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Abstract
During the past decades, diabetes mellitus gained almost epidemic properties, affecting 425
million worldwide. Hormones secreted by endocrine cells of the pancreas and intestine are
essential for the homeostatic control of blood glucose and energy intake, and disturbances
of the hormonal balance are implicated in the development of metabolic diseases, such as
diabetes. Understanding the developmental programs that govern the formation of pancreatic
and intestinal endocrine cells is an important step towards the improvement of diagnosis and
treatment of diabetic patients.

Pdx1 is one of the most important regulators of pancreas development. It is expressed through-
out pancreatic organogenesis and becomes gradually restricted to β-cells and δ-cells in the
mature organ. Mutations in the PDX1 gene are associated with monogenic and type 2 diabetes,
and the homozygous loss causes pancreatic agenesis. While the role of Pdx1 is well established
inmodel organisms, the function of PDX1 during human pancreas and β-cell development is not
understood in great detail. In the first part of this thesis, we use in vitro differentiated pancreatic
progenitors, derived from a novel induced pluripotent stem cell (iPSC) line to identify PDX1
regulated genes during early pancreagenesis. We found that PDX1 has stage-specific functions
in pancreatic progenitors and mature β-cells, regulating pancreatic development and β-cell
function, respectively. Moreover, analysis of diabetes-associated SNPs in active enhancers of
pancreatic progenitors indicated a contribution of early pancreatic development to an increased
susceptibility to diabetes. To assess the impact of two common PDX1 missense mutations (C18R
andP33T), we analyzed iPSCs generated fromheterozygousmutation carriers and corresponding
homozygous isogenic control cell lines. We found that both mutations result in the deregulation
of important β-cell genes, suggesting an increased predisposition for diabetes in mutation carri-
ers. Our results provide mechanistic insight into pancreas formation and show howmutations
of PDX1 affect pancreas and β-cell development and predispose for diabetes.

In response to food intake, enteroendocrine cells of the intestinal epithelium secrete amultitude
of hormones, which regulate various aspects of energy homeostasis, including appetite and
satiety, digestion, and the release of insulin from pancreatic β-cells. Enteroendocrine cells are
therefore important players in the pathogenesis and treatment of metabolic diseases such as
diabetes. However, the mechanisms controlling their differentiation from intestinal stem cells
are not fully understood. The second part of this thesis addresses the role of the pioneer tran-
scription factor Foxa2 in the initiation of enteroendocrine differentiation in the intestine. Using
combination of bulk and single-cell transcriptomics together with ChIP-seq and ATAC-seq we
dissect the enteroendocrine lineage decision and show a dose-dependent function of Foxa2. We
found that Foxa2 is expressed at low levels in intestinal stem cells, where it regulates metabolic
processes, while it is expressed at high levels in enteroendocrine progenitors, to establish the
epigenetic premises for the induction of the endocrine cell fate. These results improve our
understanding of the mechanisms underlying intestinal endocrinogenesis and define novel
roles of Foxa2 in the differentiation of enteroendocrine cells.

xi



Zusammenfassung
Diabetes mellitus betrifft weltweit inzwischen 425 Millionen Menschen und die Zahlen steigen
weiter an. Hormone, die von endokrinen Zellen der Bauchspeicheldrüse und des Darms ausge-
schüttet werden, sind für die homöostatische Kontrolle des Blutzuckers und der Energiezufuhr
von wesentlicher Bedeutung und Störungen dieses Hormonhaushalts führen zur Entwicklung
von Stoffwechselerkrankungen wie Diabetes. Das Verständnis der Entwicklungsprogramme,
welche die Bildung von endokrinen Zellen in Pankreas und Darm steuern, ist ein wichtiger
Schritt zur Verbesserung der Diagnose und Behandlung von Diabetikern.

Pdx1 ist einer der wichtigsten Regulatoren der Pankreasentwicklung und ist während der frü-
hen Entwicklung im gesamten Pankreas exprimiert. Im Laufe der Organentwicklung wird die
Expression zunehmend auf β-Zellen und δ-Zellen beschränkt. Mutationen des Gens sind mit
monogenem Diabetes und Typ-2-Diabetes assoziiert, und der homozygote Verlust verursacht ei-
ne Pankreasagenesie.Während die Rolle von Pdx1 in Modellorganismen gut erforscht ist, ist die
Funktion von PDX1 in der Pankreasentwicklung des Menschen nicht im Detail verstanden. Im
ersten Teil dieser Arbeit verwenden wir Pankreas-Vorläuferzellen, die aus einer induzierten plu-
ripotenten Stammzelllinie (iPSC) differenziert wurden, um PDX1-regulierte Gene während der
frühen Pankreasentwicklung zu identifizieren.Wir fanden heraus, dass PDX1 stadienspezifische
Funktionen inVorläuferzellen und reifen β-Zellen hat, welche die Pankreasentwicklung bzw. die
β-Zell-Funktion regulieren. Darüber hinaus zeigte die Analyse von Diabetes-assoziierten SNPs
in Pankreas-Vorläuferzellen einen möglichen Zusammenhang zwischen früher Pankreasent-
wicklung und der Anfälligkeit für Diabetes. Um den Einfluss von zwei häufigen PDX1-Missense-
Mutationen (C18R und P33T) zu untersuchen, wurden hetero- und homozygote iPSC Linien
untersucht. Beide Mutationen führen zur Deregulierung wichtiger Gene, was auf ein erhöhtes
Risiko für Diabetes bei Mutationsträgern hindeutet. Unsere Ergebnisse liefern mechanistische
Einblicke in die Pankreasentwicklung und zeigen, wie Mutationen von PDX1 die Pankreas- und
β-Zell-Entwicklung beeinflussen und für Diabetes prädisponieren.

In Reaktion auf Nahrungsaufnahme setzen enteroendokrine Zellen des Darmepithels eine
Vielzahl von Hormonen frei, die verschiedene Aspekte der Energiehomöostase, einschließlich
Sättigung und der Freisetzung von Insulin aus β-Zellen, regulieren. Enteroendokrine Zellen
spielen daher eine wichtige Rolle bei der Pathogenese und Behandlung von Stoffwechseler-
krankungen wie Diabetes. Die Mechanismen, die ihre Differenzierung aus Darmstammzellen
steuern, sind jedoch nicht vollständig verstanden. Der zweite Teil dieser Arbeit befasst sich mit
der Rolle des Pioniertranskriptionsfaktors Foxa2 während der Initiierung der enteroendokrinen
Differenzierung. Unter Verwendung einer Kombination aus Bulk- und Einzelzelltranskriptomik
zusammen mit ChIP-seq und ATAC-seq analysieren wir die Spezifikation enteroendokriner
Zellen und zeigen eine dosisabhängige Funktion von Foxa2. In Darmstammzellen ist Foxa2 in
geringen Mengen exprimiert und reguliert Stoffwechselprozesse, während die Expression in
enteroendokrinen Vorläuferzellen ansteigt, um die epigenetischen Voraussetzungen für die In-
duktion des endokrinen transkriptionellen Programms zu schaffen. Diese Ergebnisse verbessern
unser Verständnis der Mechanismen, die der intestinalen Endokrinogenese zugrunde liegen,
und zeigen neue Rollen von Foxa2 bei der Differenzierung enteroendokriner Zellen.
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1 Introduction

1.1 Diabetes Mellitus

Diabetes mellitus is a heterogeneous group of metabolic disorders that is characterized by
elevated blood glucose levels due to absence or malfunction of insulin-producing β-cells, dis-
turbed insulin action or both. If left untreated, diabetes can damage various organs, leading to
disabling and potentially life-threatening complications such as cardiovascular disease, neu-
ropathy, nephropathy, retinopathy and blindness. During the last few decades, the incidence
of diabetes has been rapidly increasing. The 425 million worldwide cases of diabetes to date
(2017) are predicted to increase by 48% to 629 million cases in 2045 (Figure 1.1). Thus, in ad-
dition to the human affliction, diabetes is becoming an increasing economic burden, with an
estimated healthcare expenditure of 727 billion USD in 2017. Based on etiology and clinical
presentation, diabetes is classified into several sub-types, including type 1 and type 2 diabetes
mellitus, gestational diabetes and monogenic diabetes [1,2].

Figure 1.1: The Prevalence of Diabetes. Estimated age-adjusted prevalence of diabetes in adults (20-79 years) in 2017.
Data obtained from [1].

Type 1 diabetes mellitus is caused by an autoimmune-mediated destruction and ultimately
the almost complete loss of pancreatic β-cells. As a consequence, patients are dependent
on the administration of insulin to maintain proper glucose levels [1, 2]. The onset of the
disease is multifactorial and, to current understanding, involves a combination of genetic
predisposition and environmental triggers such as viral infection, exposure to toxins or dietary
factors. However, the exactmechanisms triggering β-cell destruction arenot yet fully understood
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and disease progression is, to current knowledge, not preventable [3]. The disease usually
develops during childhood or adolescence, but can appear at any age. Type 1 diabetes accounts
for approximately 7.5% of diabetes cases, though the incidence is increasing worldwide, likely
due to environmental factors [3–5].

Type 2 diabetes mellitus (T2DM) is the most common form of diabetes and accounts for ap-
proximately 90% of all diabetes cases worldwide [6–8]. In T2DM, hyperglycemia is the result
of insufficient insulin secretion and an impaired response to insulin in the peripheral tissues.
Disease onset is usually slow and is preceded by a pre-diabetic stage of systemically reduced
insulin sensitivity, which causes β-cells to increase their insulin secretion to compensate for
insulin resistance [1,9]. With further disease progression, β-cells eventually become dysfunc-
tional and β-cell mass is lost [9, 10]. T2DM is a multifactorial disease as well, and in addition
to genetic susceptibility, the major risk factors include overweight and obesity, unhealthy diet,
sedentary life style and age. T2DM most commonly affects older adults, but incidences in
children, adolescents and younger adults are increasing due to rising levels of obesity, physical
inactivity and poor diet [1, 2, 11,12].

Monogenic forms of diabetes are with about 1% of cases, far less common and include neonatal
diabetes and maturity onset diabetes of the young (MODY). They are all autosomal-dominantly
inherited forms of diabetes, each mediated by a single mutation in a key gene of the glucose
metabolism. There are eleven recognized forms of MODY, of which MODY2 and MODY3 are
the most common, accounting for up to 80% of MODY cases [13, 14]. The latter are caused
by mutations in the GCK or HNF1A genes, respectively. MODY4 is caused by a heterozygous
mutation in the PDX1 gene (Pro63fsdelC) and only a single family carrying this mutation has
been identified so far [13,15,16]. The mutation in the transactivation domain of PDX1 causes
a frame shift and a premature stop and is thus a loss-of function mutation. Since PDX1 is a
master regulator of pancreas and β-cell development, homozygous loss of PDX1 function leads
to pancreatic agenesis [15].

1.2 The Endocrine Pancreas

The pancreas is the most important organ in the control of blood glucose levels and has an en-
docrine, as well as an exocrine function. The exocrine part accounts formore than 95% of the or-
gan and is comprised of acinar andductal cells that formanepithelial branchingnetwork. The ex-
ocrine acinar cells are arranged in clusters at the tips of the ductal network and secrete digestive
enzymes that aid in the breakdown of proteins, carbohydrates, and lipids [17]. The ductal cells
produce a bicarbonate-rich fluid and form the channel network, draining the enzymes secreted
from acinar cells into the duodenum [18]. The endocrine part of the pancreas consists of clusters
of different types of endocrine cells, called islets of Langerhans, which are scattered throughout
the pancreas (Figure 1.2). The islets contain five endocrine cell types, α-, β-, δ-, ε- and PP-cells,
each of which secretes a specific hormone. The most abundant cell type of the pancreatic islets
are β-cells, which secrete insulin in response to elevated blood glucose levels. In turn, insulin
promotes glucose clearance by triggering glucose uptake in the peripheral tissues, and glycogen
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production in the liver. Conversely, α-cells secrete glucagon when glucose levels are descending
in order to induce glycogenolysis and gluconeogenesis. δ-cells secrete somatostatin, which has
an inhibitory effect on the secretion of insulin and glucagon from β- and α-cells, respectively [19].
Pancreatic polypeptide is secreted from PP-cells. It is an anorexigenic hormone, regulating food
intake and gastric emptying, as well as digestive enzyme secretion from the exocrine pancreas
[20–22]. The rarest cell type in the islet, the ε-cells, produce ghrelin, a hormone that is mainly
secreted by endocrine cells in the gastic epithelium [23,24]. Ghrelin increases energy intake
and gastrointestinal motility and stimulates gastric acid secretion [24,25]. In addition, ghrelin
has been shown to suppress glucose-stimulated insulin secretion from β-cells, thus modulating
systemic insulin levels and glycemia [26]. Together, the hormones secreted from the pancreatic
islets, tightly control blood glucose levels and keep them in a narrow range of 4-6 mM [27].

Figure 1.2: The Anatomyof the Pancreas. The pancreas is located behind the stomach and attached to the duodenum. The
acinar cells secrete digestive enzymes that are transported to the duodenum via the ductal system. The islets of Langerhans
contain different endocrine cells (ɑ-, ꞵ-, δ-, ε- and PP-cells) that release hormones, regulating blood glucose levels and energy
homeostasis. The pancreatic islets are interveined by a capillary network through which the hormones are transported into
the blood stream. Figure modified, with permission, from [17].

1.3 Pancreas Development

All cell types of the pancreas, the acinar, ductal and endocrine cells, are derived from the same
lineage of endodermal cells in the distal foregut. In themouse, around embryonic day 8.5 (E8.5),
two pancreatic regions on opposing sides of the foregut are specified [28], and approximately
twelve hours later a dorsal and a ventral pancreatic bud are formed [29,30]. During the first phase
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Figure 1.3: Stages of Pancreas Development. Caption on next page.
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Figure 1.3: Stages of Pancreas Development. A: At ∼E9 the dorsal and ventral pancreatic buds are beginning to form.
At around E10.5, MPCs become polarized and formmicrolumina. B:With the beginning of the secondary transition, tip–
trunk patterning is established, while microlumina begin to fuse and form a central plexus region. C: The periphery of the
developing pancreas is remodeling into ramified epitheliumwith developing acinar cells at the tips of the bipotent trunk
domain that give rise to ductal exocrine and endocrine cells. Differentiating endocrine cells are beginning to form clusters.
D: In the mature pancreas, the tips of the ductal network form a secretory unit of acinar cells, secreting digestive enzymes.
The endocrine clusters have been compacted into islets of Langerhans that are innervated and vascularized to facilitate
endocrine function. Figure modified, with permission, from [17].

(primary transition) of pancreas development, driven by signaling cues from the notochord and
the surroundingmesenchyme and endothelium [31–33], the two buds, consisting ofmulti-potent
pancreatic progenitors (MPCs), expand alongside the foregut tube and form a multilayered,
non-polarized epithelium [17,34,35]. As the buds expand, the gut begins to rotate and directs
the ventral bud towards the dorsal side. Around E12.5 the two aspects of the pancreas eventually
fuse to form a single organ that branches further into the surrounding mesenchyme [29]. At
around E10.5, individual cells in the inside of the buds become polarized, begin to rearrange
and formmicrolumina [17,35–37] (Figure 1.3 A).

During the following secondary transition, which begins around E12.5 the microlumina expand
and start to fuse, forming a continuous luminal network. At this stage of branching morpho-
genesis, the pancreatic epithelium is divided into an expanding stratified core plexus, which is
remodeling into ramified epithelium at the periphery [17,35–37]. The inner plexus also serves
as the niche for endocrine progenitor cells that are beginning to emerge. In the periphery, the
epithelial branches segregate into tip and trunk domains that are allocated to either acinar
or bipotent endocrine–duct progenitors, respectively [38]. While the tips continue to form a
secretory unit, consisting of several pyramid-shaped exocrine cells, the bipotent cells of the
trunk domain gives rise to ductal exocrine and endocrine cells [17,34,35] (Figure 1.3 B–C). In the
mature ductal network, themain duct, which is connected to the duodenumvia the common bile
duct, branches into the entire organ through interlobular, intralobular and intercalated ducts
that end in a secretory acinar unit. Besides their function to transport the pancreatic enzymes,
secreted by acinar cells, ductal cells themselves also secrete a bicarbonate-rich fluid that helps
neutralize gastric acids in the duodenum [39]. Also, during the secondary transition most of
endocrine cell specification takes place from progenitors, which derive from the bipotent trunk
epithelium [40,41]. After their specification, endocrine progenitors differentiate and delaminate
from the ductal epithelium [34,42], to eventually form aggregates. These proto-islets expand
by proliferation and become vascularized and innervated [43–46]. During this process, which
continues postnatally, the endocrine cells mature and islets acquire a compact spherical shape.
As result of β-cell proliferation, mature mouse islets consist of 60–80% β-cells [47], which are
located at the core, covered by α-, δ- and PP cells. During early postnatal life, β-cells mature into
their hormone-producing and glucose-responsive phenotype, a process that completes with the
introduction of a carbohydrate-rich diet after weaning [48–52] (Figure 1.3 D).
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1.4 Regulation of Pancreas Development

In the mouse, pancreatic development is first evident around E8.5 with the induction of Pdx1
expression in the primitive gut tube [53,54]. Twelve hours later, at E9, the pancreatic buds begin
to form, and at E9.5 expression of Ptf1a is initiated [55]. The expression of Pdx1 and Ptf1a is vital
for pancreas formation, as homozygous loss-of-function of Pdx1 or Ptf1a results in pancreatic
agenesis. Interestingly, in these animals, the initial buds are still formed but fail to develop,
suggesting a potential unidentified upstream regulator of pancreatic bud initiation [56–59]. Loss
of Pdx1 further leads to defects in gastro-duodenal development, as Pdx1 is widely expressed in
the foregut endoderm. During this stage of development, the expression of Pdx1 and Ptf1a is
regulated by several transcription factors (TFs), including Sox9, Hnf1β, Foxa1/2 and Cdx2 [60–63].
The exact mechanism by which these factors regulate Pdx1 and Ptf1a expression is not well
understood, but it is likely that their cooperative action together with downstreammediators
of common signaling cascades is required. There is also evidence that Sox9 and Pdx1 act in a
positive cross-regulatory loop and cooperatively govern the pancreatic lineage commitment [63].
Moreover, Sox9 is involved in the regulation of Hnf1b, Onecut1 and Foxa2, all of which are
expressed in MPCs, highlighting its important role in early pancreas development [62]. The
expansion of the MPC pool is also dependent on the expression of several other TFs, such as
Gata4/6, Onecut1, Hes1, Prox1 and Mnx1 [17,34] (Figure 1.4 A). Proper expansion of the MPC
pool is a key aspect, determining the size of the adult organ [64].

Induction and early development of the pancreas is governed by a number of signaling cues,
originating from the notochord and surrounding mesenchyme and endothelium. However,
these signaling cues are far less understood than the network of TFs they control. The notochord
releases activin-βB and FGF2 that repress endodermal sonic hedgehog (Shh) signaling, thereby
permitting pancreas induction [65]. Signaling from the mesenchyme via FGF10 and its receptor
FGFR2 has a pro-proliferative effect on the MPC pool and aids the growth of the pancreatic
buds. During bud formation, FGF10, FGFR2 and Sox9 form a feed-forward loop in which Sox9
expression is positively regulated by FGF10, which in turn regulates the expression of Fgfr2 to
receive FGF10 signals. Perturbation of this signaling loop leads to loss of pancreatic identity
and switching to a hepatic fate [66]. Another important pathway in early pancreatic growth is
Notch signaling, which is involved in the regulation of the cell cycle and important TFs such
as Sox9, and is required for maintenance and proliferation of MPCs. Disruption of the Notch
signaling pathway by deletion of the effector RBP-jκ or the downstream target Hes1 leads to
early arrest in pancreatic growth and premature endocrine differentiation [67–71].

Notch signaling is also essential for the segregation of the tip and trunk domains at the onset of
the secondary transition [38]. Repression of Notch signaling results in excessive tip formation at
the expense of the trunk domain, while constitutive activation of the pathway causes expansion
of the trunk domain and prevents tip formation, which is at least in part due to the activation of
Nkx6.1 [72–74]. The TFs Nkx6.1 and Ptf1a are the master regulators of the tip–trunk patterning
and while they are co-expressed in MPCs, their expression becomes restricted to the trunk
and tip compartment, respectively [74]. Both TFs act in a mutually repressive mode, where
Nkx6.1 induces trunk formation by repressing Ptf1a and the tip commitment. Conversely, Ptf1a
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Figure 1.4: Regulation of Pancreas Development. A: During primary transition, multipotent pancreatic progenitors are
marked by the expression of several genes, including Pdx1, Ptf1a, Sox9. B: Beginning with the secondary transition, tip
and trunk domain are established. This process depends on active Notch signaling to induce a trunk fate, while inhibiting
the tip fate via a regulatory loop involving Ptf1a and Nkx6.1. Tip and trunk cells can be distinguished by the expression of
several marker genes. C: Cells of the tip domain become restricted to an acinar fate,established by the synergistic action
of the PTF1-L complex and Nr5a2. In the trunk domain, bipotent progenitors give rise to ductal and endocrine cells in a
process that is also mediated by Notch signaling activity. While high levels of Notch activity favor a ductal fate decision by
repression of endocrine TFs via Hes1, low levels of Notch signaling allow Sox9 to activate the pro-endocrine TF Neurog3
which in turn represses Notch signaling and Sox9 to establish an endocrine cell fate. D: After endocrine specification, the
different endocrine cell types of the pancreas are segregating. The decision between the ɑ-cell and ꞵ-cell fate is regulated
by the TFs Arx, which represses the pro-ꞵ-cell TFs Pxa4, Nkx6.1 and Pdx1, and Pax4 which inhibits Arx and induces a ꞵ-cell
program. Figure modified, with permission, from [17].
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represses Nkx6.1 and the trunk fate, while inducing the commitment to the tip domain [74].
The committed cells of the tip domain are then characterized by the expression of Ptf1a, Nr5a2,
Cpa1 and Myc, whereas trunk cells are marked by the expression of Nkx6-1, Sox9, Hnf1b, Prox1,
Hes1 and Pdx1 [38,74–78] (Figure 1.4 B).

The transition of the non-committed MPCs to either tip or trunk fates is the first step in a series
of cell fate decisions in the pancreatic development. While the cells of the tip domain become
restricted to an acinar fate through the synergistic action of Ptf1a and Rbp-jl, which form the
PTF1-L complex, and Nr5a2 [79–83], the bipotent cells of the trunk compartment predomi-
nantly yield endocrine and ductal cells. During development, these cells can differentiate into
Sox9+/Hnf1β+ duct cells or Neurog3+/Pdx1+ endocrine progenitors. Notch signaling plays an
important role in this lineage decision as well. In the undifferentiated state, trunk cells express
Sox9, Hnf1β, Onecut1, Glis3 and Hes1, all of which are regulators of the endocrine determining
TF Neurog3 (alias Ngn3) [17]. While Sox9, Hnf1β, Onecut1 and Glis3 promote Neurog3 expres-
sion, Hes1 effectively prevents activation of Neurog3 [67,68,84,85]. Thus, while Notch signaling
is active, expression of Neurog3, and thereby the endocrine fate, is repressed. Scattered cells in
the trunk domain acquire lower levels of Notch activity, leading to reduced Hes1 levels. In these
cells, Hes1 mediated inhibition is lacking, which allows Sox9, in cooperation with other TFs, to
activate Neurog3 expression. Subsequently, Neurog3, together with TFs such as Foxa2, activates
its own expression and inhibits the transcription of Sox9 [86–88]. After Neurog3 expression is
established, the endocrine committed cells repress endocrine commitment of neighboring
cells by activation of Notch signaling, a process known as lateral inhibition [89] (Figure 1.4 C).
Expression of the endocrine master regulator Neurog3 subsequently induces the expression
of an endocrine gene program that includes Neurod1, Insm1, Irx1/2, Rfx6 Pax4 and Nkx2-2 [90].
While loss of Neurog3 activity results in a complete lack of endocrine cells, ectopic expression
of Neurog3 or its downstream target Neurod1 under control of the Pdx1 promoter leads to the for-
mation of hormone-producing cells, highlighting the key function of Neurog3 in the endocrine
formation process.

After specification of the endocrine progenitors, Neurog3+ cells delaminate from the ductal
epithelium and undergo a series of lineage decision and maturation steps in order to differenti-
ate into the specific endocrine cell types of the adult pancreas. This is achieved through the
stepwise activation of a complex regulatory network, governed by TFs that become progressively
restricted to the specific endocrine cell types. A well studied example is the decision between
α- versus β/δ-cell fates, which is controlled by the TFs Arx and Pax4, respectively. Initially co-
expressed in Neurog3+ progenitors, Arx and Pax4 aremutually repressive and their tight balance
is lost during differentiation, directing the cell fate in either one of the two lineages [91, 92].
When Arx levels are increasing, Pax4 and other pro-β-cell TFs, such as Nkx6.1 and Pdx1 are
inhibited and the α-cell fate is established in cooperation with a set of other TFs, including Pax6,
Rfx6, Brn4, Foxa2 and Mafb [93]. In contrast, if the balance tips towards Pax4 expression, Arx is
inhibited and cells differentiate into the β/δ-cell direction [94]. During this process, Nxk6.1 and
Pdx1 are of particular importance, as both directly repress Arx [91,92,95–98] and as development
progresses their expression becomes restricted to β-cells and to a subset of δ-cells, respectively.
Moreover, during β-cell development, the expression levels of both, Pdx1 and Nkx6-1, gradually
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increase, suggesting a dose-dependent function of TFs (Figure 1.4 D). Another important TF
during endocrine cell type specification is Nkx2.2, which is involved in both, the repression as
well as the induction, of Neurod1 in Neurog3+ endocrine progenitors, to induce α-cell or β-cell
fate, respectively [99]. This opposing function is likelymediated by cooperating cell type specific
TFs. In differentiated endocrine cells, Nkx2.2 is restricted to β-cells, where it is involved in the
maintenance of the β-cell identity by the repression of Arx and the α-cell program [100].

After endocrine cells have differentiated into the specific cell types, they undergo a maturation
process during which they acquire their glucose-responsive and hormone-producing phenotype.
In α- and β-cells this process is driven by two important TFs, MafA and MafB. After specification
both cell types expressMafb, but in the course of differentiation its expressionbecomes restricted
to α-cells, where it promotes maturation and α-cell identity [101,102]. In β-cells, on the other
hand, it is essential that the expression of Mafb is turned off and replaced by Mafa which is
critical for β-cell maturation and identity [103]. The expression of Mafa is regulated by several
TFs, including Neurod1, Nxk6.1, Nkx2.2, Foxa2, Rfx6 Pax6 and Glis3. Together with Pdx1, Nkx6.1
and Neurod1, MafA participates in the regulation of insulin expression [104–107]. Moreover,
Pdx1 and Nkx2.2 are essential factors for β-cell maturation. Mature β-cells are then marked by
the expression of Ucn3, Gck and Slc2a2 (Glut2) [35,108–110]

1.5 The Transcription Factor PDX1

Pancreatic and duodenal homeobox 1 (Pdx1) gene, formerly known as insulin promoter factor 1
(Ipf1), encodes a homeodomain containing TF and is part of the ParaHox cluster, located on
chromosome 13q12.1 in humans and on the syntenic region on chromosome 5qG3 in mice [111,
112]. The gene consists of two exons and its promoter regions contains three highly conserved
regulatory regions, which are located between 2800 bp and 1600 bp upstreamof the transcription
start site (TSS) and termed area I, II and III. In addition, there is a distal enhancer element, called
area IV, which is located 6500–6050 bp upstream of the TSS. These regulatory elements facilitate
binding of several TFs, including Hnf1β, Foxa1/2, Nkx2.2, Pax6, MafA as well as Pdx1 itself, all of
which regulate cell type specific expression of Pdx1 [60,113,114]. In humans, PDX1 is a protein
of 283 amino acids with an N-terminal transactivation domain, containing three conserved
subdomains (A–C) and a central antennapedia-like homeodomain, facilitating DNA binding, as
well as protein–protein interaction [115]. The homeodomain itself is comprised of three helices
that are flanked by proline-rich sequences and contain a nuclear localization signal (NLS), as
well as an antennapedia-like protein transduction domain (PTD), allowing Pdx1 to permeate into
cells [116–118]. Moreover, the proline-rich region, N-terminal of the homeodomain, contains
an antenna-type hexapeptide that is required for heterodimerization with the TF PBX1 [116,119].
The C-terminal region of Pdx1 contains a SPOP binding site, interacting with the E3 ubiquitin
ligase adaptor protein SPOP, which mediates PDX1 degradation [120, 121]. The C-terminal
domain also participates in protein–protein interactions and is important for the full activity
of PDX1, as mutations in this region are associated with T2DM and a reduced transactivation
capacity [113,122]. In addition, a PCIF1-interaction module (PCIF1-IM) has been discovered
within the C-terminal region of PDX1. The interaction with PCIF1 inhibits PDX1 transactivation
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Figure 1.5: Domain Structure and Mutations of PDX1. A: Schematic representation of the domain structure of human
PDX1 showing the N-terminal transactivation domain with its three subdomains, the N-terminal proline-rich domain, which
contains a hexapeptide, facilitating heterodimerization with PBX1, the DNA binding homeodomain with both, the protein
transduction domain (PTD) and the nuclear localization signal (NLS) and the C-terminal proline-rich domain, harboring the
PCIF1 interaction module (PCIF1-IM) and the SPOP binding site, which mediates degradation. B: Localization of disease
relevant mutations of PDX1 that are associated with MODY4, pancreatic agenesis, neonatal diabetes and T2DM.

activity, and mutation of the PCIF1-IM abolished the interaction with PCIF1 [123]. Moreover,
several phosphorylation sites have been identified in the Pdx1 protein and phosphorylation of
specific sites within the SPOP binding site have been reported to increased Pdx1 degradation
[113,124] (Figure 1.5 A).

During embryonic development, the first Pdx1 expressing cells can be detected at E8.5. They
are located in three domains on the dorsal and ventrolateral sides of the fore–midgut junc-
tion and give rise to the pancreatic buds and eventually the entire pancreas [41,54,58]. With
progressing development, Pdx1 expression broadens and is evident in the region that forms
the stomach, pancreas and duodenum. During later stages of development, Pdx1 expression
becomes gradually restricted to β- and δ-cells of the pancreatic islets, the Brunner’s glands
and the duodenal epithelium, as well as the pyloric glands of the stomach [41,58,125,126]. In
addition to its presence in the gastrointestinal tract, Pdx1 expression is also apparent in the
developing brain during neurogenesis [127,128].

