nkx2.2or Nkx6.1(Schwitzgebel et al. 2000). Nkx2.2mutants completely lack
insulin expression; in place of normal ! -cells, islets contain a large population of
cells apparently arrested “just short” of ! -cell fate. Nkx6.1mutants have a phe-
notype that is both more and less dramatic: A small number of insulin-producing
cells are generated during early pancreatic development, but the normally expo-
nential increase in ! -cell generation that initiates during the secondary transition
is completely absent, and no immature ! -like cells are formed.

Groundbreaking lineage studies by Herrera (2000) illuminate additional aspects
of endocrine development. Previously, cells co-expressing glucagon and insulin in
the early pancreatic bud were suggested to represent bipotential progenitor cells
(Alpert et al. 1988, Teitelman et al. 1993). Using the glucagon or insulin promoter
to drive Cre-dependent lineage marking, however, it was found that adult ! -cells
derive from progenitors that had never expressed glucagon, and vice-versa for
" -cells (Herrera 2000). Surprisingly, it was also found that ! -cells, but not " -
cells, derive from progenitors that did express pancreatic polypeptide, although
PP expression is not maintained in ! -cells. Expression data, therefore, can be an
unreliable guide to lineage.

This point is reinforced by studies of Ptflamutants. Ptflawas isolated as a regu-
lator of acinar gene transcription, and its expression had been described as exocrine
specific (Krapp et al. 1996). However, as discussed above, lineage tracing indicates
that Ptf1a’ cells contribute to most, if not all, cells of the pancreas, and a reexamina-
tion of the mutants reveals a requirement for the gene in ventral pancreas specifica-
tion (Kawaguchi et al. 2002). Consistent with the role of Ptflain exocrine gene acti-
vation, the dorsal pancreas of Ptflamutants has no acinar cells (Krapp et al. 1998).
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Although both endocrine and exocrine cells arise from Pdx1" progenitors, it
is possible that determined exocrine and endocrine progenitors have already been
set aside by the time Pdx1expression initiates. The resolution of lineage-tracing
experiments in vivo does not allow us to determine this, although an in vitro study
using retroviral labeling suggests that a single cell can give rise to both exocrine
and endocrine cells (Fishman & Melton 2002).

Other in vitro studies shed light on this question, in particular the provoca-
tive work of Horb & Slack (2000), who treated pancreatic rudiments with the
DNA synthesis inhibitor aphidicolin. This manipulation completely blocks ex-
ocrine differentiation and enhances endocrine differentiation. In other cases, early
buds cultured without surrounding mesenchyme appear biased toward endocrine
differentiation (Gittes et al. 1996, Miralles et al. 1998). In this respect, they re-
semble pancreata overexpressing Ngn3or lacking Notch pathway components. In
vitro studies also implicate EGF and FGF as mesenchymal signals that promote
proliferation and exocrine differentiation (Miralles et al. 1999, Cras-Meneur et al.
2001). From this work, a model emerges in which the early Pdx1" cells serve as
bipotential stem cells: in the presence of mitogens and Notch activity, they expand
and are available for later exocrine and endocrine differentiation; if the cells escape
these signals, they upregulate Ngn3and undergo endocrine differentiation.

What is missing from this model are extrinsic signals that specifically promote
differentiation. The changing character of differentiation over time—" -cells early,
followed by ! -cells and acinar cells—is consistent with a changing inductive
milieu, but no strong candidates have emerged as inducing molecules. Nor is it
clear what happens to the putative stem cells—are they entirely depleted during the
course of development, do they persist in adults, can they be re-activated to give rise
to new endocrine and exocrine cells? Given the intense interest in generating new
I —cells to cure diabetes, the prospects of which we discuss below, these questions
are in urgent need of answer.

Organ Homeo stasis

In rodents, new generation of endocrine cells (islet neogenesis) usually ceases
shortly after birth (Kaung 1994). Further islet growth presumably occurs via divi-
sion of existing differentiated cells. In mice lacking Hnf6 (Jacquemin et al. 2000)
or the Ngn3related transcription factor NeuioD (Huang et al. 2002), the period
of islet neogenesis seems to be temporally extended into postnatal life. In Hnf6
mutant pancreata, as described above, generation of Ngn3' cells is impaired, so
that the mice are born with dramatically fewer endocrine cells. Shortly thereafter,
however, endocrine cells begin to arise in increasing number out of an abnormal,
undifferentiated epithelium.

