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Abstract

This review summarizes our current understanding of exocrine pancreas development, including
the formation of acinar, ductal and centroacinar cells. We discuss the transcription factors
associated with various stages of exocrine differentiation, from multipotent progenitor cells to
fully differentiated acinar and ductal cells. Within the branching epithelial tree of the embryonic
pancreas, this involves the progressive restriction of multipotent pancreatic progenitor cells to
either a central “trunk” domain giving rise to the islet and ductal lineages, or a peripheral “tip”
domain giving rise to acinar cells. This review also discusses the soluble morphogens and other
signaling pathways that influence these events. Finally, we examine centroacinar cells as an
enigmatic pancreatic cell type whose lineage remains uncertain, and whose possible progenitor
capacities continue to be explored.

Introduction

Metazoans have developed highly specialized exocrine cell types dedicated to the synthesis
and secretion of proteolytic and other digestive enzymes. Examples across multiple phyla
include zymogen gland cells in hydra endoderm [1], F-cells in the crustacean
hepatopancreas [2], hatching gland cells in teleost and amphibian embryos [3, 4], and the
acinar cells of the vertebrate pancreas. In most vertebrates, pancreatic acinar cells develop
and function in close spatial proximity to their endocrine counterparts, and are presumed to
be derived from a common multi-lineage progenitor cell (MPC).

Driven by the need to develop treatments for diabetes, much of the research in pancreatic
developmental biology has historically focused on the endocrine compartment. Recently,
studies focusing on mechanisms of exocrine pancreas development have become
increasingly common. These studies reflect the important role of acinar and ductal cells in
pancreatic disease, as well as an increasing awareness that adult exocrine cell types might
serve as effective sources for beta cell neogenesis[5, 6]. These studies have also
demonstrated that endocrine and exocrine ontogenies are highly intertwined, and further
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suggested an unanticipated plasticity between lineages. In addition, emerging evidence
suggests that the islet and ductal lineages share a common immediate progenitor, and are
more closely related than the ductal and acinar lineages. Given this interplay, it may be
somewhat disingenuous to consider exocrine pancreas development as an isolated topic.
Nevertheless, in this review we summarize current knowledge regarding development of the
exocrine pancreas, including the specification, differentiation and function of acinar,
centroacinar and ductal cell types. In its focus on exocrine development, this review neglects
many other areas of pancreatic developmental biology, including foregut patterning, early
morphogenesis, endocrine differentiation and developmental plasticity. Outstanding
summaries of these topics can be found in a number of recent reviews, including several
published in the current issue [7-13]. While this effort clearly emphasizes principles
generated from studies of pancreas development in the mouse, where appropriate we also
attempt to incorporate relevant observations from other vertebrate species.

Cell types of the exocrine pancreas

Pancreatic Acinar Cells

Acinar cells in the vertebrate pancreas are frequently considered to be #he paradigmatic
polarized secretory cell; they were used in the Nobel Prize-winning initial demonstration of
the vectorial sequence of protein trafficking from endoplasmic reticulum (RER), to Golgi, to
condensing vacuole, to secretory granule [14]. Pancreatic acinar cells are pyramidal in
shape, and quite large, reaching up to 30 microns in apical-to-basal height. The acinar cell’s
extreme dedication to the synthesis and secretion of digestive zymogens is demonstrated by
a remarkably dense accumulation of rough endoplasmic reticulum, as well as an apical
cytoplasm laden with secretory granules. This high degree of specialization is also evident
on a molecular level, where a remarkable fraction of total acinar cell MRNA is devoted to
transcripts encoding digestive zymogens [15].

In addition to multiple well known proteolytic enzymes, pancreatic acinar cells synthesize
and secrete glycoside hydrolases such as Amylase, as well as ribonucleases, lipases and
phospholipases [16, 17]). Among these enzymes, Amylase, Trypsin(ogen),
Carboxypeptidase A (CPA), and Elastase are most frequently employed as acinar cell-
specific markers. Other commonly utilized acinar cell markers include the plant lectin
Peanut Agglutinin (PNA) [18] and the transcription factors Ptfla, Mistl and Rbpjl [19, 20].
Acinar cell-specific gene expression is frequently driven by the heterotrimeric PTF1
transcriptional complex, which binds to tandem E- and TC-box elements found in enhancer/
promoter elements of many zymogen genes [21]. While the expression levels of different
digestive zymogens are frequently assumed to co-vary, there is evidence of differential
regulation of different zymogen classes, as well as non-synchronous activation of zymogen
gene expression during acinar cell differentiation [15, 22, 23].