Functionally, Pdx1 is essential for the development of the pancreas, antral stomach and duode-
num and the maintenance of the gastro-duodenal junction [56,58,126,129]. In the developing
pancreas, Pdx1 acts as master regulator and is a critical factor for the differentiation of all
pancreatic lineages [41]. The homozygous loss of Pdx1 function has been shown to causes
complete pancreatic agenesis [56]. Moreover, Pdx1-/- mice show defects in the entire posterior
foregut regions with disturbances in the gastro-duodenal junction, loss of Brunner’s glands and
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perturbed enteroendocrine differentiation in the stomach and duodenum [58,126,130]. In con-
trast, heterozygous loss of Pdx1 does not lead to developmental defects, but adult mice become
diabetic and β-cells are lost due to apoptosis [131–133]. Similarly, loss of function mutations
in humans cause pancreatic agenesis when they occur homozygously or monogenic diabetes
(MODY4) in heterozygous carriers [15,16,134,135]. However, not all heterozygous Pdx1 variants
lead to monogenic diabetes. Instead, most mutations are associated with T2DM [110,136–139]
(Figure 1.5 B). In contrast to the rich body of research, which established the important role of
Pdx1 in the development, function and homeostasis of the murine pancreas and β-cells, the
role of human PDX1 within these processes, and how they may be affected by mutations, is far
less understood.

1.6 Pancreas Development in Humans

Our understanding of human pancreas development is still very basic, since the access to
human samples is limited. Therefore, much of what is known about pancreas development
has been studied in animal models. While this allows the conduction of detailed studies using
genetic and other tools not available in humans, animal models cannot be translated directly
to human pancreas development, as some significant differences exist. In humans, initiation
of the pancreatic endoderm occurs at the Carnegie stage (CS) 9 and a ventral and dorsal bud
arises at CS13 [140]. However, unlike in mice, the developing human pancreas does not undergo
a primary transition and pancreatic progenitors do not express NKX2.2 [141,142]. Tip–trunk
patterning is established by CS19 at∼7 weeks post conception (wpc). During the following fetal
period, at 8 wpc Neurog3+ endocrine progenitors are rapidly emerging and the first embryonic
β-cells are beginning to appear [143–145]. Endocrine commitment, based on the expression of
Neurog3, peaks from 10–14 wpc and is ending at 26–35 wpc [143]. Starting at 10 wpc, endocrine
cells begin to form clusters, and developing islets, containing all endocrine cell types, can be
found by∼12–13 wpc [141,146]. Unlike in rodent models, the morphology of human islets is
changing during development. In the early stages∼14 wpc, β-cells are arranged in the core of
the islet, surrounded by peripheral α-cells. This structure is reminiscent of what is observed in
murine and small adult human islets. However, by ∼21 wps, as islets grow, α-cells and β-cells
become intermingled within the islet, which seems necessary for endocrine function [147]. The
mature glucose-responsive phenotype of human endocrine cells is, as seen in mice, established
during a phase of maturation in early postnatal life [148,149].

1.7 Modelling Human Pancreas Development & Disease with Stem Cells

Detailed knowledge of pancreas development is key to understand pancreas-associated diseases,
such as diabetes, so novel therapies for their treatment can be developed. Among the thera-
peutic routes currently investigated, are the replacement of lost and/or defective β-cells, and
the stimulation of endogenous β-cell regeneration [150,151]. To this end, human embryonic
stem cells (hESC), as well as induced pluripotent stem cells (iPSCs) are valuable tools, providing
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a promising approach to generate transplantable material, as they can be differentiated into
β-like cells. In the∼20 years that have passed since the first attempts to differentiate pancreatic
cells from hESCs, there have been great advancements in the protocols to differentiate func-
tional endocrine cells [152–155]. Today’s protocols apply the current knowledge of pancreas
development and recapitulate all developmental steps, from definitive endoderm (DE) to gut
tube (GT), to posterior foregut (FG), pancreatic progenitors (PP), endocrine progenitors (EP)
and eventually to β-like cells, by mimicking the signaling cues, active at each step (Figure 2.1 B).
The resulting β-like cells are mostly mono-hormonal and glucose-responsive, although not
at the level of primary β-cells [155–157]. In addition to their potential in β-cell-replacement
therapy, stem cell differentiations are a useful tool to study themechanisms of human pancreatic
development and disease pathomechanisms, as they help to overcome the limited access to
primary human material, as well as the species-specific differences, which are limiting the
use of animal models [17,151]. Monogenic forms of diabetes such as MODY, for example, are
best studied in human in vitro systems, since animal models fail to recapitulate the human
phenotypes [158,159]. Particularly interesting, to that end, is the use of patient-specific iPSCs
that provide a valuable source to study the mechanism leading to disease onset.

1.8 Intestinal Hormones in Glucose & Energy Homeostasis

It is well established that the pancreas plays an important role in maintaining the glucose
and energy homeostasis of the body. However, the intestinal endocrine system, as the largest
endocrine system of our body, is as important. In the intestinal epithelium, up to 20 different
types enteroendocrine cells (EECs) secrete a multitude of hormones, which regulate various
physiological responses, essential for the control of energy homeostasis in response to food
intake [160–163]. Traditionally, EECs have been classified by the principal hormone they secrete:
D-cells (somatostatin, Sst), enterochromaffin cells (ECs) (Serotonin, 5-HT), enterochromaffin-
like (ECL) (histamine), G-cell (gastrin, Gast), I-cells (Cholecystokinin, Cck), K-cells (Gastric
inhibitory peptide, Gip), L-cells (Glucagon-like peptide 1, Glp1), M-cells (motilin), N-cells (Neu-
rotensin, Nts), S-cells (secretin, Sct) and X-cells (ghrelin, Ghrl) [161]. In recent years, it has
been recognized that most EECs produce more than one hormone, making the classification
significantly more complex [162,163]. However, the letter code is well established and is still
useful to describe a population of cells that shares the expression of a particular hormone. The
secretion of most intestinal hormones rises after food ingestion. However, some hormones
such as Sst, motilin and the orexigenic hormones Ghrl and insulin-like peptide 5 (Insl5) are
released during the fasting state where they block gastric acid secretion (Sst) or promote food
intake (ghrelin, motilin and Insl5). After ingestion of a meal, Sst and Ghrl levels quickly drop to
reduce appetite and allow Gast and histamine-mediated acid secretion [161,164]. Moreover, food
intake triggers the release of a variety of hormones, regulating food digestion and absorption,
as well as the disposition of absorbed nutrients and satiety. In the duodenum, K-cells secrete
Gip, an incretin hormone that increases glucose-stimulated insulin release from pancreatic
β-cells [165, 166]. As the food moves further, the release of other hormones, including Cck,
secretin, Glp1/2 and Pyy is stimulated. Cck and secretin promote the release of bile acids from
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the gallbladder (Cck) and digestive enzymes and bicarbonate from the exocrine pancreas that
aid food digestion (Cck & Sct) [167, 168]. Cck, Glp1 and Pyy also exert an anorexigenic effect
and mediate postprandial satiety and reduce gastric emptying [161,167,169–175]. Together with
Gip, Glp1 also amplifies the release of insulin in response to elevated blood glucose levels. This
function is known as incretin effect and accounts for up to 70% of the total postprandial insulin
secretion, and is therefore an integral part in glucose homeostasis [176]. In the treatment of
T2DM, the insulin-releasing effect of Glp1 is exploited and long-acting Glp1 analogues, as well
as inhibitors of the dipeptidyl peptidase-4 (Dpp4), which mediates Glp1 degradation, are widely
prescribed antidiabetic drugs [27, 161, 177]. Thus, the important role of intestinal hormones
in the control of metabolism and energy homeostasis provide interesting therapeutic routes
for the treatment of metabolic syndrome or T2DM, and have generated great interest in EEC
research.

1.9 Architecture & Cellular Composition of the Intestinal Epithelium

The intestinal epithelium is organized in a crypt and villus structure made of millions of crypt–
villus units that maximize the absorptive surface. Each unit consists of a finger-like protrusion
of the epithelium, the villus, surrounded by multiple small invaginations into the submucosa,
the crypts of Lieberkühn [178]. The villi of the small intestine contain postmitotic, mature cells
that serve as a barrier to protect the organism and facilitate nutrient absorption. Underneath the
epithelial layer, a network of capillaries and lymph vessels transport the absorbed nutrients into
the body. Owing to the direct contact with the luminal content, the villus epithelium is exposed
to high levels of mechanical and chemical stress. To cope with these harmful conditions, the
intestinal epithelium is constantly renewing. The fast turnover leads to very short lifetimes of
mature cells of only 3–5 days, thereby effectively minimizing the exposure of individual cells to
their hazardous ambiance [179]. The crypts provide a protected environment, harboring the
intestinal stem cells (ISCs) and the rapidly proliferating progenitor cells (transit amplifying cells,
TA). The ISCs that are continually dividing, fuel the high turnover, necessary to maintain the
epithelial function. They divide approximately once per day to give rise to the highly proliferative
TA progenitors cells [180]. TA cells divide 2–3 times and gradually commit to the enterocyte
lineage, while being pushed out of the crypt and along the crypt–villus axis [179, 181]. After
3–5 days, when the cells reach the tip of the villus, they are shed into the gut lumen through a
complex process that maintains the integrity of the epithelial barrier [182] (Figure 1.6).

The intestinal epithelium contains 6 different mature types of cells, each of which serving
a specific function. With up to 80% of the epithelial cells, enterocytes (Ent) constitute the
largest cell fraction. They represent the absorptive lineage and are primarily responsible for the
uptake of water, sugar, lipids, peptides, vitamins and ions, and also reabsorb unconjugated bile
acids [184]. Microfold (M) cells are specialized absorptive cells, covering the Peyer’s patches.
They sample the content of the intestinal lumen and pass antigens to the underlying lymphoid
follicles of the Peyer’s patches, which contain high numbers of B and T cells [185]. The secretory
goblet cells (GCs) produce a protective mucus, coating the epithelial lining. The mucus layer
provides lubrication and acts as the first line of defense against physical and chemical injury.

13



1.9. ARCHITECTURE & CELLULAR COMPOSITION OF THE INTESTINAL EPITHELIUM

Figure1.6: Architectureof the Intestinal Epithelium. A:Scanningelectronmicrograph showing the structural organization
of the intestinal epithelium into crypt and villus units. B: Illustration depicting the organization of the intestinal epithelium.
At the crypt base, ISCs are located between PCs, and constantly devide to give rise highly proliferative TA progenitor cells.
The latter divide 2–3 times, differentiate into mature cells and migrate upwards along the crypt–villus axis. Cell that reach tip
of the villus undergo apoptosis and are shed into the intestinal lumen. Figure A modified, with permission, from [181,183].

Among the cells of the secretory lineage, GCs are the most frequent and recently, sentinel goblet
cells, a specialized subtype that is found at the entrance of colonic crypts has been described.
They sample their environment by endocytosis and secrete the mucus protein mucin 2 (Muc2)
upon detection of a bacterial threat. They also stimulate mucus secretion from neighboring
GCs to form a mucus barrier that effectively shields the crypt from pathogens and the digestive
process above [179, 186]. In contrast to the GCs, tuft cells (TCs) are the rarest cell type and
constitute less than 0.4% of the intestinal epithelium [187]. Recent evidence has shown that
TCs mediate a type 2 immune response, which is induced by infection with large metazoan
parasites such as helminths (parasitic worms), or the exposure to allergens. The immune
response causes a number of physiological reactions, including goblet cell hyperplasia and
smooth muscle hypercontractility [188,189]. Upon helminth infection, TCs secrete interleukin
(IL) 25 and activate tissue-resident group 2 innate lymphoid cells (ILC2) and recruited type 2
helper T cells (TH2), which in turn release IL-4 and IL-13 and trigger a feed-forward loop that
increases differentiation of GCs and TCs from ISCs, as well as TC proliferation [188,189]. EECs
also belong to the secretory lineage. They are scattered throughout the gastrointestinal tract
and represent less than 1% of the intestinal epithelial cells [190]. EECs constantly monitor the
composition of the luminal content and release a multitude of hormones in response to the
nutrients they are sensing. As described above, the released hormones exert diverse functions,
ranging from food intake (appetite and satiety), to intestinal motility and the release of digestive
enzymes to the secretion of insulin from pancreatic β-cells [160,161]. Like most other cell types
of the intestinal epithelium, EECsmigrate along crypt–villus axis, however at significantly lower
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speed. It has recently been shown that EECs exit the crypt∼60–80 hours after their specification,
suggesting a significantly longer life span of these cells, and a mechanism that allows EECs
to escape the migration front [191]. Moreover, EECs display hormonal plasticity and change
their hormone production as they move along the BMP signalling gradient, established down
the crypt–villus axis [191, 192]. The fourth secretory cell type are the Paneth cells (PCs). In
contrast to all other mature cell types of the intestinal epithelium, PCs are not found on the
villus surface, as they do not migrate along the crypt–villus axis. Instead, they move downwards
to the base of the crypt in a specific migration process that depends on ephrinB2, ephrinB3 and
phoshoinositide 3-kinase (PI3K) signaling [193,194]. PCs have a life span of up to 8 weeks and
secrete several antimicrobial peptides such as lysozyme, α-defensins and phospholipase A2,
which are essential for the protection of ISCs, as well as for the mucosal immunity along the
entire intestine [195–197]. In addition to their protective function, PCs constitute the primary
niche for ISCs.

At the crypt base, the Lgr5+ ISCs, also known as crypt base columnar (CBC) cells, are encom-
passed by PCs that stimulateWnt, Notch and EGF signaling pathways, which are essential for
ISC maintenance [198,199]. The direct contact with their niche cells is required for stem cell
maintenance and thus, every ISC is in contact with at least one PC. However, not only PCs pro-
vide niche signals for ISCs, but also the surrounding extra cellular matrix (ECM) and the stromal
cells embedded within the ECM provide short range signals, maintaining their stemness [200].
As such, several mesenchymal cell populations have been identified that supplyWnt ligands,
R-spondins, BMPs and BMP inhibitors [201–204]. ISCs that loose contact to their niche begin to
differentiate into one of the intestinal lineages. The number of available PCs contacts therefore
limits the size of the niche, which can accommodate on average 15 ISCs [179]. The limited niche
size also promotes competition of ISCs for niche contacts where dividing ISCs push each other
out of the stem cell niche, leading to a stochastic clonality of individual crypts [205,206]. The
dynamic of this competition ensures that even subtle differences in the fitness of ISCs have a
strong impact on their chances to remain in the stem cell zone [179]. Thus, ISC competition
provides a potent mechanism, inhibiting the formation of intestinal cancers, as tumor founding
cells have to acquire the ability to proliferate independently of the niche signals, before they
loose niche contact [207,208].

In addition to the CBC stem cells, long-term lineage tracing studies have identified a candidate
stem cell population of long-lived label-retaining cells that were predominantly found at the
+4 position, directly above the PC zone [209–211]. The expression of several marker genes
(Bmi1 [212], Tert [213,214], Hopx [215] and Lrig1 [216]) have been reported to be specific for +4
cells and genetic lineage tracing experiments have shown that cells, expressing these markers
are capable of regenerating the intestinal epitheliumafter injury [212–216]. Thus, the +4 stemcell
is considered a quiescent and radiation resistant reserve stem cell that is able to reconstitute the
pool of cycling ISCs (CBCs) as circumstances require [217]. However, in recent years, the concept
of dedicated reserve stem cells has been questioned, as the intestinal epithelium is increasingly
recognized as a highly plastic tissue, rendering intestinal regeneration as a complex and dynamic
process that might involve any type of progenitor or even mature cells [179,218–221].
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A possible mechanism underlying the high plasticity of the intestinal epithelium has been re-
vealed by studies comparing the epigenetic landscape of ISCs to progenitors and differentiated
cells. On the level of histone modifications and DNA methylation, the chromatin configura-
tion is highly similar during differentiation and in a generally permissive and open state, with
lineage-specific genes being primed for transcription already in the ISC population [222–226].
Consequently, such an enhancer configuration allows a high degree of plasticity and the specifi-
cation of the lineages is largely dependent on the presence or absence of lineage determining
TFs at key regulatory elements.

1.10 Regulatory Pathways in the Intestinal Epithelium

The complex, dynamic processes, shaping the intestinal epithelium are governed by several key
signalingpathways, includingWnt, EGF,Notch andBMPsignaling (Figure 1.7). TheWnt signaling
pathway is themain driver of proliferation and ISCmaintenance in the crypt. Consequently, ISCs
are completely lost whenWnt signaling is inactivated by the loss of Tcf7l2 (alias Tcf4), the main
effector of canonical Wnt signaling [227,228]. On the contrary, overactivation of the pathway is
associated with the development of intestinal tumors [229–231]. Owing to their poor solubility,
Wnt ligands act as short range signal, and most of the signaling activity in the crypt is mediated
by direct cell–cell contacts. In the crypt, PCs provideWnt3 that bind to the Frizzled receptors on
the surface of neighboring ISCs. Differentiating ISCs that leave the stem cell zone then transport
the surface-boundWnt ligands away from the crypt bottom and establish aWnt gradient, as the
amount ofWnts on the cell surface is halved with every cell division [232,233]. This mechanism
couples proliferation in the crypt to its main regulator and establishes a dynamic feedback
loop. If proliferation of ISCs is high,Wnt ligands are quickly diluted as many cells divide and
move up the crypt, leading to a depletion of the signal at the crypt base and thus a reduction
of ISC proliferation. On the other hand, if the proliferation of ISCs is low,Wnt ligands are not
transported upwards and accumulate at the bottom of the crypt and promote ISC division or
the dedifferentiation of progenitor cells. Thus, the gradient established through surface-bound
Wnt ligands is an effective mechanism to suppress tumors and to promote regeneration upon
loss of ISCs. In addition to the Wnt ligands produced by PCs, the cells from the underlying
mesenchyme are an essential supplementary source of Wnt signals [201–204]. R-Spondins,
a family of secreted, readily soluble proteins are another important component of the Wnt
pathway [234–236]. In the crypt, they bind to the Lgr4 and Lgr5 receptors, expressed by ISCs, and
potentiateWnt signaling activity by sequestering Rnf43/Znrf3 mediated degradation of Frizzled
receptors [237,238]. It has been shown that R-Spondins are required for ISC maintenance, as
the knockout of Lrg4/5 in the intestinal epithelium causes deprivation of ISCs, which resembles
the loss ofWnt signaling [234].

Epidermal growth factor (EGF) signaling is another important pathway in the intestine. ISCs
express the EGF receptor Erbb1, which is activated via its ligands EGF and transforming growth
factor-α (TGFα), produced by neighboring PCs [198]. EGF activity is linked to ISC proliferation,
and overactivation of the pathway in certain oncogenic mutants has been shown to increase ISC
proliferation and to give mutated ISCs an advantage in the competition with other ISCs in the

16



CHAPTER 1. INTRODUCTION

Figure 1.7: Main Signaling Pathways in the Crypt. Wnt and BMP lingands establish two opposing gradients along the
crypt–villus axis. At the crypt bottom, PCs and stromal cells surrounding the crypt secrete Wnt ligands, which are essential
for ISCmaintenance. Wnt signals are of very short range, as Wnt ligands have a poor solubility, which results the formation of
Wnt signaling gradient that quickly falls off with increasing distance to the crypt bottom. On the other hand, BMP ligands are
secreted from the intercrypt and intervillus mesenchyme. BMP signals counteract Wnt signals and promote differentiation.
To prevent BMP activity in the stem cell zone, BMP inhibitors are secreted frommesenchymal cells underlying the crypt, and
form a gradient of increasing BMP activity along the crypt–villus axis. The mesenchyme surrounding the base of the crypt
also provides R-spondins, which potentiate Wnt signaling, and EGF ligands, both of which are important for ISCmaintenance.
Thus, together with the PCs, which provide Notch and Wnt signals, the stromal cells around the crypt bottom form the ISC
niche. In addition, Notch is an important signaling pathway in the intestinal epithelium, since it promotes ISC stemness
and is involved in secretory cell differentiation. Via lateral inhibition, the progenitors of the secretory lineages, which are
characterized by high levels of the Notch ligand Dll1, send signals to neighboring cells to inhibit the secretory cell fate.

crypt [208]. In order to prevent neoplastic growth, ISCs tightly control the pathway’s activity by
the expression of the negative regulator Lrig1. Mice, deficient of Lrig1, have enlarged intestines
as a result of excessive crypt expansion [239]. On the other hand, blockage of EGF signaling
in intestinal organoid cultures stops organoid growth and inhibits ISC proliferation, however,
without disturbing ISC identity [240]. Thus, EGF signaling is important for the regulation of ISC
proliferation, but unlikeWnt or Notch signaling it is not required for ISC maintenance.

Notch signaling regulates several aspects of intestinal tissue homeostasis. Direct cell–cell
contacts are required for pathway activation, as both, the Notch receptor and the ligands (e.g.
Dll1 and Dll4) are membrane bound proteins. Activation of the pathway by a neighboring cell
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induces the expression of Hes1, the main effector of the pathway. Hes1 in turn blocks the
expression of Atoh1, a transcription factor essential for the formation of secretory cells in the
intestinal epithelium. The inhibition of Atoh1 also downregulates the expression of Notch
ligands [241]. Thus, a signal-sending cell prevents all neighboring signal-receiving cells from
sending a signal themselves, a mechanism known as lateral inhibition. In the intestine, Notch
signaling activity blocks the differentiation of secretory cells and therefore determines the ratio
of absorptive to secretory progenitors, and helps to maintain the stemness of ISCs at the crypt
base. Hence, active Notch signaling is observed in ISCs and TA cells just above the stem cell
zone, activated by PCs (Dll1 and Dll4) and secretory progenitors (Dll1) respectively [198,218,242].
The importance of Notch signaling in the specification of the absorptive and secretory lineage
is also highlighted by loss-of-function experiments. If Notch activity is blocked, all progenitor
cells adopt a secretory fate [243,244]. Likewise, overexpression of Atoh1, forces differentiation
of secretory cells, while loss of Atoh1 results in the complete absence of secretory cells [245,246].
Moreover, the specific activation of Notch signaling in Neurog3+ endocrine progenitors drives
these cells to differentiate into GCs and enterocytes [247]. This indicates that in addition to the
role in the initial absorptive versus secretory lineage decision, Notch signaling is also involved
in the specification of the goblet and endocrine lineage.

BMP signaling, the fourth major signaling pathway in the intestinal epithelium, opposes the
function ofWnt, Notch and EGF by counteracting proliferation and promoting differentiation.
BMPs belong to the TGFβ superfamily of ligands and bind to the complex of type I and type
II BMP receptors. Upon receptor activation, Smad1, 5 or 8 are phosphorylated, bind to the
common Smad4 and translocate to the nucleus, where they engage in gene regulation [248].
BMP2 and BMP4 are the main ligands in the intestine and both are secreted from intercrypt
and intervillus mesenchymal cells [249, 250]. In conjunction with BMP antagonists such as
Noggin, Gremlin 1/2 or Chordin-like 1, which are secreted by mesenchymal cells beneath
the crypts, a gradient of BMP activity is formed along the crypt–villus axis [204, 251, 252]. If
Bmpr1a, the main BMP receptor in the intestine is conditionally deleted, or BMP inhibitors
are ectopically overexpressed, the ISC and TA compartments expand and benign polyps are
forming [250,251,253]. Thus, active BMP signaling has an inhibitory effect on proliferation and
supports cell differentiation. In order to maintain the proliferative environment of the ISC zone,
BMP antagonists are required to balance BMP signaling activity. As a result, decreasingWnt and
increasing BMP activity enable the gradual progression of differentiation along the crypt–villus
axis.

1.11 Specification of the Intestinal Cell Types

All cell types of the intestinal epithelium are derived from the ISCs at the crypt bottom (Fig-
ure 1.8). Once they leave the stem cell zone, they start to differentiate and, guided by Notch
signaling activity, undergo the first fate choice between the absorptive and secretory lineage.
The absorptive fate is defined by active Notch signaling, which inhibits the expression of the
secretory TF Atoh1, and is the prevalent outcome of this decision, since it is determined by
lateral inhibition [241]. In mice, deletion of Atoh1 mimics the outcome of constitutively active
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Notch signaling and all progenitor cells adopt an absorptive enterocyte fate [246,254,255]. Thus,
ISCs that maintain contact to Dll+ cells after they leave the high-Wnt setting of the stem cell
zone differentiate into TA enterocyte progenitors. After 2–3 rounds of cell division, enterocyte
progenitors leave the TA zone and become fully differentiated enterocytes as they experience
higher BMP signaling activity [179]. Unlike the other intestinal cell types, specialized absorptive
M cells, found on the surface of the Peyer’s patches, are not necessarily specifiedwithin the crypt.
Instead, they are generated, when enterocytes or their progenitors receive RANKL signals, sent
by the subepithelial stromal cells, which cover the Peyer’s patches. RANKL-mediated activation
of RANK then initiates the expression of the TF Spib, which is essential for the formation of M
cells [256–258].

Figure 1.8: Lineage Decisions in the Intestinal Epithelium. Schematic representation of the differentiation paths from
ISCs to the mature cell types of the intestinal epithelium and the main signals and TFs involved.

Tuft cells, which mediate the mucosal immune response, are considered to belong to the
secretory lineage. Their specification depends on the inhibition of Notch signaling but, in
contrast to the other secretory cell types, they seem tobe specified independently of the secretory
TF Atoh1 [187, 254, 259]. Instead, Sox4 has been shown to be an important regulator of TC
differentiation. Recently, a population of Sox4+/Atoh1- cells has been identified as TC progenitors
and the conditional deletion of Sox4 leads to decreased numbers of TCs [259]. Another TF,
essential for TC differentiation is Pou2f3, which is specifically expressed in TC. It is required
for TC differentiation and deletion of Pou2f3 completely abolishes TC formation [189]. TC
numbers are also regulated in response to parasite infection. The immune reaction triggered
by TCs induces the release of IL-4 and IL-13 from ILC2 and TH2 cells, which activate Sox4
expression and increase TC numbers by inducing differentiation from ISCs, as well as TC
proliferation [188,189,259].

Goblet cells are the default differentiation path for cells which have left the high-Wnt envi-
ronment of the ISC zone and turned off Notch signaling. Upon genetic or pharmacological
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inhibition of Notch activity, or the forced expression of Atoh1, all proliferative progenitors in the
crypt convert to postmitotic goblet cells [243–245]. Next to Notch-mediated lateral inhibition,
Shp2-mediated mitogen-activated protein kinase (MAPK) signaling is important for decision be-
tween the GC and PC fate [260]. Conditional ablation of Shp2 in the intestinal epithelium results
in reduced MAPK signaling activity and lower GC numbers, while promoting PC development.
On the other hand, activation of Mek1 can rescue the Shp2 deletion phenotype and promotes GC
generation at the expense of PCs [260]. In addition, the differentiation of GCs depends on the TF
Spdef, which is demonstrated by the accumulation of immature secretory progenitors in Spdef-/-
mice [261, 262]. GCs are also targeted by the TC-mediated type 2 mucosal immune response.
The release of IL-4 and IL-13 upon parasite infection also causes GC hyperplasia, however, via
an unknown mechanism [188,189].

The differentiation of Paneth cells, depends on the expression of theWnt target gene Sox9 and
thus, the presence of highWnt signals [199,263–265]. In the case of PC deletion, ISCs lose their
Notch signals and start to differentiate. In the high-Wnt environment at the crypt base, the PC
lineage is the favored differentiation path. When the first PCs are formed, they provide Notch
ligands and other niche factors and maintain stemness in neighboring cells [241]. Next toWnt
signaling, fibroblast growth factor (FGF) andmitogen-activated protein kinase (MAPK) signaling
are important for the formation of PCs. The deletion of the FGF receptor gene Fgfr3 results in a
strong reduction in PC numbers. Conversely, the deletion of Shp2 reduces MAPK signaling and
increases the numbers of PCs, at the expense of GCs [260]. Consistently, the activation of Mek1
reduces the numbers of PCs [260].

Enteroendocrine cells belong to the secretory linage and their differentiation is also dependent
on the inhibition of Notch signaling and the concomitant expression of Atoh1 [246,254,255]. In
addition, EEC formation depends on blockedWnt and MAPK signaling, to prevent PC and GC
differentiation, respectively [240]. Moreover, Sox4 has recently been identified as important
factor for EEC differentiation, as reduced numbers of EECs were detected upon the conditional
deletion of Sox4 in the intestinal epithelium [259]. The main driver of EEC differentiation,
Neurog3, is activated downstream of Atoh1 and Sox4 and is transiently expressed during a
narrow window in EEC differentiation. While the knockout of Neurog3 leads to a complete
loss of all EECs [266], the forced expression of Neurog3 in the intestine introduces a strong
bias, favoring the differentiation of EECs on the expense of GCs, but does not significantly
alter the overall intestinal morphology [267]. Following Neurog3 expression, several endocrine
TFs, including Neurod1, Arx, Isl1, Pdx1, Nkx6.1 and Nkx2.2 are switched on and establish the
endocrine identity [268–270]. In addition, a recent study identified a large panel of putative EEC
regulators and showed that the TFs Rfx3, Tox3, Runx1t1, Myt1 and Zcchc12 are important for
EEC differentiation [191]. Interestingly many of the genes expressed during EEC differentiation
are also important for the development of pancreatic endocrine cells. As described above, EECs
are a heterogeneous group of up to 20 different subtypes, each of which defined by a specific
combination of TFs. However, the exact mechanisms, which define the different subtypes are
not fully understood, and only a few regulators are known. For example, Pax4 and Arx are
involved in the specification of the EC, D- and S-cell fates versus other EEC fates [191,268]. As
observed in the pancreatic endocrine cells, also in EEC progenitors, Pax4 and Arx are mutually
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repressive, and subtypes are specified as the balance between the two TFs tips in one direction.
When Pax4 expression dominates, cells are directed towards an EC, D- or S-cell fate and, vice
versa, when the balance tips towards Arx expression, cells adopt a non-EC/D/S fate [191,268,271].
Another TF that is involved in the differentiation of certain EEC subtypes is Foxa2. The combined
knockout of Foxa1 and Foxa2 in the intestinal epithelium results in the complete loss of Glp-1/2
producing L-cells and reduced numbers of Sst expressing D-cells, as well as Pyy producing
L-cells. In addition, GCs were defective and also reduced in numbers [272]. Recently, BMP
signaling has been shown to regulate hormonal plasticity in EECs [192]. Individual EECs change
their hormone expression profile, and express certain hormones preferentially in either crypts
(e.g. Glp1) or villi (e.g. Sct). These changes in hormone production are mediated by the BMP
signaling gradient along the crypt–villus axis. As EECs migrate towards the villus tips, increased
signaling via BMP4 induces the switch in hormone expression of individual EECs [192].

