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3.1 Overview

The pancreas is a glandular organ responsible for diverse homeostatic functions, including
hormone production from the endocrine islet cells to regulate blood sugar levels and enzyme
secretion from the exocrine acinar cells to facilitate food digestion. These pancreatic
functions are essential for life; therefore, preserving pancreatic function is of utmost
importance. Pancreas dysfunction can arise either from developmental disorders or adult
onset disease, both of which are caused by defects in shared molecular pathways. In this
chapter, we discuss what is known about the molecular mechanisms controlling pancreas
development, how disruption of these mechanisms can lead to developmental defects and
disease, and how essential pancreas functions can be modeled using human pluripotent stem
cells. At the core of understanding of these molecular processes are animal model studies
that continue to be essential for elucidating the mechanisms underlying human pancreatic
functions and diseases.

3.2 Introduction

The pancreas is a multipurpose glandular organ consisting of exocrine acinar cells dedicated
to secreting digestive enzymes and endocrine islet cells that produce critical hormones to
regulate glucose homeostasis. Both of these functions can be disrupted by genetic mutations
that lead to a wide range of developmental defects and postnatal complications that can
drastically affect the life of afflicted individuals. The most severe developmental defects are
often incompatible with life unless treated at birth, whereas subtler defects are often not
manifested until adulthood. One of the more common diseases associated with pancreatic
defects is diabetes mellitus, which is characterized by an inability to regulate blood glucose
levels, leading to hyperglycemia. Over the years, significant effort and resources have been
dedicated to elucidating the etiology of pancreatic diseases, including understanding the
underlying congenital defects. To develop treatments for diseases of the pancreas, including
diabetes, it will be important to characterize the development of the organ and determine
how the highly specialized pancreatic cell types are specified and function. A complete
understanding of pancreas development and function will help identify genetic risk factors
and facilitate the implementation of improved therapies that could eventually cure rare and
common diseases of the pancreas. Furthermore, developmental studies in animal models
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have greatly informed efforts to directly differentiate functional islet cell populations from
human stem cells in vitro. In this chapter, we will predominantly describe what is known
from rodent studies but will also highlight contributions from other model organisms and
indicate when human studies have confirmed the findings from these animal models.

Most of what is known about embryonic pancreas development has been gleaned from
studies in several model organisms, including mice (Mus musculus), zebrafish (Danio rerio),
and frogs (Xenopus laevis). Each of these model organisms has its own unique benefits and
shortcomings, but the integrated discoveries have significantly advanced our knowledge of
pancreas development and its associated dysfunctions. Until recently, the most commonly
used model of human pancreas development and disease has been the house mouse due to
the high degree of genomic conservation between the two species, shared developmental
processes, and amenability to genetic manipulations. Studies in rats (Rattus norvegicus) have
also been used to characterize pancreas physiology since many physiological and metabolic
responses to stress and external stimuli are more easily monitored in the rat model [1].
Although it has traditionally been more difficult to manipulate rat genomes, recent
technological advances in gene editing have largely overcome these barriers, causing a
recent resurgence in using rat as a model system for both physiological and developmental
analyses. In addition to rodents, organisms such as chicken, zebrafish, and frogs have also
provided valuable knowledge and insights into the mechanisms of pancreas development and
beta cell dysfunction [2-4]. Although these models are less evolutionarily related to humans,
they each have unique assets that have provided critical insights into the more fundamental
questions about developmental processes. These model systems have provided information
about the mechanisms of gene regulation, cell communication, and the signaling pathways
that influence cellular function and contribute to congenital diseases. These studies in model
organisms have also paved the way for human stem cell-derived models of pancreas
development and disease, which will be discussed at the end of the chapter.

3.2.1 Overview of Pancreas Development

The pancreas is specified at embryonic days 8-9 (E8.0-9.0) in mice, which corresponds to
approximately 29-31 days post conception (dpc) in humans [5]. This multifunctional organ
is derived from the foregut endoderm in response to critical signals from surrounding
tissues, as demonstrated in coculture experiments using ex vivo mouse tissue [6]. These
early experiments were not able to identify the exact molecular pathways in play [7];
however, subsequent experiments across several model systems have provided a wealth of
information regarding the molecular regulation of these early stages of pancreas
development [8]. Briefly, in both mice and humans, the pancreas initially forms as two
spatially distinct buds on the dorsal and ventral sides of the endodermal gut tube posterior to
the lungs and anterior to the intestine (Fig. 3.1). The dorsally derived bud receives signals
from the notochord and dorsal aorta, whereas the ventral bud receives signals from the
septum transversum mesenchyme and cardiac mesoderm. Much of what is known about
dorsal pancreas induction derives from elegant studies in chicken embryos [9]. These
experiments highlighted the importance of the notochord as a signaling hub for dorsal
pancreas induction. The same group of investigators went on to identify activin and FGF as
the secreted notochord factors that were responsible for repressing Sonic hedgehog (Shh)
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signaling within the underlying foregut endoderm. Furthermore, they demonstrated that
repression of Shh signaling within the prepancreatic foregut endoderm was critical for
promoting pancreas induction [10]. Alternatively, the ventral pancreas develops in a
noncontiguous region of the foregut endoderm in close proximity to the liver. In experiments
performed predominantly in mice, it was demonstrated that BMP and FGF signaling from
the adjacent septum transversum mesenchyme and cardiac mesoderm specified the ventral
pancreatic bud while simultaneously repressing the liver primordium [11]. Although there
are still many gaps in our understanding of these earliest events in pancreas specification and
development, these studies provided a comprehensive analysis of the early tissue interactions
and signaling pathways that are important for the primary steps of pancreas induction.
Furthermore, many of the developmental events that have been characterized in these animal
model systems have recently been shown to be conserved in human pancreas development
[12, 13].