Centroacinar Cells

The acinus consists of an organized cluster of acinar cells which secrete digestive enzymes
into a central lumen, from which the enzymes flow into ducts. Perhaps the most enigmatic of
all pancreatic cell types, the centroacinar cell lies at the junction of the secretory acinus and
its associated terminal ductal epithelium. These cells are variably depicted as an extension of
the most terminal ductal epithelium as it invaginates into the secretory acinus [24], or
alternatively as providing a fenestrated “cap” to the apical surface of acinar cells [25]. At
this point, it remains uncertain whether centroacinar and terminal duct cells represent two
different cell types or are functionally equivalent, and the possibility exists that multiple cell
types may be located in a centroacinar position. In contrast to the much larger pancreatic
acinar cells, the main body of centroacinar cells is typically less than 10 microns in
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diameter, with minimal cytoplasm and a high nuclear-to-cytoplasmic ratio. Work in both
mammalian systems and zebrafish has suggested that these cells also extend long
cytoplasmic processes, providing apparent contact with other centroacinar cells as well as
adjacent acinar and islet cell types [24, 26]. While this unique feature is quite distinctive, the
functional significance of these extensions remains unknown.

In addition to their unique location and morphology, many studies have also called attention
to centroacinar cells as a candidate multipotent progenitor cell in adult pancreas [27-31].
Centroacinar cells have been shown to rapidly proliferate following either partial
pancreatectomy [29, 32], streptozotocin induced destruction of the insulin-producing B-cells
[28, 33], and acute or chronic administration of caerulein [30]. As discussed more
extensively below, our group and others have also identified centroacinar and terminal duct
cells as the exclusive domain of active Notch-signaling in adult mouse and zebrafish
pancreas; this is evidenced by the expression of Hes1, a Notch target gene, or by the
activation of a Notch-responsive fluorescent reporter in these cells [27]. In addition to
ongoing Notch-pathway activation, at least some centroacinar cells also express Sox9,
another marker of progenitor cells in the developing pancreas [28]. We have also
demonstrated that a centroacinar cell population is characterized by high-level ALDH1
enzymatic activity. Furthermore, these cells display a unique /7 vitro progenitor capacity,
including a markedly heightened ability to form pancreatospheres in suspension culture, as
well as a unique ability to contribute to embryonic exocrine and endocrine lineages.
Nevertheless, the ability of ALDHZ1-expressing centroacinar cells to act as /n vivo
progenitors has never been documented, and while the degree of overlap between the
ALDH1, Sox9 and Hes1 lineages remains to be established, /n vivo analyses of the adult
Sox9 and Hesl lineages have failed to detect multilineage progenitor activity[34, 35].

Developmentally, the origin of centroacinar cells has not been clearly established, in part
due to a paucity of centroacinar cell-specific markers, as well as an incomplete
understanding of possible cellular heterogeneity among cells residing in the centroacinar
position. In zebrafish, adult centroacinar cells arise from progenitor cells within the larval
pancreatic duct [36]. In the mouse, rare cells expressing Sox9 along with markers of both
nascent ducts (e.g. Nkx6.1) and nascent acini (e.g. Ptf1a) have been identified at E14.5 [37].
As discussed below, these cells may represent an early manifestation of the centroacinar
lineage.

Ductal Epithelial Cells

The adult pancreatic ductal epithelial tree serves two critical physiologic functions: first, to
secrete bicarbonate-rich fluid to dilute and pH-optimize the protein concentrate secreted by
acinar cells; and second, to convey this mix to the intestinal lumen. Ducts are typically
classified by size and position within the ductal epithelial tree, with the most terminal/
intercalated ducts draining into intralobular ducts, followed by interlobular ducts, and finally
the main pancreatic duct, which drains into the intestine [38]. Classical conceptions of ductal
morphogenesis have typically invoked a direct extension of the gut lumen into an ever more
highly branched epithelial tree. However, recent highly detailed examinations of duct
morphogenesis [39-41] suggest a more complex mechanism. This process involves initial
epithelial stratification and the formation of multiple small lumens that subsequently
remodel through changes in cell shape and position to ultimately fuse and form a ramifying,
single-lumen ductal system.