NeuioD mutants, on a 129/Sv] genetic background, show relatively normal en-
docrine differentiation, but newly formed endocrine cells are rapidly lost to apop-
tosis, and the mice die perinatally (Naya et al. 1997). When this mutation is crossed
onto a C57BL/6 background, adult viability is restored owing to dramatic post-
natal islet neogenesis (Huang et al. 2002). These data suggest that the developing
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pancreas retains an ability to generate new endocrine cells in the event of a de-
velopmental delay. Such a mechanism could operate at the level of a hypothetical
endocrine stem cell, the self-renewal of which might be sensitive to circulating
levels of insulin and other islet hormones or to blood glucose levels. As these
approach normal levels, the stem cells progressively differentiate, die, or cease
proliferation. Newborn rats are known to at least partially recover from treatment
with the ! -cell toxin streptozotocin (Dutrillaux et al. 1982), whereas adults do
not (Bonner-Weir et al. 1981), suggesting that such a stem cell mechanism is not
retained indefinitely. On the other hand, as discussed below, other reports suggest
that the adult pancreas, including the endocrine portion, is capable of some degree
of regeneration in response to damage.

Diabetes results from one of two causes: insufficient ! -cell function or resis-
tance to insulin. The former is most familiar as juvenile-onset or type I diabetes,
in which the ! -cells are destroyed by the immune system, but it also operates
in maturity onset diabetes of the young (MODY), in which ! -cells gradually be-
come either insensitive to blood glucose or unable to synthesize sufficient levels
of insulin (Hattersley 2003).

Haploinsufficiencies of several genes have been associated with MODY, in-
cluding Pdx1 (Stoffers et al. 1997), and mice heterozygous for Pdx1 exhibit a
MODY-like diabetes phenotype (Dutta et al. 1998). In the adult pancreas, Pdx1
expression is limited to ! -cells; ! -cell-specific deletion of PdxX1results in loss of
insulin expression and diabetes (Ahlgren et al. 1998). Also responsible for MODY
phenotypes are mutations in the Hnf1l" and Hnf4" genes, which act in a transcrip-
tional regulatory circuit to maintain the differentiated ! -cell phenotype (Boj et al.
2001, Shih et al. 2001).

Again, as with specification and differentiation, genetic analysis of ! -cell main-
tenance has primarily focused on transcription factors, although Hart et al. ( 2000)
have shown that FGF signaling is required to maintain ! -cell differentiation, acting
in a PdxXdependent autoregulatory loop.

Less is known about the maintenance of the exocrine compartment. The Mist1l
gene, encoding a bHLH transcription factor, is expressed specifically in acinar
cells, and Mist1l mutant mice exhibit a progressive degeneration of the exocrine
pancreas (Pin et al. 2001). This follows a loss of acinar polarity. Rather than being
secreted into the ductal system, digestive enzymes become activated intracellu-
larly, leading to autolysis and tissue damage. Over time, the pancreata of these
mice become increasingly inflamed and cystic, recapitulating features of human
chronic pancreatitis. The loss of exocrine cells appears to be due to phenotypic
dedifferentiation as well as death; acini become replaced by ducts, and individual
cells co-express acinar and ductal antigens.

IN VITRO STUD IES OF PAN CREAS D EVELOPMEN T

Readers familiar with the field will recognize that we have so far omitted mention
of a number of studies primarily based on in vitro culture. These experiments have
identified important intercellular signaling events required for specification and
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differentiation of pancreatic cell types; however, they are neither supported nor
contradicted by genetic evidence. This does not diminish their importance, but it
does require caution when trying to integrate them into the genetic framework.

Wells & Melton (2000) showed that early mouse endoderm, taken at E7.5,
will not undergo pancreatic specification in culture in the absence of adjacent
mesoderm and ectoderm. The markers examined did not allow the identification of
a specific region of the mesenchyme that induced pancreatic fates per se; instead,
the mesectoderm appears to regulate overall A-P patterning of the endoderm.
A similar intergerm layer signaling effect could underlie the phenotype of the
zebrafish mutants described previously, in which A-P patterning defects impact
specification of the pancreas.