Following initial pancreas specification, the dorsal and ventral buds independently grow,
branch, and initiate parallel cellular differentiation pathways in what has been referred to as
the primary transition stage in mice. Between E12.5 and E15.5 (40-48 dpc in human), the
two buds are brought into close proximity through morphological movements inherent to the
rotating gut tube and fuse to form a single organ (Fig. 3.1). Although each anlage gives rise
to the same complement of adult pancreatic cell types, they delineate distinguishable regions
of the adult organ as the pancreatic head (ventrally derived, attached to the duodenum and
intestines) and tail (dorsally derived, attached to the spleen and stomach). Between
approximately E14.5-E16.5, FGF10 induces Notch and a cascade of unknown signaling
events [12, 14, 15] to initiate the formation of exocrine lineage progenitors at the tip of the
elongating branches and the emergence of endocrine progenitors in the central core of the
organ. At this stage, there is a major wave of islet cell differentiation and expansion, which
is referred to as the secondary transition. By birth, each of the exocrine and endocrine cell
lineages have been fully specified and continues to mature and proliferate for approximately
2 weeks postnatally. Several extensive reviews describe many additional intrinsic and
extrinsic signaling pathways that have been implicated at several stages of pancreatic
differentiation, maturation, and expansion [14, 15].

In adults, the pancreas is comprised of three major tissues: exocrine, endocrine, and ductal
epithelium. The majority (>90-95%) of the pancreas is made up of exocrine tissue, which is
made up of acinar cells that secrete digestive enzymes through the pancreatic ducts into the
intestine. Most of the remaining pancreatic tissue (~5-10%) is composed of endocrine cells,
which are organized into mini-organs known as islets of Langerhans. The islets are
responsible for supplying the body with hormones to control blood sugar levels. There are
four major endocrine cell types found in mouse and human adult islets: alpha, beta, delta,
and PP cells, each of which produces a unique hormone: glucagon, insulin, somatostatin,
and pancreatic polypeptide, respectively (Fig. 3.2). Although the same four endocrine cell
populations exist in mice and humans, they are present in different relative ratios and with
dissimilar spatial distribution within islets of the two species [16] (Fig. 3.2). Both mouse and
human endocrine cells predominantly differentiate from an endocrine progenitor population
as single hormone-expressing cells, although a subset of endocrine cells within the human
embryonic pancreas are polyhormonal [17]. By birth, the polyhormonal populations are no
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longer present; however, it is unclear whether they have resolved into mono-hormonal cells
or have undergone cell death. Both species also form small populations of ghrelin-producing
epsilon cells and gastrin-producing cells in the embryonic pancreas, but these cell types
disappear during postnatal stages of pancreatic maturation [18-20].

3.2.2 Molecular Regulation of Pancreas Development

Like all developmental processes, pancreas induction, morphogenesis, and cellular
differentiation require a carefully orchestrated series of developmental events that rely on the
integration of many different signaling pathways and transcriptional regulators. Studies in
animal models have identified several signaling pathways that are crucial for pancreagenesis
and have laid the foundation for the successful in vitro differentiation of pancreatic
progenitors and immature islet populations from human stem cells [21] (see below).
Although many of these critical cell signaling pathways are conserved in human pancreas
development, they have not been directly implicated in human pancreatic developmental
defects and disease. This is likely because the majority of these pathways are globally
required during development, and inactivation of such regulatory mechanisms would be
incompatible with life.

While there are still open questions about the precise signaling mechanisms regulating
pancreas development, animal models have provided substantial information about how
transcription factors regulate pancreas development, including evidence demonstrating their
functional conservation and importance in disease [22—26]. One of the first and most critical
transcription factors identified in pancreas specification is pancreatic and duodenal
homeobox 1 (PDX1, also known as IPF1 and STF1). PDX1 was first identified and
characterized in Xenopus [27, 28] and has conserved expression in all model organisms
studied to date, and in human. PDX1 is expressed in the pancreas, duodenum, and stomach
shortly after there is morphological evidence of each respective tissue within the foregut
endoderm. Within the developing pancreas, PDX1 is initially expressed throughout the
pancreatic progenitor population but ultimately becomes restricted to beta and delta cells of
the islet [29]. Because of its initially broad expression, global deletion of PdxZ in mice leads
to pancreas agenesis, a disease also associated with DX mutations in humans (Table 3.1).
Shortly following pancreas specification, PDX1 becomes coexpressed with another early
transcription factor—pancreas transcription factor 1a (PTF1A) within the earliest pancreatic
progenitor population [56]. Deletion of P/f1A also leads to partial pancreas agenesis,
characterized by the absence of acinar tissue and a reduced number of endocrine cells [57].
Although PDX1 and PTF1a are the first tissue-restricted transcription factors known to be
expressed at the onset of pancreas specification, a rudimentary pancreatic bud still forms
when either factor is deleted, suggesting that there are as yet unidentified upstream factors
that initiate pancreas specification [56].

Additional early players in pancreas development are the GATA4 and GATAG transcription
factors. These factors are broadly expressed in the foregut endoderm, prior to
pancreagenesis, but become more specifically restricted to the pancreatic anlagen [58].
While whole-body knockouts of these transcription factors lead to early embryonic lethality
prior to pancreas formation due to extraembryonic endoderm and heart defects, deletion of
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both factors simultaneously within the pancreas progenitor population causes pancreas
agenesis [53, 54]. Molecular analysis of these mutants revealed that deletion of Gata4and
Gata6 in the foregut endoderm causes ectopic expression of the hedgehog signaling pathway
and respecification of the pancreas into intestine and stomach fates [59]. Studies are
currently ongoing to determine the function of the GATA factors during pancreas
development since interesting differences exist between human and mice (see human
pancreas agenesis section below).