Classical markers used to label and identify ductal epithelium include the functional markers
Carbonic Anhydrase 1l, Mucin 1 (also known to label acinar cells), Cystic Fibrosis
Transmembrane Receptor (CFTR), and various Cytokeratins (many of which display
species-specific expression). Murine pancreatic ducts are also selectively marked by
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expression of CD133 and Osteopontin [37, 42, 43], as well as binding by the Dolichos
biflorus (DBA) and Wisteria fluoribunda (WFA) plant lectins [18, 44]. Although many
studies continue to consider the ductal epithelial tree as an essentially uniform structure
along its peripheral-to-central axis, this likely represents a drastic oversimplification, and the
detailed characterization of inter-segment heterogeneity represents an important challenge
for the field. Considerable evidence already exists supporting such segment-specific
identities. Morphologically, the most terminal ductal epithelial cells exhibit a somewhat
flattened or squamous shape and minimal cytoplasm, while more central stereotypical ductal
epithelial cells are cuboidal and rich in mitochondria. At the level of protein expression,
there also exists extensive evidence of selective marker expression along different segments
of the ductal epithelial tree, including primarily peripheral expression of CFTR, Mucl, and
Aquaporins 1 and 5 [45, 46]. In addition, different “duct-specific” transcription factors, such
as Hnf1p, Hnf6 and Sox9, are expressed heterogeneously throughout the ductal epithelial
tree (Figure 1); the significance of this heterogeneity has not yet been explored. Evidence
also suggests that the normal morphogenesis of different segments of the ductal epithelial
tree may be dependent upon different transcriptional programs. Mice lacking the
transcription factor Hnf6 have normal terminal/intercalated ducts but exhibit cystic dilation
of inter- and intra-lobular ducts [47]. Many additional aspects of pancreatic ductal biology
have been nicely summarized in a recent detailed review [38].

In addition to the ductal epithelial segments discussed above, an important paper recently
called attention to a previously noted but neglected ductal epithelial compartment referred to
as the pancreatic duct gland; a compartment that had been previously noted, but which has
been neglected in more recent work [48-51]. These glands are comprised of blind
outpouches of the main pancreatic duct, and cells within these glands show a unique
columnar morphology and express genes not found in normal cuboidal duct cells, including
Shh, Pdx1, Hes1 and gastric-type mucins. In response to chronic epithelial injury, these
glands undergo selective expansion and may contribute to formation of mucinous metaplasia
and pancreatic intraepithelial neoplasia [48].

Regulation of exocrine differentiation by soluble morphogens

In mammals, the pancreas forms from separate dorsal and ventral pancreatic buds. The buds
arise, proliferate and ramify within the adjacent dorsal and ventral pancreatic mesenchyme.
Historically, initial insights into the regulation of exocrine pancreatic development focused
on the influence of mesenchyme-derived soluble morphogens, including their influences on
endocrine vs. exocrine lineage selection (reviewed in Serup, this issue). The first evidence
that mesenchymal tissue was required for the normal development of the pancreatic
epithelium was provided by studies involving in vitro culture of microdissected E11.5 dorsal
pancreatic buds [52]. Associated dorsal mesenchyme was demonstrated to be required for
normal growth of the epithelial bud, as well as the development of exocrine acini, but not
the expression of endocrine genes [52, 53]. These studies defined endocrine differentiation
as the effective “default path” for isolated pancreatic epithelium [54]. Furthermore, these
early experiments demonstrated that while mesenchymal signals were required for normal
bud growth and eventual exocrine differentiation, subsequent to E10.5 the mesenchymal
influence was permissive rather than instructive, with non-pancreatic mesenchyme from
other segments of the foregut equally able to support pancreatic epithelial growth.

It is now apparent that these results reflect the fact that mesenchymal tissues associated with
budding foregut derivatives frequently express a common set of soluble morphogens. For
example, FGF10, produced by the dorsal pancreatic mesenchyme [55], is also expressed in
mesenchymal tissues associated with the nascent lung buds [55, 56]. Mesenchyme-derived
FGF family members indeed play a critical role in exocrine pancreatic development [57-59]
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(reviewed in Serup, this issue). Specifically, FGFR-2 Il1b and its ligands FGF-1, FGF-7, and
FGF-10 are expressed throughout pancreatic development and promote the growth,
morphogenesis, and differentiation of exocrine cells [57]. Subsequent studies have
demonstrated that a significant component of the FGF10 influence involves the activation of
epithelial Notch-signaling, thereby maintaining a pool of undifferentiated progenitor cells
capable of supporting ongoing epithelial growth [58, 60, 61]. In addition to allowing
progenitor cells to avoid early default endocrine differentiation, and thereby promoting later
exocrine fates, the delay in progenitor differentiation induced by FGF10 effectively
increases the window during which progenitor cells activate Ngn3 and contribute to the
endocrine lineage. In so doing, FGF10 also effectively increases the ultimate number of
endocrine cells [55, 62].

