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Summary

Liver and pancreas are derivatives of the endodermal germ layer that become specified
around E8.5 in the mouse embryo. The pancreas arises from two distinct regions in the
foregut, one dorsally, one ventrally located. Interestingly, the ventral pancreatic domain
overlaps with the prospective hepatic endoderm and both organ rudiments develop in close
proximity to one another throughout early development. Previous analyses suggested that
liver and ventral pancreas arise from a common progenitor domain. However, this hypothesis
had not been validated in mammalian embryos in vivo. In addition, the cellular and tissue
dynamics defining hepatic and pancreatic lineage segregation from this presumed common

progenitor domain remained elusive.

In this study, | applied complementary genetic lineage tracing approaches in mouse models
to label early hepato-pancreatic progenitors and to follow their contribution to liver and
pancreas in vivo. By employing a combination of unicolor and multicolor (Confetti) reporter
systems, | traced the common origin of liver and ventral pancreas to a bipotent progenitor
domain situated in the ventral foregut. In addition, | uncovered the surprising fact that ventral
pancreatic cells retain the bipotent nature of these ventral foregut progenitors and contribute
to the growing liver rudiment throughout early organogenesis. In vivo analyses of marker
gene expression suggested that this progenitor population is characterized by the concurrent
expression of the transcription factors Prox1, Pdx1, and Sox17. | substantiated these findings
of pancreatic cell fate plasticity by detailed in vivo time course analyses of cell numbers and
proliferation dynamics in the hepato-pancreatic organ system. Finally, | identified Robo-Slit
signaling as an essential signaling pathway to maintain pancreatic identity and to prevent

aberrant hepatic fate acquisition within the ventral pancreatic domain.

Taken together, by combining genetic lineage tracing and quantitative immunohistochemical
analyses in genetic mouse models in vivo, | uncovered that ventral pancreatic cells display a
hitherto unappreciated level of cell fate plasticity fundamental for proper development of

ventral foregut derivatives.

Keywords: pancreas, liver, development, plasticity, lineage tracing, organogenesis






Zusammenfassung

Leber und Pankreas sind Derivate des endodermalen Keimblattes, die im Maus-Embryo zum
Embryonalstadium (E) 8.5 spezifiziert werden. Der Pankreas entwickelt sich aus zwei
unterschiedlichen Regionen im dorsalen und ventralen Vorderdarm. Interessanterweise
Uberlappt die Domane des ventralen Pankreas mit der des zukiinftigen hepatischen
Endoderms und beide Organanlagen entwickeln sich wahrend ihrer friihen Ontogenese in
unmittelbarer raumlicher Ndhe zueinander. Friihere Studien gaben zu der Vermutung Anlass,
dass Leber und Pankreas aus einer gemeinsamen Vorlauferzelldomane hervorgehen.
Allerdings wurde diese Hypothese nie durch in vivo Studien in Sdugerembryonen belegt.
Dariber hinaus gab es bisher auch keinerlei Erkenntnisse Uber die Dynamik zelluldrer und
gewebsspezifischer Prozesse, welche einer Aufspaltung pankreatischer und hepatischer
Zellpopulationen aus einer mutmalilichen gemeinsamen Vorlduferpopulation zu Grunde

liegen kdnnten.

In der vorliegenden Arbeit habe ich verschiedene Ansatze zur Verfolgung der genetischen
Abstammung (engl., genetic lineage tracing) hepato-pankreatischer Vorlauferzellen in
Mausembryonen eingesetzt, um deren Beitrag zur Entwicklung der Organanlagen von Leber
und Pankreas in vivo aufzukldren. Durch die Kombination einzel- und mehrfarbiger (Confetti)
Reportersysteme gelang es mir, den gemeinsamen Ursprung von Leber und ventralem
Pankreas tatsdchlich auf eine bipotente Vorldauferzelldomadne im ventralen Vorderdarm
zurlickzufiihren. Dariiber hinaus kamen meine Studien zu dem Uberraschenden Ergebnis, dass
Zellen des ventralen Pankreas die bipotenten Eigenschaften dieser Vorlauferzelldomane
beibehalten und dadurch befahigt sind, wahrend der friihen Organogenese kontinuierlich zur
wachsenden Leberanlage beizutragen. Weitere in vivo Analysen des Expressionsmusters
bekannter Marker-Gene legten nahe, dass diese Vorlduferzellpopulation durch die
gleichzeitige Expression der Transkriptionsfaktoren Prox1, Pdx1 und Sox17 charakterisiert ist.
Meine Hypothese einer andauernden Plastizitat der Zellen des ventralen Pankreas konnte ich
durch detaillierte Analysen von Zellzahl und Proliferationsdynamik des hepato-
pankreatischen Organsystems zu verschiedenen Zeitpunkten der Embryogenese bestatigen.