The pancreatic progenitor population gives rise to the three major cell lineages in the
pancreas, including the islet endocrine cells. At the onset of the secondary transition, the
transient expression of the transcription factor Neurogenin3 (NEUROG3) marks a critical
molecular event that defines the endocrine progenitor population. NEUROGS3 is expressed in
both pancreas and intestinal endocrine progenitor populations. In the pancreas, NEUROG3
expression spikes just prior to the secondary transition to delineate the endocrine progenitor
cell population [60]. In mice, global deletion of Aeurog3results in the complete absence of
all pancreatic and intestinal endocrine populations [55, 61]. However, individuals with loss
of function alleles of NEUROG3 appear to have normal islet endocrine function but suffer
from severe diarrhea due to the lack of intestinal endocrine cells, suggesting that NEUROG3
may have a lesser or redundant role in human endocrine cell development [35].

Within and downstream of the NEUROG3 endocrine progenitor cell population, dozens of
conserved transcription factors have been shown to regulate subsequent stages of endocrine
cell type differentiation [26] (Fig. 3.3). This includes two members of the NKX family of
transcription factors, NKX2.2 and NKX6.1. Although NKX2.2 and NKX6.1 are initially
expressed throughout the pancreas progenitor population, they eventually become restricted
to the NEUROG3 endocrine progenitor cells and continue to be expressed in subsets of
endocrine lineages, where they function. NKX2.2 becomes restricted to alpha, beta, and PP
cells, whereas NKX6.1 is specifically expressed in the beta cell lineage [42, 62]. Despite
their widespread expression early in pancreas development, both factors predominantly
function to specify the islet cell lineages: NKX2.2 functions upstream of NKX6.1 and is
essential for the differentiation of several islet cell lineages, whereas NKX6.1 only affects
the formation and function of the beta cell lineage. Both factors continue to be expressed in
the adult islet; expression of NKX6.1 is essential for appropriate beta cell functional
maturation, and NKX2.2 is necessary for the maintenance of beta cell identity [63, 64].

NEUROD1 is another essential transcription factor that is broadly expressed in the pancreas
at several developmental stages and in all islet lineages, but functions predominantly
downstream of NKX2.2 and NEUROGS3 to regulate islet cell development and survival [40,
65, 66]. MeurodI null mice die just after birth from severe diabetes or survive and develop
hyperglycemia later in life, depending on the mouse strain background [40, 67]. Finally,
GLIS3 is a functionally conserved transcription factor that is coexpressed with NEUROG3
and then becomes more specific to beta and PP cells. Global deletion of G/is3in mice results
in greatly reduced beta and PP cell numbers, and G/is3 mutant mice often develop neonatal
diabetes [68]. Consistently, humans carrying mutations in GL/S3 can develop permanent
neonatal diabetes and/or have an increased risk of developing both type 1 and type 2
diabetes [69, 70].
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Genetic studies in mice have identified a large cohort of transcriptional regulators, of which
only a subset have been discussed above, that are essential for pancreas development and
function [22, 23]. Importantly, the identification of these conserved factors has guided
targeted sequencing of patients with defective pancreas development to identify
corresponding functions in human. Furthermore, with the advent of whole genome
sequencing in patients suffering from pancreas-related diseases, there is increasing evidence
that many human developmental disorders are caused by the misexpression or dysregulation
of specific transcription factors critical for healthy pancreas development in mice. Many of
these diseases can now be traced to disrupted developmental processes or genetic mutations
(see OMIM, https://www.omim.org/), while several others still remain uncharacterized [71].

3.2.3 Developmental Defects and Their Impact on Pancreatic Function and Disease

During the past ~20 years, there have been significant advancements in our understanding of
the molecular pathways underlying pancreas development. Importantly, studies in human
fetal pancreatic tissue have confirmed that there are conserved expression patterns for many
of the aforementioned transcription factors and signaling molecules in humans [5, 12, 13,
26, 72, 73]. Furthermore, mutational analyses in mice have greatly contributed to our
understanding of the developmental defects that can arise when these regulatory pathways
are disrupted. As described below, genetic studies in mice have also helped identify many of
the human genetic mutations that are responsible for congenital defects that lead to neonatal
and adult pancreas-related diseases. It is important to note that unlike many other organs, the
pancreas is not required for gestational development. However, a functioning pancreas, and
specifically insulin-producing beta cells, are critical for survival after birth. Therefore,
mutations that impair aspects of pancreas development can result in a range of mild-to-
severe phenotypes, depending on the nature of the genetic mutation and/or where the
affected gene product functions.

Pancreas agenesis—~Pancreas agenesis is defined in patients who have either an
incompletely formed or completely absent pancreas. The most severe cases are rare and
nearly always fatal since the disrupted developmental processes often affect the formation of
other tissues and are not compatible with survival. However, there are several cases of
human pancreas agenesis that arise from mutations in transcription factor genes that have
been characterized in mouse genetic models. For example, several cases of pancreas
agenesis have been associated with mutations in PDXZ1 and PTF1a, two of the most critical
factors for early pancreas development in mice [31, 47, 49, 57, 74]. Mice lacking either
Pdx1 or Ptflaform only the initial pancreatic rudiments and die shortly after birth due to
severe hyperglycemia [32, 75, 76]. Despite PDX1 and PTF1a being two of the earliest and
most critical transcription factors involved in pancreas organogenesis, mutations in these
genes only account for a low percentage of pancreas agenesis patients, suggesting that
mutations in other factors are responsible for the majority cases of this disease. One
compelling study that examined the genomes of 27 agenesis patients showed that 56% of
these cases could be attributed to haploinsufficient GATA6 mutations [77]. Studies in mice
have shown that GATAG is a critical regulator of early embryonic development—mice
lacking Gataé6 die between embryonic day 5.5 and embryonic day 7.5 due to early
endodermal defects [78]. Surprisingly, however, pancreas specific deletion of Gata6in mice
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had minor effects on pancreas development. Only when Gataé6 and another family member,
Gatad4, were deleted from the developing pancreas simultaneously did complete agenesis
occur [53, 54]. This discrepancy between the roles of GATA factors in mouse and human
development is not completely understood but does suggest that there might be background
genetic modifiers or nonautonomous environmental defects contributing to the pancreas
agenesis phenotypes seen in humans. Although additional genetic mutations or modifiers
that might contribute to the pancreas agenesis phenotype observed in patients with GATA6
mutations have not been identified, when heterozygous loss of GATA6 is modeled in a
system of human pluripotent stem cell-derived pancreas differentiation (see Sect. 3.4),
pancreas and beta-like cells are still able to form. However, when GATA6 mutations are
combined with the inhibition of retinoic acid signaling, pancreas development is impaired.
These data highlight the importance of cross-talk between signaling pathways and
transcription factors that are essential for understanding the mechanisms of pancreas
agenesis and other diseases [79, 80].