Other soluble morphogens capable of influencing exocrine differentiation include EGF,
which promotes proliferative growth at the expense of both exocrine and endocrine
differentiation [63], and members of the TGF-B/BMP superfamily (reviewed in Serup, this
issue). One such mesenchyme-derived factor, the TGF-p antagonist Follistatin, was found to
mimic both inductive and repressive effects of the mesenchyme, promoting development of
exocrine tissue while limiting endocrine differentiation [64]. Conversely, the addition of
exogenous TGF-P to isolated pancreatic epithelium was found to promote endocrine at the
expense of exocrine differentiation [65], and transgenic expression of a dominant negative
TGF-p type Il receptor was found to promote expansion of exocrine cells [66]. Together,
these data suggest that pancreatic mesenchyme limits default endocrine differentiation
through the combined effects of FGF signaling activation and TGF-f inactivation within the
developing pancreatic epithelium.

While most studies examining the effect of soluble morphogens on pancreatic exocrine
development invoke a mesenchyme-to-epithelium signaling paradigm, additional recent
studies have identified autonomous mesenchymal signaling pathways that exert potent
influences on the development of associated pancreatic epithelium. For example, analysis of
phospho-Smads 1, 5 and 8 have suggested selective activation of BMP signaling in E11.5
mouse pancreatic mesenchyme, as well as in chick pancreatic mesenchyme at a similar
developmental stage [67]. In the chick, this was associated with mesenchymal expression of
BMP4 and BMP7, suggesting a mesenchyme-autonomous BMP signaling network. In both
mouse and chick, inhibition of mesenchymal signaling following electroporation of the
BMP antagonist Noggin resulted in pancreatic epithelial hypoplasia, reduced branching,
excessive endocrine differentiation and impaired exocrine differentiation. Electroporation of
a dominant negative Alk3 receptor into E11.5 mouse pancreatic mesenchyme effectively
phenocopied the effect of Noggin [67]. These studies suggest that TGF-p type Il receptor
signaling in the epithelium and Alk3 receptor signaling in the mesenchyme exert opposing
effects on exocrine lineage commitment and/or differentiation (reviewed in Serup, this
issue).

While many soluble morphogens appear to modulate competing progenitor commitment to
the endocrine and exocrine lineages, recent studies suggest that multipotent pancreatic
progenitor cells (MPCs) are allocated to spatially distinct trunk and tip domains, with trunk
progenitors giving rise to primarily endocrine and ductal cells, and tip progenitors giving
rise to primarily acinar cells (this concept is discussed in detail in the following section)
(discussed extensively in Serup; Rieck et al., this issue). It is therefore not surprising that
specific soluble morphogens can also influence the relative allocation of progenitor cells to
ductal and acinar fates. Indeed, this influence appears to be mediated by retinoid signaling,
which has been shown to promote ductal differentiation through up-regulation of
mesenchymal laminin-1 [68-70]. Specifically, 9-cis retinoic acid (9cRA) inhibits acinar
differentiation in the developing pancreas, in favor of ducts, and 9cRA does not induce
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ductal differentiation in the absence of mesenchyme or following inhibition of laminin
signaling [69]. Another mesenchyme-derived soluble factor selectively promoting pancreatic
ductal proliferation and differentiation is epimorphin (syntaxin 2), which is also known to
induce epithelial branching in a variety of tissues [71, 72].

Recently, through the use of a mesenchymal-specific Nkx3.2 (Bapx1):Cre driver, the
mesenchymal contribution to pancreas development was probed /77 vivo [73]. Using this Cre
driver to accomplish selective ablation of the pancreatic mesenchyme using either Cre-
activated Diphtheria toxin or Diphtheria toxin receptor alleles, this study demonstrated that
mesenchymal cells are required to support normal pancreatic growth and branching at both
early and late developmental stages. This effect was conveyed by promoting the
proliferation of both differentiated and undifferentiated cell types, with minimal direct
effects on endocrine and exocrine differentiation. Furthermore, mesenchyme-specific
deletion of p-catenin largely phenocopied the effect of Diphtheria toxin-mediated
mesenchymal ablation, implicating p-catenin as an essential mediator of mesenchymal
expansion and survival [73].

While many of the influences of the pancreatic mesenchyme on pancreatic exocrine
differentiation are presumed to emanate from mesenchymal fibroblasts, endothelial cells are
also known to be potent modulators of both early and late pancreatic development [44,
74-77] (reviewed in Villasenor and Cleaver, this issue). With respect to exocrine
differentiation, recent studies have demonstrated that vascular endothelial cells normally
associate with ductal and islet progenitors in the trunk domain of the pancreatic epithelial
bud, and specifically inhibit allocation of MPCs to the tip domain, thereby inhibiting acinar
cell differentiation [74, 76]

Progenitor commitment to endocrine and exocrine fates: transcription
factor topology in trunks and tips

Ultimately, the multiple soluble morphogens directing MPCs to adopt endocrine and
exocrine cell fates convey their effects through altered expression and/or activity of lineage-
specifying transcription factors. As in the case of progressive endocrine differentiation (as
reviewed in Rieck, Bankaitis and Wright, this issue), the differentiation of exocrine
pancreatic cell types requires specific temporal and spatial cascades of transcription factor
activation. In the case of acinar cell differentiation, the basic helix-loop-helix transcription
factor Ptfla is required not only for the commitment of progenitor cells to an acinar cell fate,
but also for maintenance of acinar cell differentiation in adult pancreas. In this regard, the
role played by Ptfla differs from the role played by the bHLH transcription factor Ngn3,
which is required for initiation but not maintenance of endocrine differentiation. As
discussed below, this difference is reflected in the contrasting manner in which these two
bHLH proteins interact with the Notch-signaling pathway.