A number of growth factors, including members of the FGF, EGF, and trans-
forming growth factor-! (TGF! ) families, were tested for their potential role in
endoderm differentiation; the only one eliciting a positive effect on isolated E7.5
endoderm was FGF4 (Wells & Melton 2000). Interestingly, in explants of ventral
foregut endoderm prepared from E8.5 mice, another FGF ligand, FGF2, inhibits
pancreatic development and promotes liver specification (Deutsch et al. 2001). The
liver and ventral pancreas develop from closely apposed regions of the endoderm,
and in vitro culture indicates that the former fate is promoted by the adjacent car-
diac mesoderm, a source of FGFs. Deutsch et al. (2001) suggest that the default fate
of the ventral foregut is pancreatic and that FGF signals actively divert a portion
of this tissue to a hepatic fate.

A very different situation applies to the dorsal pancreatic endoderm, which, in
the chick embryo, depends on notochord signals to differentiate (Kim et al. 1997).
The notochord signals repress Shhexpression in the dorsal endoderm, and such
repression is necessary and sufficient for elaboration of dorsal pancreatic fates
in vitro (Hebrok et al. 1998). The notochord signal can be mimicked by FGF2;
the fact that the dorsal and ventral pre-pancreatic domains exhibit such divergent
responses to FGF2 further emphasizes the differences in their initial developmental
programs.

Experiments in mouse and Xenopusembryos indicate that interaction with
blood vessels is critical for endocrine differentiation in the pancreas (Lammert
et al. 2001). In vitro studies of E8.5 dorsal endoderm revealed that it requires
co-culture with the adjacent dorsal aorta in order to differentiate into endocrine
cells. In contrast to earlier work in the chick, the notochord could not induce
insulin expression in mouse endoderm, which could reflect a species difference in
the requirement of pre-pancreatic endoderm for specific signals or in the relative
timing of those signals. That endocrine cells should depend on a blood vessel-
derived signal for differentiation makes sense, given the role these cells play in
monitoring blood sugar levels; whether acinar cells are similarly dependent on
such a signal is not yet known, nor is it known on what sort of precursor cell the
endothelial signal acts.

Together with the previously described mesenchyme studies, these experiments
suggest that development of the pancreas involves interaction with neighboring
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tissues. Further characterization of the signals involved should assist with efforts
to generate new ! -cells from cultured stem cells, the subject to which we now
turn.

IS THERE A STEM CELL IN THE PAN CREAS?

For decades, a hope of investigators studying pancreas development has been to
isolate a stem cell that could be induced to generate new ! -cells. Recent clinical
trials indicate that transplantation of isolated islets, combined with immune sup-
pressive therapy, can cure type I diabetes (Shapiro et al. 2000), further raising the
hopes of patients and researchers that a stem cell therapy for this disease would be
feasible. The problems: where to find such stem cells, and how to control their dif-
ferentiation. We first examine the evidence that pancreatic stem cells exist in vivo
and then consider the prospects for generating new ! -cells in vitro, for eventual
clinical use.

Stem Cells In Vivo?

Well before lineage or other molecular data became available, histological stud-
ies of endocrine development suggested that the early epithelium might represent
a stem cell population (Pictet & Rutter 1972). Do these putative stem cells per-
sist into later stages of pancreatic development? As mentioned above, newborn
rats treated with the ! -cell toxin streptozotocin substantially recover their ! -cell
mass, apparently by neogenesis; similar high levels of postnatal neogenesis are
seen in HNF6 and NeuoD mice. Adult rats exhibit minimal neogenesis after
streptozotocin-mediated ! -cell ablation, suggesting that this stem cell response
diminishes postnatally.

On the other hand, other protocols of more widespread pancreas damage, in-
cluding partial pancreatectomy (Bonner-Weir et al. 1993) and duct ligation (Wang
et al. 1995), show that the adult organ retains some capacity to produce new ! -
cells through neogenesis. It is hard to make a quantitative statement about the
extent to which the pancreas can regenerate; qualitatively speaking, the pancreas
appears less resilient than the liver but more so than the brain. At a histological
level, adult neogenesis resembles the embryonic development of endocrine cells
from undifferentiated epithelium; it is often suggested that the pancreatic ducts
serve a function in this process analogous to that of the early epithelium of the
embryonic pancreas. Two possibilities can be envisioned: Either rare stem cells
reside in the duct as a unique population or the entire ductal epithelium is capable
of dedifferentiation to a stem cell state.