Based on the cellular function and the principles of their differentiation, intestinal cell types
are separated into the absorptive (enterocytes and M-cells) and secretory (EECs, GCs, PCs, TCs)
lineages. The traditional model of cell differentiation proposes the existence of an absorptive
progenitor, i.e. the TA cells, and a multipotent secretory progenitor that can generate all four
secretory cell types. This secretory progenitor is specified via Notch-mediated lateral inhibition
and is characterized by the expression of Atoh1 and high levels of Dll1 [179, 218, 273, 274].
However, the potency of secretory progenitors is controversial and the exact mechanisms
that drive the differentiation of the individual cell types are not yet fully understood [191,218,
259–261, 264, 273, 275–278]. In recent years, different models have been proposed, including
multipotent [218,273,278] and bipotent [259,276,277] progenitors, or the direct specification
from ISCs [179,221]. Work form our group shows thatWnt/planar cell polarity (PCP) signaling
primes Lgr5+ ISCs to directly differentiate into either PCs or EECs and suggests thatWnt/PCP
signaling precedes Notch-mediated lateral inhibition [279]. Thus, in our current model, all
intestinal cell types are directly specified from ISCs. This does not contradict the mechanisms
of cell type specification and differentiation described above but suggests that under normal
conditions, a primed ISC is determined to differentiate into a specific cell type, even though it
experiences common signaling cues (i.e. Notch andWnt signaling) and goes throughmolecularly
similar stages (i.e. Dll1+/Atoh1+).

1.12 The FoxA Pioneer Transcription Factors

Foxa2 is a member of the forkhead (Fox) family of TFs, which are evolutionary conserved
and found from yeast to humans [280]. The forkhead (fkhd) gene was originally identified in D.
melanogaster sincemutations cause defects in the head fold involution, leading to a characteristic
forked head appearance in adult flies [281]. In human and mouse, 44 different Fox genes have
been recognized and are categorized into the subclasses A to S based on sequence similarity
[282–284]. All Fox proteins share a highly conserved winged-helix or forkhead DNA-binding
domain that is composed of three α-helices arranged in a helix-turn-helix core at the N-terminus,
and two antiparallel β-strands with two less conserved winged loops at the C-terminus [285,286].
DNA recognition is mostly mediated by the third helix, which is inserted into the major groove
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of the DNA double helix. Owing the high conservation of the DNA-binding domain, most Fox
TFs bind the canonical forkhead consensus sequence [280].

The threemembers of the FoxA subclass, Foxa1, Foxa2 and Foxa3, have been identified in the rat
liver and were therefore initially termed hepatocyte nuclear factors 3 (HNF3) α, β and γ [287]. Of
all the mammalian Fox genes, Foxa2 shares the highest degree of homology with the originally
discovered Drosophila fkhd gene [280]. The Foxa2 protein is comprised of two transactivation
domains at the N- and C-terminus, respectively, and the conserved winged-helix DNA binding
domain, which is flanked by two nuclear localization signals on both sides [288]. The three
members are 95% identical within the forkhead domain, but the identity is less in the rest
of the protein [288]. Interestingly, the structure of the DNA-binding domain of the FoxA TFs
has been shown to resemble the structure of linker histones H1 and H5. This is an important
feature of these TFs, as it allows them to access compact chromatin and induce local chromatin
decompaction, which enables the binding of other TFs [289–292]. Moreover, the C-terminal
region is able to interact with the core histones H3 and H4 [289].

The expression patterns of Foxa1, 2 and 3 are distinct in different tissues during development
and adulthood but are often overlapping [288]. At E6.5, Foxa2 is the first to be expressed in the
primitive streak and node of the developing embryo. Shortly after, at E7.5 expression is detected
in the mesoderm and definitive endoderm, and continues to be expressed in endoderm-derived
organs, such as pancreas, liver, lung and intestine, during adulthood. Studies of conditional
deletions of Foxa2 have shown that Foxa2 alone is not essential for normal liver development but
is required for the correct formation of the lung [293,294]. Moreover, conditional Foxa2-/- mice
showdefects in endocrine pancreas differentiation and thematuration of α- and β-cells, resulting
in impaired glucose homeostasis. However, the comparatively mild phenotypes of individual
FoxA deletions suggested that FoxA factors can compensate for each other [280]. Indeed, the
simultaneous deletion of Foxa1 and Foxa2 results in complete liver and near-complete pancreatic
agenesis, as well as defects in the differentiation of EECs and GCs in the intestine, demonstrating
that these factors can compensate for each other [60,272,295]. Moreover, it was observed that
Foxa3 is upregulated upon late-gestational deletion of Foxa1 and Foxa2, and that in absence of
Foxa1 and 2, Foxa3 can bind to Foxa1/2-specific target sites.

To study the function of Foxa2 during organ development and homeostasis a fluorescent Foxa2-
Venus fusion (FVF) reporter mouse line has been generated in our lab [296]. The FVF knock-in
reporter is expressed under the endogenous Foxa2 promoter and the protein fusion does not
interfere with the function of Foxa2, since homozygous mice are viable, fertile and do not
display any obvious defects. Careful characterization of the spatial and temporal reporter
activity showed that the FVF fluorescence faithfully reflected endogenous gene expression
patterns in several tissues, including the gastrointestinal tract. Together, the FVF reporter
line allows direct observation of Foxa2 expression using static and live-cell imaging or FACS
analysis [296].
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1.13 Aim of the Thesis

This thesis is principally divided into two separate parts that aim to analyze the function of the
TF PDX1 in early human pancreas development and the role of the pioneer TF Foxa2 in the
onset of enterendocrine differentiation in the small intestine, respectively.

Pdx1 is a master regulator of pancreas development. It is expressed throughout pancreatic
organogenesis and becomes restricted to β-cells and δ-cells in the mature organ. Heterozygous
mutations in the PDX1 gene are associated with MODY and T2DM, and the homozygous loss
causes pancreatic agenesis. The role of Pdx1 in pancreatic development and β-cell function is
well described in model organisms such as the mouse. Owing to the restricted access to primary
human material, much less is known about the function of PDX1 during human pancreas
development. In the first part of this thesis, we wanted to understand how PDX1 regulates early
pancreas development in humans and if PDX1 exerts different functions during development and
in adulthood. Moreover, we were interested in whether T2DM-associated SNPs are enriched in
active regulatory regions of pancreatic progenitors, to examine if pancreas development might
affect the susceptibility to T2DM. Furthermore, we wanted to know howmissense mutations
in the PDX1 coding region impact pancreas and β-cell development, and if they predispose to
T2DM. This will show causality between PDX1 function and T2DM, and identify target genes
that are sensitive to impaired PDX1 function, which could aid in the improvement of diagnosis
and therapy of diabetic patients.

Intestinal hormones, released by enteroendocrine cells in response to food intake, are important
regulators of energy and glucose homeostasis and play a role in the development of T2DM.
Enteroendocrine cells are derived from intestinal stem cells but the exact mechanisms and
factors driving their differentiation are not fully understood. One transcription factor, which is
implicated in the differentiation of a subset of enteroendocrine cells, is Foxa2. In the second
part of this thesis, wewere interested in the role of Foxa2 during enteroendocrine differentiation.
We asked whether the Foxa2 levels influence fate decisions and if Foxa2 acts as pioneering factor
to activate regulatory elements involved in enteroendocrine cell formation. This will improve
our understanding of intestinal endocrinogenesis, which is important for the development of
novel incretin-based therapies for the treatment of metabolic diseases.
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2 Results

2.1 The Role of PDX1 in Early Pancreatic Progenitors

Diabetes mellitus is a heterogeneous group of metabolic disorders, characterized by high blood
glucose levels, caused by defects in insulin secretion, insulin action or both [1,2]. The major
forms of diabetes include type 1 diabetes mellitus, type 2 diabetes (T2DM), gestational diabetes
and maturity onset diabetes of the young (MODY). MODY is a group of monogenic, autosomal-
dominant inherited forms of diabetes that result frommutations in key genes, regulating β-cell
development and function. One of the genes that can cause MODY when mutated at certain
sites is PDX1, which encodes for the TF pancreatic and duodenal homeobox 1 (PDX1), a mas-
ter regulator of pancreas and β-cell development. In mice with homozygous loss of Pdx1 the
pancreas fails to develop and a heterozygous loss causes diabetes during adulthood due to
β-cell apoptosis [131–133]. Although the function of Pdx1 is well studied in pre-clinical models,
the precise function of its human ortholog during human pancreas development is still poorly
understood. Moreover, it is unclear how PDX1 regulates its downstream transcriptional program
and to which extent mutations of the gene impact its function.

To further the understanding of PDX1 function in pancreas development and how mutations of
PDX1 affect pancreas and β-cell development, we made use of donor-specific iPSCs. We gener-
ated three novel iPSC lines from one healthy female donor (XM001) [297] and two female donors
with impaired insulin secretion who carried heterozygous PDX1C18R/+and PDX1P33T/+missense
mutations, respectively [298,299]. They were identified by screening a large cohort of human
subjects with a high risk to develop T2DM [300]. Furthermore, we generated three isogenic cell
lines carrying homozygous PDX1C18R/C18Rand PDX1P33T/P33Tmutations, as well as a heterozygous
PDX1+/-loss-of-function mutation from the XM001 control iPSC line [301]. The iPSC lines were
generated from primary skin fibroblasts by reprogramming them with three episomal plasmids,
encoding OCT4, SOX2, NANOG, LIN28, KLF4 and L-MYC in a three stage protocol (Figure 2.1 A).
All iPSC lines had a normal karyotype and were episomal vector integration-free. To study
PDX1 function and the impact of PDX1 mutations, iPSCs were differentiated into β-like cells
(Figure 2.1 B) and characterized bymeans of expression of specificmarkers and their ability to se-
crete insulin in response to a glucose stimulus. In brief, we found that early stages of pancreas de-
velopmentwere normal inPDX1P33T/+andPDX1C18R/+cells, while later stages of developmentwere
significantly impaired and fewer β-like cells were generated, which were also less responsive
to glucose. Cells with homozygous PDX1P33T/P33Tand PDX1C18R/C18Ror heterozygous PDX1+/-mu-
tations differentiated into PP1 cells with normal efficiency (∼90%) but expression of PDX1 was
reduced in PDX1P33T/P33Tand PDX1+/-PPs. At the PP2 stage, PDX1P33T/P33Tand PDX1+/-had fewer
PDX1+/NKX6.1+ cells compared to PDX1C18R/C18Rand XM001 control cells. Differentiation into β-
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Figure 2.1: Generation and Differentiation of IPS Cell Lines. A: Schematic representation of the reprogramming steps
used to generate iPSC lines. B: Schematic representation of the protocol used for iPSC differentiation. Figure Bmodified
from [301] under a Creative Commons license.

like cells showed that all isogenicmutant cell lines generate fewer C-peptide-positive cells, fewer
monohormonal C-peptide-positive cells and fewer cells expressing both, C-peptide and NKX6.1.
Functional analyses of mutant β-like cells by glucose stimulated insulin secretion assays showed
impaired glucose responsiveness, and gene expression analyses revealed deregulation of impor-
tant β-cell genes [301]. Moreover, iPSCs derived PPs were characterized by transcriptome pro-
filing and the genome-wide identification of PDX1 binding sites. This work has been published
[297–299,301] and the data on genomics of these publications are presented in this section.

2.1.1 Expression Profiling of XM001 iPS & PP Cells

The XM001 cell line generated in our lab has the potential to efficiently differentiate into pan-
creatic progenitors (PPs), as shown by immunofluorescent imaging and flow cytometry anal-
ysis [297]. In order to profile the gene expression changes, characteristic for the differentiation
process from iPSCs to PPs, we performed Affymetrix microarray analysis on XM001 cells at
the pluripotency and PP stages. Differential expression analysis identified 2658 differentially
expressed genes (fold change≥2 and FDR≤5%), including several important pancreatic genes
such as HNF1B, SOX9, ONECUT1, HHEX, FOXA2 and RFX6 that were, as expected, upregulated
in PPs compared to iPSCs. On the other hand, pluripotency-associated genes, including NANOG
and SOX2 were specifically expressed in iPSCs and downregulated during PP differentiation
(Figure 2.2 A). In addition, we performed ontology and pathway analysis to better understand
the biological implications of the expression differences that we observed. Genes in GO terms,
associated with epithelial differentiation, (early) pancreas and β-cell development or MODY
were upregulated in XM001 PPs. Genes, associated with pluripotency, embryonic stem cells,
cell cycle and proliferation were downregulated in differentiated PPs (Figure 2.2 B). Moreover,
gene set enrichment analysis (GSEA) showed a clear enrichment of genes from the GO terms
endocrine pancreas development and pancreas development in PP cells compared to iPSCs
(Figure 2.2 C). To verify the microarray results, we tested the expression of several important
genes involved in pancreas development (HHEX,HNF1B,MEIS1, ONECUT1, PDX1, PTF1A, RFX6,
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Figure 2.2: XM001 PPs Express Pancreas Specific Genes. A:MA plot showing the mean log2 expression against the log2
fold change of the differential expression analysis, comparing microarray data from XM001 PPs and iPSCs. Genes with
significantly different expression (log2 fold change≥1 and adjusted p-value≤0.05) are shown in green (higher expression
in PPs) or brown (higher expression in iPSCs). B: Bar graph of p-values from selected GO terms and KEGG and Reactome
pathways from differentially expressed genes, shown in A. C: Gene set enrichment analysis of pancreas related GO terms.
D-F: qPCR validation of the expression of pancreas (D), endocrine (E) and stem cell (F) related genes in XM001 iPSCs and PPs
(n = 3). Errorbars, standard deviation (SD). Figure modified from [297] under a Creative Commons license.

and SOX9), endocrine formation (NKX2-2, NKX6-1) and stem cell maintenance (NANOG, OCT4)
by quantitative PCR (qPCR) and validated the results from themicroarray screen (Figure 2.2 D-F).
Thus, after 10 days of in vitro differentiation, XM001 iPSCs were efficiently differentiated into
PP cells, characterized by the expression of PDX1 and other lineage-specific genes and the
downregulation of pluripotency genes.

2.1.2 The Enhancer Landscape of XM001 PP Cells

The correct specification of tissue and cell type-specific enhancers is an integral part of the
differentiation of individual cell types [302]. The histone modification H3K27ac is associated
with active regulatory elements [303–307] and is widely used to profile the active enhancer
landscape. We therefore analyzed H3K27ac in XM001 cells after 10 days of differentiation using
chromatin immunoprecipitation followed by next generation sequencing (ChIP-seq) . H3K27ac
was enriched around TSS and the levels of H3K27ac at the promoters correlated with the ex-
pression levels of corresponding genes (Spearman’s ρ= 0.57, Figure 2.3 A-B). Recently, Wang
et al. [302] thoroughly characterized the progression of chromatin activity during several stages
of pancreatic endoderm differentiation (embryonic stem cells (ESCs), definitive endoderm (DE),
gut tube (GT), posterior foregut (FG; corresponds to PP stage of this study) and late pancreatic
progenitors/pancreatic endoderm (PE)) using H3K27ac and showed that the chromatin state
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Figure 2.3: H3K27ac in XM001 PPs. A: Scatter plot of H3K27ac log2 read counts from 1 kb regions around TSSs against the
log2 microarray expression values of the corresponding genes. Spearman’s rank correlation shows a positive correlation
between the amount of H3K27ac at promoters and the expression of the gene (ρ= 0.57). Vertical dashed lines indicate the
expression thresholds for genes with no or weak, medium and high expression, as used in B. B: H3K27ac coverage profile of
2 kb regions around TSSs shows an enrichment of H3K27ac at TSSs that is increasing with increasing gene expression. C:
Hierarchical clustering of Pearson correlation coefficients from H3K27ac data from XM001 and published datasets [302] from
embryonic stem cells (ES), definitive endoderm (DE), gut tube (GT), posterior foregut (FG) and pancreatic endoderm (PE)
cells. Figure C is modified from [297] under a Creative Commons license.

at lineage-specific enhancers is crucial for developmental competence. We next compared our
H3K27ac profile to those fromWang et al. [302] to test if XM001 PPs have a similar pattern of
H3K27ac. Unsupervised hierarchical clustering of H3K27ac profiles showed that XM001 PPs
cluster together with FG and PE cells derived from hESCs, indicating that our iPSC-derived PPs
represent an early stage of pancreas development, shortly after PDX1 induction (Figure 2.3 C).
Thus, despite the different origin of cells and the different protocols used to generate PP-/PE-
stage cells, the landscape of active enhancers as defined by H3K27ac is highly similar.

2.1.3 Characterization of PDX1 Binding in XM001 PP Cells

The transcription factor PDX1 plays a crucial role in the specification and differentiation of
the pancreatic lineages. In mouse, expression of Pdx1 becomes evident at E8.5–9 and is nec-
essary for pancreas development, as homozygous Pdx1 knock out mice suffer from pancreatic
agenesis [56,57]. During later stages of development, Pdx1 becomes restricted to β-cells and
δ-cells [41,54,58,125,126]. Thus, we were interested in transcriptional targets of PDX1 to gain
insight into the development of the human pancreas.

In order to profile genome-wide PDX1 binding sites in human PPs, we performed ChIP-seq
analysis in XM001 iPSCs after 10 days of differentiation, a time point at which PDX1 is ro-
bustly expressed in ∼85% of the differentiated cells [297]. In total, we identified 8088 PDX1-
bound sites and 5664 associated putative target genes with PDX1 binding sites within 20 kb
of their TSSs or within their gene bodies. These genes include PDX1 itself and other im-
portant pancreatic genes such as RFX6, MEIS1 and the MODY-gene HNF1B (Figure 2.4 A).
PDX1-bound regions were predominantly found in intergenic (44.2%) and intronic (40.4%)

28

https://creativecommons.org/licenses/by-nc-nd/4.0/


CHAPTER 2. RESULTS

Figure 2.4: Characterization of PDX1 Binding in XM001 PP Cells. A: ChIP-seq data tracks showing the enrichment of
H3K27ac (blue) and PDX1 (red) at the loci of selected important pancreatic genes. B: Distribution of PDX1 binding sites across
genomic features shows preferential binding to intergenic and intronic regions. C:Meta-gene profile plot showing enrichment
of PDX1 binding sites around TSSs displayed as binding sites per bp per gene over the genomic regions of all RefSeq genes. D:
Most enrichedmotif discovered by de novomotif analysis resembles the known PDX1 consensus sequence and is identified
in 62.2% of all PDX1-bound sequences. E: ChIP-seq coverage profiles of H3K27ac (blue) and PDX1 (red) at PDX1 binding sites
shows enrichment of H3K27ac at PDX1-bound sites. F:Read count of H3K27ac at the 8088PDX1binding sites in XM001PPs and
at three sets of 8088 random sites of the same length distribution. H3K27ac is enriched > 5.6× at PDX1-bound sites compared
to the random sites. For all comparisons, p-value < 2.2×10-16. Figure modified from [297] under a Creative Commons license.
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regions but are enriched at promoter regions that harbor 11.3% of the binding sites (Fig-
ure 2.4 B-C). To identify sequence motifs, enriched in PDX1-bound sites, we performed de
novo motif analysis and found that the most enriched motif is present in 62.2% of the bind-
ing sites and resembles the known binding motif of PDX1, confirming the specificity of the
PDX1 ChIP-seq approach (Figure 2.4 D). Moreover, we found that the histone modification
H3K27ac is significantly enriched at PDX1 binding sites. Compared to a set of random sites of
the same length distribution, H3K27ac was enriched > 5.6× at PDX1-bound sites (Figure 2.4 E-
F).

2.1.4 Functional Characterization of PDX1-Bound Genes in XM001 PPs

In the next step, we integrated the PDX1 binding profile with the expression data from XM001
PPs and examined the function of PDX1-bound genes. From the 5664 PDX1-bound genes, 4523
were covered by the microarray and 755 of the PDX1-bound genes were differentially expressed
between iPSC and PP stage XM001 cells. This accounts for 28.5% of all differentially expressed
genes between these two developmental stages (Figure 2.5 A). Among the PDX1-bound genes that
are specifically expressed in PP cells, we found several important pancreatic genes, including
RFX6, FOXA2,HNF1B andMEIS1. Of note, we also found RFX3 andDLL1 among the upregulated
putative PDX1 target genes which are known to be involved in endocrine differentiation in the
mouse [67, 308, 309], suggesting a potential role of these genes also during human pancreas
development (Figure 2.5 B). GO term and pathway analysis further confirmed that PDX1-bound
genes, expressed in XM001 PP cells were associated with pancreas, endocrine and β-cell devel-
opment and revealed that they are also enriched in Notch and Hippo signaling pathway genes
(Figure 2.5 C). These results suggest that PDX1 induces a pancreatic program and primes for
endocrine differentiation.

Figure 2.5: Functional Characterization of PDX1-Bound Genes in XM001 PPs. A: Venn diagram showing the overlap
between PDX1-bound genes and the differentially expressed genes identified by microarray analysis. B:MA plot of the mean
log2 expression against the log2 fold change of PDX1-bound genes. Differentially expressed genes are plotted in green (higher
expression in PPs) or brown (higher expression in iPSCs). C: Bar chart of log10 p-values from enriched GO terms and KEGG
and Reactome pathways of PDX1-bound genes upregulated in PPs. Figure modified from [297] under a Creative Commons
license.
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2.1.5 Definition of High Confidence PDX1 Binding Sites

To our knowledge, this PDX1 binding profile is the first generated from iPSC derived PPs,
however, several PDX1 ChIP-seq data sets from hESC derived PP or PE cells have been pub-
lished [302, 310, 311]. Since all these data sets were generated in different labs, using differ-
ent cell lines and protocols for ChIP-seq and differentiation, we were interested in the differ-
ences between them and compared the data sets from Wang et al. [302] and Teo et al. [311]
to ours. The overlap of the PDX1 binding sites showed some obvious differences and only
1606 sites were found in all three data sets. Very likely, this results from the differences
between hESC and iPSC, genetic background variations and differences in the in vitro dif-
ferentiation stage or protocol. Similarly, available PDX1 ChIP-seq data from adult human
islets, obtained from different individuals with a unique genomic background and generated
in different labs, showed variability in the detected PDX1 binding sites. However, the over-
lap of different data sets is useful to define a set high confidence PDX1 binding sites of adult
islets and PP stage cells that is not influenced by any of the aforementioned factors. We took
advantage of the published data sets of PDX1 ChIP-seq from PPs and adult human islets to
derive two sets of high confidence PDX1 binding sites, comprised of 4979 and 6967 PDX1
sites, consistently bound across multiple data sets from PPs and adult islets, respectively (Fig-
ure 2.6).

Figure2.6: DefinitionofHighConfidencePDX1BindingSites. A:Venndiagramshowing theoverlapbetweenPDX1binding
sites in XM001 PP cells, hES-derived PP cells from Dunn lab [311] and hES-derived PE cells from Sander lab [302]. B: Venn
diagram showing the overlap between PDX1 binding sites in adult human islets from four different donors [312, 313]. Sites
bound in two out of three PP data sets or three out of four islet data sets were considered as high confidence PDX1 binding
sites.

2.1.6 Function of PDX1-Bound Genes in Development & Adulthood

During pancreas development in mouse, Pdx1 follows a distinct tempo-spatial expression
pattern. In early stages of development, Pdx1 is expressed in all PPs and becomes gradu-
ally restricted to mature β- and δ-cells in the fully developed organ. Based on that, we hy-
pothesized that Pdx1 might control distinct molecular programs in a stage-specific manner.
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To test if PDX1 serves different functions during development and adulthood, we compared
PDX1 binding sites from PPs and adult human islets. We took advantage of the published
data sets of PDX1 ChIP-seq from adult human islets to derive another set of high confidence
PDX1 binding sites, comprised of 6967 PDX1 sites, consistently bound across multiple data
sets, which we compared to the high confidence binding sites from PP cells. Of the 4978
high confidence binding sites in PP cells, 1018 (20.4%) were overlapping with sites from the
islet binding data. This indicates that only a minority of binding sites are conserved between
PPs and adult islets and that most of the PDX1 binding sites are changing during the differ-
entiation and maturation processes (Figure 2.7 A). Correspondingly, we found genes impor-
tant for pancreas development, such as GATA4, HES1, HHEX, HNF1A, NEUROG3, ONECUT1,
TBX1 and YAP1 near PP-specific high confidence binding sites. In contrast, genes linked to
β-cell maturation and identity as well as mature β-cell functions like insulin secretion and
glucose sensing, including GLPR1, KCNJ11, SLC2A2, NKX6-1 and MAFA were found near islet-
specific binding sites. Genes in the vicinity of shared binding sites are implicated in endocrine
development and include NKX2-2, PAX4, RBPJ and TGFB1 (Figure 2.7 A-B). In addition, we
observed genes with a combination of both, stage-specific and stable PDX1 binding sites.
Among these were HNF1B, RFX3 and RFX6, MNX1, FOXA2, the MEG3 locus and other im-
portant pancreatic genes (Figure 2.8). Taken together, our results suggest a dynamic pattern
of PDX1 binding that changes during the process of pancreas and endocrine cell development
to meet the functional requirements of the different stages during development and homeosta-
sis.

Figure 2.7: Different Functions of PDX1-Bound Genes in Development and Adulthood. A: Venn diagram showing the
overlap of high confidence PDX1 binding sites from adult human islets and PPs with selected annotated genes. B: Bar chart
of log10 p-values from enriched gene ontology and KEGG/Reactome pathways from genes bound in adult islets and/or PPs.
Figure modified from [297] under a Creative Commons license.
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Figure 2.8: Differential Binding of PDX1 in XM001 PPs and Adult Islets. ChIP-seq data tracks showing H3K27ac and PDX1
fromXM001 PP and adult islet cells [302,312,313] at selected loci with stage-specific PDX1 binding. Figuremodified from [297]
under a Creative Commons license.

2.1.7 Analysis of T2DM SNPs in XM001 PPs & Adult Islets

Single nucleotide polymorphisms (SNPs) are the most common form of genetic variation and
approximately four to fivemillion are found in each person’s genome. Most SNPs have no impact
on health or development but some may increase the risk of developing a particular disease or
may even be causal for a given disease. Genome-wide association studies (GWAS), aiming to
identify disease associated SNPs, identified more than 300 genes that are linked to T2DM [314].
While severe mutations in MODY genes lead to monogenetic forms of diabetes [13–16], most
SNPs associated to T2DM occur in non-coding regions and increase the susceptibility to T2DM.
In XM001 PPs 104 (32%) of the 325 known T2DM-linked genes are bound by PDX1 and it has
been shown that islet enhancers are enriched in T2DM-associated SNPs [313,315]. Therefore,
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we asked whether active chromatin regions of XM001 PPs, defined by enrichment of H3K27ac,
are also enriched in T2DM-associated SNPs and if different variants are enriched in PPs and
adult islets.

We used the DIAGRAMM 1000G GWAS meta-analysis data [316] and identified SNPs with a high
association significance (1788 SNPs, p≤5×10-8) locatedwithin active chromatin regions in XM001
PPs and adult islets [302,313]. We found a significant enrichment of T2DM-associated SNPs in
active chromatin of both PPs (437 SNPs, p=1.0156×10-106) and islets (918 SNPs, p=8.2266×10-263).
Next, we analyzed whether T2DM-SNPs are localized in active chromatin regions, shared be-
tween PPs and mature islets and identified 380 SNPs in regions of stable H3K27ac enrichment.
In addition, we found 57 SNPs in regions, specifically active in PPs (Figure 2.9 A). Mapping of the
SNPs to genes identified 857 SNPs in the vicinity of known genes (20 kb up-/ downstream of or
within a gene body) that included mostly known T2DM-associated genes, e.g. TCF7L2, IGF2BP2,
HNF1B, and FTO (Figure 2.9 B). For most of the identified genes, SNPs lie in regions, active in
both, PPs and adult islets, while genes with SNPs in cell type-specific active regions were less fre-
quent. SNPs in islet-specific regions were found near the genes FTO, HNF1A, KCNJ11, PPP2R2C,
and SYN2 and SNPs in PP-specific regions near SYN2, IGF2BP2, KIF11, and PPARG. Notably, we
found only a single T2DM-related locus, the PPARG locus, in which a T2DM-associated SNP falls
exclusively into a PP-specific active region and that does not have any T2DM-associated SNP in a
commonly active or islet-specific active site. Together, the enrichment of T2DM SNPs in active
regulatory regions of PP cells raises the possibility that the susceptibility to T2DM is, at least in
parts, already established during pancreatic development, possibly through miss-regulation of
key genes and developmental programs.

Since PDX1 is a key player in pancreas development and β-cell function, we tested if T2DM-
associated SNPs lie within PDX1 binding sites. Interestingly, we found only six T2DM-SNPs that
fall into PDX1-bound sites (3 SNPs in PP PDX1 sites and 3 SNPs in islet PDX1 sites) (Figure 2.9 B).
The SNP rs8044769, rs78681698 and rs150111048 were in PDX1-bound regions in islets and were
near FTO, THADA, and IGF2BP2. In PPs, 3 SNPs near HNF1B and TCF7L2 were found in PDX1-
bound regions. One of them is the SNP rs11263763 that was located at a PP-specific PDX1 binding
site in the first intron of the HNF1B gene (Figure 2.9 C). Moreover, at the HNF1B locus, there
were two PP-specific enhancer regions, in the 4th intron and downstream of HNF1B, suggesting
that HNF1B expression is regulated through different mechanisms during development and
adulthood. The other two SNPs, rs12762233 and rs7087006, were located in PP-specific PDX1
binding sites at the TCF7L2 locus and might impact the regulation of TCF7L2 expression during
development. Intriguingly, SNPs near the TCF7L2 locus have the highest association to T2DM
and mutations of HNF1B can cause MODY5. Thus, mutations in these cis-regulatory regions of
these genes may contribute to an increased susceptibility to T2DM. This further supports the
notion that the risk for T2DMmight be established during early pancreas development.
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Figure 2.9: T2DM SNPs in XM001 PPs and Adult Islets. A: Venn diagram showing the overlap of T2DM SNPs found in active
regions of adult islets and XM001 PPs. B: Disease-association p-values of T2DM SNPs near known T2DM-associated genes
found in active regions of adult islets [312, 313] and XM001 PPs. The p-values of SNPs bound by PDX1 in PPs and islets
are shown as black circles and triangles, respectively. C: ChIP-seq data tracks showing H3K27ac and PDX1 from PP and
islet [302, 312, 313] cells at the HNF1B locus. The SNP rs11263763 is located in a PP specific PDX1 binding site in the first
intron of HNF1B. The PP specific enhancer regions are shaded in gray. Figure modified from [297] under a Creative Commons
license.