Over the past 15 years, it has become apparent that frequently reported reciprocal changes in
endocrine vs. exocrine cell fates reflect the fact that all pancreatic epithelial cells types share
a common origin from MPCs. These progenitors are defined by a unique gene expression
signature involving at least partially overlapping expression of Pdx1, Ptfla, Sox9, Hesl,
Hnf1p, Nkx6.1 and Nkx6.2 [35, 37, 78-82]. While the common origin of both endocrine and
exocrine cell types from pools of progenitor cells expressing these transcription factors has
been indisputably established by Cre/lox-based lineage tracing strategies [35, 37, 81, 83,
84], it should be stressed that unlike imaging- and transplantation-based lineage-tracing
techniques often used in invertebrates, Cre/lox-based lineage tracing in mice and other
vertebrates establishes the lineage of collective and potentially heterogeneous cell
populations rather than individual progenitor cells. However, direct evidence of a specific
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MPC cell type contributing to both endocrine and exocrine lineages has been confirmed by
clonal analysis of developing pancreatic epithelium. Single-cell labeling of E11.5 murine
dorsal pancreatic buds using limiting dilutions of replication-incompetent retrovirus leads to
subsequent clusters of cells with both endocrine and exocrine components [85]. ERT2
allows for temporal control of Cre-activity and more recent studies that used limiting
dilutions of tamoxifen to activate cell type-specific CreER lineage labels in a highly mosaic
manner have generated similar results [35, 79]. For the Hes1 lineage, low density and
presumably clonal activation of a Hes1:CreERT2 lineage marker on E9.5 leads to expanded
clusters of labeled islet, acinar and ductal cells at E17.5, indicating apparent clonal
derivation [35]. Similar observations have been made following clonal activation of a
Carboxypeptidase A lineage label at E11.5 [79].

While each of the above transcription factors appears to play a role in the specification or
maintenance of the pancreatic progenitor pool, the commitment of MPCs to either the
endocrine or exocrine lineages involves the progressive restriction of their initially
overlapping patterns of expression. Spatially, this involves the progressive organization and
patterning of the developing pancreas into distinct central and peripheral fields. In the
setting of ongoing branching morphogenesis, these become resolved into central “trunks”
and peripheral “tips”; with trunk domains becoming progressively restricted to islet and
ductal fates, and tip domains becoming progressively restricted to the acinar lineage [78, 79,
81]. Thus the progressive restriction of MPC fates does not respect a simple endocrine vs.
exocrine paradigm, but instead involves selection between competing islet/ductal and acinar
cell fates. In this discussion, developmental timepoints refer primarily to events in the dorsal
pancreatic bud and to the onset of detectable protein expression or the timing of tamoxifen
administration to activate lineage-specific CreER labeling.

Between E9.5 and E10.5, Pdx1, Ptfla and Sox9 are co-expressed in the vast majority of
MPCs [28, 82]. By E10.5, most Pdx1+, Ptf1+, Sox9+ MPCs also express Hes1 and Nkx6.1
[78, 86] Between E11.5 and E12.5, the stratified pancreatic buds begin to organize into a
branched epithelial tree. By E11.5, the majority of cells have activated expression of Hnf1p
and CPA, in combination with ongoing expression of Pdx1, Ptfla, Sox9, Hes1, Nkx6.1, and
Nkx6.2. At this stage, Cre/lox-based lineage tracing confirms that MPCs expressing Pdx1,
Sox9, Hnflp, Hesl and CPA/Ptfla remain tri-potent, effectively contributing to the future
islet, ductal and acinar lineages [35, 37, 79, 81, 83].