SchlieRlich konnte ich auch noch die essentielle Bedeutung des Robo-Slit Signalweges fiir die

Xl



Aufrechterhaltung einer pankreatischen und die Verhinderung einer fehlerhaften

hepatischen Zellidentitat im ventralen Pankreas identifizieren.

Zusammengefasst haben meine Arbeiten gezeigt, dass Zellen des ventralen Pankreas eine
bisher nicht gekannte und lang andauernde Plastizitat fiir pankreatische und hepatische
Differenzierung besitzen und dass diese Plastizitdit von zentraler Bedeutung fir die

Entwicklung der Organsysteme aus dem ventralen Vorderdarm ist.

Stichworte: Pankreas, Leber, Entwicklung, Plastizitat, Abstammungsstudien, Organogenese
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1. Introduction

Developmental biology encompasses the investigation of processes governing
morphogenesis, growth, and differentiation of cells, tissues, and entire organisms. In the
past, developmental biology has fundamentally shaped our understanding of basic concepts
in molecular biology, genetics, physiology, and evolutionary biology. Recently, developmental
biology also gained increasing importance in the context of biomedical research, especially
for stem cell research and the development of cell-based therapies’. Advances in
developmental biology provide insights into the developmental origin, gene expression
profiles, and signaling pathways of a tissue or organ of interest. This knowledge provides us
with the tools to reenact the development of tissues or organs in vitro and to implement

regenerative therapies for treatment of degenerative diseases in patients>>.

Amongst the diseases showing promising approaches for regenerative therapies are those
affecting the liver and pancreas®, including chronic hepatitis and diabetes. A profound
knowledge of processes governing hepatic and pancreatic development will greatly aid in the
further improvement of cell-based therapies for these diseases. A unique aspect of liver and
pancreas development is that both tissues share a developmental origin as they arise from a
common progenitor domain®. This situation offers the exciting possibility of employing
patient liver cells to be transdifferentiated into B-cells for the treatment of diabetes through

410 Although initial evidence for a bipotent hepato-pancreatic

cell-replacement therapy
progenitor domain was suggested more than a decade ago™’, our precise knowledge about
the nature of this cell population in mammals and the processes governing the segregation
of hepatic and pancreatic fates remain elusive. Elucidating the dynamics of this divergent

differentiation was the overall aim of my thesis project.



1.1 Physiology of liver and pancreas in health and disease

11714 “Millions of

Liver and pancreas serve as essential regulators of systemic metabolism
patients worldwide suffer from diseases affecting these organs, which are often life
threatening and represent huge socio-economic burdens. In the following chapter, | will give
a brief overview of the physiological relevance of liver and pancreas. | will describe the main
diseases affecting these organs and introduce current approaches towards cell-based

regenerative therapies for them.

A Liver B

Common
/ bile duct

Gallbladder

Duodenum

Pancreatic duct

PP-cell Langerhans

Duct cell

Fig. 1: Morphology of the adult liver and pancreas. (A) Representation of the adult human liver and
pancreas. The liver is connected via the biliary ducts to the gallbladder and via the common bile duct to the
duodenum. The human pancreas is morphologically divided into head, body and tail, and connected to the
duodenum via the pancreatic duct. (B) Schematic representation of the liver histology. The functional cells
of the liver are the hepatocytes located in a network of arteries (hepatic arterioles), veins (central vein and
portal venules), bile ducts, and bile canaliculi. (C) Schematic representation of the pancreas histology. The
exocrine pancreas is divided into the functional exocrine cells (acinar cells), which produce and secrete
digestive enzymes, and the ductal cells, which form a tubular network for the transport of secreted digestive
enzymes to the duodenum. The endocrine pancreatic cells are organized into the well-vascularized islets of
Langerhans, which consist of cells of multiple endocrine lineages including a-cells, 3-cells, 8-cells, e-cells,
and pancreatic-polypeptide (PP) cells. (partially adapted from Edlund, 2002")