2.1.8 Transcriptional Profiling of Isogenic Mutant PPs

Mutations in key pancreatic genes can cause maturity onset diabetes of the young (MODY)
which refers to hereditary, monogenic forms of diabetes mellitus. There are 11 recognized
forms of MODY and two forms of monogenetic neonatal diabetes, each caused by mutations
in different genes, such as HNF4A, GCK and HNF1A in MODY1 to MODY3, respectively [317].
MODY4 is characterized by a heterozygous P63fsdelC frameshift mutation in the PDX1 gene
that results in a truncated protein, lacking the DNA-binding homeodomain. Homozygosity
of this loss-of-function mutation leads to pancreatic agenesis [16]. In addition to this MODY
mutation, several other, less severemissensemutations, including the C18R and P33Tmutations
of the transactivation domain of PDX1 have been associated with an increased risk of T2DM
or gestational diabetes [136,139]. To study the effect of the PDX1 C18R and P33Tmutation on
pancreatic and endocrine development, we generated iPSC lines from heterozygous carriers
of these mutations [298, 299] and differentiated them into β-like cells in vitro [301]. Both cell
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Figure2.10: DifferentialGeneExpression in iPSCsand IsogenicMutantPPs. A:MAplot showing themean log2 expression
against the log2 fold change of RNA-seq expression data from control XM001 iPSCs and the union of PPs from control and
mutant cell lines. Geneswith significantly different expression (fold change≥4, FDR≤5%) are shown in red (higher expression
in PPs) or orange (higher expression in iPSCs). B: Bar graph of p-values, obtained from GO term and pathway enrichment
analysis in differentially expressed genes, showing the enrichment of selected terms in PPs and iPSCs. C: Scatter plot showing
the PCA of individual RNA-seq samples. Themajor sources of variance are the differentiation stage (PC1) andmutations in
the PDX1 gene (PC2). Figure modified from [301] under a Creative Commons license.

lines exhibited impaired differentiation capability and reduced glucose-stimulated insulin se-
cretion [301]. To control for genomic-background mediated effects, we introduced homozygous
C18R and P33Tmutations as well as a heterozygous PDX1 loss-of-function mutation (PDX1+/-)
in XM001 iPSCs. In line with previous results, the isogenic cell lines displayed defects in β-like
cell differentiation and glucose responsiveness [301]. To study these mutations in early pancre-
atic development, we differentiated isogenic mutant and control cell lines into PP1 stage cells
and found that PPs were generated with similar efficiencies (∼90%) in all cell lines, but that
PDX1 expression levels are substantially lower in PDX1P33T/P33Tand PDX1+/-PP1 cells. Also, the
differentiation to the PP2 stage of PDX1P33T/P33Tand PDX1+/-cells was impaired, as evidenced by a
significantly lower fraction of ∼20% PDX1/NKX6.1 double-positive cells compared to the ∼40%
detected in PDX1C18R/C18Rand XM001 control PP2s [301].

Figure 2.11: PCA of RNA-seq from Control, PDX1+/-, PDX1P33T/P33Tand PDX1C18R/C18RMutants. A: PCA of individual RNA-seq
samples from PPs. Here, the major source of variance reflects the differences between control and PDX1mutations. B: Genes
ranked by their contribution to PC1. C: Genes ranked by their contribution to PC2. Figure modified from [301] under a
Creative Commons license.
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Figure 2.12: Differential Gene Expression in PDX1+/-, PDX1P33T/P33Tand PDX1C18R/C18RMutant Lines. A-C: MA plots show-
ing the mean log2 expression against the log2 fold change of the RNA-Seq data obtained from PDX1+/-, PDX1P33T/P33Tand
PDX1C18R/C18Rcompared to XM001. Genes with significantly different expression (log2 fold change≥1 and adjusted p-value
≤0.1) are drawn in color. Red depicts increased expression in XM001 control PPs, purple, green and blue depict increased
expression in PDX1C18R/C18R(A), PDX1P33T/P33T(B) and PDX1+/-(C), respectively. Black circles mark genes with PDX1 binding sites
in XM001 PPs. D: Venn diagrams showing the overlap of up- and downregulated genes from PDX1C18R/C18R, PDX1P33T/P33Tand
PDX1+/-PPs compared to XM001 PPs. Some relevant pancreatic and disease-associated genes are highlighted in bold. Figure
modified from [301] under a Creative Commons license.

To identify the immediate early PDX1 target genes, which react to haploinsufficiency and the
homozygous point mutations and which could explain the impaired PP2 differentiation, we
performed RNA-seq at the PP1 stage. As a quality control step, we included wild type XM001
iPSCs in our analysis tomonitor PP differentiation. We compared the XM001 control iPSCs to the
average of all, mutant and control, PPs and detected the upregulation of a panel of pancreatic
genes (including PDX1, HNF1B, SOX9, ONECUT1, HHEX, FOXA2 and RFX6), indicative of proper
PP differentiation (Figure 2.10 A). In line with this, GO-term and pathway analysis showed up-
regulation of genes associated with early pancreas and endocrine pancreas development, while
stem cell-related genes were downregulated (Figure 2.10 B). In addition, principal component
analysis (PCA) clearly showed two distinct clusters along the 1st principal component (PC),
separating iPSCs and PPs. The axis of the 2nd PC, reflected the differences between the mutant
and control PPs (Figure 2.10 C).

For amore precise picture of the differences betweenmutant and control PPs, PCAwas repeated
using only PP samples. Here, the 1st PC reflected the variance between control and mutant PPs
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and the genes that contribute most to these differences includedHAPLN1, DCX, PRSS1/2 and
CAPN6. The 2nd PC was predominantly defined by the genes TF and NNAT and represented
variation of PDX1P33T/P33Tand PDX1+/-compared to PDX1C18R/C18Rand control (Figure 2.11).

Next, we performed differential expression analysis to identify genes with significantly different
expression (fold change ≥2, FDR ≤10%) in PPs with PDX1 mutations compared to controls
and found 199, 196 and 112 deregulated genes in PDX1C18R/C18R, PDX1P33T/P33Tand PDX1+/-PPs,
respectively. Of these, 54, 41 and 20 genes were bound by PDX1, respectively. (Figure 2.12 A-
C). Interestingly, we found several genes linked to T2DM risk or glucose resistance, including
MEG3, LARGE1, CES1 and ANPEP to be consistently deregulated in all three PDX1 mutants
(Figure 2.12 D). Since in both, PDX1P33T/P33Tand PDX1+/-, PDX1 protein levels were reduced, we
were specifically interested in the genes, co-regulated in these mutants. Among these genes, we
foundMNX1, NNAT and PTPRN2, which code for a pancreatic transcription factor, a proteolipid
and a protein tyrosine phosphatase, all of which are relevant for pancreatic development, T2DM
and/or insulin secretion [318–321].

2.1.9 Impact of Heterozygous P33T Mutation on PDX1 Binding Patterns

Since the homozygous P33Tmutation in isogenic cells severely impaired PP2 cell differentiation
and the PDX1 P33T heterozygous donor was diagnosed with gestational diabetes, we charac-
terized the consequences of the heterozygous P33Tmutation at the PP stage. To this end, we
differentiated the iPSCs, derived from the donor carrying the heterozygous P33Tmutation and
control subject, into PP cells for 10 days. We then performed ChIP-seq to profile genome-wide
PDX1-binding sites in control [297] and donor-derived iPSCs to understand if the binding pat-
terns of PDX1 are perturbed by the heterozygous P33Tmutation. We identified 8970 and 8288
PDX1 binding sites in the donor-derived and control PPs, respectively, andmotif analysis showed
that the most enriched motif was the PDX1 consensus sequence that was found in 71.3% and
66.6% of PDX1-bound sites, respectively (Figure 2.13 A). Binding sites were similarly distributed
in both samples, with an enrichment around TSSs and the major fraction of binding sites found
in intergenic and intronic regions (Figure 2.13 B-C). A comparison of the PDX1 binding sited in
XM001 control and PDX1P33T/+PPs showed that a majority of 6444 sites were detected in both
samples and a minor fraction of 1844 and 2526 binding sites was called only in XM001 and
PDX1P33T/+cells, respectively (Figure 2.13 D). However, analysis of the ChIP-seq signal at shared
and unique sites revealed enrichment of PDX1 at all sites in both samples, at a slightly smaller
magnitude in the cell line, in which the binding sites were not called (Figure 2.13 E). Thus,
PDX1 binding patterns in control and mutant PPs are highly similar, which is also reflected in
the high correlation between the two profiles (Spearman’s ρ=0.688, Figure 2.13 F). Thus, we
concluded that the heterozygous P33T mutation does not significantly impair PDX1 binding.
Next, we mapped PDX1-binding sites, shared between the control and PDX1P33T/+PPs, to genes
and identified 3978 potential target genes. Among those, we found important pancreatic genes
such as PDX1, MNX1 or HNF1B (Figure 2.13 G-I).

We also profiled H3K27ac enrichment in control (see 2.1.2) and donor-derived PPs by ChIP-seq
to see if the PDX1 mutation has an impact on chromatin activity. In line with the previous
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Figure 2.13: Characterization of PDX1 Binding in PDX1P33T/+PPs. A:Most enrichedmotif detected by motif analysis resem-
bles the known PDX1 consensus sequence and is present in 71.3% and 66.6% of all PDX1-bound sequences in PDX1P33T/+and
control PPs, respectively. B: Meta-genomic plot showing the enrichment of PDX1 at the transcriptional start sites (TSS)
of its target genes displayed as binding sites per base pair (bp) per gene over the genomic regions of all RefSeq genes. C:
Distribution of PDX1 binding sites among genomic features. PDX1 P33T binds predominantly to intergenic and intronic
regions, more than 1 kb to the nearest TSS. A significant fraction (∼10%) however, binds to promoter regions less than 1 kb
from a TSS. D: Venn diagram showing the overlap of PDX1-binding sites in XM001 PPs and PDX1P33T/+PPs. E: Heatmap of PDX1
ChIP-seq signal at all PDX1 binding sites in XM001 and PDX1P33T/+PPs, showing high resemblance of PDX1 binding in these
cells. F: Scatter plot comparing the log2 read counts from PDX1 ChIP-seq in PDX1P33T/+and XM001. G-I: ChIP-seq data tracks
showing the enrichment of H3K27ac and PDX1 at the loci of important pancreatic genes in XM001 and PDX1 P33T PPs. Figure
modified from [301] under a Creative Commons license.
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results, H3K27ac was enriched around PDX1 binding sites (Figure 2.14 A). In both, XM001
control and PDX1P33T/+PPs, H3K27ac was enriched at almost identical levels (∼5–6×) around
PDX1 sites, compared to randomly selected sites of the same length distribution (Figure 2.14 B).
Moreover, Spearman’s correlation showed that H3K27ac profiles from control and mutant
PPs were highly similar (ρ=0.979, Figure 2.14 C), suggesting that in PDX1P33T/+cells the active
chromatin landscape, in terms of H3K27ac, was not significantly altered.

Figure 2.14: Enrichment of H3K27ac in PDX1P33T/+PPs. A: Comparison of the H3K27ac signal around PDX1 binding sites
in PDX1P33T/+and control. B: Read count of H3K27ac at the 8970 and 8288 PDX1 binding sites in PDX1P33T/+and XM001 PPs,
respectively, and at three sets of 8970 and 8288 random sites of the same length distribution. H3K27ac is enriched > 5×at
PDX1-bound sites compared to the random sites in both, PDX1P33T/+and XM001 controls. P-value for all comparisons <
2.2×10-16. C: Scatter plot comparing the log2 read counts from H3K27ac ChIP-seq in PDX1P33T/+and XM001. Figure modified
from [301] under a Creative Commons license.

2.1.10 Transcriptional Profiling of PPs with Heterozygous PDX1 P33T Mutation

Furthermore, we performed Affymetrix microarray analysis of control and donor-derived
PDX1P33T/+cells at the pluripotency and PP stages. Comparing these two stages, we identified
2370 differentially expressed genes (fold change ≥2, FDR ≤5%) including a panel of impor-
tant pancreatic genes such as HNF1B, SOX9, ONECUT1, HHEX, FOXA2 and RFX6 that were
upregulated in PPs and pluripotency-associated genes including NANOG and LIN28A that were
specifically expressed in iPSCs and downregulated in PPs (Figure 2.15 A). In addition, GO
term and pathway analysis revealed a clear enrichment of terms associated with pancreas
and endocrine pancreas development in PPs, while pluripotency and stem cell-related terms
were enriched in iPSCs (Figure 2.15 B). These results confirm that donor-derived iPSCs can be
differentiated into PPs, despite their heterozygous PDX1 P33Tmutation.

The next question was whether PPs with P33T mutation are different from control PPs in
terms of gene expression. To answer this, we compared the mRNA profiles from PDX1P33T/+PPs
and control PPs and differential expression analysis detected a total of 140 deregulated genes
(Figure 2.15 C). Of these genes, the majority were pancreatic genes and 34 had PDX1 binding
sites in control and donor-derived cells. Three genes were either experimentally identified
(POSTN and NNAT) or predicted as PDX1 target genes (SPHKAP), but of these, only NNAT was
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Figure 2.15: Expression Profiling of donor-derived PDX1P33T/+PPs. A:MA plot showing the mean log2 expression against
the log2 fold change of the microarray data obtained from donor-derived iPSCs and PPs. Genes with significantly different
expression (log2 fold change≥1 and adjusted p-value≤0.1) are drawn in color. Yellow depicts increased expression in PPs,
whereas brown depicts increased expression in iPSCs. B: Bar graph of p-values from pathway enrichment analysis, showing
selected GO terms and KEGG and Reactome pathways from differentially expressed genes. C: Heatmap of differentially
expressed genes between donor-derived PDX1P33T/+and XM001 control PPs. D: Heatmap showing consistently deregulated
genes in donors PDX1P33T/+and isogenic PDX1P33T/P33TPPs. Figure modified from [301] under a Creative Commons license.

bound by PDX1 in our data set. Periostin which is encoded by the POSTN gene, is involved in
pancreas and β-cell regeneration [322] and the mouse ortholog of SPHKAP is downregulated
during pregnancy [323]. Interestingly, among the deregulated genes were also the T2DM and
insulin secretion-associated genes PIEZO2 and MEG3.
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Next, we were interested if the observed expression changes in heterozygous P33Tmutants were
in agreementwith those observed inhomozygous P33Tmutants. Thus, we screeneddifferentially
expressed genes from both experiments for compliant genes. We identified five genes that were
significantly deregulated in the same direction in both experiments, ZNF676, MEG3, NNAT,
C19orf33 and POSTN (Figure 2.15 D). Interestingly, from the differentially expressed genes in
PDX1P33T/+PPs, both genes associated with insulin secretion, the only clinically evident symptom
in the donor the iPSCs were derived from, MEG3 and NNAT were among the consistently
deregulated genes.
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2.2 Foxa2 in the Enteroendocrine Lineage Formation

Next to the pancreas, the intestine plays an important role in metabolic control. In response to
food intake, enteroendocrine cells (EECs) release a number of hormones that regulate various
processes, ranging from food intake and gut motility to insulin secretion [161]. Both, pancreas
and intestine are derived from the endoderm during development and the formation of en-
docrine cells in both systems share some common mechanisms and TF networks [17,161]. All
mature cell types of the intestinal epithelium, including the EECs, but also goblet cells (GCs)
and Paneth cells (PCs), as well as the absorptive enterocytes (Ent) are derived from intestinal
stem cells (ISCs). They located at the bottom of the crypts and each lineage is directly recruited
from the ISCs [276,279]. However, the decision between an absorptive and a secretory fate is
regulated by Notch signaling activity. Thus, the differentiation of all secretory cell types depends
on a common mechanism, triggering the suppression of Notch signaling and the expression of
the TF Atoh1. Downstream of Atoh1, further cell fate specification is regulated by a number
of TFs such as Neurog3 or Spdef, which drive EEC and GC differentiation, respectively. The
commitment to different EEC subtypes is regulated through lineage specific TFs like Neurod1,
Isl-1, Pax4, Arx and others [324]. The pioneer TF Foxa2, which is a key regulator of endoderm
development and the specification of all endoderm-derived organs, is known to be involved in
EEC and GC differentiation, as upon loss of Foxa1/2 certain EEC subtypes and functional GCs
fail to develop [272]. However, whether Foxa2 is important for ISC function and for the initiation
of EEC differentiation is still unknown.

Here, a combination of bulk and single-cell transcriptomics together with ChIP-seq and ATAC-
seq is employed to dissect the EECs lineage decision and describe the role of Foxa2 and its
impact on the chromatin landscape during EEC differentiation.

2.2.1 Foxa2 Marks ISCs & the Secretory Lineage

The pioneer TF Foxa2 is expressed in endoderm progenitors and all endoderm-derived organs
where it plays a key role in lineage priming and acquisition [288,325]. As both Foxa2 and the
ISC marker and R-spondin receptor Lgr5 are canonical Wnt/β-catenin target genes [326], we
tested the idea if Foxa2 is a novel marker of ISCs. To approach this, we used, (i) the Foxa2-Venus
fusion (FVF) knock-in mouse model [296] to characterize the expression patterns of Foxa2 in the
intestinal epithelium and (ii) the Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+ lineage-tracing model
to mark Foxa2 expressing cells and their progeny.

Using the FVF model, which is an accurate reporter of endogenous Foxa2 expression [296], we
observed FVF+ cells at the base of the crypt and distributed in a scattered fashion across villi
and crypts. In order to define the nature of FVF+ cell types, we performed immunofluorescent
analysis in combination with cell type specific markers. We found that virtually all Chga+ EECs,
Muc2+ GCs and Lyz1+ PCs were also positive for the FVF reporter. However, none of the Dclk1+
TCs showed a FVF staining (Figure 2.16). Thus, apart from TCs, all secretory cell types of the
intestinal epithelium express Foxa2.
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Figure 2.16: Foxa2 Expression in EECs, GCs, PCs and TCs. A-D: Confocal laser scanningmicroscopy (CLSM) images of DAPI
(blue), FVF (green) and cell type specific markers (red) in the duodenum. Scale bars, 50 μm. Stainings were performed by
Alexandra Aliluev and Anika Böttcher.

Moreover, we found FVF+, slender, column-shaped cells between PCs at the crypt base, rem-
iniscent of ISCs (Figure 2.17 A). To test if these FVF+ cells are indeed ISCs, we performed a
pulse-chase genetic lineage tracing experiment using a Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+

mouse line to mark Foxa2-expressing cells and their progeny. In this double-fluorescent re-
porter mouse model, one copy of the Foxa2 gene is fused to a 2A-nEGFP-2A-CreET2 cassette,
expressing a tamoxifen inducible CreERT2 [327]. In addition, a membrane-targeted tandem
dimer Tomato (mT) is ubiquitously expressed from a floxed trans gene in ROSA26 locus. Upon
Cre-mediated excision of the floxed mT gene, a membrane-targeted green fluorescent protein
(mG) is expressed from a trans gene, immediately downstream of mT [328]. Hence, cells that
express Foxa2 at the time of induction and all their descending cells are marked by a green
fluorescent membrane (Figure 2.17 B). First, we analyzed recombination 48 hours after a sin-
gle dose of orally administered tamoxifen and could detect recombination, marked by GFP
staining in the membrane, in single cells and small patches of 2-3 cells that were scattered
across the entire epithelial lining. Next, we assessed recombination 30 days after tamoxifen
induction, which revealed ribbon-like patterns of recombined mG+ cells, typical for ISC lineage
tracings [205,326] (Figure 2.17 C). At this time point, single recombination events, outside of
ribbon structures, were restricted to long-lived Paneth cells at the crypt base. To confirm that
the identified ribbons contain all lineages of the intestinal epithelium, we co-stained mG with
cell type specific markers and identified Chga+ EECs, Muc2+ GCs and Lyz1+ PCs as well as Dclk1+
TCs within the Foxa2-lineage ribbons (Figure 2.17 D-G).

Collectively, we could show that in the epithelium of the small intestine, Foxa2 is expressed in
ISCs, EECs, PCs andGCs. On the other hand, we did not detect expression of Foxa2 in enterocytes
or TCs.
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Figure 2.17: Foxa2 is Expressed in ISCs. A: CLSM images of DAPI (blue), FVF (green) and E-cadherin (white) in
a SI crypt. Arrow head points to a putative FVF+ ISC. Scale bar, 25 μm. B: Schematic representation of the
Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+ lineage-tracingmodel. Cells are red in the default state and irreversibly convert into
green cells when Foxa2 is expressed and Tamoxifen is present. C: Representative LSM images of DAPI (blue) and recombined
cells (green) in the duodenum of Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+ mice, 48 hours and 30 days after a single dose of
Tamoxifen. Scale bars, 100 μm. D-G: Representative LSM images of DAPI (blue), recombined cells (green) and cell type
specific markers (red). Scale bars, 100 μm. Lineage tracing experiment and stainings were performed by Alexandra Aliluev.

2.2.2 Foxa2 Expression Levels Discriminate Intestinal Lineages

Using the FVF mouse model, we noticed that Foxa2 is expressed at different levels within the
crypt. Cells expressing lower levels of Foxa2 were found at the bottom of the crypt, while cells
expressing higher levels of Foxa2 were positionedmainly above the crypt bottom (Figure 2.18 A).
We therefore hypothesized that the levels of Foxa2 expression might distinguish between differ-
ent types of Foxa2+ cells. Flow cytometry analysis of cells, isolated from small intestinal crypts,
showed two populations of Foxa2+ cells with mean fluorescence values of 2413±35 and 5581±95,
referred to as Foxa2 low (FVFlow) and Foxa2 high (FVFhigh), respectively (Figure 2.18 B-D).

To characterize these cells, we used FACS to sort FVFneg (Foxa2 negative), FVFlow and FVFhigh
cells and subjected each of these populations to mRNA profiling by Affymetrix microarray
(Figure 2.19 A). Differential expression analysis revealed sets of 1137, 312 and 928 genes that are
specifically expressed in FVFneg, FVFlow and FVFhigh cells, respectively (fold change≥2, FDR
≤5%). Among these population-specific genes, we found several well-known marker genes,
characteristic for the different cell types of the intestinal epithelium. We found marker genes
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Figure 2.18: Foxa2 Expression Levels Define Distinct Cell Populations Within the Crypt. Foxa2 is expressed at different
levels within the small intestinal crypt. A: The FVF-reporter shows cells with low (FVFlow) and high (FVFhigh) expression of
Foxa2. B: FACS scheme for the analysis of FVF+ cells. C: FACS data shows three distinct populations, separated by their
expression of Foxa2 (FVFneg, FVFlow & FVFhigh). D: Themean fluorescence values of the FVF populations show a 2.3×increase
in Foxa2 expression between FVFlow and FVFhigh cells.

for Enterocyte (Alpi, Apoa1, Fabp1, Sis, Lct) and TCs (Dclk1, Trpm5) to be expressed in FVFneg
cells, while marker genes for ISCs (Lgr5, Ascl2, Gkn3) as well as PCs (Lyz1,Mmp7, Ang4) were
expressed in FVFlow cells. FVFhigh cells were enriched in genes known to be involved in EEC
differentiation (Neurod1, Neurog3, Nkx2-2). Most GC genes such as Agr2, Spdef, Spink4 or Tff3
were enriched in both, FVFlow and FVFhigh, compared to FVFneg cells. However, Dll1 and Dll4,
associated with pan secretory but also specifically GC differentiation were enriched in FVFhigh
(Figure 2.19 B-D). The expression of several ISC, EEC and Ent marker genes, as well as the
expression of Foxa genes was also determined by quantitative PCR (qPCR) (Figure 2.19 E-H).
These results show that with the exception of GC genes that are expressed in FVFlow and FVFhigh
cells, other cell type-specific markers are enriched in a single FVF population, suggesting that
the different cell types can be distinguished by their expression levels of Foxa2.

To gain insight into the function of genes associated with the different FVF populations, GO-term
and pathway enrichment analysis was performed. In line with the expression of enterocyte
marker genes, FVFneg cells showed enrichment of terms related to metabolic and catabolic
processes, digestion, absorption and the brush border membrane of enterocytes. Genes en-
riched in the FVFhigh population, were linked to neuroendocrine differentiation and function,
exocytosis and negative regulation of cell proliferation. In contrast, there was no specific term
found for genes enriched in FVFlow cells. The most significant term was related to secretory
vesicles but also showed enrichment in FVFhigh cells, although to a lesser extent. Other terms
enriched in FVFlow were related to fat digestion and absorption or signal release, but these
show considerably higher enrichment in FVFneg and FVFhigh, respectively. (Figure 2.20). Thus,
pathway analysis supports the finding that the different cell types in the intestinal epithelium
can be discriminated by their Foxa2 expression levels.

Based on the expression patterns of intestinal marker genes and enriched pathways, we con-
cluded that FVFneg cells consist of Enterocytes and TCs, FVFlow cells of ISCs and PCs and FVFhigh
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Figure 2.19: Population-Specific Gene Expression in the Intestinal Crypt. A: Experimental outline for mRNA profiling of
FVF populations bymicroarray. B-D:MA-plots showing themean log2 expression against the log2 fold change of each FVF
population compared to the average of the other populations (rest). Significantly enriched genes in FVFneg (B), FVFlow (C)
and FVFhigh (D) cells, respectively, are highlighted in color. E-H: qPCR analysis of the selected marker genes for ISCs (E),
Enterocytes (F) and EECs (H) as well as Foxa genes (G) confirmmicroarray results. ANOVA, *: p<0.05, **: p<0.01, ***: p<0.001.
Errorbars, standard error of the mean (SEM).

47



2.2. FOXA2 IN THE ENTEROENDOCRINE LINEAGE FORMATION

Figure2.20: GeneFunctionEnrichmentAnalysisofPopulationSpecificGenes. Pathwayandprocess enrichment analysis
of genes with population specific expression. A: Network representation of enriched GO-terms and pathways. Each node
represents an enriched term and its size is proportional to the total number of hits (from all FVF populations) falling in that
specific term. Terms are grouped into clusters based on their membership similarities. Nodes are colored by their cluster
affiliation and clusters are named by the most significant term within the cluster. Terms with a similarity greater than 0.3 are
connected by edges. B: Nodes are represented by pie-charts, color coded by FVF populations, where the portions of the pie
represent the proportion of genes originating from a specific FVF populations.

cells mainly of EECs and their progenitors. The expression of GC genes, in both FVFlow and
FVFhigh, indicates that GC express intermediate Foxa2 levels and are therefore present in both
populations (Figure 2.21). The expression of Dll1 and Dll4 in FVFhigh cells, however, suggests
that GC progenitors might be found in the FVFhigh population. Thus, the FVF marker is a useful
tool to enrich for low abundance cell types such as EECs or ISCs, by sorting FVF+ cell and to
dissect the EEC lineage formation by analyzing FVFlow and FVFhigh cells.
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Figure 2.21: Marker Gene Expression Patterns in FVF Populations. Heatmap showing the expression of several marker
genes for the different intestinal lineages.

2.2.3 Active Histone Modifications are Similar in FVFlow & FVFhigh cells

The gradual 2.3-fold increase of the FVF reporter allowed us to monitor EEC recruitment from
ISCs and to gain further insight into the lineage decision process. To examine the chromatin
dynamics underlying the enteroendocrine lineage formation, we profiled the active promoter
and enhancer landscape by performing ChIP-seq of the histone modifications H3K4me3 and
H3K27ac on FACS purified FVFlow and FVFhigh cells (Figure 2.22 A). H3K4me3 is associated with
active promoters, whileH3K27acmarks both, active enhancers and promoters [304–307,329,330].
In concordance, levels of H3K4me3 and H3K27ac at transcription start sites (TSS) correlated
with the expression levels of the respective genes. Spearman’s ρ was higher for the correlation
between H3K27ac enrichment and expression levels than for H3K4me3 (ρH3K27ac = 0.56 and
ρH3K4me3 = 0.45), which suggests that H3K27ac is a more accurate predictor of genes expression
(Figure 2.22 B-C). We then compared H3K4me3 and H3K27ac between FVFlow and FVFhigh
cells on a genome-wide scale and found a striking similarity between the two cell populations,
showing that changes are few and on a small scale (Figure 2.22 D-F).

However, we found a positive correlation between the change in H3K27ac levels at transcription
start sites and the change in expression of the corresponding gene (Figure 2.22 G). Thus, even
though there were mostly minor differences between the FVFlow and FVFhigh population, the
observed changes correlate well with changes in gene expression. Among, the loci with themost
striking differences in H3K4me3 and H3K27ac were those of endocrine lineage determinants
such asNeurog3 andNeurod1whichwere also among themost upregulated genes in FVFhigh cells
or the PC marker Ang4 which is specifically expressed in FVFlow cells (Figure 2.22 H-J).

The observed similarities on the level of active histone modifications were in line with previous
findings, showing a high similarity of H3K4me2 and H3K27ac patterns in ISCs, secretory (Sec
Pro) and enterocyte (Ent Pro) progenitor cells [222,224]. In a heterogeneous cell population with
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Figure 2.22: Active Histone Modifications are Highly Similar in FVFlow and FVFhigh cells. Caption on next page.
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Figure 2.22: Active Histone Modifications are Highly Similar in FVFlow and FVFhigh cells (continued). A: Experimental
outline for profiling histonemodifications in FVFlow and FVFhigh populations by ChIP-seq. B-C: H3K4me3 (B) and H3K27ac
(C) coverage profile of the averaged signal from FVFlow and FVFhigh in a 2 kb regions around TSSs shows an enrichment
of H3K4me3 and H3K27ac at TSSs that is increasing with increasing gene expression (mean expression from FVFlow and
FVFhigh). Compared to H3K4me3, the correlation of H3K27ac with the expression is higher (ρH3K27ac = 0.56 and ρH3K4me3 =
0.45). D-E: Scatter plots comparing the log2 read counts from H3K4me3 (D) and H3K27ac (E) peaks in FVFlow and FVFhigh cells.
F: Enrichment heatmap showing the high concordance between H3K4me3 and H3K27ac profiles in FVFlow and FVFhigh. G:
Scatter plot comparing log2 fold changes between FVFhigh and FVFlow in gene expression (all genes covered by themicroarray)
against H3K27ac at the respective gene promoter. Points marked in red correspond to genes with significantly different
expression. Spearman’s correlation of significant genes only is written in red. H-J: ChIP-seq data tracks showing H3K4me3
and H3K27ac from FVFlow and FVFhigh cells at the Ang4 (H), Nkx2-2 (I) and Neurog3 (J) locus as examples for loci that exhibit
pronounced changes in H3K4me3 and H3K27ac.

such a homogeneous configuration of active histone modifications, cell fate decisions are made
based on the presence or absence of lineage determining TFs that have to be tightly regulated.
This generally permissive chromatin landscape is likely the basis of the high plasticity observed
in the intestinal crypt [222].