By E12.5, overlapping expression of these transcription factors begins to diminish, and the
bud becomes spatially resolved into trunk and tip domains. As this occurs, Ptfla and CPA
become progressively restricted to peripheral tips of the epithelial branches, while Hnf1p,
Nkx6.1 and Nkx6.2 become progressively restricted to trunks [78, 79, 81]. In contrast, at
E12.5, Pdx1 and Sox9 continue to be broadly expressed. Examples of trunk- and tip-
restricted transcription factor expression are provided in Figure 2. Notably, the appearance
of cells expressing only trunk- or tip-associated genes occurs even before the onset of
branching morphogenesis. For example, scattered cells expressing either Nkx6.1 or Ptfla
(but not both) can be detected as early E10.5 [78]; whether or not these cells are already
lineage-restricted and subsequently spatially sort into appropriate trunk and tip domains, or
remain plastic and modify trunk and tip gene expression based on location, remains
unknown.

Associated with the establishment of discrete Ptfla+, CPA+, Hnf1p-, Nkx6.1-, Nkx6.2-,
Sox9+ tip domains and Ptfla-, CPA-, Hnf1p+, Nkx6.1+, Nkx6.2+, Sox9+ trunk domains,
MPCs become progressively lineage restricted. Studies using a tamoxifen-inducible
Hnf1p:CreER allele have revealed that E11.5 and E12.5 Hnf1pB+ progenitor cells contribute
to the islet, ductal and acinar lineages, although the proportion of acinar cells originating
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from Hnf1p+ progenitors is measurably decreased following tamoxifen administration at
E12.5 compared to E11.5 [81]. Conversely, lineage labeling using a CPA:CreER has
demonstrated that E10.5, E11.5 and E12.5 CPA+ progenitors contribute to islet, ductal and
acinar cells, but CPA+ cells labeled by tamoxifen injection on E13.5 contribute exclusively
to the acinar lineage. Together, these studies demonstrate the progressive restriction of trunk
progenitors to the islet and ductal fates, and a corresponding restriction of tip progenitors to
the acinar lineage. In contrast, the pool of progenitor cells expressing Sox9 remains tri-
potent up until birth, reflecting ongoing expression not only in trunk progenitors but also in
a subset of cells at the junction of the tip and trunk domains [28, 34, 37]. In this regard,
detailed studies of the tip/trunk junction at E14.5 have demonstrated a tip population of
differentiating acinar cells expressing Ptfla but not Hnf1p or Sox9, a trunk population
expressing Hnf1p and Sox9, but not Ptfla, and an intermediate population expressing Ptfla
and Sox9 but not Hnf1p [78]. A subset of these Ptfla+, Sox9+ cells also appear to express
Hes1 [28]. As discussed below, these cells may represent the initial manifestation of the
centroacinar lineage. In adult mouse and human pancreas, Sox9 expression is restricted to
centroacinar and terminal duct cells, with negligible ongoing contribution to the endocrine
lineage in the absence of injury [34, 37]. Following the induction of chronic pancreatitis by
way of pancreatic duct ligation, Sox9+ centroacinar and terminal duct cells are capable of
generating duct-associated cells expressing Ngn3, but these cells fail to complete an
endocrine differentiation program [37]. While conflicting data exist regarding the normal
contribution of adult Sox9+ cells to the exocrine lineage [34, 37], demonstration of a
postnatal contribution of the adult Sox9+ cells to the acinar lineage appears to require
activation of a Sox9:CreER lineage label with very high doses of tamoxifen. This raises the
possibility of leaky Cre activity in acinar cells themselves, even in the absence of Sox9
protein expression.

While these studies have clearly defined the progressive fates of tip and trunk progenitor
cells, a detailed mechanistic understanding of how each of these transcription factors
contributes to the determination of acinar, ductal and centroacinar fates remains incomplete.
Nevertheless, certain functional interactions have been clearly established. In particular,
recent studies have demonstrated specific and opposing roles for Nkx6.1/6.2 and Ptfla in
promoting trunk vs. tip cell fates. Reflecting their initial co-expression but subsequent
partitioning to trunk and tip domains [78, 80], recent functional studies have demonstrated
antagonistic interaction between these factors. Specifically, the Nkx6 factors, which by
E12.5 are largely restricted to trunk progenitors, have been demonstrated to be both required
and sufficient to promote endocrine and antagonize acinar cell fate. Tip-restricted Ptfla
exerts the opposite influence [78]. Combined deletion of Nkx6.1 and Nkx6.2 results in
extension of Ptfla expression into the E12.5 trunk region, coupled with an increase in the
number of Amylase-positive cells and a corresponding decrease in the number of cells
expressing Ngn3. In contrast, forced expression of either Nkx6.1 or Nkx6.2 throughout the
pancreatic epithelium promotes endocrine differentiation, while repressing the acinar cell
fate. Notably, the number of ductal epithelial cells is unaffected by ectopic Nkx6 factor
expression, reflecting the shared origin of islet and ductal cells from the trunk domain [78]