In many agenesis cases, patients can survive with very small rudiments of a pancreas,
making it possible to live with the disease. These cases have been primarily documented as
dorsal pancreas agenesis and are classified as missing the neck, body, and tail of the
pancreas, which are all derived from the dorsal anlage. In some instances, these disorders are
referred to as pancreatic hypoplasia. The first instance of this disease was described in 1911,
and approximately 100 additional cases have been reported since then [81]. Most of these
patients were surprisingly asymptomatic until they developed a secondary complication,
such as diabetes mellitus or pancreatitis. The origins of pancreatic hypoplasia are also
multifactorial, but there are several mouse models that develop this phenotype and could
provide insight into the human defects. For example, when a key enzyme in the retinoic acid
signaling pathway, RALDH?2, is deleted, mice die during gestation with apparent dorsal-
specific pancreas agenesis [82]. Dorsal agenesis is also observed in mice deficient in NV-
cadherin, MN.X1, and the activin receptor [43, 44, 83, 84]. A comprehensive list of mouse
models that result in aspects of pancreatic agenesis has been previously documented [24].
There are many additional case studies in humans that describe pancreas hypoplasia,
although most of them have not identified the causal genetic defect [85, 86]. With
technological advances allowing cheaper, faster, and more efficient whole genome
sequencing available, it is likely that we will soon have a more comprehensive list of
mutations that contribute to pancreas agenesis, many of which are likely to have already
been described in mice and other model organisms.

Annular pancreas—Annular pancreas is another pancreatic defect with developmental
origins. It was first described as early as the nineteenth century, when a physician noticed an
extension of the pancreas, which was described as a connective tissue wrapped around the
duodenum of a deceased individual during an autopsy. Some of the earliest reports of this
disease suggested that it was extremely rare; random examination of cadavers for the
abnormality estimated its incidence at about 3 in 20,000. However, with modern
technological advances, such as endoscopies, magnetic resonance imaging (MRI), and
computed tomography (CT) scans that allow physicians to identify the disorder in living
patients, incidence is now estimated to be as high as 1 in 1000 [87]. Although there is
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currently a lack of consensus on the actual number of cases, recent work from Lim et al.
2017 estimates an occurrence of only 1 in 20,000 [88]. Some of this controversy is due to a
lack of consensus regarding diagnoses. While it is generally accepted that the cause of
annular pancreas is due to the inappropriate development of the ventral pancreatic bud, the
pathogenesis is still not completely clear. One theory is that a free end of the ventral bud
fuses to the duodenum during development and grows around the duodenum as it rotates,
although it has also been proposed that the ventral pancreas inappropriately develops as a
bilobed organ, and one of the lobes grows around the duodenum [71, 87]. With a handful of
exceptions, the majority of human cases are sporadic and have not been linked to genetic
mutations [89]. Annular pancreas has also been observed in mouse models of pancreas
development when Indian Hedgehog (lhh), a ligand in the Hedgehog (Hh) signaling family,
is inhibited. This leads to ectopic branching of the ventral pancreas, causing an annular
pancreatic phenotype [90]. Interestingly, similar mutations in Hh pathway components have
not been identified in patients with annular pancreas, suggesting that other pathways
regulating Hh signaling contribute to the development of the disease. Further work is
required to better understand the mechanisms underlying annular pancreas, and models in
mice hold the most promise for elucidating those mechanisms.

Neonatal diabetes mellitus (NDM)—Neonatal diabetes mellitus is a rare form of
diabetes that is usually diagnosed in infants at 6 months of age or younger. NDM is often
confused with type 1 diabetes, the more common autoimmune form of diabetes that can also
occur in young children, but patients with NDM are distinguished by their lack of
autoantibodies. Young patients are diagnosed with NDM because of their inability to
regulate blood glucose levels. They present at birth with severe hyperglycemia, a life-
threatening condition caused by the absence of insulin production from the endocrine
pancreas. NDM is rare, with estimated cases of ~1:400,000 [91]. Roughly half of the cases
are transient neonatal diabetes mellitus (TNDM), and although they often resolve, many
individuals become diabetic later in life, suggesting the existence of an unresolved
developmental defect. The remaining cases are referred to as permanent neonatal diabetes
mellitus (PNDM) and result in lifelong diabetic conditions that require continual treatment
with exogenous insulin, similar to the adult onset diabetes. A subset of both PNDM and
TNDM have also been shown to result from specific mutations in genes for ATP-sensitive
potassium channels, which are critical for regulating beta cell function [92].