2.2.4 Selective Chromatin Accessibility Reflects Lineage Recruitment

Due to the high similarity of the chromatin configuration on the level of the profiled histone
modifications, replicate ChIP-seq experiments are necessary for accurate quantification of such
small differences. Owing to the small numbers of cells available from the FVFhigh population, it
was not feasible to perform the required replicate experiments. To overcome this limitation,
we assayed chromatin accessibility by ATAC-seq as approximation of chromatin activity in
purified FVFlow and FVFhigh cells (Figure 2.23 A), which requires about two orders of magnitude
fewer cells. ATAC-seq utilizes the Tn5 transposase, loaded with adapters for high-throughput
sequencing, for the simultaneous fragmentation of genomic DNA and the ligation of sequencing
adapters. The Tn5 transposase preferentially integrates its adapters into regions of high chro-
matin accessibility and yields amplifiable fragments that can be directly used for sequencing,
making themethod very efficient in terms ofmaterial requirements. Initial analysis of ATAC-seq
data revealed the typical periodic length distribution of the transposed fragments, which results
from the protective effect of nucleosomes, inhibiting transposition of nucleosome-bound DNA
sequences and the pitch of the DNA helix. The first peak of small fragments below ∼150 bp
corresponds to nucleosome-free regions of active chromatin. The larger peaks with sequentially
decreasing height and correspond to nucleosome-bound regions. Consecutive peaks result
frommono-nucleosomes, di-nucleosomes and tri-nucleosomes [331] (Figure 2.23 B). Similarly,
when decomposed into the nucleosome-free and nucleosome-bound fractions, the ATAC-seq
signal shows a characteristic pattern around active TSSs, caused by phasing of nucleosomes at
actively transcribed genes [332]. The nucleosome-free fragments accumulate in a sharp peak
centered at the TSSs, while the nucleosome-bound fragments are depleted from the TSSs and
accumulate in periodic peaks around phased upstream and downstream nucleosomes [331]
(Figure 2.23 C).
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Figure 2.23: Primary ATAC-seq Analysis. A: Experimental outline for accessibility profiling of FVF populations by ATAC-seq.
B: Fragment length distribution of ATAC-seq profiles from different biological replicates. Distribution patterns show the
typical, consecutive peaks of nucleosome-free and nucleosome-boundDNA, aswell as a good consistency between biological
replicates. C: Relative ATAC-seq coverage around active TSSs shows accumulation of nucleosome-free fragments at the TSSs,
flanked by a periodic signal from nucleosome-bound fragments that is the result of phased nucleosomes around active TSSs.

To identify differences in chromatin opening between FVFlow and FVFhigh cells, we analyzed
ATAC-seq data using DESeq2 [333]. Differential enrichment analysis identified 1344 regions with
significant differences (s-value < 0.1) in accessibility between FVFhigh and FVFlow. The majority
of differential sites (1103) were selectively open in FVFhigh cells and genes in the vicinity include
EEC and goblet cell differentiation genes such as Neurog3, Neurod1 or Spdef. On the other hand,
only 241 regions showed a higher accessibility in FVFlow cells. However, consistent with the
finding that the FVFlow population contains ISCs, genes near FVFlow specific open sites included
the ISC marker genes Olfm4 and Ascl2 (Figure 2.24 A). Interestingly, when compared to the bulk
of open chromatin regions, selectively open regions were almost exclusively found in intergenic
and intronic regions that are more than 1 kb away from the closest TSS. In contrast, among all
accessible sites approximately one out of four is found within 1 kb of a TSS (Figure 2.24 B). In
fact, only 39 differentially accessible sites were found in a promoter region (1 kb upstream and
100 bp downstream of a TSS), suggesting that regulation of gene expression is achieved through
distal regulatory elements rather than through their promoters (Figure 2.24 A). To investigate
the function of genes near the sites with changed accessibility, we performed gene function
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enrichment analysis. Genes associated with increased chromatin opening in FVFhigh cells have
a function in the regulation of secretion and integration of energy metabolism as well as in
pathways involved in endocrine and neuron differentiation. Neuronal differentiation genes
often have a function also in endocrine differentiation and include some of the most important
endocrine decision maker genes such as Neurog3 and Nkx2-2 [161]. Moreover, genes from the
Mapk signaling pathway were also associated with increased chromatin accessibility. This is in
line with the finding that Mapk signaling is involved in the differentiation of enteroendocrine
cells in vitro [240] (Figure 2.25).

Figure 2.24: Differential Chromatin Accessibility in FVFlow and FVFhigh Cells. A:MA plot showing differentially accessible
sites in FVFlow and FVFhigh cells. Sites with significant differences are shown in color. In the left panel, light and dark green
depict sites with higher accessibility in FVFhigh and FVFlow, respectively. Selected relevant genes with differentially accessible
sites in their vicinity (20 kb up/downstream of the TSS or within gene body) are indicated. On the right, sites are colored
according to the location in the genome. Significantly different sites, overlapping promoters (-1 kb to 100bp of a TSS), are
marked in orange, all other significant sites are considered as distal and shown in purple. B: Distribution of accessible sites in
terms of genomic features and distance to the nearest TSS.

Cooperative binding of sequence-specific TFs to regulatory elements in the genome is character-
ized by markedly increased DNA accessibility [334]. Using the consensus sequence information,
it is possible to infer the TF-associated accessibility in ATAC-seq data. One commonly used
technique is the analysis of TF footprints which emerge from TF binding events that protect the
DNA strand from being cleaved [335]. However, not every TF-chromatin interaction is stable
enough to cause footprints in accessibility data and samples have to be sequenced at great depth
in order to accurately detect footprints [335]. To avoid these limitations, we employed a recently
developed approach, chromVAR, thatmeasures the gain or loss of chromatin accessibility within
peaks sharing a given motif or annotation and allows the de novo discovery of motifs associated
with changes in chromatin accessibility [331, 336]. We used a combination of de novo motif
discovery and analysis of knownmotifs fromTFs expressed in ourmicroarray dataset to identify
TFs associated with variation in accessibility. Using the de novo approach, we found eight motifs
that were significantly associated with alterations of chromatin opening in FVFhigh compared to
FVFlow. Three motifs, a basic helix-loop-helix (bHLH) similar to the Neurod1 motif, a forkhead
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Figure 2.25: Gene Function Near Differential Accessibility. Network representation of enriched GO-terms and pathways
of genes near FVFhigh specific open chromatin regions. Each node represents an enriched term and its size is proportional to
the total number of hits falling in that specific term. Terms are grouped into clusters based on their membership similarities.
Nodes are colored by their cluster affiliation and clusters are named by the most significant termwithin the cluster. Terms
with a similarity greater than 0.3 are connected by edges.

(FKHD) motif similar to the Foxa1/2 consensus and a regulatory factor X-type (RFX) motif were
associated with increased chromatin accessibility in FVFhigh cells and five motifs were linked to
chromatin opening in FVFlow cells. These included a nuclear receptor (NR) motif reminiscent
of the Hnf4 or Tcf7l2 motif, a GATA like motif, a basic leucine zipper (bZIP) motif, a interferon
consensus sequence (IRF) and a zink finger (ZF) motif (Figure 2.26 A). Similar results were
obtained by the analysis of known TF motifs that also link bHLH, forkhead and RFX motifs
but also some homeobox motifs to accessibility in the FVFhigh population. Nuclear receptor,
bZIP, GATA and Soxmotifs were found in sites with increased chromatin opening in FVFlow cells
(Figure 2.26 B). Thus, TFs like Hnf4a and Gata4 known to be important for intestinal patterning
(Gata4 [337–340]) and the differentiation of enterocytes (Hnf4a [341]) were linked to chromatin
opening in the FVFlow population, containing ISCs and early enterocyte progenitors, while
well-known endocrine TFs such as Neurog3, Neurod1, Rfx6 and Foxa1/2 or Atoh1, which were
important for all intestinal secretory cells and especially Goblet cells, are strongly associated
with chromatin opening in FVFhigh cells.

Together, the ATAC-seq data substantiate the finding that FVFhigh cells are differentiating towards
the goblet and endocrine lineage and suggests that Forkhead and bHLH TFs, such as Foxa2,
Neurod1, Neurog3 and Atoh1, contribute to this process. In this case, Foxa2 might act as a
pioneering factor for transcription factors that are important for goblet and enteroendocrine
lineage differentiation in FVFhigh cells, as reflected by the motif analysis in sites of selectively
open chromatin. In contrast, motifs, associated with TFs that are not explicitly involved in
secretory cell fate, such as Hnf4a, correlate with loss of chromatin accessibility in FVFhigh
cells.
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Figure 2.26: Analysis of Motifs Associated with Variation in Chromatin Accessibility. A: De novo discovery of motifs
associated with variations in chromatin opening in FVFlow (dark green) and FVFhigh (light green) cells. Bar plot on the left
shows ATAC-seq deviation scores of each discovered motif as well as the motif itself. Motif matches on the right show
the 3 motifs with most extreme deviation scores with their two best matching, non-redundant known motifs. B: UMAP
representation of known TFmotifs and their associations to chromatin accessibility changes. On the left, motifs are colored
and distributed according to their ATAC-seq deviation score. Color code as in A. On the right, motifs are colored according to
the TF family affiliation.

2.2.5 Foxa2 Binds Important Intestinal Genes

The pioneer TF Foxa2 is known to be involved in the differentiation of EECs and goblet cells [272].
Our ATAC-seq data link Forkhead TFs with EEC differentiation in FVFhigh cells and thus, to high
levels of Foxa2 expression. Therefore, we set off to characterize genome wide Foxa2 binding
patterns in order to investigate whether the rising expression levels of Foxa2 are associated with
binding and activation of cis-regulatory regions of EEC lineage determining factors.

To address these questions, we performed ChIP-seq of Foxa2 using an antibody specific to the
Venus fluorescent tag in both, FVFlow and FVFhigh cells (Figure 2.27 A).We identified 10984 Foxa2
binding sites in FVFlow cells and 18838 binding sites in FVFhigh cells. The distribution of the Foxa2
binding sites in both population was similar and showed a preference for intronic (∼45%) and
intergenic (∼41%) regions (Figure 2.27 B). However, with∼10% of the binding sites occurring
in promoter regions, Foxa2 binding sites were enriched around TSSs (Figure 2.27 C-D).

Moreover, we found the active histone modifications H3K4me3 and H3K27ac enriched around
Foxa2 bound sites in FVFlow and FVFhigh. Similarly, chromatin accessibility as measured by
ATAC-seq was increased at Foxa2 bound sites (Figure 2.27 E). We compared the enrichment
of H3K4me3, H3K27ac and ATAC-seq in a 1 kb region around all 20377 Foxa2-bound sites in
FVFlow and FVFhigh to a set of 20377 randomly chosen 1 kb regions to quantify the increase of
active chromatin features around Foxa2 sites. This analysis revealed that on average H3K4me3,
H3K27ac and ATAC-seq were 12.5×, 9.8× and 11.6× more abundant at Foxa2 binding sites
compared to the randomly chosen background (Figure 2.27 E).

To test whether the known Foxa2 consensus motif was enriched in our Foxa2-bound sites, we
performed motif analysis in the identified peaks from FVFlow and FVFhigh cells. As expected,
we identified the known Foxa2 consensus sequence as primary motif in peak regions from both,
FVFlow and FVFhigh cells. The Foxa2 motif was found in 68.8% and 69.1% of the Foxa2 peaks,
confirming the high quality and specificity of the ChIP-seq data (Figure 2.27 F).
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Figure 2.27: Distribution of Foxa2 Binding Sites in FVFlow and FVFhigh Cells. A: Experimental outline for profiling Foxa2
binding in FVFlow and FVFhigh cells by ChIP-seq. B: Distribution of Foxa2 binding sites across genomic features in FVFlow and
FVFhigh cells. C: Log2 enrichment of Foxa2-bound sites, showing that Foxa2 is enriched mainly at promoters and 5’ UTRs
but depleted from intergenic regions, even though∼40% of the binding sites occur in these regions. D:Meta-gene profile
plot highlighting the enrichment of Foxa2 binding sites around TSSs displayed as binding sites per bp per gene over the
genomic regions of all RefSeq genes. E: Left: Normalized coverage of H3K4me3, H3K27ac and ATAC-seq around all 20377
Foxa2 binding sites, averaged over FVFlow and FVFhigh. Dashed lines mark the region used for quantification of the active
chromatin marks. Right: Average normalized read counts of H3K4me3, H3K27ac and ATAC-seq in FVFlow and FVFhigh at a 1
kb region centered on the 20377 total Foxa2 binding sites in FVFlow and FVFhigh and at a set of 20377 randomly chosen 1 kb
sites. H3K4me3, H3K27ac and ATAC-seq are enriched∼10× at Foxa2-bound sites compared to random sites. P-value for all
comparisons < 2.2×10-16. F:Most enrichedmotif detected by motif analysis is the known Foxa2 consensus sequence and is
identified in∼69% of the Foxa2-bound sequences in FVFlow and FVFhigh.

Next, binding sites were attributed to potential target genes by assigning each Foxa2 peak that
lies within a 20 kb radius around the TSS or within the body of a given gene, to the corresponding
gene. Using this technique, the identified binding sites were mapped to 8666 and 11335 potential
target genes in FVFlow and FVFhigh cells, respectively. Foxa2 binding was found near many
genes, important for the function and identity of the intestinal epithelium, such as Cdx2, Hnf4a
or Gata4 (Figure 2.28 A-C). Moreover, the ensemble of Foxa2 bound genes contains 70% of
the differentially expressed genes between FVFhigh and FVFlow and 63% of the ISC signature
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genes [342], including the ISC marker Lgr5 (Figure 2.28 D-E). This indicates that Foxa2 is an
important intestinal TF and also suggests role for Foxa2 in the regulation of ISC function.

Figure 2.28: Foxa2 Binds Important Intestinal Genes. A-C: ChIP-seq data tracks showing H3K4me3, H3K27ac, ATAC-seq
and Foxa2 from FVFlow and FVFhigh cells at the Gata4 (A), Hnf4a (B) and Cdx2 (C) locus as examples for important intestinal
genes, bound by Foxa2. D: Venn diagram showing the overlap between ISC signature genes [342] and Foxa2-bound genes
(FVFlow and FVFhigh). E: Venn diagram showing the overlap between differentially expressed genes (FVFhigh vs FVFlow) and
Foxa2-bound genes (FVFlow and FVFhigh).

2.2.6 High Foxa2 Levels Correlate with Binding of EEC Specific Target Genes

Our data show that EEC and GC progenitors are associated with increased Foxa2 expression
and loss of Foxa1/2 leads to defects in the differentiation of incretin secreting EECs and goblet
cells [272]. We therefore wanted to know if Foxa2 binds EEC and GC differentiation genes and if
binding is restricted to FVFhigh cells. The comparison of Foxa2 binding profiles from FVFlow
and FVFhigh cells revealed, that 86% of sites bound in FVFlow cells were also bound in FVFhigh
cells, with only a small number of binding sites that were exclusively bound in FVFlow cells. On
the other hand, 49% of Foxa2 binding sites in FVFhigh cells, were only bound in this population,
suggesting that there is a large panel of target sites that require higher levels of Foxa2 to be
bound (Figure 2.29).

Next, we examined the functions of genes in the vicinity of Foxa2 binding sites using gene
ontology and pathway analysis. In general, Foxa2-bound genes were involved in epigenetic gene
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Figure 2.29: Differential Foxa2 Binding in FVFlow and FVFhigh Cells. A: Venn diagram showing the overlap between Foxa2
binding sites in FVFlow and FVFhigh. B:Heatmap of Foxa2 ChIP-seq signal in a 4 kb region around the peak center. Peak regions
were sorted by signal strength and grouped by their presence or absence in FVFlow and FVFhigh.

regulation, Wnt signaling and epithelial cell differentiation. Genes, bound by Foxa2 in both,
FVFlow and FVFhigh, populations, were linked to metabolic pathways and tissue homeostasis,
while genes, specifically bound in FVFhigh cells, were associated with chromatin organization,
endocrine differentiation and the downregulation of EGFR (Figure 2.30 C). Inhibition of EGF sig-
naling has been shown to regulate ISC quiescence and endocrine lineage allocation in vitro [240].
Among the genes exclusively bound in FVFhigh cells, we found master regulators of enteroen-
docrine (Neurog3, Neurod1, Rfx6 and Insm1) and GC (Spdef ) differentiation (Figure 2.30 A-B).
This suggests that in order to commit to the endocrine lineage, cells upregulate Foxa2 thereby
facilitating the activation of endocrine fate determining genes.

Figure 2.30: Functional Implications of Differential Foxa2 Binding. A-B: ChIP-seq data track showing Foxa2 from FVFlow

and FVFhigh at theNeurog3 (A) andNkx2-2 (B) loci. C: SelectedGO terms andpathways enriched in genes associated exclusively
with FVFhigh specific and shared Foxa2 binding sites.
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2.2.7 Foxa2 Binding Promotes Chromatin Opening

Foxa2 is a pioneer transcription factor and is thus able to induce remodeling and opening of
chromatin in the vicinity of its binding sites [290,343]. The increased accessibility in turn enables
binding of co-factors that are required to regulate gene expression [344]. Consistent with its
pioneering activity, the vast majority of Foxa2 binding sites (83%) show chromatin accessibility
and only a minor fraction of the binding sites were found in closed chromatin. Vice versa, a
fraction of 10% and 15% of all identified accessible regions, were bound by Foxa2 in FVFlow and
FVFhigh, respectively, suggesting that Foxa2 is an important transcription factor in these cells.
Strikingly, 70% of sites, showing specific opening in FVFhigh cells were bound by Foxa2, while
only 28% of sites with specific opening in FVFlow cells were bound (Figure 2.31).

Figure 2.31: Foxa2 is Enriched at Open Chromatin Sites. A-C: Venn diagrams showing the overlap of all open chromatin
regions (A), FVFhigh-specific open chromatin (B) and FVFlow-specific open chromatin regions (C) and the Foxa2 binding sites
from FVFlow and FVFhigh cells. D: Heatmap showing odds rations calculated by the Fisher’s exact test for each comparison. All
p-values were < 2.2×10-16.

Wewere interested in a possible connection between Foxa2 binding and chromatin opening and
compared chromatin accessibility at Foxa2 binding sites in FVFlow and FVFhigh cells. At shared
binding sites, bound in both populations, themean accessibility, as measured by the normalized
tag count per kb from ATAC-seq data at a given set of sites, was similar but slightly higher in
FVFhigh cells. At FVFhigh-specific Foxa2 binding sites, the differences in chromatin opening
were stronger, showing markedly higher ATAC-seq signals in FVFhigh cells. The opposite trend
was observed at FVFlow-specific binding sites that showed a slightly increased accessibility in
FVFlow cells (Figure 2.32 A). This result is in accordance with the findings from the chromVAR
motif analysis that showed a strong association between openness of chromatin in FVFhigh cells
and the FKHD consensus motif. The motif analysis also identified NR and some homeodomain
motifs to be associated with specific chromatin opening in FVFlow. To test if these motif-based
analyses can be recapitulated with actual binding data, we analyzed publicly available ChIP-
seq data sets from intestinal Atoh1 [222], Hnf4a and Cdx2 [345] and measured the ATAC-seq
signal at the identified binding sites. We applied the chromVARmethod to calculate ATAC-seq
deviations associated with ChIP-seq peak regions, which showed a strong association of shared
and FVFhigh-specific Foxa2 and Atoh1 binding sites with increased openness in FVFhigh cells.
Interestingly, this analysis also indicated that, especially at FVFhigh-specific Foxa2 binding sites,
chromatin in FVFlow cells is closed. On the other hand, at FVFlow-specific Foxa2, Cdx2 andHnf4a
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peaks, chromatin was more accessible in FVFlow cells but the differences were less pronounced
and these sites were not completely closed in FVFhigh cells (Figure 2.32 B). We next counted the
ATAC-seq fragments at Atoh1, Cdx2 and Hnf4 sites. At Atoh1 sites, counts were increased in
FVFhigh cells and remarkably, at sites shared by Atoh1 and Foxa2, the increase was the strongest
(Figure 2.32 C). At the Cdx2 and Hnf4a sites, we did not see marked differences between FVFlow
and FVFhigh cells. This discrepancy is very likely due to the different normalization strategies
used for fragment counts and by chromVAR. Nevertheless, both methods clearly show that
Foxa2 binding is linked to chromatin opening.

Figure 2.32: Chromatin Accessibility is Increased at Foxa2 Binding Sites. A: Normalized ATAC-seq fragments per kb from
FVFlow and FVFhigh cells at Foxa2-bound sites that are FVFhigh-specific, shared and FVFlow-specific, respectively. B: Heatmap of
ATAC-seq deviation z-score calculated for Foxa2, Atoh1, Cdx2 and Hnf4a binding sites. C: Normalized ATAC-seq fragments per
kb at Foxa2, Atoh1, Cdx2 and Hnf4a binding sites. Sites co-occupied by Foxa2 and Atoh1, Cdx2 or Hnf4a are plotted separately.
Wilcoxon rank sum test with continuity correction, *: p<5×10-2, **: p<10-7, ***: p<10-100.
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To see whether changes in Foxa2 occupancy are associated with changes in chromatin accessi-
bility, we compared the Foxa2 ChIP-seq signal at sites with differential accessibility in FVFlow
and FVFhigh cells. We found that at Foxa2-bound sites with higher accessibility in FVFhigh cells
the enrichment of Foxa2 was also higher, indicating a relationship between Foxa2 binding
strength and chromatin opening. This was also observed in an opposite manner at sites more
accessible in FVFlow cells (Figure 2.33 A-B). Moreover, a direct comparison of the fold changes
in Foxa2 ChIP-seq and ATAC-seq signal revealed that changes in Foxa2 binding were positively
correlated (ρ=0.63) with changes in chromatin accessibility (Figure 2.33 C). Interestingly, we
also saw that Foxa2 binding to closed chromatin was associated with weak enrichment of Foxa2
(Figure 2.33 B).

Figure 2.33: Foxa2 Binding Strength Correlates with Chromatin Opening. A: Foxa2 ChIP-seq fragments per kb at open
chromatin sites that were specifically open in FVFhigh cells, open in both populations (unchanged) and specifically open in
FVFlow cells, respectively. Wilcoxon rank sum test with continuity correction, p-value < 10-9 for all comparisons. B:MA plot
showing the log2 fold change over the log2 mean read count of the Foxa2 ChIP-seq in FVFlow and FVFhigh cells. Marked in color
are binding sites that overlap different categories of open chromatin. Densities of all (gray) and themarked sites (colored) are
shown on the margins of the plot. C: Scatter plot of the log2 fold changes of Foxa2 against the log2 fold changes of chromatin
accessibility (non-shrunken). Points corresponding to significantly different ATAC-seq peaks are marked in red. Spearman’s
rank correlation coefficient is shown for all sites and significant sites only (red).

Together, these results clearly show that Foxa2 binding is associated with changes in chromatin
accessibility and the correlation between changing Foxa2 enrichment and chromatin opening
suggests a causal link. Thus, our results show that upon higher expression levels of Foxa2, new
sites are bound, which then gain accessibility and participate in the regulation of enteroen-
docrine differentiation. In additions, these results suggest that Foxa2 might cooperate with
other TFs such as Atoh1.

2.2.8 Cooperative Binding Defines Foxa2 Function

Enhancers are often co-occupied by multiple TFs that orchestrate transcriptional regulation in
concert [346]. Foxa2 has been shown to interact with several different TFs in various tissues to
carry out specific tasks. In the pancreas, Foxa2 cooperates with TFs such as Pdx1 and Neurog3
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or Insm1 and Neurod1 to control pancreas and endocrine development or β-cell function,
respectively [87,347,348]. In the liver, Foxa2 works together with TFs like Hnfa4 or the other
Foxa family members Foxa1 and Foxa3 [348–351]. Since Foxa2 is able to cooperate with a panel
of different TFs in different tissues, we were interested in finding possible partner TFs that
cooperate in a cell type-specific manner. Thus, in order to identify TFs, potentially cooperating
with Foxa2, the chromVARmethod was applied to the Foxa2 ChIP-seq data. Among the known
motifs of the set of expressed transcription factors, we found several bHLH, FKHD, RFX and
homeodomainmotifs to be associated with increased Foxa2 binding in FVFhigh cells and nuclear
receptor and bZIP motifs associated with Foxa2 binding in FVFlow cells (Figure 2.34). These
results are consistent with what we found in the ATAC-seq data, which might be due to the large
fraction of Foxa2 bound sites among the sites with differential accessibility.

Figure 2.34: Motif Analysis of Foxa2 Binding Sites. UMAP representation of known TF motifs and their associations to
changes in Foxa2 binding. Motifs are distributed according to their similarity to each other. A:Motifs are colored according to
their ChIP-seq deviation score, representing increased enrichment in FVFlow (dark green) and FVFhigh (light green) cells. B:
Motifs are colored according to the TF family affiliation.

Since the motif analysis suggests that there is a connection between the Foxa2 binding in FVFlow
and FVFhigh cells and possible co-binding TFs, we again used the ChIP-seq data sets from intesti-
nal Atoh1 [222], Hnf4a and Cdx2 [345] and identified regions that were co-occupied by Foxa2.
In total, 1486, 916 and 256 Sites were found to be co-occupied by Foxa2 and Atoh1, Hnf4 or Cdx2,
respectively. The density distributions of the sites showed that Foxa2 binding at sites, co-bound
by Atoh1 had stronger Foxa2 binding in FVFhigh cells, which reflects the overall density distribu-
tions of Foxa2 which has generally a higher signal in FVFhigh cells. In contrast, sites that were
also bound byHnf4a or Cdx2 appeared to be not differentially enriched with Foxa2 in FVFlow and
FVFhigh cells. Sites that were bound by other TFs tended to show comparably high Foxa2 binding
(Figure 2.35 A).We then calculated the relative distance between Foxa2 binding sites and each of
the other three TFs, to see if there were spatial correlations in the binding patterns. For all three
TFs, the observed relative distances showed that their binding sites were closer to Foxa2 sites
than it would be expected by chance, suggesting that the observed overlap between Foxa2 and
Atoh1, HNf4a and Cdx2 were not random observations, but rather functionally relevant (Fig-
ure 2.35 B). Also, the Fisher exact test yieldedhigh odds rations (p-values < 2.2×10-16), indicating a
non-random relationship between the binding of Foxa2 and the tested TFs (Figure 2.35 D).

To know which genes were affected by co-binding of Foxa2 and Atoh1, Hnf4a or Cdx2, binding
sites were mapped to genes as described before (2.2.5) and associated genes were subjected

62



CHAPTER 2. RESULTS

Figure 2.35: Foxa2 Cooperates with Atoh1, Cdx2 and Hnf4a. A:MA plots showing the log2 fold change over the log2 mean
read count of the Foxa2 ChIP-seq in FVFlow and FVFhigh cells. Marked in color are binding sites that overlap with binding sites
from Atoh1 (left), Cdx2 (middle) and Hnf4a (right). Densities of all (gray) and themarked sites (colored) are shown on the
margins of the plots. B: Relative distances between Foxa2 and Atoh1 (left), Cdx2 (middle) and Hnf4 (right), respectively.
Observed distances are shown in color, expected distances in gray. C: Heatmap of notable GO terms and pathways enriched
in the genes near cooperative binding sites. D:Odds rations calculated by the Fisher’s exact test for each comparison. All
p-values were < 2.2×10-16.
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to pathway enrichment analysis. As already indicated by the different Foxa2 ChIP-seq signal
at sites co-occupied with Atoh1 compared to those co-occupied with Hnf4a or Cdx2, the func-
tion of nearby genes was different between each of the groups. Genes near Foxa2–Atoh1 sites
were associated with Delta–Notch, EGFR1 and estrogen signaling, cell cycle regulation, mucin
biosythesis and (entero)endocrine differentiation. Foxa2–Hnf4a sites were associated with
genes linked to metabolism as well as nutrient absorption and transport and Foxa2–Cdx2 sites
with growth, brush border assembly and the sensing of bacteria by the innate immune system
(Figure 2.35 C). Thus, depending on the co-occupying TF, Foxa2 regulates various functions in
the small intestine that reach from PC function and enterocyte differentiation in conjunction
with Cdx2 to the regulation of metabolic processes and nutrient uptake together with Hnf4a.
However, most interesting in the context of the role of Foxa2 in secretory and especially en-
docrine cell development, is the finding that Foxa2 seems to cooperate with Atoh1 to regulate
certain aspects of the endocrine lineage and GC differentiation.

2.2.9 scRNA-seq Shows Upregulation of Foxa2 During EEC & GC Differentiation

The advent of scRNA-seq technologies has enabled the parallel profiling of thousands of cells and
has rapidly improved our understanding of the cellular coherence in the intestinal epithelium
[162,179,192,240,276,277,279,352–354]. Assessing the transcriptome on the single-cell level
allows the precise identification of all cell types, their progenitors and even cell subtypes such as
the different types of EECs present in the intestine [162,179]. Hence, this is the state-of-the-art
approach to uncover transcriptional networks governing cellular differentiation. We used
scRNA-seq data generated for a different project in our lab [354] to study the correlation between
Foxa2 expression and EEC and GC differentiation. This data set was particularly suited for
that matter, since it was generated using an enrichment strategy that significantly increased
the number of secretory cells, including EECs. More specifically, the data set was generated
from FACS purified small intestinal cells of FVF mice, where 50% of the cells were sorted
without considering the FVF marker (i.e. FVF- & FVF+ cells) and the other 50% were sorted
to be FVF+ (Figure 2.36 A) [354]. The data set comprises a total of 13366 cells and on average,
3566 genes were detected per cell. Unsupervised graph-based clustering was used to identify
different cell populations that were then annotated using established marker genes. With this
approach all mature intestinal cell types and most of their progenitors could be identified. Due
to the absence of a specific knownmarker gene signature, one cluster could not be matched
to any intestinal cell type (Figure 2.36 B-C). Next, diffusion pseudotime [355] was calculated to
reconstruct developmental progression and sort the cells according to their pseudo-temporal
order of differentiation. To discover newmarker genes that effectively distinguish the individual
clusters, we performed a pair-wise differential expression analysis of each cluster against every
other cluster and defined genes, positively associated with a given cluster in every comparison
as markers for this given population. Using these marker genes, we performed GSEA in the
microarray data obtained from FACS purified FVF populations to revisit our attribution of
different intestinal cell types to FVF populations. In general agreement with the previous
classification, GSEA showed an association of EECs with FVFhigh cells, ISCs and PCs with FVFlow
cells and enterocytes and TCs with FVFneg cells. Notably, enterocyte progenitors were found to
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Figure 2.36: Single-Cell Transcriptomics of Intestinal Crypt Cells. A: Schematic representation of the experimental layout
scRNA-seq of crypts from FVFmice with enrichment of FVF+ secretory cells. B: UMAP plot of the 13366 single cells pooled
from three replicates. Different clusters, identified based on the expression of known marker genes are highlighted in
different colors. C: Expression scores of marker gene sets, specific for each intestinal cell lineage. D: GSEA of identifiedmarker
genes from each cluster of the dataset. Markers for early and late EE progenitors were pooled. Data analysis performed in
cooperation with Sophie Tritschler.

be in-between the FVFlow and FVFneg population. Moreover, with the new marker genes, we
revealed that GC progenitors were found in the FVFhigh population, while mature GCs were
rather found among the FVFlow cells (Figure 2.36 D).