Notch signaling negatively regulates exocrine differentiation

Superimposed on the resolution of the branching epithelial tree into central trunk and
peripheral tip domains is the influence of the Notch-signaling pathway, known to be a
critical regulator of both endocrine and exocrine differentiation in both mouse and zebrafish
pancreas [26, 35, 36, 61, 87-94]; (reviewed in Serup, this issue). As described above, Notch
pathway activation (as imperfectly assessed by Hes1 expression) appears to be widespread
in early MPCs [35, 86, 90], and subsequently becomes progressively silenced coincident
with the onset at E13.5 of burst of endocrine differentiation known as the secondary
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transition. Specifically, Hesl expression is lost in endocrine progenitors as they activate
Ngn3 and delaminate from trunk epithelium [95], as well as in Ptfla- and CPA-expressing
tip progenitors as they begin to initiate acinar cell differentiation [35, 90]. By E14.5, Hes1
expression is largely confined to Ngn3-negative, CPA-negative trunk epithelium. This
expression likely includes cells in the emerging centroacinar compartment, and by birth
Hes1 expression is entirely restricted to centroacinar and terminal duct cells, most of which
also express Sox9 [28, 31, 35, 90]. Centroacinar localization of cells with active Notch-
signaling has also been observed in developing and adult zebrafish pancreas, and evidence
suggests that these cells may also function as MPCs [26, 36].

This progressive restriction of Notch-signaling is associated with progressive restriction in
the fate of the Hes1 lineage [35]. When labeled by tamoxifen injection at either E9.5 or
E11.5, Hes1+ MPCs are tri-potent, contributing to the islet, ductal and acinar lineages.
However, at the onset of the secondary transition at E13.5, these cells begin to progressively
lose their potential to contribute to the endocrine lineage, with tamoxifen injection on E15.5
failing to label future alpha- or beta-cells. These data suggest that, during the secondary
transition, the emergence of Ngn3+ cells from Hes1-expressing progenitors in the trunk
domain occurs during a discrete temporal window between E13.5 and E15.5. In contrast,
Hes1+ trunk cells, which become progressively restricted to the terminal ductal and
centroacinar positions, continue to contribute to the ductal and acinar cell lineages
throughout development, while serving as apparent lineage-restricted duct cell progenitors
after birth [35]. Thus in addition to cells expressing Pdx1 and Sox9, Hes1+ centroacinar
cells, perhaps related to the Ptfla+, Sox9+, Hnf1p-negative cell population described on
E14.5 [78], may represent the only other progenitor cell type capable of crossing the trunk/
tip divide.

Functionally, Notch appears to effectively block both endocrine and exocrine differentiation
[90-94] (reviewed in Serup, this issue). In the case of endocrine differentiation, this occurs
by direct repression of Ngn3 expression [92, 94-96], while in the case of exocrine
differentiation, it appears to occur through selective inhibition of Ptfla’s late induction of
acinar cell-specific gene expression [90, 97]. In contrast, the early pancreatic specification
and morphogenetic influences of Ptfla are permitted in the context of activated Notch-
signaling, and Ptfla itself appears to play a role in early Notch pathway activation, through
induction of DII1 expression [86]. With respect to regulation of ductal differentiation,
several studies have demonstrated that Notch promotes embryonic MPC’s to adopt a trunk
progenitor phenotype [78] and ultimately a ductal fate [35, 98]. Thus, the influence of Notch
on pancreatic development may transcend a simple inhibitory effect on endocrine and acinar
cell differentiation, and include an effect on lineage selection mediated through an influence
on trunk/tip patterning. These concepts are presented schematically in Figure 3.

In adult pancreas, continued Notch activation in centroacinar cells appears to be required for
ongoing contribution of these cells to the ductal lineage; selective inactivation of Notch-
signaling in Hes1+ centroacinar cells leads to their rapid differentiation into acinar cells,
eliminating their ability to serve as adult ductal progenitors [87]. The pro-ductal influence of
Notch may be suggested by evidence of abnormal Notch pathway activation in the majority
of human pancreatic ductal cancers [99].

Induction of “terminal” exocrine differentiation

While little is known regarding transcriptional regulation of ductal and centroacinar
differentiation, the functions of specific transcription factors in islet and acinar
differentiation have been well characterized. Associated with the onset of the secondary
transition on or about E13.5, endocrine differentiation is initiated by loss of Hes1 and
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activation of Ngn3 in cells derived from trunk progenitors, followed by the activation of
additional endocrine-specific transcription factors and the generation of individual islet cell

types [12].