Several studies have identified single-gene mutations in patients with NDM largely based on
targeted sequencing of transcription factor genes known to be important for pancreas
development in mice. One study in particular examined the sequenced genomes of 37
patients with NDM and identified mutations in seven of the 29 candidate genes tested. Five
of the genes (GL/53, NEUROD1, PDX1, PTF1a, RFX6) had been previously implicated in
PDM, while mutations in two additional genes (MN.XZ and NKX2.2) were also identified
[41]. Notably, all of these transcription factors have been studied extensively in mice, where
they are known to cause severe pancreatic defects and perinatal lethality when mutated [22,
42, 93], once again highlighting the importance of animal models in providing critical
information about genetic defects causing human developmental diseases.
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Diffuse congenital hyperinsulinism in infancy (CHI-D)—CHI-D is the most
frequent cause of severe, persistent hypoglycemia in newborns and infants. The majority
(60%) of babies are diagnosed during the first month of life and the remainder diagnosed
within the first year. Genetic analyses have linked hyperinsulinemia to rare mutations in
genes encoding the transcription factors HNF1A and HNF4A; however, the majority of CHI-
D cases are caused by mutations that specifically inactivate the critical Karp channel
necessary for nutrient sensing and insulin secretion [94]. Interestingly, this defect does not
fully explain the phenotype since a recent histological study of postmortem CHI-D
pancreatic islets suggested that individuals with CHI-D displayed additional defects in the
somatostatin-producing delta cell population [95]. Of particular interest was the discovery of
aberrant expression of NKX2.2 in delta cells; both mouse and human studies have
demonstrated that NKX2.2 is normally excluded from this endocrine population. In the
future, experimental studies in mice to induce ectopic expression of NKX2.2 in delta cells
would clarify whether NKX2.2 misexpression is a causative factor of the disease.

Maturity-onset diabetes of the young (MODY)—MODY is a monogenic form of
diabetes and comprises about 2% of cases of diabetes in people under 20 years old, making
this disease much more common than NDM [96]. Because MODY is broadly characterized
by beta cell dysfunction, it is often misdiagnosed as type 1 diabetes. Currently, mutations in
11 different MODY genes have been described, the majority of which were identified by
sequencing genes known to cause pancreatic islet defects when mutated in mouse models.
Furthermore, most of the affected genes encode transcription factors that are expressed in
the developing pancreas and in adult beta cells, including PDX1, NEUROD1, HNF4A, and
HNF1B [31, 39, 97-99]; however, there are also a subset of nontranscription factor MODY
genes (https://www.omim.org/entry/606391) that lead to diabetes as well. Since nearly all of
these genes encode proteins that are critical for important developmental process during
embryogenesis, MODY mutations are predominantly point mutations that cause autosomal
dominant alleles. Interestingly, similar to what was observed with the GATA6 mutations in
pancreas agenesis, heterozygous dominant alleles of several MODY genes, including
HNF1alphaand HNF3beta in mice, do not generally cause disease [100]. This could be due
to the absence of additional genetic modifiers in the inbred animal models used for these
studies or nonconserved mechanisms of disease progression. To clarify whether there are
underlying genetic or environmental causes for these discrepancies between human and
animal models, new genomic engineering technologies such as CRISPR/Cas9 have
facilitated disease modeling in human stem cell-derived beta cells (see stem cell section
below). The combination of these two disease modeling approaches will significantly
improve our ability to identify and characterize genes responsible for developmental
diseases of the pancreas.

3.3 Juvenile and Adult Diseases of the Pancreas

While the aforementioned pancreas disorders are rare and generally monogenic in origin,
there are multiple disorders of the pancreas that are much more common and result from a
combination of genetic mutations and environmental influences. The most prevalent of these
more common disorders is broadly classified as diabetes mellitus (DM). This polygenic
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disease is extremely wide-spread, affecting nearly 10% of the United States population or
30.3 million people. Remarkably, an additional 84.1 million people are estimated to have
prediabetes, a condition that indicates a high likelihood to develop full diabetes in a person’s
lifetime [101]. There is currently no cure for diabetes, which is part of the reason that it was
the seventh leading cause of death in the US in 2015 (American Diabetes Association, http://
www.diabetes.org/diabetes-basics/statistics/). Although the designation of DM represents
many different diseases, nearly all of these statistics are summations of the two main types
of diabetes mellitus, type 1 and type 2. In the following section, animal models of these
diseases will be explored, compared, and contrasted in relation to current treatments for each
disorder. Although these adult diseases are generally not considered to be “birth defects,”
there are strong genetic components underlying both diseases, and many of the genetic
mutations are in genes previously characterized in developmental processes.

3.3.1 Type 1 Diabetes Mellitus (T1DM)

Type 1 diabetes mellitus is a multifactorial autoimmune disease characterized by the
destruction of insulin-producing beta cells in the pancreatic islet, leading to severe
hyperglycemia in affected individuals. TLDM is prevalent in children; however, individuals
of all ages can develop the disease. As of 2015, there have been an estimated account of
542,000 children with the disease, and the incidence appears to be increasing every decade
(International Diabetes Federation, http://www.diabetesatlas.org/). In humans,
approximately 20-40 different genes have been linked to T1DM, including strong linkage to
particular alleles of the major histocompatibility complex (MHC) Il region, which accounts
for approximately 40% of the hereditary cause of TLDM. Despite the important genetic
component of the disease, not all individuals with genetic risk factors develop T1DM,
suggesting a role for environmental factors. The disease generally progresses through several
well-defined stages. The presence of autoantibodies is the main classifier of stage 1 of
disease progression and will persist throughout the life of the patient. Loss of beta cell mass
also begins during stage 1. Stage 2 coincides with the advent of hyperglycemia due to
further loss of beta cells, which are being destroyed by the autoimmune attack. Finally, stage
3 is defined by even further loss of beta cells past a critical threshold, as well as presentation
of clinical symptoms such as polyuria, thirst, hunger, and weight loss associated with severe
hyperglycemia. More serious complications of chronic hyperglycemia include retinopathies,
neuropathies, nephropathies, and cardiovascular diseases. All of these serious complications
warrant further study and highlight a need for even better treatments and eventually a cure
for the disease.