The adult human liver is a well vascularized organ that receives blood via the hepatic portal

11,15-17

vein and hepatic arteries . Hepatocytes, the main functional cell type of the liver, lie in

11,15,18

between these blood vessels (Figs. 1A, 1B, 2A, 2B) . Hepatocytes contribute to a wide



range of essential metabolic functions, such as nutrient processing, maintenance of blood

metabolite and protein concentrations, as well as life-saving detoxification processes'.

During embryonic development the liver is also the primary site of hematopoiesis*® .

Hepatocytes are intermingled with a dense network of bile ducts that transport hepatocyte-

18,22,23

produced bile acid to the gallbladder for storage . Bile acid is needed for lipid digestion

and discharged from the gallbladder into the duodenum via the common bile duct (Figs. 1A,

1B, 2B)*®23,

The adult pancreas is a gland composed of exocrine and endocrine tissues with divergent

1,12

metabolic functions™ “. The exocrine pancreas is organized as a branched ductal system with

clusters of exocrine cells, also called acini, at the ducts’ ends (Fig. 1C)**. The functional
exocrine cells, termed acinar cells (Fig. 2A, C, D), produce and secrete digestive enzymes, such
as trypsin and chymotrypsin®. These digestive enzymes are stored in granules and released
as zymogens into the pancreatic ducts for transport to the duodenum?®. The endocrine
pancreas is organized in functional cell clusters called islets of Langerhans that are

13,24

intermingled with the exocrine-ductal system (Figs. 1C, 2C, 2D)~>". Islets are well vascularized

to allow efficient distribution of pancreatic hormones into the bloodstream®. Each islet

1,13,26 27,28

contains multiple endocrine cell types , mainly the glucagon-expressing a-cells*”%, the

27,28 27,28

insulin-producing B-cells*”“, the somatostatin-producing &-cells**“*, and the pancreatic
polypeptide-producing PP-cells®® (Fig. 2A, C, D). Minor islet cell types include the ghrelin-
producing e-cells*®. The pancreatic hormones produced by islet cells can be generalized as
essential regulators of metabolism and homeostasis®®. The most abundant and disease-
relevant pancreatic hormones are glucagon and insulin that control blood glucose levels®?.
Glucagon increases blood glucose levels, for example by promoting hepatic glycogenolysis
and gluconeogenesis®. By contrast, insulin decreases blood glucose levels by promoting

hepatic glycogenesis and glucose uptake in muscle and adipose tissue?*>2.

Among the most common diseases affecting the hepato-pancreatic system are chronic liver
disease and diabetes mellitus®. Chronic liver disease is a condition characterized by the
continuous deterioration of liver function®, accounting for more than 40,000 deaths in 2016
33,35

in the US alone®. Chronic liver disease can be the result of excessive alcohol consumption

or infections with hepatitis B or hepatitis C viruses>°. Diabetes mellitus (DM) is the clinical

-3-



term for a group of metabolic disorders with different etiology that feature pathologically

elevated glucose levels due to the inability of the body to regulate blood-glucose

37,38

homeostasis™ ™. As of 2017, diabetes affects more than 400 million people worldwide and

accounts for approximately 4 million deaths in 2017%°. The most frequent forms of DM are

2,37

type 1 (10% of cases) and type || DM (90% of cases)™>’". Type | DM is caused by an autoimmune