A lineage relationship between duct cells and regenerating islets remains un-
proven, however, largely because of two major problems. First, pancreatic regener-
ation experiments have been performed almost exclusively in rats, which lack the
lineage-marking tools available in mice. In an ideal experiment, a gene expressed
exclusively in adult ducts would be used to drive expression of Cre recombinase in
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the presence of a Cre-dependent reporter gene. In the undisturbed pancreas, only
ducts would be marked; after injury, if duct cells do give rise to new acini and
islets, one would find reporter activity in those newly generated cells.

The major obstacle to this experiment actually highlights the other problem of
duct studies: the lack of truly specific markers for the adult ducts. Many of the
markers used to distinguish adult duct cells (primarily, again, in species other than
mouse) are also expressed in the embryonic pancreatic epithelium (Githens 1994);
thus, a duct-like structure generated in the regenerating pancreas, contributing to
neogenesis, might not be identical in lineage to the ducts of the undisturbed organ.
It is easy to assume that the ducts of the adult represent leftover epithelium from the
pancreatic buds, but lineage labeling indicates that adult duct cells actually arise
from a subpopulation of Pdx1" progenitors, set aside during a narrow window of
embryogenesis (Gu et al. 2002).

In fact, the neogenic epithelial cells formed following duct ligation more closely
resemble embryonic epithelium than adult duct in terms of marker expression
(Bouwens 1998). Stem cells in the adult pancreas might actually arise facultatively
via dedifferentiation of existing adult cell types; one potential source, in addition
to ducts, is exocrine tissue. Acinar cells cultured in vitro can give rise to duct-like
cells (De Lisle & Logsdon 1990), and several mouse models show evidence of
exocrine-to-duct transdifferentiation. These include the Mistl mutant, described
above, as well as mice expressing interferon-gamma (IFN-$) in ! -cells (Gu et al.
1994) and mice expressing the EGF receptor ligand TGF" in the exocrine pancreas
(Bockman & Merlino 1992, Song et al. 1999). Importantly, the epithelia formed
in these studies contribute to islet neogenesis, like that of the embryo.

Two cautions must be applied to these studies. First, they rely on histological
rather than genetic evidence of lineage. Exocrine-specific promoters, such as that
of the elastase gene (Grippo et al. 2002), have been described and should be useful
for genetic marking in future experiments. Second, it remains possible that the
pseudo-embryonic epithelium seen in these studies is a remnant of the embryonic
structure, rather than a product of differentiated adult cells. The transgenes encode
secreted proteins and should become active embryonically as soon as ! -cells (in
the case of the IFN-$ model) or exocrine cells (in the case of TGF" ) differentiate; if
they affect stem cells present at these early stages, those cells might be abnormally
maintained into adult life. Again, lineage-tracing experiments should clarify this.

Assuming that acinar cell dedifferentiation is genuine, the TGF" models are
particularly provocative. These mice exhibit epithelial abnormalities that resemble
the putative precursors of pancreatic cancer (Wagner et al. 1998), and on a p53
heterozygous or null background, the TGF" transgenes promote pancreatic tumor
formation (Wagner et al. 2001, Bardeesy et al. 2002). As described above, in vitro
studies implicate EGF receptor ligands in the growth of undifferentiated epithelial
cells in the embryo (Cras-Meneur et al. 2001), and human pancreatic tumor cells
often overexpress the EGF receptor and related receptors (Bardeesy & DePinho
2002). The possibility of a connection between pancreatic cancer and stem cells
is intriguing and makes the question of whether such cells represent a specific
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subpopulation of the ducts or arise by dedifferentiation all the more urgent. We
hope that further investigation of putative pancreatic stem cells, embryonic and
adult, will illuminate pancreatic cancer progression.

Other sources of stem cells for the endocrine pancreas have not been ruled out.
At one extreme, given the widespread recent reports of adult stem cell plasticity,
it is possible that new ! -cells could be recruited, in response to injury, from non-
pancreatic sources such as the bone marrow (Blau et al. 2001). A more domestic
origin is also possible, i.e., the islets themselves. There is plausible evidence for
this from lineage-tracing experiments, using a temporally regulated Cre molecule
expressed under control of the Ngn3promoter. If the recombinase is activated in
adults, rare marked cells can be found exclusively within the islets within 24 h of
activation, suggesting that they derived from Ngn3" precursors already resident
within the islet (Gu et al. 2002). Furthermore, adult mice treated with streptozotocin
exhibit some ! -cell neogenesis within existing islets, although this response is
too weak to restore normoglycemia (Fernandes et al. 1997). Unperturbed islet
growth is usually attributed to division of existing endocrine cells, but an additional
contribution from rare stem cells cannot be excluded.