Foxa2 was expressed at low levels, which results in low read counts originating from the gene
and hence a lower signal-to-noise ratio and increased rates of dropout events [356]. To overcome
this, we used a computational method, using a deep count autoencoder network (DCA) to
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Figure 2.37: Denoising of scRNA-seq Data. Expression patterns of selected intestinal marker genes and Foxa2, comparing
denoised (DCA) and raw expression values.

denoise the scRNA-seq data [356]. The DCA approach results in a marked improvement in the
representation of lowly expressed genes, including Foxa2, while preserving overall expression
patterns (Figure 2.37).

With the knowledge of cluster identities and the pseudo-temporal order of our data set, we
were able to asses Foxa2 expression in each cell type and along differentiation trajectories. In
agreement with previous results we saw highest Foxa2 levels in GC progenitors, EECs and EEC
progenitors. Mature GCs, PCs, ISCs, enterocyte progenitors andTC progenitors had decreasingly
lower Foxa2 expression. Enterocytes and TCs did not express Foxa2 (Figure 2.38 A). We next
examined the differentiation trajectories of EECs and GCs in respect to the expression of Foxa2,
Foxa2-bound genes and important lineage determining factors. As suggested by the expression
patterns in the different cell clusters, the pseudo-temporal ordering showed a strong increase
of Foxa2 expression in early EE progenitors that peaks at the transition of from early to late EE
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Figure 2.38: Expression Patterns During Lineage Differentiation. A: Expression levels of Foxa2 in the different intestinal
lineages, as defined by clustering of the single-cell data. B: Heatmap showing the expression of the most upregulated
Foxa2-bound genes in FVFhigh cells along the EEC differentiation path. Colors of the bottom row represent cluster affiliations.
C–D: Profiles of the relative expression of Foxa2 and selected genes of the GC and EEC lineages, respectively. Colored lines
represent the Loess-smoothedmean expression. Dashed lines indicate maximum Foxa2 expression. Colors at the bottom
represent cluster affiliations of the individual cells. Data analysis performed in cooperation with Sophie Tritschler.

progenitors. The top upregulated genes in FVFhigh cells with Foxa2 binding sites, as identified
by microarray analysis, include some of the most important endocrine TFs, such as Insm1,
Neurog3, Neurod1 or Isl1, and all of them had highest expression levels in late EE progenitors
or EECs and generally after upregulation of Foxa2 (Figure 2.38 B & D). Similarly, on the path
of GC differentiation, Foxa2 expression was rising in GC progenitors and expression of Foxa2-
bound GC differentiation genes, such as Spdef, Klf4 or Creb3l1 succeeded Foxa2 upregulation
(Figure 2.38 C). Moreover, we identified genes, that share a similar expression pattern with
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Foxa2, by gene expression correlation analysis and found 269 genes (ρ> 0.5) co-regulated genes.
These containedmany known EEC and GC lineage differentiation genes, as well as marker genes
identified in our data and 68% of the co-regulated genes were bound by Foxa2, suggesting that
these genes are regulated by Foxa2.

Thus, our scRNA-seq data shows that Foxa2 is upregulated during EEC and GC differentiation
and places it upstream of important lineage determining genes, such as Neurog3. This is in line
with our conclusions frommicroarray and genomics data and supports the initial hypothesis,
that high levels of Foxa2 drive the differentiation towards the EEC and GC lineage.
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3 Discussion

3.1 Modeling Pancreas Development

The overall goal of stem cell research is to gain insight into pathomechanisms and to provide
novel strategies for disease treatment. Since it has been shown that islet transplantation can
successfully revert insulin dependence in diabetic patients, cell-replacement therapies are
a viable approach in the treatment of diabetes [150]. The shortage of islet donors and the
necessity of life-long suppression of the immune system to prevent graft rejection, render
hESCs and in particular patient-derived iPSCs a promising source to generate large quantities of
transplantable β-cells. However, the efficient generation of fully functional and mature β-cells
still remains a challenge, even though the key events of pancreatic endocrine cell formation
in vivo are recapitulated during in vitro differentiation [155–157,357]. To improve the current
differentiation protocols it is therefore essential to understand the molecular mechanisms,
which govern the development of pancreatic endocrine cells. In this context, it is important to
characterize the specification of early human pancreatic lineages that give rise to functional
β-cells. The tempo-spatial patterns of TF activity are critical for the differentiation process,
and the knowledge of the expression patterns of key pancreatic TFs and their target genes is
important to improve the recapitulation of the differentiation events, which are required for
the successful formation of functional β-cells in vitro. However, the use of in vitro models is
indispensable to study early pancreas development, since the access to primary humanmaterial
is very limited.

3.1.1 Consistency of PDX1 Binding Sites Across Model Systems

One of the key TFs governing pancreas and β-cell development is PDX1. While its important
role during the different stages of pancreas development has been extensively studied in mice,
the stage specific functions of PDX1 in early pancreatic progenitors and adult β-cells is not well
understood. We combined mRNA profiling with an integrated analysis of genome-wide PDX1
binding sites and H3K27ac enrichment in pancreatic progenitors (PPs) derived from a novel
human iPSC line, in order to identify downstream target genes and to characterize the role of
PDX1 in early pancreagenesis.

To our knowledge, this is the first profile of genome-wide PDX1 binding sites in iPSC derived PPs.
Our analysis identified amultitude of target sites and associated genes, including developmental
regulatory factors, signaling molecules and factors important for mature β-cell function. Impor-
tantly, many of the genes, differentially expressed between PPs and iPSCs, were bound by PDX1.
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We compared our results with previously published PDX1 datasets from hESC-derived PPs of
similar stages [302,311] and found significant differences in PDX1 binding. The reasons that
could explain the observed discrepancies are diverse and include differences in the efficiency
of differentiation, the factors used in the in vitro differentiation protocol and the exact develop-
mental stage at the time of the experiments. The latter could explain many of the differences
between our data and that fromWang et al. [302], as their cells already expressed NKX6.1 and
were thus slightly further in development. Moreover, cell lines differ in their competence to
differentiate into specific lineages [358]. This likely influences the differentiation process in a
given cell line and might favor a set of target sites over another.

Despite the differences between experiments from various labs using diverse cell lines and
protocols, it is meaningful to compare the datasets. We used the overlap of PDX1 binding sites
from these different experiments in order to identify a set of high confidence PDX1 binding sites
that is more likely to represent the true PDX1 binding patterns in early PPs than those identified
by a single experiment.

3.1.2 Identification of Novel PDX1 Target Genes in Humans

The specific function of a TF is defined by the target genes it regulates. However, most studies
addressing the target genes of Pdx1 were conducted in mice [122,359,360] and it is not clear if
PDX1 regulates the same genes in humans. Our analysis identified 5664 putative PDX1 target
genes in human PPs, including RFX3 and DLL1, which are important for pancreas development
in mice [67,308,309]. RFX3 is a member of the evolutionary conserved regulatory factor X gene
family and encodes a TF, which contains a highly conserved winged helix DNA binding domain
and a C-terminal dimerization domain [361]. In mice, Rfx3 is involved in cilia formation and is
important for the differentiation of endocrine cells in the pancreas [308,362,363]. The deletion of
the gene causes ciliary abnormalities, compromising the differentiation of pancreatic endocrine
cells and resulting in reduced numbers of defective β-cells [308,363]. Furthermore, RFX3 has
been shown to bind to two well-known regulatory sequences of the glucokinase gene (GCK) in
Min6 cells and human islets [308]. DLL1 is an important canonical Notch ligand and is amember
of the delta/serrate/jagged family. DLL1 activates Notch signaling in neighboring cells, which
in turn represses the tip and later the endocrine fate during pancreas development (see 1.4).
Mice deficient of Dll1 show increased commitment to the endocrine lineage and a concomitant
depletion of the progenitor pool due to increased expression of Ngn3, which ultimately leads to
pancreatic hypoplasia [67,309]. WhetherRFX3 andDLL1 play similarly important roles in human
pancreas development has not been addressed so far, but our results suggest an evolutionary
conserved function of these PDX1 target genes. In contrast, other genes bound by PDX1 in
human PPs, such as TIMP2, MAFB and SIX2, are known to be specifically expressed in human
but not in mouse pancreata [364, 365]. To study the function of novel PDX1 target genes and
other aspects of pancreas development, the XM001 iPSC cell line has been modified to express
CRISPR/Cas9 under the control of an inducible promoter, which will allow gene functional
studies in the future [366].
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3.1.3 Diverging Functions of PDX1 in Development & Adulthood

The expression of PDX1 follows a specific spatio-temporal pattern. During embryogenesis,
it is expressed throughout the developing pancreas and duodenum, but becomes gradually
restricted to β- and δ-cells in the pancreatic islets, as well as some cells in the duodenum and
stomach [41, 58, 125, 126, 129]. Therefore, it is likely that the function of PDX1 and the set of
bound genes differs in PPs and mature β- and δ-cells. The comparison of PDX1 binding profiles
from stem cell-derived PPs and primary adult islets revealed that only a minor fraction of∼15%
of the binding sites are shared between development and adulthood. This strongly indicates
diverging functions of PDX1, depending on the developmental stage. Based on the GO-term
analysis of PDX1-bound genes in PPs and adult islets, we found that the function of genes near
common and specific binding sites differed markedly and reflected cellular function. In islets,
PDX1-bound genes were strongly related to β-cell specific functions, such as the regulation of
insulin secretion. Genes with adult specific PDX1 binding sites include the K+ channel KCNJ11
and the glucose transporter SLC2A2 (Glut2), essential for adult β-cell function, as well as NKX6-1
and MAFA, which are important for β-cell identity and maturation. On the other hand, in PPs,
PDX1 is bound to genes like GATA4, ONECUT1 or HNF1A, which are involved in epithelial cell
differentiation and the regulation of a PP-specific gene program. This shows that PDX1 binding
is highly dynamic and depends on the cellular context and the developmental stage. Thus, the
same TF can regulate multiple molecular programs, required for stage-specific functions.

3.1.4 Early Pancreas Development and Diabetes Risk

SNPs are a common form of genetic variation, and inmost cases they have no negative impact on
development and health. Some SNPs, however, can increase the risk of developing a particular
disease or may even be causal for a given disease. In the last decade, many disease associated
SNPs and their corresponding genes have been identified, of which more than 300 genes are
linked to T2DM [314]. Severemutations in key genes, regulating β-cell development and function
result in monogenetic forms of diabetes or even pancreatic agenesis [13–16,134,135]. However,
most SNPs associated with T2DM occur in non-coding regions and increase the susceptibility
to T2DM. A recent study showed that active regulatory regions in adult islets are enriched in
diabetes-associated SNPs, suggesting that the increased risk of T2DM is caused by disturbed
regulatory processes [313]. Interestingly, we also found that the regulatory regions, active during
early pancreas development (PP stage), are enriched in T2DM-associated SNPs.

One of the SNPs identified in our analysis, rs11263763, lies in a PP-specific PDX1 binding site
within the first intron of theHNF1B gene, and has been shown to reduceHNF1B expression [367].
In addition to rs11263763, HFN1B harbors several SNPs in the first and second intron, which
are associated with T2DM. During murine pancreas development, Hnf1β is involved in the
regulation of multipotent pancreatic progenitor proliferation and survival, and the loss ofHnf1b
results in pancreatic hypoplasia. Hnf1β also regulates the expression of Neurog3 in endocrine
progenitors and is thus important for specification of the endocrine lineage [368]. Moreover,
certain mutations of the humanHNF1B gene cause monogenic diabetes (MODY5) [369]. We also
identified two SNPs, rs12762233 and rs7087006, which are located in PP-specific PDX1 binding
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sites near the TCF7L2 gene. TCF7L2, also known as TCF4, is a member of the TCF/LEF family of
TFs, which are characterized by a high mobility group domain, facilitating DNA binding, and
act as downstream effectors of the canonical Wnt pathway [370]. TFC7L2 has been shown to
regulate β-cell function and survival in humans [371], and its murine ortholog is an important
regulator of β-cell development [372]. Genome-wide association studies (GWAS) have identified
many T2DM-linked SNPs near TCF7L2, including those with the highest disease association.
Therefore, the TCF7L2 locus conveys the highest risk for developing T2DM in Europeans [373].
For instance, insulin secretion defects in the presence of normal incretin plasma levels have
been described in patients carrying TCF7L2 SNPs [374].

The presence of the active histone mark H3K27ac at regions carrying T2DM-associated SNPs
indicates that these regions are involved in the regulation of gene activity in the PP stage. Thus,
variation in these regions potentially compromises the regulation of T2DM-relevant genes at
the PP stage, and might therefore impair developmental programs. Eventually, disturbances in
pancreatic development could result in reduced β-cell mass or function at birth, or impaired
postnatal expansion of β-cells, which would consequently contribute to an increased suscep-
tibility to T2DM. This is in agreement with the finding that in children the β-cell mass, and
presumably the rate of β-cell growth, is highly variable between individuals [375], and that
the β-cell mass is reduced in diabetic patients [376]. HNF1β and TCF7L2 are important TFs
regulating pancreas and endocrine development. Misregulation of these genes due to SNPs
occurring in their regulatory regions might impair early developmental processes that increase
the risk of developing T2DM later in adulthood.

3.2 Modeling the Effect of PDX1 Mutations on ꞵ-Cell Development

Interspecies diversity in the development and function of organs is a major issue in the transla-
tion of promising findings frommodel organisms to humans, and successful preclinical reports
from animal models often fail to succeed in humans. Thus, in order to develop novel treatment
strategies for complex diseases such as diabetes, comprehensive mechanistic understanding of
human endocrine cell formation, function and failure is necessary. As described above, the
access to primary human material and the impossibility of performing longitudinal studies in
humans call for the establishment of well-performing models to investigate human pancreas
development and homeostasis [151]. Hence, the use of ESCs, and in particular patient-derived
iPSCs, to model pancreas and β-cell development in vitro provides a unique platform to study
the etiology of human disease [155–157]. Of particular importance is the possibility to study
developmental programs and the effect of perturbations on the predisposition to diabetes,
by reproducing the phenotypes of specific mutations in genes, such as the master regulator
of pancreas development and MODY gene PDX1. Using endocrine differentiation culture of
donor-derived iPSCs, we investigated two common mutations, P33T and C18R, in the PDX1
gene, and their effect on human β-cell development and function. Using iPSC lines generated
from two subjects carrying a P33T and C18R mutation of PDX1, respectively, as well as newly
generated isogenic cell lines, we show that the development of endocrine progenitors and β-cells
is impaired by these mutations. However, our data revealed that in donor-derived PDX1P33T/+and
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PDX1C18R/+cells, the early stages of pancreas development are not affected. In contrast, an
impaired induction of the endocrine lineage at the PP2 stage is observed in the homozygous
PDX1P33T/P33T mutation of the isogenic control cell line. These results suggest that the P33T
mutation exerts a dose-dependent effect on the endocrine lineage decision.

3.2.1 Impact of P33T and C18RMutations on PDX1 Expression

The expression of Pdx1 is tightly controlled by four regulatory elements located upstream of the
Pdx1 gene. These regions are highly conserved and harbor binding sites for several important
TFs, including Hnf1β, Foxa1/2, Nkx2.2, Pax6, MafA as well as Pdx1 itself, all of which regulate
the cell type specific expression of Pdx1 [60,113,114]. Thus, Pdx1 regulates its own expression
via an auto-regulatory positive feedback mechanism [114,377,378].

Our results show thatPDX1mRNAandprotein levelswere reduced in the isogenicPDX1P33T/P33Tcell
line at the PP1 stage. Since the P33Tmutation lies in subdomain B of the PDX1 transactivation
domain, we speculate that the mutation disturbs protein–protein interactions, thereby impair-
ing the recruitment of transcriptional co-activators, which are required for the induction of
target gene expression, including PDX1 itself. Interestingly, the long non-coding RNA (lncRNA)
PLUTO is upregulated in the PDX1P33T/P33Tmutant PPs. PLUTO, which is the acronym for PDX1
Locus Upstream Transcript, is a gene with multiple exons, spanning a ∼100 kb region, which
contains a cluster of enhancers that is active in adult islets. The TSS is located approximately
three kb upstream of the PDX1 locus, and it is transcribed from the opposite strand [379,380].
PLUTO has a positive regulatory effect on the neighboring PDX1 gene by promoting interactions
between the PDX1 promoter and the upstream enhancer cluster, and the knock-down of the
PLUTO lncRNA resulted in decreased PDX1 expression [379]. Intriguingly, the expression of
both, PLUTO and PDX1 was found to be reduced in islets from diabetic and glucose intolerant
donors [379]. Thus, the upregulation of PLUTO in the PDX1P33T/P33TPP cells might be a com-
pensatory response, aiming to increase PDX1 expression. The reduction of PDX1 levels also
correlated with the impaired differentiation at the PP2 stage. During endocrine formation,
the maintenance of high PDX1 levels is essential for the specification and differentiation of
endocrine progenitors [381]. It is therefore likely that the low levels of PDX1, as observed in
PDX1P33T/P33Tmutants, perturb the endocrine fate specification.

Interestingly, neither PDX1 levels at the PP1 stage, nor the differentiation at the PP2 stage, were
impaired in PDX1C18R/C18Rmutant cells. These differences between the two mutations might be
explained by the impact of the mutations on the structure of the PDX1 protein. The replacement
of proline with threonine in the P33Tmutation could be more severe, as proline is important for
the generation of tight turns in the protein structure. The replacementwith any other amino acid
could therefore induce significant structural alterations that impair protein-protein interactions,
involving the transactivation domain of PDX1. Hence, the P33Tmutation might reduce PDX1
function by disturbing the interaction with co-binding TFs. This notion is also supported by the
similar phenotype of PDX1P33T/P33Tand PDX1+/-cells, which suggests a significant loss-of-function
caused by the P33T point mutation.
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3.2.2 Deregulation of Diabetes-Associated Genes in Mutant PPs

The differential gene expression analysis of the isogenic and donor-derived cell lines revealed
many differentially expressed genes, including interesting diabetes-associated genes. Among
the PPs from all isogenic mutants, 21 genes were commonly downregulated. These included
MEG3, LARGE1, ANPEP and CES1, all of which are implicated in diabetes. Maternally expressed
gene 3 (Meg3) is, as the name suggests, a maternally expressed imprinted gene, which codes
for a lncRNA. In mice, it is located in the distal region of chromosome 12, and its human
ortholog is found on the syntenic region on chromosome 14q [382]. The downregulation of
Meg3 results in impaired insulin synthesis and secretion, as well as increased apoptosis in
murine β-cells, suggesting an important role in maintaining β-cell identity [383]. Furthermore,
it has been shown that MEG3 is downregulated in islets of T2DM patients, supporting its es-
sential role for β-cell function, and indicating relevance for T2DM pathogenesis [384]. The
like-acetylglucosaminyltransferase 1 (LARGE1) is involved in protein glycosylation in the Golgi
apparatus, andmutations of the LARGE1 gene are generally associated with congenital muscular
dystrophy. However, a recent study has identified a SNP at the LARGE1 locus, rs16993330, as a
T2DM risk variant in the Greenlandic population [385]. An increased risk for T2DMhas also been
associated with SNPs at the Aminopeptidase N (ANPEP) locus, which increase the expression
of the ANPEP gene [386]. Moreover, the carboxylesterase 1 (Ces1) has been linked to obesity,
hepatic steatosis and hyperlipidemia, as the deletion of Ces1 in mice results in the development
of obesity, fatty liver, hyperinsulinemia, insulin insensitivity and decreased energy expendi-
ture [387]. Even though LARGE1, ANPEP and CES1 have been associated with diabetes or insulin
resistance, it is not clear whether these genes play a role during human β-cell development
and/or function. To address these questions further investigation is necessary. Another interest-
ing genewe found to be downregulated in PDX1P33T/P33Tand PDX1+/-PPs, isMNX1, which encodes
theTFMotor neuron and pancreas homeobox 1 (MNX1). This TF plays an important role in β-cell
differentiation and proliferation, and is essential for postnatal β-cell fate maintenance [388].
Furthermore, homozygous mutations of the MNX1 gene in humans cause permanent neonatal
diabetes [318], but the mechanisms by which this TF affects human β-cell development are not
yet understood.

The comparison of the differentially expressed genes in PDX1P33T/P33Tand PDX1P33T/+mutant
cells, identified five genes that were consistently misregulated in the same direction. Among
these genes were MEG3, NNAT and POSTN, all of which have a function in β-cells. As described
above, MEG3 regulates insulin secretion and synthesis and is downregulated in T2DM. NNAT is
a paternally expressed imprinted gene, encoding the proteolipid NEURONATIN. It is expressed
in brain, endocrine cells and the adipose tissue, and its expression is regulated by the metabolic
status and glucose levels [320, 389–392]. Mutations of the NNAT gene are linked to extreme
childhood obesity and its expression is reduced in the adipose tissue of obese children [391,393].
Moreover, Nnat regulates proinsulin cleavage and the homozygous deletion of Nnat results in
reduced insulin content and glucose-stimulated insulin secretion in pancreatic β-cells [392].
Thus, Nnat exerts glucose-sensitive control of β-cell function [392]. In addition, we found that
POSTN is upregulated in both, PDX1P33T/+and PDX1P33T/P33Tmutant PPs. Periostin, which is
encoded by the Postn gene, is a secreted protein, which is involved in epithelial-mesenchymal
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transformation, and plays a role in the development of teeth, bone, and heart [394]. In the
pancreas, Postn expression is highly upregulated upon partial pancreatectomy and is involved in
the regeneration of β-cells [322]. Moreover, when Postn is injected intraperitoneally, an increase
in islet numbers and beneficial effects on glucose regulation can be observed [322]. Therefore,
it is clear that NNAT and POSTN have important functions in the endocrine pancreas, but their
role during pancreas development needs to be addressed by future studies.

3.3 Foxa2 Expression Resolves Endocrine Differentiation in the Intestine

In response to food intake, enteroendocrine cells (EECs) of the intestinal epithelium secrete
a multitude of hormones, which regulate various aspects of energy homeostasis, including
feeding behavior, by regulating appetite and satiety, as well as digestion, through stimulating the
secretion of gastric acid, bile acids and digestive enzymes from the pancreas [161]. Importantly,
the hormones Glp1 and Gip, secreted from L- and K-cells, respectively, mediate the incretin
effect, which is characterized by the amplification of insulin secretion from pancreatic β-cells.
This effect accounts for up to 70% of the total insulin response, and is thus an integral part of
the glycemic control [176]. These features generated great interest in EECs and the intestinal
hormones, as they provide novel routes to treat metabolic diseases such as T2DM. Indeed, the
first generation of incretin-based drugs, including long-acting Glp1 analogues or Dpp4 inhibitors,
are already successfully used to treat diabetic patients [27,161,177].

EECs constantly differentiate from intestinal stem cells (ISCs) and the principles underlying
their differentiation are remarkably similar to those seen in pancreatic endocrine cell formation
and involve partially the same transcriptional regulators. Even though great advances have
been made recently, the mechanisms governing EEC differentiation and subtype specifica-
tion are still poorly understood [162,191,192]. However, it is of particular interest to decipher
these regulatory mechanisms, as the intestinal epithelium holds great potential for cell-based
therapies. For instance, the high similarity to the pancreatic endocrine system provides an
interesting perspective as it allows the transdifferentiation of EECs into insulin producing β-like
cells [395, 396]. Moreover, a recent study has shown that the hormonal program of EECs is
dynamic and can change in response to BMP signaling [192], suggesting possibilities for drug-
based modulations of the hormonal program. However, exact knowledge of the signals and
transcriptional programs, which control EEC development, is necessary to manipulate EECs
in order to produce specific hormones for the treatment of metabolic diseases.

The pioneer TF Foxa2 is essential for endoderm specification during embryogenesis and the
development of endoderm-derived organs [288]. In the intestine, Foxa2 and its family member
Foxa1 have been shown to be important for the differentiation of GCs and a subset of EECs,
namely Glp1/2 producing L-cells and Sst producing D-cells [272]. In this thesis, we discovered
that Foxa2 is expressed at different levels within the crypt by using a previously established
fluorescent Foxa2-Venus fusion reporter mouse line. Transcriptome analysis revealed that ISCs,
mature goblet cells (GCs) and Paneth cells (PCs) expressed low levels of Foxa2, while EECs and
GC progenitors expressed Foxa2 at high levels. In contrast, tuft cells (TCs) and enterocytes did
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not express Foxa2. Hence, the FVFmousemodel enabled us to enrich for ISCs and secretory cells
and to study EEC differentiation. Using a combination of bulk and single-cell transcriptomics,
togetherwith ChIP-seq andATAC-seq, we then dissected the EECs lineage decision and described
the role of Foxa2 and its impact on the chromatin landscape during EEC differentiation.

3.3.1 Similarity of the Enhancer Landscape in FVFlow and FVFhigh Cells

Several studies comparing the epigenetic landscape in ISCs, progenitors and mature villus
cells, have described a high similarity between the intestinal cell populations on the level of
histone modifications and DNAmethylation. Moreover, it was reported that the chromatin is
generally in an open, permissive state that is maintained throughout differentiation [222–226].
For instance, the active histone marks H3K4me2 and H3K27ac are present on the same loci in
secretory and absorptive progenitors, even though gene expression from these loci is markedly
different [222,224]. In our ChIP-seq data from FVFlow and FVFhigh cells, we observed the same
nearly identical configuration of the active histone modifications H3K4me3 and H3K27ac that
were also present on lineage specific loci, regardless of gene expression. Interestingly, as in
previous reports [222], some exceptions were observed at the loci of important enteroendocrine
lineage determining genes, such as the TFs Neurog3 or Nkx2-2, which showed pronounced
differences in H3K4me3 and H3K27ac enrichment between FVFlow and FVFhigh cells. Despite
the general similarity, we found that the enrichment of H3K27ac is subject to slight changes
between the two FVF populations, and that these changes correlate with the expression of the
corresponding genes. However, due to the low numbers of cells obtained from the FVFhigh
population, it was not feasible to perform the appropriate number of replicate experiments
required for reliable quantification of enrichment differences. Therefore, these results should
be seen as a qualitative, rather than a quantitative, evaluation. The low number of available cells,
together with the high similarity of histone modifications, necessitated a different approach to
assess lineage commitment on the level of epigenetics.

To overcome the present limitations, we performed ATAC-seq to profile chromatin accessibility
as approximation to chromatin activity [331]. The assay requires two orders of magnitude lower
numbers input of cells and could therefore be performed in replicates, allowing a quantitative
analysis. Similar to the histone modification data, chromatin opening was largely concor-
dant between FVFlow and FVFhigh cells, but differential accessibility analysis identified a set
of 1344 regions with significant differences. The vast majority of these sites was found in pu-
tative enhancer regions, which is in agreement with previous observations, showing that cell
type-specific chromatin modifications are mainly found at enhancer regions, while promoter
chromatin modifications are generally cell type-invariant [330]. More importantly, regions with
differentially open chromatin were found near lineage specific genes, such as the endocrine
genes Neurog3, Neurod1 or Fev in FVFhigh cells or the ISC-specific genes Olfm4 and Ascl2. Thus,
the ATAC-seq data reflected the lineage-specificity observed in the expression data and sug-
gests that the different cell types of the crypt can be distinguished on the level of chromatin
accessibility.
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3.3.2 Dose-Dependent Binding of Foxa2

FoxA TFs have been shown to occupy their target sites in a cell type and developmental stage-
specific mode [60,348,397,398]. The mechanisms allowing the specific binding of FoxA factors
are not understood, though results from invertebrates have suggested a possible model. In C.
elegans, the Foxa2 homolog defective pharyngeal development protein 4 (PHA-4) is, as the name
suggests, essential for pharyngeal development [399]. It regulates many genes during multiple
stages of pharyngeal development, and the onset of target gene expression is regulated by the
affinity of PHA-4 to its target sites. During early stages of development, PHA-4 is expressed at
low levels and binds to high affinity binding sites. As the expression of PHA-4 rises in later stages
of pharyngeal development, PHA-4 binds to low affinity binding sites. Thus, PHA-4 regulates
its target genes in a dose-dependent manner, and the affinity to the target sequence seems to
be the main determinant for DNA binding [400]. Similarly, analysis of promoter and enhancer
sequences bound by Foxa2 in the adult mouse liver, revealed that genes with weaker consensus
motifs were more liver-specific than those with stronger binding motifs [401]. However, the
situation in vertebrates appears to be more complex, as the strength of the consensus sequence
does not determine Foxa2 occupancy [344].