Models of TLDM—There are several rodent models of TIDM that have greatly facilitated
our understanding of disease onset and progression, despite some inherent limitations
regarding how these models were generated and how their immune systems function as
compared to humans. The most common murine model of TIDM is the nonobese diabetic
(NOD) mouse. Created in Osaka, Japan, in the 1970s, these mice develop insulitis as early
as 3-4 weeks of age leading to the destruction of beta cells, mimicking TAIDM progression
in humans [102]. Importantly, many of the TADM alleles and biological pathways are shared
by humans and NOD mice. Furthermore, the MHCII locus is similar in structure in NOD
mice and humans [103]. While NOD mice have proven to be an extremely useful model for
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understanding the progression of T1D, recent access to human T1DM pancreatic tissue has
revealed some important differences in immune infiltration and disease pathology between
the species [104]. Furthermore, it has been relatively easy to treat NOD mice with
immunotherapies and drug treatments that unfortunately have not been recapitulated in
human trials [105].

Another rodent model of spontaneous autoimmune-induced T1DM are BB rats, which were
named for the founder colonies: BBdp/Wor (inbred from Worcester, MA, USA) and BBdp
(outbred from Ottawa, Canada) [106]. Male and female mice from both strains initially
develop pancreatic insulitis, and the beta cells are destroyed between 50 and 90 days of life.
Interestingly, persistent immune cell infiltration does not occur in these animals’ islets,
which is consistent with patients with TIDM [106]. While these rats are clearly useful for
modeling TIDM and the associated effects of the disease like neuropathies [107], a major
drawback is that they almost always develop lymphopenia, a disorder in which individuals
have very low levels of lymphocytes or white blood cells. While lymphopenia happens in
nearly all BB rats, the condition is not normally associated with people who have TIDM.
This additional immunological complication has affected the interpretation of many studies
using BB rats and is an important reminder that animal models of disease are not exact
replicas of human disease and should be used in conjunction with one another to make
informed conclusions about the disease.

3.3.2 Type 2 Diabetes Mellitus (T2DM)

Unlike the types of diabetes mellitus discussed above, T2DM is frequently linked to the
metabolic syndrome and the obesity epidemic rather than developmental mutations,
although there is often a genetic component to this highly multifactorial disease. T2DM is
the most common form of diabetes, accounting for more than 90% of cases. T2DM is
characterized by metabolic dysfunction, impaired insulin secretion, and insulin resistance,
alone or in combination [101]. There are approximately five stages or phases of diabetes:
prediabetes and phases 1-4, each marked by a particular set of symptoms. Prediabetes and
phase 1 are mainly characterized by glucose intolerance in which an afflicted individual is
unable to properly clear glucose after eating, which leads to hyperglycemia. In addition,
prediabetics begin to lose sensitivity to insulin, even though their beta cells are still fully
functional. Phase 2 is marked by basal hyperglycemia in addition to glucose intolerance. At
this phase of the disease, patients may also experience insulin resistance. In phase 3,
afflicted individuals generally have fasting hyperglycemia, along with some functional beta
cell loss. In phase 4, patients often require exogenous insulin due to severe loss of functional
beta cells, which fail to produce sufficient amounts of insulin to regulate blood glucose
levels. Complications from this late phase can also, in rare cases, lead to what some describe
as phase 5 and is characterized by ketoacidosis as the body begins to look for other sources
of fuel. As the disease progresses, a multitude of serious secondary health complications
occur, including cardiovascular disease, neuropathies (numbness, particularly in
extremities), nephropathy, retinopathy, stroke, and high blood pressure [108].

Models of T2DM—In humans, T2DM represents a heterogenous set of complex polygenic
diseases; therefore, choosing the right rodent T2DM model is critical. Rodent models have
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been traditionally classified as spontaneous or induced, and vary greatly in the severity and
phase of diabetes they represent. The most common models are monogenic or diet induced,
and each has advantages and disadvantages [109]. Here, we describe a subset of these
models in more detail and explain how each model is used to further understand and treat
T2DM.

Lep©B/OB and LeprPB/DB mice are two related monogenic models of obesity-induced T2DM
that affect the function of the leptin hormone, which regulates appetite, and the receptor
through which it signals, respectively. The inability to regulate feeding occurs when either of
these critical components does not function normally. The Lep©B/OB model was discovered
as a spontaneously occurring mutation in 1949 at the Jackson Laboratories, but the genetic
mutation was not identified as leptin until the mid-1990s [110]. The Lep©B/OB mice
generally start gaining weight around 2 weeks of age and are hyperglycemic by about 4
weeks. While these mice are characterized as having diabetes due to this hyperglycemia and
impaired insulin release, they generally do not progress to stage 3 of T2DM, unless they are
bred to be on the C57BLKS/J background [111]. The LeprPB/PB mice were similarly
discovered as a spontaneous mutation in the 1960s, again at Jackson labs, but the mutation
was not linked to the leptin receptor until years later [112]. The development of diabetes
occurs in a similar fashion to the Lep©B/OB model, but when placed on the C57BLKS/J,
these mice will develop full-blown, late-stage T2DM, often leading to ketoacidosis and
death after just a few months. Interestingly, depending on the strain background, each of
these models can produce either hyper- or hypotrophic beta cells and can both be hyper- and
hypoinsulinemic. Phenotypic variability that depends on strain background is analogous to
the differences in disease progression and severity seen in patients with leptin-related
deficiencies.

Named after the city in Japan where these mice were created, the AKITA mouse is another
mouse model used to study T2DM. The origins of this model’s disease are rooted in a
spontaneous mutation in the /A//S2 gene inhibiting normal processing of insulin in the beta
cell. The inappropriate accumulation of misfolded insulin protein leads to ER stress, which
results in severe insulin-dependent diabetes. This generally occurs in 3—4 weeks and is
accompanied by some of the symptoms of T2DM, like polyuria and hyperglycemia resulting
from loss of beta cell mass, although this mouse is not obese. Furthermore, Akita mice have
also been used to study diabetes complications, like neuropathies or cardiovascular defects,
and have served as a reliable model to test the utility of exogenous beta cell sources to
supplement beta cell deficits [113, 114].