One proposed marker for intra-islet stem cells is the intermediate filament
protein nestin, a marker of neural stem cells (Lendahl et al. 1990). Nestin™ cells
have been found in adult islets, isolated and expanded in vitro, and found capable
of exocrine and endocrine differentiation (Hunziker & Stein 2000, Zulewski et al.
2001). Although recent reports indicate that nestin expression is restricted to non-
endodermal cells in the pancreas (Lardon et al. 2002, Selander & Edlund 2002), it
is hard to prove that a small number of nestin™ epithelial cells do not serve as stem
cells. Again, lineage tracing should clarify their differentiation potential in vivo.

Prospects for Generating N ew ! -Cells In Vitro

One might be forgiven for considering it premature to try and generate new insulin-
producing cells in vitro from a stem cell population that has not even been proven
to exist. Nonetheless, numerous labs have reported success in coaxing ! -cell neo-
genesis out of various culture systems, including fetal human pancreas (Beattie
et al. 1996), adult ducts (Bonner-Weir et al. 2000, Ramiya et al. 2000), adult islets
(Zulewski et al. 2001), and embryonic stem cells (Lumelsky et al. 2001, Soria
2001). It is certainly possible that all these attempts will eventually yield clini-
cally useful results; it must be noted, however, that few of these results have been
independently confirmed, nor have the very different protocols been compared.
An exception to this is the report of Lumelsky et al. (2001), who modified
a protocol used to generate neurons from mouse ES cells and obtained insulin-
producing cells. Two groups have repeated and improved on these results (Hori
et al. 2002, Blyszczuk et al. 2003), suggesting that ES cells might serve as a useful
source of new ! -cells. Our laboratory has also repeated this protocol and similarly
obtained insulin-positive cells from both mouse and human ES cells; however, it
was found that these cells do not produce insulin themselves, but rather absorb and



Annu. Rev. Cell Dev. Biol. 2003.19:71-89. Downloaded from arjournals.annualreviews.org

by University of Paris 5 - Rene Descartes on 09/04/07. For personal use only.

84

MURTAUGH = MELTON

concentrate it from the culture medium, while undergoing apoptosis (Rajagopal
et al. 2003). Other criteria of ! -cell identity, such as insulin mRNA expression,
Pdx1expression, or synthesis of the C-peptide byproduct of insulin processing,
were absent in our cultures. These criteria should serve as a minimal threshold
for future claims that a cell generated in vitro behaves as a true ! -cell, whether
derived from ES cells, duct-like cells, or other putative stem cells.

CON CLUSION S

The past several years have seen the identification of a large number of transcrip-
tion factors required for pancreas development, and the analysis of these mutant
phenotypes provides evidence for a sequential, stepwise progression in the specifi-
cation, growth, and differentiation of exocrine and endocrine cells. Less is known
about intercellular signals that govern these processes, although strong evidence
implicates the Notch, FGF, and EGF pathways in several aspects, and manipulation
of these pathways may be useful in isolating and expanding putative pancreatic
stem cells for clinical use. The involvement of EGF signaling in pancreatic cancer
also raises the intriguing possibility of a connection between normal development
and carcinogenesis. The identity and even the existence of pancreatic stem cells in
vivo remains controversial, as do the prospects for generating new ! -cells in vitro.
We suggest that further studies of putative pancreatic stem cells in vivo will be
critical for success in vitro, and that lineage tracing experiments ought to be con-
sidered a critical criterion in future claims regarding stem cell identity. With this
and other precautions kept in mind when designing experiments and interpreting
data, further progress toward the goal of curing Type I diabetes through stem cell
therapy should be smooth and hopefully rapid.

The Annual Review of Cell and Developmental Biology is online at
http://cellbio.annualreviews.org
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Figure 1 Embryonic development of the mouse pancreas. (Left) A schematic diagram of
the pancreatic lineages; shown in red are genes discussed in the text, required for normal
progression through the indicated stages. (Right) Images of the relevant stages, showing
the formation of the Pdx" buds at E9.5, their growth and branching at E12.5 (at which stage
Pdx1 expression is also seen in the duodenum), and the endpoints of their differentiation
in the adult: islet, acinar, and duct cells.
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