Analysis of the Foxa2 binding data fromFVFlow and FVFhigh cells showed that also in the intestine
Foxa2 binds its target genes in a cell type and dose-specific manner. Upon the∼2× increase in
Foxa2 expression in the FVFhigh population, the number of Foxa2-bound sites almost doubled
compared to the FVFlow population. Using the ChIP-seq signal strength as approximation for
the amount of bound Foxa2, and thus asmeasure for the overall affinity of Foxa2 to a given target
site, we found that population-specific sites were bound with a lower affinity. In our binding
profile, the mean enrichment of Foxa2 in FVFhigh cells at common binding sites was 1.8× higher
compared to binding sites exclusively bound in FVFhigh cells (data not shown). Evaluation of
electrophoretic mobility shift assay data [402] showed a good correlation between the motif
score of a given sequence and the binding strength of Foxa2 in vitro (ρ = 0.73). However, we
could not confirm this correlation in our in vivo data. Extensive analysis of the consensus motifs
present in Foxa2 binding sites in FVFhigh and FVFlow cells did not reveal any correlation between
the motif scores and the occupancy or binding strength of Foxa2 in both FVF populations.
Thus, it seems that FVFhigh-specific sites are bound with lower affinity, but that the consensus
sequence is not the main determinant of Foxa2 binding strength, suggesting that other features
are more important in the determination of Foxa2 binding. A possible mechanism would be
that co-binding TFs influence the stability of Foxa2 at its target sites. This is supported by the
observation that sites bound by Foxa2 and Atoh1 tend to show a stronger signal in FVFhigh cells.
However, it should be taken into account that it is not clear to which extent the ChIP-seq signal
strength reflects the actual amount of bound protein, especially in a mixed cell population
assayed by bulk ChIP-seq.

3.3.3 Foxa2 as Pioneering Factor of the Endocrine and Goblet Cell Fates

Inactive chromatin is packed with nucleosomes, which in general prevent binding of TFs.
However, a subset of TFs possess the ability to bind their target sequences even when they are
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bound by a nucleosome, and induce local chromatin decompaction, which allows other TFs
to bind [292,344]. Since these TFs are the first to bind to closed inactive chromatin, they have
been termed pioneer TFs [289]. FoxA and GATA4 were the first pioneer TFs to be described,
as they were able to open compact chromatin during hepatic development [289]. The ability
of FoxA factors to open condensed chromatin is conferred by the C-terminal domain, which
can bind to the core histones H3 and H4, and more importantly by the structural similarity
of the DNA binding domain to the linker histones H1 and H5 [285, 289]. This feature allows
FoxA factors to displace linker histones by direct competition for DNA binding, which in turn
increases the accessibility of target nucleosomes [292]. Thus, FoxA pioneer factors can act
as master regulators of cell fate decisions as they are able to bind inactive chromatin of cell
type-specific genes and impart the induction of cell type-specific gene expression [343].

Our data shows that upon increased expression in FVFhigh cells, Foxa2 binds more than 9000
additional sites, not previously bound in FVFlow cells, and that the accessibility of the surround-
ing chromatin increases with Foxa2 binding. Strikingly, the forkhead motif had the second
highest association with FVFhigh-specific chromatin opening, and we found that 70% of the
sites specifically open in FVFhigh cells, were actually bound by Foxa2. Moreover, the increase of
chromatin accessibility was strongest at FVFhigh-only Foxa2 binding sites, and vice versa, Foxa2
binding showed the strongest increase at sites with FVFhigh-specific accessibility. Together, sev-
eral lines of evidence show a strong correlation between Foxa2 binding and chromatin opening
in FVFhigh cells. Therefore, our results suggest that Foxa2 acts as pioneering factor in FVFhigh
cells. Upon increased Foxa2 expression, cell type-specific target sites are bound and chromatin
accessibility is promoted in order for other TFs to bind. According to our motif analysis, basic
helix-loop-helix (bHLH) TFs, such as Atoh1, Neurod1 or Ngn3, which are important for EEC
and GC differentiation, might be the main FVFhigh-specific co-binding TFs. This indicates, that
chromatin opening facilitated by Foxa2 binding is an important step in the initiation of EEC and
GC differentiation, setting the stage for lineage-specific TFs.

3.3.4 Modulation of Foxa2 Function by Cooperating Transcription Factors

The cell-type specific regulation of transcription is achieved through the coordinated action of
co-binding TFs at enhancer elements [330,346]. It has been shown that Foxa2 cooperates with
multiple TFs in different tissues. In the pancreas, for instance, Foxa2 works together with Pdx1,
Ngn3, Insm1 and Neurod1 to regulate pancreas and endocrine development, as well as β-cell
function [87,347,348]. In the liver, on the other hand, Foxa2 cooperates with Hnf4a to regulate
a liver-specific gene program [348]. The combined analysis of Foxa2 occupancy and motif
sequences at the binding sites revealed a relation between the identifiedmotifs and the ChIP-seq
signal strength. Nuclear receptor motifs, such as the Hnf4a and Pparg motifs, were associated
with the FVFlow population. In contrast, bHLH and RFX motifs, corresponding to secretory
and endocrine TFs like Ngn3, Neurod1, Atoh1 or Rfx6, were associated with increased Foxa2
signals in the FVFhigh population. This suggests that Foxa2 cooperates with different partners in
FVFlow and FVFhigh cells, respectively. In agreement with this hypothesis, we found a significant
overlap of Foxa2-bound sites with Atoh1, Hnf4a and Cdx2 binding sites, and that the Foxa2 signal
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intensity at shared binding sites differed between the potential binding partners. While sites co-
occupiedwith Foxa2 andAtoh1 showed increased Foxa2 enrichment in FVFhigh cells, sites shared
between Foxa2 and Hnf4a or Foxa2 and Cdx2 did not show changes in Foxa2 signal intensity,
suggesting that the cooperation between Foxa2 and Atoh1 is specific to the FVFhigh cells. This
notion is also supported by chromatin accessibility data, which showed the strongest increase in
chromatin opening at sites co-bound by Foxa2 and Atoh1. Moreover, pathway analysis indicates
that genes near Foxa2–Atoh1 co-occupied sites are involved in EEC andGCdifferentiation. On the
other hand, Foxa2–Hnf4a and Foxa2–Cdx2 co-binding appears to be present in both populations
and these sites are among themost accessible in both FVF populations, with onlyminor changes
between FVFlow and FVFhigh cells. Genes near Foxa2–Hnf4a sites were associatedwithmetabolic
processes, and those near Foxa2–Cdx2 sites with the differentiation of enterocytes. The latter
finding seems to contradict the observation that enterocyte progenitors cease Foxa2 expression.
However, Cdx2 is an important driver of enterocyte differentiation [403, 404] and is required
for the maintenance of cell type-specific chromatin accessibility [345, 405]. As Cdx2 binding
relies on open chromatin [405], the pioneering activity of Foxa2 might be required to induce
chromatin accessibility, which is then maintained by Cdx2. This is also in agreement with the
finding that FoxA factors are necessary for the induction of the liver fate during development
but not for the maintenance of the liver identity [295, 406, 407]. Taken together, our results
indicate that Foxa2 cooperates with different TFs in a cell type-specific manner, and that the
binding partner directs the function of Foxa2. With respect to cell type specification in the
intestine, our data suggests that Foxa2 and Atoh1 together regulate EEC and GC differentiation,
while Foxa2 together with Cdx2 initiates enterocyte differentiation. The evidence shown in this
work, however, is solely based on the overlap of detected binding sites and we did not attempt
to show the physical interaction of these factors at the shared binding sites. Hence, further
experiments using sequential ChIP are required to prove the concurrent binding, and thus the
cooperation of Foxa2 and its potential partners.

3.3.5 New Roles of Foxa2 in the Intestinal Epithelium

The conditional deletion of Foxa1 and Foxa2 in the intestinal epithelium results in a reduction
of Sst and Pyy producing D- and L-cells, and the loss of Glp1/2 producing L-cells. On the mRNA
level, reduced expression of the endocrine TFs Isl1 and Pax6 was detected in Foxa1/2 knockouts.
This suggests that in EEC differentiation, Foxa2 acts downstream of Ngn3 and upstream of Isl1
and Pax6 to regulate D- and L-cell differentiation [272]. In contrast, during pancreatic endocrine
differentiation, Foxa2 acts upstream of Ngn3, and cooperates with Ngn3 to regulate Neurog3
expression [87]. As Ngn3 is the master regulator of endocrine differentiation, its expression is
tightly controlled by the cooperative action of multiple TFs, including Pdx1, Onecut1, Hnf1b,
Myt1, Sox9, Ngn3 itself, and Foxa2. Since the TF networks guiding endocrine differentiation in
the pancreas and intestine are very similar, we hypothesized that also during EEC differentiation
Foxa2 acts upstream of Ngn3. Indeed, our analysis showed that Foxa2 binds to two sites in a
conserved region from -5000 to -3500 bp upstream of the Ngn3 promoter, which also contains
the Foxa2 binding site active in pancreatic endocrine progenitors [87, 347]. Moreover, these
sites are only occupied in the FVFhigh population, suggesting that they require the presence
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of high Foxa2 levels in order to be bound. This is also in agreement with the observation of
increased Foxa2 levels in pancreatic endocrine progenitors that correlate with the expression of
Ngn3 [87]. Thus, our results indicate that Foxa2, when expressed at high levels, is involved in the
regulation of Neurog3 expression. Furthermore, our ChIP-seq, microarray and scRNA-seq data
show that upregulation of Foxa2 precedes the onset of expression of many known regulators
of endocrine differentiation, including Neurod1, Nkx2-2, Insm1 and Arx, which are bound by
Foxa2 and upregulated in FVFhigh cells. Therefore, we suggest a broad role for Foxa2 in onset
and progression of EEC differentiation.

Similarly, we identified the GCTFs Spdef,Klf4 and Creb3l1 as potential Foxa2 target genes, suggest-
ing that Foxa2 is involved in the differentiation of GCs. Our single-cell and bulk transcriptome
data revealed that GC progenitors express high levels of Foxa2, indicating that also the onset of
GC differentiation depends on high Foxa2 expression. Moreover, we show that the expression of
the GC TFs Spdef, Klf4 and Creb3l1 follows the upregulation of Foxa2 in GC progenitors, placing
Foxa2 upstream of these factors. This is in accordance with the notion that GC differentiation is
impaired in conditional Foxa1/2 knockout mice [272]. However, it shows that Foxa2 not only
regulates Mucins and Tff3, but is also important for the onset of GC differentiation.

In addition to the roles of Foxa2 in EEC andGC differentiation, our data suggests that Foxa2might
also be important in ISCs. Foxa2 is expressed in non-PC cells in the stem cell zone, and lineage
tracings of Foxa2-positive crypt cells using a Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+ mouse line
showed that Foxa2 expression cells are capable of generating all intestinal cell types and the
lineage tracing patterns resemble those observed for Lgr5+ ISCs [326]. Moreover, we could
show that Foxa2 binds to the majority of the ISC signature genes [342], suggesting that Foxa2 is
involved in the regulation of an ISC gene program. However, the deletion of Foxa1/2 from the
intestinal epithelium did not reveal obvious defects in the ISC compartment [272]. A possible
explanation for this results is that in the Foxa1/2 knockout, the third family member Foxa3
might be able to compensate for the loss of Foxa1 and Foxa2. In fact, Foxa3 expression levels in
the intestine exceed the expression levels of both, Foxa1 and Foxa2, and it has been shown that
Foxa3 is able to bind to Foxa1/2-specific binding sites in the absence of both TFs [292]. Thus,
a scenario in which compensation by Foxa3 prevents a severe phenotype in ISCs of Foxa2/1
null mice seems to be likely. To test this idea, a triple knockout of all FoxA factors would be
required.

3.4 Conclusion

Hormones secreted by endocrine cells of the pancreas and intestine are crucial for the homeo-
static control of blood glucose and energy intake. Disturbances of the hormonal balance are
implicated in the development of metabolic diseases, such as T2DM. Both organs are derived
from the endoderm and share commonmechanisms of cell fate decisions. Better understanding
of TF networks, controlling the development of pancreatic and intestinal endocrine cells, is
required to develop novel treatment strategies for complex diseases such as diabetes.
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In the first part of this thesis, we assessed the role of PDX1 during early pancreatic development
and how PDX1 function is affected by two common point mutations. Using PPs derived from a
novel iPSC line, we characterized genome-wide PDX1 binding sites. We were able to show that
PDX1 acts in a stage-specific manner, and targets a PP-specific program, governing early pancre-
atic differentiation, during development, while it switches to β-cell specific targets, regulating
β-cell function and identity, in adulthood. Furthermore, we showed that T2DM-associated SNPs
are enriched within active regulatory regions of PPs, indicating that early pancreatic develop-
ment affects the susceptibility to T2DM.We then studied PPs generated from two donor-derived
iPSCs carrying heterozygous C18R and P33T mutations in the PDX1 transactivation domain,
respectively, and the corresponding homozyogous isogenic control cell lines, and showed that
these mutations contribute to the predisposition to T2DM. Furthermore, our data suggests that
PDX1 affects pancreas development and β-cell function in a dose-dependent fashion and that
developmental and compensatory β-cell formation and expansion depends on fully functional
PDX1.

The second part of the thesis addresses the role of Foxa2 in the onset of EEC differentiation
in the intestine. We found that Foxa2 has cell type-specific functions in ISCs and secretory
progenitor cells, which is mediated through the expression levels of Foxa2 and cooperating
TFs. In ISCs, low levels of Foxa2 are involved in the regulation of metabolic processes and,
presumably, the initiation of enterocyte differentiation, while in GC and EEC progenitors high
levels of Foxa2 pioneer the TF networks that control the differentiation into GCs and EECs.
These results suggest an important role of Foxa2 in the initiation of EEC differentiation and
provide insight into the dose-dependent action of Foxa2. Future experiments will show if this
mechanism can be used to induce the differentiation of Glp1 producing L-cell, through the
stimulation of Foxa2 expression. This could be achieved by the inhibition of ROCK signaling,
as previous work from our lab has shown that the ROCK inhibitors Fasudil and RKI-1447 can
induce Foxa2 expression in ESCs [408].
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4 Materials & Methods

4.1 Antibodies

4.1.1 Primary Antibodies

Antibody Host Company Catalog Number Application
ChgA polyclonal Rabbit Abcam ab15160 IF (1:200)
ChgA polyclonal Goat Santa Cruz sc-1488 IF (1:200)
Dclk1 polyclonal Rabbit Abcam ab37994 IF (1:500)
Foxa2 polyclonal Goat Santa Cruz sc-6554 ChIP-seq
GFP polyclonal Chicken Aves Labs GFP-1020 IF (1:500)
GFP polyclonal Rabbit Abcam ab290 ChIP-seq
H3K4me3 polyclonal Rabbit Diagenode C15410003-50 ChIP-seq
H3K27ac polyclonal Rabbit Diagenode C15410174 ChIP-seq
Lyz1 polyclonal Rabbit DAKO A0099 IF (1:1000)
Muc2 polyclonal Rabbit Santa Cruz sc-7314 IF (1:1000)
PDX1 polyclonal Goat kindly provided by C.Wright ChIP-seq

4.1.2 Secondary Antibodies

Antibody Host Company Catalog Number Application
Anti-chicken Alexa Fluor 488 Donkey Dianova 703-225-155 IF (1:800)
Anti-goat Alexa Fluor 555 Donkey Invitrogen A21432 IF (1:800)
Anti-goat Alexa Fluor 633 Donkey Invitrogen A21082 IF (1:800)
Anti-mouse Cy5 Donkey Dianova 715-175-151 IF (1:800)
Anti-rabbit Alexa Fluor 488 Donkey Invitrogen A21206 IF (1:800)
Anti-rabbit Alexa Fluor 555 Donkey Invitrogen A31572 IF (1:800)
Anti-rabbit Alexa Fluor 649 Donkey Dianova 711-605-152 IF (1:800)
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4.2 Buffers & Media

4.2.1 Immunofluorescence

10× PBS (pH7.4) 1.37 M NaCl, 26.8 mM KCl, 0,1 M Na2HPO4, 13.8 mM KH2PO4
PBST 1× PBS, 0.1% Tween20, pH7.4
4% PFA 1.3 M PFA in 1× PBS, pH7.2-7.4
Permeabilisation 0.25% TritonX-100, 100 mM glycin in dH2O
Blocking solution 10% FCS, 1% BSA, 3% donkey serum in PBST
DAPI 5 mg DAPI in 25 ml 1× PBS
Elvanol 0.015 mM Polyvinyl-alcohol, 24 mM Tris pH6.0, 2 g DABCO in 90 ml H2O

and 37.8 ml glycerol

4.2.2 Crypt Isolation & FACS

Crypt isolation buffer 2 mM EDTA in DPBS
Basal Crypt Medium AdvancedDMEM/F12 containing 100 U/ml Penicillin, 100 U/ml

Streptomycin and 10 mMHEPES
Complete Crypt Medium AdvancedDMEM/F12 containing 100 U/ml Penicillin, 100 U/ml

Streptomycin, 10 mMHEPES and 10% FCS
FACS buffer 1× DPBS, 2% FCS and 2 mM EDTA
FACS buffer (scRNA-seq) 1× DPBS, 1% FCS and 0.1 mM EDTA

4.2.3 ChIP-seq

Lysis-Buffer 0.5% SDS 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 0.5% SDS
IP-Buffer 10 mM Tris-HCl (pH 7.5), 1 mM EDTA, 0.5 mM EGTA,

1%Triton X-100, 0.1% SDS, 0.1%Na-Desoxycholate, 140
mM NaCl, H2O, Protease Inhibitors

Washing-Buffer 1 (High Salt Buffer) 500 mM NaCl, 50 mM Tris-HCl (pH 8.0), 0.1% SDS, 1%
NP-40

Washing-Buffer 2 (LiCl Buffer) 250 mM LiCl, 50 mM Tris-HCl (pH 8.0), 0.5% Na-
Deoxycholate, 1% NP-40

Washing-Buffer 3 10 mM Tris-HCl (pH 8.0), 10 mM EDTA
Elution Buffer 50 mM Tris-HCl (pH 8.0), 10 mM EDTA, 1% SDS
TE Buffer 10 mM Tris-HCl (pH 8.0), 1 mM EDTA

4.2.4 ATAC-seq

Lysis-Buffer 10 mM Tris-HCl, 10 mM NaCl, 3 mMMgCl2, 0.1% (v/v) IGEPAL CA-630
Elution-Buffer 10 mM Tris-HCl, pH 8.0
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4.3 Kits & Master Mixes

Agilent High Sensitivity DNA Kit Agilent 5067-4626
Agilent RNA 6000 Pico Kit Agilent 5067-1513
Chromium Single Cell 3’ Library & Gel Bead Kit v2 10× Genomics 120237
Chromium Single Cell A Chip Kit, 48 rxns 10× Genomics 120236
Encore Biotin Module NuGEN 4200-12
GeneChip Human Gene 2.0 ST Array Affymetrix 902113
GeneChip Mouse Gene 1.0 ST Array Affymetrix 901168
High-Capacity cDNA Reverse Transcription Kit Applied Biosystems 4368814
MicroPlex Library Preparation Kit Diagenode C05010010
MinElute PCR Purification Kit Qiagen 28004
miRNeasy Mini Kit Qiagen 217004
NEBNext High-Fidelity 2X PCR Master Mix New England Biolabs M0541S
Nextera DNA Library Preparation Kit Ilumina discontinued
Ovation PicoSLWTA SystemV2 NuGEN 3312-24
QIAquick PCR Purification Kit Qiagen 28104
Qubit dsDNA HS Assay Kit Molecular Probes Q32854
RNase-Free DNase Set Qiagen 79254
SuperScript VILO cDNA Synthesis Kit Invitrogen 11754250
SYBR Green PCR Master Mix Applied Biosystems 4364346
TaqMan Fast Advanced Master Mix Applied Biosystems 4444965
TruSeq Stranded mRNA Library Prep Illumina 20020594

4.4 Reagents & Media

Advanced DMEM/F12 Gibco 12634028
AMPure XP Beckman Coulter A63880
DNase I Roche 10104159001
Donkey serum Millipore S30-100ML
DPBS, no calcium, no magnesium Gibco 14190250
FBS Good PAN-Seratech ST40-37500
HEPES (1 M) Gibco 15630080
Nuclease-free water Promega P119C
OCT Tissue freezing medium Leica Biosystems 14020108926
Penicillin-Streptomycin (10,000 U/mL) Gibco 15140122
SPRIselect Beckman Coulter B23318
TrypLE Express Enzyme (1×) Gibco 12605010
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4.5 Chemicals

Unless indicated otherwise, chemicals were purchased fromMerck, Thermo Fisher Scientific
or Carl Roth.

10N HCl
7-AAD Viability Staining Solution eBioscience 00-6993-50
BSA
Calcium chloride
DABCO
DAPI
EDTA
EGTA
Ethanol, 96%
Ethanol, Pure (200 Proof, anhydrous)
EvaGreen Dye, 20×inWater Biotium #31000
Formaldehyde solution (37%)
Glycerol, 50% (v/v) Aqueous Solution Ricca Chemical Company 3290-32
Glycin
IGEPAL CA-630
Lithium chloride
MgCl2 New England Biolabs B0510A
NP-40 Life Technologies
Paraformaldehyde
Polyvinyl-alcohol
Potassium chloride (KCl)
Potassium hydrogenphosphate (KH2PO4)
QIAzol Lysis Reagent Qiagen 79306
RNaseZAP
Sodium chloride
Sodium desoxycholate
Sodium dodecylsulphate (SDS)
Sodium hydrogenic phosphate (Na2HPO4)
TE Buffer Invitrogen 12090015
Tris
Triton X-100
Trypan Blue solution
Tween-20
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4.6 Primers & TaqMan Probes

4.6.1 ATAC-seq Sequencing Adapter

Ad1 AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG
Ad2.1 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT
Ad2.2 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT
Ad2.3 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT
Ad2.4 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT
Ad2.5 CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT
Ad2.6 CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT
Ad2.7 CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT
Ad2.8 CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT
Ad2.9 CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT
Ad2.10 CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT
Ad2.11 CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT
Ad2.12 CAAGCAGAAGACGGCATACGAGATTCCTCTACGTCTCGTGGGCTCGGAGATGT
Ad2.13 CAAGCAGAAGACGGCATACGAGATATCACGACGTCTCGTGGGCTCGGAGATGT
Ad2.14 CAAGCAGAAGACGGCATACGAGATACAGTGGTGTCTCGTGGGCTCGGAGATGT
Ad2.15 CAAGCAGAAGACGGCATACGAGATCAGATCCAGTCTCGTGGGCTCGGAGATGT
Ad2.16 CAAGCAGAAGACGGCATACGAGATACAAACGGGTCTCGTGGGCTCGGAGATGT
Ad2.17 CAAGCAGAAGACGGCATACGAGATACCCAGCAGTCTCGTGGGCTCGGAGATGT
Ad2.18 CAAGCAGAAGACGGCATACGAGATAACCCCTCGTCTCGTGGGCTCGGAGATGT
Ad2.19 CAAGCAGAAGACGGCATACGAGATCCCAACCTGTCTCGTGGGCTCGGAGATGT
Ad2.20 CAAGCAGAAGACGGCATACGAGATCACCACACGTCTCGTGGGCTCGGAGATGT
Ad2.21 CAAGCAGAAGACGGCATACGAGATGAAACCCAGTCTCGTGGGCTCGGAGATGT
Ad2.22 CAAGCAGAAGACGGCATACGAGATTGTGACCAGTCTCGTGGGCTCGGAGATGT
Ad2.23 CAAGCAGAAGACGGCATACGAGATAGGGTCAAGTCTCGTGGGCTCGGAGATGT
AP2.24 CAAGCAGAAGACGGCATACGAGATAGGAGTGGGTCTCGTGGGCTCGGAGATGT

4.6.2 qPCR TaqMan Probes

Human Probes
18S Hs99999901_s1
GAPDH Hs02758991_g1
HNF1B Hs01001602_m1
NANOG Hs04260366_g1
NKX2.2 Hs00159616_m1
NKX6.1 Hs01055914_m1
OCT4 Hs00999632_g1
PDX1 Hs00236830_m1
PTF1A Hs00603586_g1
SOX9 Hs01001343_g1
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Mouse Probes
Chga Mm00514341_m1
Fabp1 Mm00444340_m1
Foxa1 Mm00484713_m1
Foxa2 Mm01976556_s1
Foxa3 Mm00484714_m1
Gapdh Mm99999915_g1
Isl1 Mm00517585_m1
Lgr5 Mm00438890_m1
Neurod1 Mm01280117_m1
Neurog3 Mm00437606_s1
Nkx2-2 Mm00839794_m1
Olfm4 Mm01320260_m1
Pax6 Mm00443081_m1
Rfx3 Mm00803303_m1
Rfx6 Mm00624115_m1
RN18S Mm03928990_g1
Rpl37 Mm00782745_s1

4.6.3 SYBR Green qPCR Primer

ACTB forward CCCAGAGCAAGAGAGG
ACTB reverse GTCCAGACGCAGGATG
HHEX forward ACGGTGAACGACTACACGC
HHEX reverse CTTCTCCAGCTCGATGGTCT
MEIS1 forward GGGCATGGATGGAGTAGGC
MEIS1 reverse GGGTACTGATGCGAGTGCAG
ONECUT1 forward GAACATGGGAAGGATAGAGGCA
ONECUT1 reverse GTAGAGTTCGACGCTGGACAT
RFX6 forward AAGCAGCGGATCAATACCTGT
RFX6 reverse ACCGTGGTAAGCAAACTCCTT

4.7 Instruments & Equipment

2100 Bioanalyzer Agilent
Applied Biosystems ViiA 7 Thermo Fisher Scientific
C1000 Touch Thermal Cycler Bio Rad
Centrifuge 5417 R Eppendorf
Centrifuge 5424 R Eppendorf
Centrifuge 5804 R Eppendorf
Chromium Controller 10× Genomics
FACSAria III BD
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Pipet-Lite LTS Pipette L-1000XLS+ Rainin
Pipet-Lite LTS Pipette L-100XLS+ Rainin
Pipet-Lite LTS Pipette L-10XLS+ Rainin
Pipet-Lite LTS Pipette L-200XLS+ Rainin
Pipet-Lite LTS Pipette L-20XLS+ Rainin
Pipet-Lite LTS Pipette L-2XLS+ Rainin
Pipet-Lite Multi Pipette L8-200XLS+ Rainin
Pipet-Lite Multi Pipette L8-50XLS+ Rainin
PIPETMAN Neo P1000N Gilson
PIPETMAN Neo P10N Gilson
PIPETMAN Neo P200N Gilson
PIPETMAN Neo P20N Gilson
PX1 PCR Plate Sealer Bio Rad
Qubit Fluorometer Molecular Probes
S220 Focused-ultrasonicator Covaris
ThermoMixer C Eppendorf

4.8 Consumables

10 cm bacterial plates BD
50 ml/ 15 ml Falcon tubes Corning
5PRIME Phase Lock Gel - Heavy Quantabio
96- and 384-Well plates Thermo Scientific
DNA LoBind Tubes, 1.5 ml Eppendorf
Falcon 5 mL Round Bottom High Clarity PP Test Tube, with Snap Cap Corning
Falcon 5 ml Round Bottom Polystyrene Tube, with Cell Strainer Snap Cap Corning
Falcon Cell Strainers, 70 µm Corning
PCR Tubes 0.2 ml 8-tube strips Eppendorf
Pierceable Foil Heat Seal Bio-Rad
Tips LTS 1ML Filter RT-L1000FLR Rainin
Tips LTS 200UL Filter RT-L200FLR Rainin
Tips LTS 20UL Filter RT-L10FLR Rainin
twin.tec 96-Well PCR Plate Semi-skirted Eppendorf
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4.9. GENERAL MOUSE HANDLING & ANIMAL STUDIES APPROVEMENTS

4.9 General Mouse Handling & Animal Studies Approvements

All animal experiments were carried out in compliance with the German Animal Protection Act,
the guidelines of the Society of Laboratory Animals (GV-SOLAS) and Federation of Laboratory
Animal Science Associations (FELASA). Mice were housed in groups of two to four animals at
23±1°C, with constant humidity and on a 12 hours light–dark cycle with free access to water
and food.

4.10 Genetic Lineage Tracing

For genetic lineage tracing experiments, Cre recombinase activity was induced in
Foxa2nEGFP-CreERT2/+;Gt(ROSA)26mTmG/+ mice by a single dose of orally administered tamoxifen
at 0.3 mg/g body weight in sunflower oil (Sigma-Aldrich) after a 3 hours fasting period. Mice
were sacrificed 48 hours or 30 days after tamoxifen gavage.

4.11 Immunofluorescence

For immunofluorescence stainings on cryo-preserved tissue sections, intestinal tissue was
dissected and rinsed in ice-cold PBS. To remove the luminal content, the intestinal lumen
was carefully flushed with PBS. Cleaned tissues were fixed with 4% paraformaldehyde (PFA)
for 3 h at 4°C and incubated in a sucrose gradient (1 h in 5% sucrose/PBS, followed by 1 h in
15% sucrose/PBS at RT, and 30% sucrose/PBS overnight at 4°C). Prior to embedding with OCT
(optimal cutting temperature) embedding medium (Leica), tissue samples were incubated in a
1:1 mixture of 30% sucrose/PBS and OCT for 3 h at RT. Subsequently, tissue samples were placed
into embeddingmolds, frozen on dry ice and stored at -80°C. Tissue samples were sectioned on a
cryostat (Leica CM 1860) at a thickness of 10–16 µm. Cryo-sections were then dried for ∼40 min
at RT, rehydrated with PBS for 20 min and permeabilised with 0.4% Triton X-100/PBS for 20 min.
After washing once with PBST (0.1% Tween-20/PBS) samples were blocked in using a blocking
solution containing 10% FCS, 0.1% BSA and 3% donkey or goat serum/PBST for 1–2 h at RT.
Sections were then incubated with primary antibodies, diluted in blocking solution, overnight at
4°C. Sections were washed 3×with PBS before incubation with secondary antibodies in blocking
solution for 1 h at RT. Section were again washed 3× with PBS and nuclei were stained with
DAPI (1:1000) in PBS for 15 min at RT. Following nuclear staining, sections were washed at least
3× and subsequently embedded with self-made Elvanol antifade agent. Sections were kept
overnight at RT for drying.

4.12 Crypt Isolation

Small intestines were dissected and remaining adipose tissue was removed in ice-cold PBS. After
that, intestines were opened longitudinally using scissors, and villi and the lunimal content
were carefully scraped off using a cover slip. The opened intestines were then cut into ∼2
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cm long pieces and washed 2–4× in ice-cold PBS until supernatant was clear. Subsequently,
tissue fragments were incubated in 2 mM EDTA in ice-cold PBS for 35 min at 4 °C on a benchtop
roller. Crypts were then collected in fresh PBS by rigorous shaking (3–4 rounds). To remove
remaining large villus fragments, isolated crypts were passed through a 70 µm cell strainer and
subsequently pelleted at 300×g for 5 min at 4°C. To prepare single-cell suspensions, isolated
crypts were incubated with 1–2 ml TrypLE (Life technologies) for 5 min at 37 °C in a water bath.
To stop the TrypLE reaction and to digest released DNA, 5–7ml of complete crypt medium (basal
medium supplemented with 10% FCS) supplemented with 10 µg/ml DNase I was added and cells
were incubated for 5–10 min at 37 °C in a water bath, while being resuspended once every∼2
min. After DNA was digested completely, cells were resuspended∼20 times, pelleted at 300x g
for 5 min at 4 °C, and washed 2–3× with ice-cold FACS buffer. Following the last washing step,
cells were resuspended in 1–2 ml FACS buffer and passed through the 40 µm cell strainer cap
of the FACS tubes. For single-cell RNA sequencing, isolated single cells were resuspended in a
compatible FACS buffer, containing 1× PBS, 1% FCS, 0.1 mM EDTA.