In addition to these common mouse models of T2DM, there are also several rat models
available, each with its own unique benefits and caveats [109]. The Otsuka Long Evans
Tokushima Fatty (OLETF) rat has been used as a model for late-onset T2DM since the early
1990s [115]. These rats are unable to restrict their appetite and become obese with age. With
obesity, they develop the inability to regulate their blood glucose levels and become insulin
resistant, leading to diabetes onset [116]. Similar to humans, the age of disease onset and
severity of disease varies widely in OLEFT rats; however, this also makes it a difficult model
to study. Another popular rat model of T2DM is the Zucker Diabetic Fatty (ZDF) rats.
Developed in the mid-1980s, ZDF rats have dysfunctional leptin receptor, similar to the
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LepPB/DB mice. They are frequently used to study the transition from prediabetes to early-
onset diabetes and become fully diabetic by about 12 weeks of age. While they serve as a
good model to study this important transition, the Zucker rats are genetically predisposed to
acquiring defects in beta cell transcription factors that also contribute to their diabetic
phenotype independent of leptin signaling defects, which can complicate analyses [117].
The Goto-Kakizaki (GK) rat provides a nonobese model to study mild T2DM characterized
by hyperglycemia and insulin resistance largely linked to neonatal beta cell developmental
defects [118, 119]. Similar to all disease models, the correct choice of the animal model
depends on the type of diabetes and questions being explored.

3.4 Human Models of Pancreas Development

While mice, rats, and other animal models have been invaluable in furthering our knowledge
of pancreas development, as well as pancreatic disease onset and pathogenesis, the fact
remains that they differ substantially from humans. Apart from the obvious differences, mice
also exhibit subtle but fundamental differences from humans in terms of their beta cell
development, beta cell mass, islet organization, and blood glucose tolerance. These
differences mean that although mice and other model organisms provide a great preliminary
model for human development and disease research, they are not sufficient for complete
insight into the complex pathologies that affect the human pancreas.

3.4.1 Modeling Human Pancreas and Islet Development In Vitro

Studying human pancreas development is fraught with challenges, both technical and
ethical. Much of our current knowledge comes from pancreatic tissues taken from aborted
human fetuses at various stages of early development—up to 22 weeks [5, 120]. These
tissues are generally sectioned and examined by antibody staining to reveal insights into
pancreas and islet morphology, appearance and relative ratios of pancreatic cell types, and
islet cell organization during fetal development. While these methods have provided some
insights into human pancreas development and highlighted similarities and differences
between mice and humans, they only provide a static view of developmental processes in an
unperturbed state. The analysis is further complicated by the extreme sample variability that
exists between different patient donors. Due to the inherent limitations associated with
studying human development and the corresponding defects that lead to disease, the ability
to recapitulate human development in a dish by differentiating human pluripotent stem cells
(hPSC), including hESCs and hiPSCs (embryonic and induced pluripotent stem cells,
respectively), represents an exciting new avenue of research. Furthermore, the advent of
gene editing technologies, such as TALENs and CRISPR/Cas9, which allow researchers to
induce putative human disease-causing mutations into the hPSC differentiation system, has
revolutionized our ability to characterize the intrinsic contribution of particular genetic
mutations to developmental defects and disease. However, to truly harness the potential of
hPSCs, we need efficient protocols that allow their directed differentiation to organs and cell
types of interest, including stem cell-derived pancreas and beta-like cells (SBCs).

One key approach to differentiating hPSC toward a specific cell type is to faithfully
recapitulate the developmental cues in vitro that the cells would “experience” during in vivo
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development. As our understanding of human development is limited, directed
differentiation of hPSC to SBCs is largely based on knowledge derived from animal models
of development and disease that were outlined previously in this chapter. A number of
protocols currently exist for the differentiation of hPSCs to pancreas and beta-like cells
[121-125]. Although all of the protocols are able to accurately mimic the earliest stages of
pancreas development, through to the generation of endocrine progenitor cells, the directed
differentiation of the mature exocrine and islet cell types has proven more challenging. This
is in part due to the relative paucity of information related to the signaling pathways that are
involved in these later stages of development and differentiation.

In general, pancreas differentiation protocols can be broken down into the developmental
stages defined in mice (Figs. 3.3 and 3.4). Since we know that pancreas is derived from
endoderm and, in particular, foregut endoderm, the first few differentiation steps are not
specific to the pancreas but are shared by all endodermally derived tissues (Fig. 3.4). First,
hPSCs must transition to a definitive endoderm cell fate, which is driven by activation of the
WNT and TGF beta pathways. Following 2 days of differentiation, the cells express
transcription factors specific to the definitive endoderm stage of development, including
SOX17. The definitive endoderm cells are then differentiated toward primitive gut tube by
activation of the FGF signaling pathway. After approximately 3 days, the cells have switched
on primary gut tube markers, including HNF1A, FOXA2, and HNF6. At this point, the
pancreatic cell fate, which is marked by PDX1 expression, is induced by retinoic acid and
the inhibition of hedgehog signaling, similar to what occurs during mouse dorsal pancreas
induction. Inhibition of the BMP signaling pathway is also necessary to block the
differentiation of pancreatic foregut cells toward liver lineages, similar to ventral pancreas
formation in the mouse (Figs. 3.3 and 3.4, matching colors).