Similarly, acinar cell differentiation is initiated within the tip domain, characterized by
ongoing expression of Ptfla and additional activation of the mammalian Supressor of
Hairless homologue Rbpjl [21, 100]. Co-expression of Ptfla and Rbpjl appears to activate a
self-reinforcing gene expression module, effectively locking cells into a fixed state of acinar
cell differentiation [100]. However, even this state of apparent terminal differentiation can
be reversed by either reactivation of Notch-signaling [99, 101] or by reprogramming with
combinations of endocrine-specific transcription factors [6]. Another transcription factor
required for generation of the mature acinar phenotype is the bHLH transcription factor
Mist1. Expression of Mistl appears to be a common feature of many differentiated exocrine
cell types, including parotid acinar cells, gastric chief cells, and cells of the zebrafish
hatching gland [102-104]. In pancreatic acinar cells, Mistl is required for establishment of
the mature secretory phenotype and further acts to limit the proliferation of mature acinar
cells [20, 103, 105, 106]. Differentiating and differentiated acinar cells also express the
nuclear receptor LRH1/Nr5a2 [107], which has been shown to both physically interact with
Ptfla and independently activate expression of genes encoding digestive zymogens and
other acinar cell-specific genes. Conditional deletion of LRH1 in adult pancreatic tissue
results in decreased expression of several acinar cell-specific genes, as well as altered
concentrations of acinar cell proteases and lipases in secreted pancreatic fluid. In addition,
LRH1-deficient mice displayed impaired secretagogue-induced pancreatic fluid secretion.
This raises the possibility of an additional influence of LRH1 on adult pancreatic duct cell
function, although it remains unknown whether or not this represents a duct cell autonomous
effect [107].

As discussed above, multiple transcription factors appear to contribute to patterning of the
central trunk domain from which ductal epithelial cells are subsequently derived. However,
at present, no specific transcription factors have been implicated in the initiation and
maintenance of duct-specific gene expression, although ProxHnf1p and Hnf6 likely play
instructive roles. In the normal pancreas, Prox1 is widely expressed at E13.5, but is low or
absent in acinar cells in the adult[108, 109]. In a condititonal knockout of Prox1, there is
relatively normal expression of both Hnf6 and Hnf1p, while Prox1 expression is decreased
in the Hnf6 deficient mouse, suggesting that Hnf6 is upstream of Prox1 [109, 110]. Prox1-
deficient mice are viable, but have dilated ductal lumens and progressively decreasing
amounts of acinar tissue [109], suggesting an possible role for Prox1 in maintaining normal
duct function.

In the absence of identified positive regulators of ductal differentiation, it is tempting to
consider that ductal epithelial cells represent the progeny of “left behind” trunk progenitors
that have avoided an endocrine fate by virtue of active Notch-signaling and failure to
activate high levels of Ngn3. While evidence exists supporting this hypothesis [98, 111,
112], it remains likely that additional positive regulators of ductal differentiation remain to
be identified.
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Figure 1. Transcription factor expression in adult ductal epithelium

Immunofluorescent labeling for Sox9, Hnf6 and Hnf1p in adult mouse pancreas. Note
heterogeneous expression, with neighboring cells often displaying different patterns of
transcription factor expression.
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Figure 2. Transcription factor topologiesin developing mouse pancreas

Immunofluorescent labeling for Pdx1, Sox9, Nkx6.1, Ptfla, Ngn3 and E-cadherin (Ecad) in
emerging trunk and tip domains of developing mouse pancreas. Hnf1p and Nkx6.1 become
progressively restricted to the central trunk region of the branching pancreatic epithelium,
from which Ngn+ cells begin to emerge. In contrast, Ptfla is restricted to peripheral tips. As
late as E13.5, Pdx1 and Sox9 are expressed in both central trunk and and peripheral tip
domains.
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Figure 3. Emergence of ductal, islet and acinar lineages from progressively restricted trunk and
tip progenitor cells

Initially tri-potent multil-ineage progenitor cells (MPCs) expressing both Pdx1 and Ptfla
ultimately give rise to ductal, islet and and acinar cells. On E11.5 most MPCs also co-
express Sox9, Hnfl B, Hnf6, Nkx6.1, and Nkx6.2. By E12.5, Hnfl B, Hnf6, Nkx6.1, and
Nkx6.2 become largely restricted to trunk progenitor cells (TrunkPCs), while Ptfla becomes
restricted to tip progenitors (TipPCs), with Notch signaling promoting the TrunkPC identity.
By E13.5, acinar and Islet differentiation have been initiated, associated with the activation
of additional lineage-specific transcription factors. Among TrunkPCs, Notch activation
promotes a ductal fate. By the time of gestation, active Notch signaling is largely confined to
centroacinar cells (CAC), whose derivation from Trunk vs. TipPCs remains unknown.
CACs may be derived from either trunk progenitors maintaining active Notch signaling or
from tip progenitors reactivating Notch.
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