4.13 FACS

Single-cell suspensions, prepared as described above, were sorted using a FACS-Aria III (BD
Bioscience). Cell were gated according to their FSC-A (front scatter area) and SSC-A (side scatter
area) values, and doublets were excluded based on the FSC-W (forward scatter width) and FSC-H
(forward scatter height). 7-AAD (eBioscience) was used to exclude dead cells. FVF populations
were discriminated by fluorescence emission excited using a 488 nm laser. For microarray and
qPCR analysis, cells were directly sorted in QIAzol lysis reagent (Qiagen) using the 85 µm nozzle.
For single-cell transcriptomics, cells were sorted in FACS buffer, containing 1× PBS, 1% FCS, 0.1
mM EDTA using the 100 µm nozzle. For ChIP-seq and ATAC-seq experiments, cells were sorted
in regular FACS buffer using the 85 µm nozzle. Data analysis was performed using FlowJo and
FACS Diva software.

4.14 Microarray

For Affymetrix microarray experiments, total RNA was extracted using the miRNeasy Mini
kit (Qiagen). Subsequently, RNA integrity was assessed using the Agilent 2100 Bioanalyzer in
conjunction with the RNA 6000 Pico Kit (Agilent). Total RNA was then reverse transcribed and
amplified using the Ovation PicoSLWTA SystemV2 (Nugen) in combination with the Encore
Biotin Module (Nugen). Amplified cDNAwas hybridized on either GeneChip Human Gene 2.0 ST
arrays or GeneChipMouse Gene 1.0 ST arrays. Expression console (version 1.3.0.187, Affymetrix)
was then used for quality control. All subsequent computational analyses were performed in R
using Bioconductor packages. Raw expression values were RMA normalized using the oligo
package (version 1.38.0) and probe sets were annotated either using the hugene20sttranscript-
cluster.db package (version 8.5.0) or the mogene10sttranscriptcluster.db package (version 8.5.0).
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After this step, analyses were performed differently for the individual projects, as described in
the following subsections.

4.14.1 Analysis of XM001 iPSC & PPMicroarrays

Differential expression was analyzed using the limma package (version 3.30.7) and p-values
were adjusted for multiple testing by Benjamini-Hochberg correction. Genes were considered
differentially expressed if the adjusted p-value (FDR) was below a threshold of 0.05 and the
fold-change was greater than or equal to 2. Functional enrichment analyses were performed
using HOMER (version 4.9) [409] and gene set enrichment analysis was performed using GSEA
3.0 [410,411] with genes ranked by log2 ratio between XM001 PPs and XM001 iPSCs.

4.14.2 Joint Analysis of XM001 & PDX1P33T/+iPSC & PPMicroarrays

In order to compare PDX1P33T/+PPs toWT XM001 PP, XM001 microarray data was reanalyzed
togetherwith the PDX1P33T/+data. Differential expression analysiswas performedon aprefiltered
dataset, containing the 30562 probe sets with the highest mean expression values across all
samples, using the limma package (version 3.30.7). P-values were adjusted using the Benjamini-
Hochberg correction and genes were considered as differentially expressed if the adjusted
p-value (FDR) was below a threshold of 0.1 and the fold-change was greater than or equal to
2. Functional enrichment analyses were performed using HOMER (version 4.10) [409] and
functional annotations were based on literature research and the term affiliation provided by
HOMER (version 4.10).

4.14.3 Analysis of FVF Microarrays

Differential expression analysis was performed on a prefiltered dataset, containing the 19200
probe sets with the highest mean expression values across all samples, using the limma package
(version 3.30.7). P-values were adjusted using the Benjamini-Hochberg correction and genes
were considered as differentially expressed, if the adjusted p-value (FDR) was below a threshold
of 0.05 and the fold-change was greater than or equal to 2. Functional enrichment analyses were
performed using HOMER (version 4.10) [409] or metascape (version 3.0) (http://metascape.org),
and gene set enrichment analysis was performed using the fgsea package (version 1.8.0).

4.15 qPCR

4.15.1 XM001 iPSC & PPs

Total RNA was extracted using the miRNeasy Mini kit (Qiagen) and cDNA was synthesized using
the High-Capacity cDNA Reverse Transcription kit (Applied Biosystems). TaqMan probe based
qPCRs were performed using the TaqMan Fast Advanced Master Mix (Applied Biosystems)
under default cycling conditions on a Viia7 real-time PCR cycler (Applied Biosystems). For
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a list of TaqMan probes see 4.6.2. SYBR Green based qPCR was performed using the SYBR
Green PCRMaster Mix under default cycling conditions on a Viia7 real-time PCR cycler (Applied
Biosystems). For a list of SYBR Green primers see 4.6.3. Relative expression was calculated using
the delta-delta Ct method and normalized to the reference genes RN18S and GAPDH (TaqMan
assays), or ACTB (SYBR Green assays).

4.15.2 FVF Crypt Cells

Total RNA was extracted using the miRNeasy Mini kit (Qiagen) and cDNA was synthesized using
the SuperScript VILO cDNA Synthesis kit (Invitrogen). qPCRs were performed using TaqMan
probes and the TaqMan Fast Advanced Master Mix (Applied Biosystems) under default cycling
conditions on a Viia7 real-time PCR cycler (Applied Biosystems). For a list of TaqMan probes
see 4.6.2. Relative expression was calculated using the qBase method [412] and normalized to
reference genes.

4.16 RNA-seq

Total RNA was extracted from PDX1+/-, PDX1P33T/P33T, PDX1C18R/C18Rand XM001 lines were
collected at the PP1 stage and the iPSC stage (XM001 cell only) using the miRNeasy
Mini kit (Qiagen). RNA integrity was assessed using Agilent 2100 Bioanalyzer together
with the Agilent RNA 6000 Pico Kit. Libraries were prepared using the TruSeq Stranded
mRNA Library Prep (Illumina). Libraries were sequenced on an Illumina HiSeq 4000
(150 bp, paired end). RNA-seq data was quantified using salmon (version 0.11.3) quant
with options –validateMappings –rangeFactorizationBins 4 –numBootstraps
100 –seqBias –gcBias [413].Salmon quantification results were imported into R using the
tximport package (version 1.10.1) and genes with low read count (< 6 reads) were discarded prior
to differential expression analysis. DESeq2 (version 1.20) [333] was used for differential expres-
sion analysis with default parameters and results were calculated with independent filtering and
independent hypothesis weighting [414]. For the comparison of PPs against iPSCs, all datasets
were used and all PP samples (i.e. XM001, PDX1C18R/C18R, PDX1P33T/P33Tand PDX1+/-) were com-
pared with XM001 iPSCs using the lfcThreshold=1.5 option in the results function. For
the comparison of the PPs derived from the different cell lines, only data from PPs were loaded
into DESeq2 and the results for these comparisons were generated without the lfcThreshold
option. For all analyses, fold changes were shrunken using the apeglm method [415] using
the results from independent hypothesis weighting. Genes were considered as differentially
expressed adjusted p-value (FDR) was > 0.05 (PP vs iPSC) or 0.1 (PDX1 mutations vs control) and
the absolute shrunken log2 fold change was > 2 (PP vs iPSC) or > 1 (PDX1 mutations vs control).
GO-term and pathway analysis were performed using HOMER (version 4.10).
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4.17 ChIP-seq

4.17.1 Sample Preparation for iPSC Derived Pancreatic Progenitors

XM001 and PDX1P33T/+PP cells (2×106 cells) were cross-linked in 1% formaldehyde in cell culture
media for 10 min at RT. The cross-linking reaction was terminated by the addition of glycine to a
final concentration of 125 mM. Cell were washed with PBS containing 10% FCS, snap frozen and
stored at -80°C. For chromatin fragmentation, cells were thawed and resuspended in Lysis-Buffer
and sonicated for 20 min in a Covaris S220 sonicator, using a duty cycle of 2%, a peak incident
power of 105Wand 200 cycles per burst. The fragmented chromatin was diluted 1:5 in IP-Buffer
and directly used for immunoprecipitation. For PDX1 ChIP, 60% of the chromatin (equivalent of
1.2×106 cells) was processed in two parallel ChIPs using Dynabeads Protein G magnetic beads,
preloaded with 3 µl goat anti PDX1 antibody (kindly provided by C.Wright). For H3K27ac ChIP,
40% of the chromatin (equivalent 0.4×106 cells) was processed in three parallel ChIPs using
Dynabeads magnetic beads, preloaded with 3 µg anti H3K27ac antibody (Diagenode, C15410174).
Dynabeads were incubated with the antibody for 2–3 h at 4°C on a lab rotator at∼35 rpm. ChIP
was then performed as described in 4.17.4.

4.17.2 Sample Preparation for Histone ChIP-seq in FVF+ Cells

After dissociation of crypt cells into single cells, cells were cross-linked in 1% formaldehyde in
Advanced DMEM/F12 supplemented with 10% FCS for 10 min at RT. The cross-linking reaction
was stopped by the addition of glycine to a final concentration of 125 mM. Cells were then
washed with PBS and used for FACS as described in 4.13 but without 7AAD staining. After
FACS, cells were washed with PBS with 10% FCS, snap frozen and stored at -80°C. For chromatin
fragmentation, ∼1×106 cells were pooled from several aliquots originating frommultiple mice
and resuspended in Lysis-Buffer. Samples were sonicated for 20 min in a Covaris S220 sonicator,
using a duty cycle of 2%, a peak incident power of 105Wand 200 cycles per burst. The fragmented
chromatin was diluted 1:4 in IP-Buffer and directly used for immunoprecipitation. For each
histone modification ChIP experiment, chromatin equivalent to∼2×105 cells was processed in
2 parallel ChIPs using Dynabeads magnetic beads , preloaded with 3 µg anti H3K27ac antibody
(Diagenode, C15410174) or 3 µg anti H3K4me3 antibody (Diagenode, C15410003-50). Dynabeads
were incubated with the antibody for 2–3 h at 4°C on a lab rotator at ∼35 rpm. ChIP was then
performed as described in 4.17.4.

4.17.3 Sample Preparation for Foxa2 ChIP-seq in FVF+ Cells

After FACS (4.13), cells were collected by centrifugation and cross-linked in 1% formaldehyde in
PBS for 10 min at RT. The cross-linking reaction was stopped by the addition of Glycine to a final
concentration of 125 mM. Subsequently cells were washed with PBS supplemented with 10%
FCS, snap frozen and stored at -80°C. For chromatin fragmentation,∼5×106 cells were pooled
from several aliquots originating frommultiple mice and resuspended in Lysis-Buffer. Samples
were sonicated for 40 min in a Covaris S220 sonicator, using a duty cycle of 2%, a peak incident
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power of 105Wand 200 cycles per burst. The fragmented chromatin was diluted 1:4 in IP-Buffer
and directly used for immunoprecipitation. Each ChIP experiment was processed in 4 parallel
ChIPs using Dynabeads magnetic beads , preloaded with 3 µl anti GFP antibody (Abcam, ab290).
Dynabeads were incubated with the antibody for 2–3 h at 4°C on a lab rotator at∼35 rpm. ChIP
was then performed as described in 4.17.4.

4.17.4 General ChIP-seq Procedure

For all ChIPs, antibody incubation was performed at 4°C for 5 h on a lab rotator at ∼35 rpm.
Beads were then washed 5 times for 10 minutes at 4°C on a lab rotator at∼35 rpm, using (1.) IP-
Buffer, (2.) Washing-Buffer 1, (3.) Washing-Buffer 2 and (4. & 5.) Washing-Buffer 3. Subsequently,
protein-DNA complexes were eluted from the beads in Elution-Buffer at 65°C for 20 min. Cross-
links were reversed at 65°C overnight and DNA was purified by ethanol precipitation for library
construction using the MicroPlex kit (Diagenode, C05010010). Libraries were sequenced on an
Illumina HiSeq 1500 (50 bp, single end).

4.18 ChIP-seq Analysis

4.18.1 iPSC Derived Pancreatic Progenitors

Preprocessing & Alignment To remove low quality bases and potential adapter contamination,
raw reads from PDX1 and H3K27ac ChIP-seq were processed with Trimmomatic (version 0.35).
Reads were subsequently aligned to the hg19 genome using bowtie2 (version 2.2.6) using the
–very-sensitive option and duplicate reads were removed using samtools (version 1.3).
BAM files for PDX1 and H3K27ac from PDX1P33T/+cells were subsampled to match the read depth
of the BAM files from XM001 cells using samtools (version 1.3).

Peak Calling For the analysis of PDX1 in XM001 PPs, peaks were called using GEM (version
3.2) [416] using default settings and filtered, after visual inspection, using a q-value cut-off of
10-4. Then, overlapping regions were merged. For the joint analysis of PDX1 in XM001 and
PDX1P33T/+PPs, PDX1 binding sites were called using GEM inmulti conditionmode, filtered, after
visual inspection, using a q-value cut-offs of 10-4 (XM001) and 10-4.05 (PDX1P33T/+) and overlapping
regions were subsequently merged. H3K27ac enriched regions were called using BCP-HM [417]
with default parameters. For the joint analysis of H3K27ac in XM001 and PDX1P33T/+cells, reads
fromboth samplesweremerged and enriched regionswere called usingHOMER (4.10) [409] with
the options -style histone -size 500 -minDist 2000. All PDX1 peaks and H3K27ac
enriched regions were further filtered by removing blacklist regions [418].

Functional Enrichement & Motif Analysis To map regions and binding sites to putative target
genes, peaks within 20 kb of a TSS or within a gene body were annotated with the respective
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gene using bedtools (version 2.26.0). Motif analysis, annotations with genomic features and
pathway enrichment analysis were performed using HOMER.

Clustering To clusterH3K27ac profiles, the reads, falling in the intersection of enriched regions
from all samples to be compared were counted and normalization factors were calculated using
DESeq2 (version 1.20) [333]. After that, all regions from all samples to be compared were
merged and reads falling into these union regions were counted and normalized with DESeq2
using the normalization factors calculated before. Normalized read counts were then used
to calculate Pearson correlation coefficients that were subsequently subjected to hierarchical
clustering.

Normalization of H3K27ac H3K27ac read counts from XM001 and PDX1P33T/+cells were normal-
ized using a set of promoters from housekeeping genes [419]. Housekeeping genes were derived
from the microarray data (4.14) and defined by an absolute log2 fold change (PDX1P33T/+vs
XM001) < log2(1.1) and a linear coefficient of variation < 0.15. H3K27ac reads were counted in
a regions from 1000 bp upstream to 100 bp downstream of the housekeeping genes’ TSSs and
DESeq2 (version 1.20) was used to estimate size factors for normalization. Normalized read
counts where used when indicated in the figures.

H3K27ac Enrichment To calculate enrichment of H3K27ac at PDX1-bound sites, three sets of
random sites were generated by shuffling PDX1 binding sites from either XM001 cells alone
or from the joint analysis of XM001 and PDX1P33T/+cells using bedtools (version 2.26.0) shuffle.
Next, H3K27ac reads were counted and ratio of the mean read count at PDX1 sites over the mean
read count at shuffled sites was calculated. P-vales were calculated using theWilcoxon rank
sum test with continuity correction.

High Confidence Binding Sites High confidence binding sites from PPs and adult islets were
generated from the overlap of available PDX1 binding profiles in progenitor cells or islets, where
sites found in two out of three progenitor data sets or three out of four islet data sets were
considered as high confidence binding sites.

Visualization BIGWIG files, normalized to 1×sequencing depth (Reads Per Genomic Content)
using deepTools bamCoverage (3.1.0), were used for visualization of ChIP-seq data. Tracks from
H3K27ac and PDX1 in adult islets were generated frommerged BAM files containing reads from
all available experiments. For visualization of jointly analyzed H3K27ac data, downsampled
BAM files were used to gnerate BIGWIG files, which were also normalized using the size factors
previously determined by DESeq2.
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Public Data For publicly available datasets, raw reads were downloaded from online reposi-
tories and processed as described above (GSE54471 [302], GSE58686 [311], E-MTAB-1143 [312],
E-MTAB-1919 [313]).

4.18.2 FVF+ Intestinal Crypt Cells

Preprocessing & Alignment To remove low quality bases and potential adapter contamination,
raw reads from Foxa2, H3K4me3 and H3K27ac ChIP-seq experiments were processed with
Trimmomatic (version 0.35). Reads were subsequently aligned to the mm10 genome using
bowtie2 (version 2.2.6) using the –very-sensitive option and duplicate reads were removed
using samtools (version 1.3).

Custom Blacklist In order to remove false positive peaks, a custom blacklist of region with
strong read accumulation in input samples was generated. To that end, BAM files from in-
put samples for histone and GFP ChIP-seq were merged and peaks were called using MACS2
with the parameters –nomodel –nolambda –keep-dup all –broad -q 1e-03. Subse-
quently, all peaks closer than 2 kb weremerged using bedtools (version 2.26.0). The resulting list
of peaks was then combined with a publicly available blacklist for the mm10 genome obtained
from https://www.encodeproject.org/annotations/ENCSR636HFF/ using bedtools
(version 2.26.0).

Peak Calling For Foxa2 ChIP-seq, peaks from FVFlow and FVFhigh cells were called together
using GEM (version 3.2) [416] in multi condition mode with default settings and filtered, after
visual inspection, using a q-value cut-offs of 10-3.6 (FVFlow) and 10-5.6 (FVFhigh). Overlapping
regionswere subsequentlymergedusing bedtools (version 2.26.0). For the analysis ofH3K27ac in
FVFlow andFVFhigh cells, reads fromboth samplesweremerged andenriched regionswere called
using HOMER (version 4.10) [409] with the options -style histone -size 500 -minDist
2000. All Foxa2 peaks andH3K27ac enriched regionswere further filtered by removing blacklist
regions (see 4.18.2).

Functional Enrichement & Motif Analysis To map regions and binding sites to putative target
genes, peaks within 20 kb of a TSS or within a gene body were annotated with the respective gene
using bedtools (version 2.26.0). Motif analysis, annotations with genomic features and pathway
enrichment analysis were performed using HOMER (version 4.10). Analysis of the associations
between motif occurrences and Foxa2 ChIP-seq were performed using chromVar [336] and 1:1
scaling was forced by setting a uniform read depth.

Normalization of H3K27ac & H3K4me3 H3K27ac and H3K4me3 read counts from FVFlow and
FVFhigh cells were normalized using a set of promoters from housekeeping genes [419]. House-
keeping genes were derived from the microarray data (4.14) and defined by an absolute log2
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fold change (FVFhigh vs FVFlow) < log2(1.1) and a linear coefficient of variation < 0.15. H3K27ac
and H3K4me3 reads were counted in a regions from 1000 bp upstream to 100 bp downstream of
the housekeeping genes’ TSSs and DESeq2 (version 1.20) was used to estimate size factors for
normalization. Normalized read counts where used when indicated in the figures.

EnrichmentofActiveChromatinMarks To calculate enrichment ofH3K27acH3K4me3 andATAC-
seq at Foxa2-bound sites, three sets of random sites were generated by shuffling the union of
Foxa2 binding sites from the joint analysis of FVFlow and FVFhigh cells using bedtools (version
2.26.0) shuffle. H3K27ac H3K4me3 and ATAC-seq reads were then counted and the ratio of the
mean read count at Foxa2-bound sites over the mean read count at shuffled sites was calculated.
P-vales were calculated using theWilcoxon rank sum test with continuity correction.

Visualization For visualization of ChIP-seq data, BIGWIG files generated from the correspond-
ing BAM files using deepTools bamCoverage (3.1.0). Reads were extended to the mean fragment
length, determined by HOMER. H3K27ac and H3K4me3 tracks were scaled using the size factors
previously determined by DESeq2.

Public Data or publicly available datasets, raw readswere downloaded fromonline repositories
and processed as described above (GSE51464 [222], GSE34568 [345]).

4.19 ATAC-seq

ATAC-seq was performed in four replicates following the original ATAC-seq protocol developed
by Buenrostro et al. 2013 [331] with minor modifications during cell preparation.

Cell Preparation For each ATAC-seq experiment, 60 000 FVFlow and FVFhigh cells (FACS events)
were sorted by FACS and immediately used for ATAC reactions. Cells were collected by cen-
trifugation at 900×g for 5 min and 4 °C in a fixed angle rotor to ensure minimal cell loss during
aspiration of supernatants. Cells were washed once with 50 µl cold PBS, resuspended in 50 µl
cold Lysis-Buffer and immediately pelleted at 900×g for 10 min and 4 °C to proceed with the
transposition reaction.

Transposition & Purification Cell pellet was kept on ice while the transposition reaction mix
was prepared, combining the following:

25 µl 2× TD Buffer
2.5 µl Tn5 Transposase
22.5 µl Nuclease free H2O
50 µl Total
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Cells were then gently resuspended in the transposition reaction mix and incubated for trans-
position at 37 °C for 30 min. Immediately after the transposition reaction, DNA was purified
from samples using the Qiagen MinElute PCR Purification Kit. Transposed DNA was eluted in
10 µl Elution-Buffer and DNA concentration was determined using the Qubit dsDNA HS assay.
Purified DNA was stored at -20°C.

PCR Amplification DNA fragments were then amplified by PCR, using the following reagent
mix and cycling conditions. A complete list of adapter sequences and indices can be found in
4.6.1.

10 µl Transposed DNA
10 µl Nuclease free H2O
2.5 µl 25 µM Sequencing adapter Ad1
2.5 µl 25 µM Sequencing adapter Ad2.x (Index)
25 µl NEBNext High-Fidelity 2× PCR Master Mix
50 µl Total

Cycling conditions:

72°C 5 min
98°C 30 sec
98°C 10 sec
63°C 30 sec 4×
72°C 1 min
4°C hold

After this pre-amplification step, the PCR reaction was monitored by qPCR to avoid over-
amplification of the transposed DNA fragments. To this end, a pPCR side reaction using the
following reagent mix and cycling conditions was performed.

5 µl Pre-amplified DNA from previous step
2.25 µl Nuclease free H2O
0.75 µl 20× EvaGreen dye
1 µl 6.25 µM Sequencing adapter Ad1
1 µl 6.25 µM Sequencing adapter Ad2.x (Index)
5 µl NEBNext High-Fidelity 2× PCR Master Mix
15 µl Total

Cycling conditions:

98°C 30 sec
98°C 10 sec
63°C 30 sec 19×
72°C 1 min
4°C hold
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To calculate the number of additional cycles, required for the amplification of the remaining 45
µl of PCR reaction, the qPCR cycle number, corresponding to 1/4 of the maximum florescence
intensity, was determined (Ct 1/4). The main PCR reaction was then continued by running the
appropriate number of additional cycles.

Cycling conditions:

98°C 30 sec
98°C 10 sec
63°C 30 sec Ct 1/4×
72°C 1 min
4°C hold

After the amplification step, the library was purified using the QIAquick PCR Purification Kit and
eluted in 20 µl Elution-Buffer. After purification, 1 µl was set aside for Bioanalyzer analysis.

SPRI Size Selection To enrich for fragments, from 100–600 bp double sided SPRI based size
selection (0.6×/1.3×) was performed using AMPure XP beads according to the SPRIselect user
guide. Purified and size selected libraries were eluted in 17 µl Elution-Buffer and stored at -20°C.
Quality and concentrations of the libraries before and after size selection were assessed on the
2100 Bioanalyzer platform using the Agilent High Sensitivity DNA Kit. Libraries were sequenced
on an Illumina HiSeq 1500 (50 bp, paired end).

4.20 ATAC-seq Analysis

Preprocessing & Alignment To remove low quality bases and potential adapter contamination,
raw reads from ATAC-seq experiments were processed with Trimmomatic (version 0.35). Reads
were subsequently aligned to the mm10 genome using bowtie2 (version 2.2.6) with the –very-
sensitive option. Duplicate reads were removed using samtools (version 1.3) and reads were
shifted +4/-5 bp to account for Tn5 cut properties [331].

Peak Calling ATAC-seq peaks were called on nucleosome free fragments (fragment length <
150 bp) of merged BAM files from all replicates, combined from FVFlow and FVFhigh datasets, us-
ing MACS2 with the parameters –nomodel –nolambda –keep-dup all –call-summits.
Peaks overlapping blacklist regions for the mm10 genome obtained from
https://www.encodeproject.org/annotations/ENCSR636HFF/ were removed using
bedtools (version 2.26.0).

Functional Enrichement & Motif Analysis To map regions of open chromatin to genes, peaks
within 20 kb of a TSS or within a gene body were annotated with the respective gene using
bedtools (version 2.26.0). Annotations with genomic features were performed using HOMER
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(version 4.10). Analysis of the associations between motif occurrences and ATAC-seq variation
were performed using chromVar [336]. Functional enrichment analyses were performed using
HOMER (version 4.10) [409] or metascape (version 3.0) (http://metascape.org).

Normalization of ATAC-seq Data ATAC-seq data from FVFlow and FVFhigh cells were normalized
using a set of promoters from housekeeping genes [419]. Housekeeping genes were derived
from themicroarray data (4.14) and defined by an absolute log2 fold change (FVFhigh vs FVFlow) <
log2(1.1) and a linear coefficient of variation < 0.15. ATAC-seq reads were counted in the regions
from 1000 bp upstream to 100 bp downstream of the housekeeping genes’ TSSs and DESeq2
(version 1.20) was used to estimate size factors for normalization. Normalized read counts
where used for differential enrichment analysis, and when indicated in the figures.

Differential Enrichment Analysis For differential enrichment analysis, ATAC-seq reads were
counted in the identified peak regions and normalized using the size factors determined using
the housekeeping genes, as described above. Regions with low read coverage (< 5 reads) were
removed and remaining regions were processed with DESeq2 (version 1.20) [333] and fold
changes were shrunken using the apeglmmethod [415] with the lfcThreshold=0.4 option
in the results function. Regions were considered as differentially enriched when s-value
(local false sign rate) [420] was > 0.1 and the absolute shrunken log2 fold change was > 0.5.

Visualization For visualization of ATAC-seq data, BIGWIG files generated from each BAM
file using deepTools bamCoverage (3.1.0). Reads were extended to the actual fragment
length, determined by the read pairs, and tracks were scaled using the size factors previously
determined by DESeq2. Subsequently, replicates from FVFlow and FVFhigh were merged and the
mean signal was calculated to obtain a single track for FVFlow and FVFhigh, respectively.

4.21 Single-Cell RNA-seq

For scRNA-seq, wemade use of the FVF reporter, and enriched FVF+ cells in order to increase the
fraction of secretory cell types. To that end, crypts were isolated and single cell suspension were
generated as described in 4.12. Single cellswere thenpurifiedbyFACS as described in 4.13. To ob-
tain a FVF-enriched crypt cell sample, we combined 30,000 FACS purified live FVF+ cells, sorted
by theirVenusfluorescence and consisting of both, FVFlow andFVFhigh cells, with 30,000 FACSpu-
rified life cells, not sorted by their Venus fluorescence and thus consisting of FVFneg, FVFlow and
FVFhigh cells. Sorted cells were counted to determine the exact cell number and the fraction of
dead cellswas estimated by trypan blue staining. Sampleswere used for scRNA-seq if the fraction
of dead cells was below 20%. The final cell number was adjusted to recover a target cell number
of 10.000 cells per sample. scRNA-seq libraries were then generated in 3 replicates using the 10x
Chromium Single Cell 3′ Library & Gel Bead Kit v2 (10× Genomics) following themanufacturer’s
protocol. Libraries were sequenced on an Illumina HiSeq 4000 (150 bp, paired end).
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4.22 scRNA-seq Analysis

Primary Analysis & Preprocessing For primary data analysis, the CellRanger pipeline (version
2.0.0) provided by 10× Genomics was used for demultiplexing of raw base call (BCL) files,
alignment to the mm10 genome, read filtering, as well as barcode and UMI counting. All
subsequent analysis steps were performed in python using the SCANPYAPI [421]. First, cells and
genes were filtered, in order to retain only genes with an UMI count > 1 and only cells expression
> 1000 genes. Subsequently, all cells with a large fraction of counts frommitochondrial genes (>
10%) were excluded. Count matrices from individual replicates were merged and expression
values were log-transformed (log(count+1)). We then further filtered the dataset and excluded
genes, expressed in <20 cells. In the next step, batch correction was performed using a python
implementation of ComBat [422] with default parameters and defining each sample as one batch.
To assess contamination from non-epithelial cells, an initial round of graph-based clustering
(louvain) was performed and a clearly distinct cluster of cells, expression high levels of immune
cell marker genes, was identified and excluded from further analysis.

Clustering & Cell Type Annotation The top 2000 variable genes were determined based on the
normalized dispersion of genes, using pp.filter_genes_dispersionwith default parame-
ters. To compute a neighborhood graph of the individual cells, pp.neighbors function was
used with the parameters n_neighbors=25,n_pcs=50,method=’gauss’ and a Uniform
Manifold Approximation and Projection (UMAP) was calculated for visualization [423]. To iden-
tify clusters of cell types, luvain clustering was performed using the tl.louvain function in
multiple iterations with varying resolutions in a „split-and-merge“ approach. The final clusters
of cell types and subtypes were annotated based on the expression of known marker genes.
Novel marker genes for each populations were identified using the tl.rank_genes_groups
function in an pairwise approach comparing each cluster individually against every other cluster,
retaining only genes identified in each comparison (score > 8). In order to put the cells in a
pseudotemporal order, reflecting the differentiation progress, tl.dpt function was used to
calculate the diffusion pseudotime, rooted to a randomly selected cycling cells (> 1 count for
Mki67 and Pcna) from the ISC cluster.

Denoising To get a finer resolution of the expression values of lowly expressed genes, ex-
pression data was denoised by imputation of missing values using the Deep Count Autoen-
coder (DCA) package [356]. The dca function was used with the parameters ae_type=’nb’,
hidden_size=[1024,512,1024], scale=False, batchnorm=False on a subset con-
taining all identified marker genes for every cell population and all putative Foxa2 target genes.
Genes with expression patterns similar to Foxa2 were identified by calculating the Pearson
product-moment correlation coefficients from the denoised data for Foxa2–gene pair across all
cells.
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