Once pancreatic cell fates have been specified (corresponding to approximately E9.5 of
mouse pancreas development,) the PDX1 positive pancreatic foregut cells are then
differentiated into pancreatic endoderm cells that continue to express PDX1 and have also
activated NKX6.1 via FGF signaling. These cells undergo endocrine differentiation and are
subsequently exposed to a cocktail of empirically defined signals that drive them toward
pancreatic beta cells while blocking differentiation to other pancreatic cell types. Similar to
the differentiation of mouse pancreatic endocrine cells, the pancreatic endoderm cells will
transiently express the transcription factor NEUROG3 and then NKX2.2 to delineate the
endocrine progenitor population around day 13 of the differentiation protocol. After
approximately 10 more days of endocrine differentiation, the early endocrine cell population
emerges, classified by the expression of key beta cell markers. While these cells do begin to
produce the insulin hormone, they are not yet functional as they do not regulate insulin
secretion in response to glucose stimulation. A further 7 days of maturation in a minimal
media is required to allow the cells to become functional beta-like cells. While 95% of cells
reach the NKX2.2 stage, only 20-40% go on to become insulin positive SBCs, indicating
that additional research is needed both in mice and in the hPSC system to optimize the
pancreas differentiation protocol.
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3.4.2 Disease Modeling with Stem Cell-Derived Pancreatic Cells

Although the hPSC pancreatic differentiation protocol still needs to be refined, it has already
proven to be extremely useful for validating conserved gene functions in human pancreas
development. For example, in a four de force study by the Huangfu group, TALEN and
CRISPR/Cas-mediated gene editing was used to analyze the role of eight essential
pancreatic transcription factors (PDX1, RFX6, PTF1A, GLIS3, MNX1, NEUROG3, HES1,
and ARX) in the hPSC-directed differentiation of pancreas [80]. These studies not only
verified conserved gene requirements between mice and humans but also revealed a number
of previously unsuspected developmental mechanisms with implications for type 2 diabetes.
Similar studies were also instrumental in addressing potential discrepancies between mouse
and human gene functions. Using gene-edited hESCs and patient-specific IPSCs, two groups
were able to partially resolve the discrepancy between mouse and human phenotypes caused
by mutations in GATAG6 by implicating the contribution of genetic modifiers and
nonautonomous cell defects to the pancreas agenesis phenotype seen in human patients [79,
80]. Similarly, McGrath and colleagues used hESC-derived pancreatic cells to confirm that
NEUROGS3 had similar essential roles in mouse and human pancreas endocrine cell
development but determined that patients with mutations in NEUROGS3 retained sufficient
functional protein to avoid disease [126]. These are just a small number of studies that
demonstrate the utility of stem cell-derived pancreas tissue to model development and
disease. With increasing technological advances and a better understanding of pancreas
development from animal models, these in vitro differentiation models hold great potential
for making even greater strides in elucidating outstanding questions about human pancreas
development and disease.
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CS11 ~23 Day Embryo
Human Pancreas Devels
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lopment

CS13 ~32 Day Embryo

CS18-20 ~48 Day Embryo

C€S23 ~60 Day Embryo

Adult Human Pancreatic Islet

E85-9
Mouse Pancreas Devel

Fig. 3.1.

E9-95
lopment

E95-10

E14-15

E16-165

Adult Mouse Pancreatic Islet

Human and mouse pancreas development. Pancreas developmental programs in humans and
mice, top and bottom, respectively, are highly conserved, as shown in the panels correlating
similar time points across species. Starting about 23 days after conception in humans
(~CS11) and 8.5-9 days in mice (E8.5-E9) the dorsal pancreatic bud emerges from the

endodermal gut tube. Several stages of development are depicted across each row

demonstrating similar morphological changes occurring in both humans and mice over about
60 days in humans and 16.5 days in mice, at which point immature endocrine cells are
present and producing hormones. Over the next few months in humans and weeks in mice,
these endocrine cells mature as islets that contain the same cell types but in different ratios

and distribution within the islet in each species
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Mouse Islet Human Islet

~75% beta ~55% beta

~20% alpha G ~35% alpha
~5% delta S ~10% delta
<5% PP Lo 4 <2% PP

Fig. 3.2
Similarities and differences between mouse and human islets. The same endocrine cell types

are present in both human and mouse islets but are spatially distinct and present in different
ratios in each organism. All percentages are averages and represent a range of endocrine cell
composition, especially in human alpha and beta cells, which can vary greatly from islet to
islet. Red represent insulin (beta cells), green represents glucagon (alpha cells), orange is
somatostatin (delta cells), and blue is pancreatic polypeptide (PP cells)

Adv Exp Med Biol. Author manuscript; available in PMC 2021 June 08.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Lorberbaum et al.

BMP(vp)

Page 24

~Cs12 ~CS18-20
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Fig. 3.3.

Molecular mechanisms of pancreas development in mice and humans. A selection of
transcription factors and cell signaling pathways define the transition from gut endoderm to
immature pancreas, which takes place in about 37 days in humans (CS labels in bold) and
about 8 days in mice (E labels). While much is known about the cell signaling pathways
early on, less is known about the key signaling events later in this development scheme
(~E16.0-E16.5). VP represents the contribution of BMP signaling specifically to the ventral
pancreatic bud, but not the dorsal bud, at this stage of development
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Day 10

Endocrine

Pancreatic
Endoderm Progenitor

SOx9 POX1
PDX1 NKX6.1
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NKX2.2
NKX6.1

Fig. 3.4.

Digrected differentiation of hPSCs to beta-like cells in a dish. Based largely on knowledge
gleaned from animal models of pancreas development, the stepwise addition of chemicals
and small molecules to human pluripotent stem cells leads to the activation and inhibition of
many of the cell signaling pathways required for differentiation into insulin-producing beta-
like cells. A selection of the critical transcription factors expressed at each stage is noted
underneath each time point, noted by day of differentiation and largely corresponds to the
same transcription factors found at similar stages of mouse development (Fig. 3.3)
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