A 1 E18.5 Hoechst

Hepatocyte he . ;
patocytes </ a0 Sox9
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Pancreatic a-cell X
progenitor (glucagon) . | "
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Fig. 2: Hepato-pancreatic cell lineages. (A) Schematic representation of the hepato-pancreatic cell lineages
during differentiation. (B-D) Representative IF stainings of cryosections of E18.5 embryos. Immunostaining
for Ecad (red) marks all hepatic (B) and pancreatic cells (C, D). Inmunostaining for Sox9 (green) marks bile
duct cells (upper panel in B) and pancreatic duct cells (lower panel in C). Bile duct cells are also marked by
immunostaining for cytokeratin 19 (CK19). (C) Immunostaining for Pax6 (blue, upper panel), islet-1 (Isl1)
(blue, lower panel), and Nkx6.1 (green, upper panel) marks endocrine cells organized in islets of Langerhans.
(D) Immunostaining for glucagon (blue) and somatostatin (SST, green) marks o-cells and &-cells within islets
of Langerhans. Insets shows higher magnifications of the boxed area (dotted line) in the respective overview
image. Tissues are counterstained with Hoechst dye (grayscale). (scale bars: 100um)



destruction of pancreatic B-cells, leading to an inability to produce insulin®®. Type Il DM
primarily affects people suffering from obesity and involves a combination of insulin
resistance and relative insulin deficiency®. Apart from these two main types of diabetes,
there also exist rare cases of monogenetic diabetes*?. This form of DM is usually caused by
familial or spontaneous mutations in genes essential for the development of the pancreas in

general or for pancreatic B-cells in particular®**.

Despite their close embryonic origin, liver and pancreas differ profoundly in their regenerative

capacities. The liver can offset massive cell loss through regeneration both in the embryo and

4,11,35,45,46

in the adult . By contrast, the pancreas mass is determined by the size of the

embryonic progenitor cell pool*”*%. Consequently, loss of pancreatic progenitors during

47,48

development leads to substantial organ size reduction in adults™™. The lack of regenerative

abilities in pancreatic progenitors persists after birth, as the pancreas shows limited tissue

L4490 " Therefore, the demand for cell-based

regeneration following injury or disease
regenerative therapies is especially high for degenerative diseases of the pancreas.
Conceptually, such regenerative therapies aim at the in vitro generation of destroyed or
dysfunctional cell types or tissues, and their subsequent transplantation into patients**>*.
Obviously, this procedure requires a profound knowledge of the cellular differentiation
processes underlying normal embryonic development of the cells or tissues in question.
Considerable progress has been achieved in the in vitro generation of B-cells, with promising

approaches involving either differentiation of human embryonic stem cells (hESCs)**** o

r
patient-derived induced pluripotent stem cells (iPSCs)>*. An elegant alternative to the use of
pluripotent stem cells is the use of patient-derived liver cells and their subsequent

transdifferentiation into the pancreatic lineage'®>?

. However, no safe and reliable protocols
for the either approach have been established so far. The lack of such a protocol calls for more
detailed investigation of the developmental biology of liver and pancreas. Of special interest
would be the dissection of the cellular and molecular mechanisms of hepato-pancreatic
lineage segregation, as it would provide us with the knowledge of how to reverse such lineage

decisions in vitro.



1.2 Embryonic development of liver and pancreas

Liver and pancreas are derivatives of the endoderm, one of the three primary germ layers
(ectoderm, endoderm, mesoderm) formed during development that give rise to all tissues of

>58 During early development the endoderm becomes patterned

the mammalian organism
along the anterior-posterior axis (A-P-axis) into fore-, mid-, and hindgut, each of which
harbors distinct organ domains (Fig. 3)°°. The vertebrate foregut gives rise to a multitude of
organs and tissues, including thyroid, esophagus, lung, stomach, liver, pancreas, and the
biliary system>®. The midgut will differentiate into the small intestine, while the hindgut forms

the colon®®. The following chapter details the formation of the endoderm and the subsequent

specification and organogenesis of pancreas and liver in the mouse embryo.

Endoderm
Y —
Foregut Midgut Hindgut
/ | = | |
Esophagus Stomach Small Colon

intestine

Pancreas /

‘ X
I &
| |
Thyroid Lung
J

Liver Biliary tree

Fig. 3: The endoderm and its derivatives. Representation of vertebrate organs of endodermal origin. During
development the emerging endodermal germ layer gets patterned into fore-, mid-, and hindgut. The foregut
gives rise to esophagus, thyroid, lung, stomach, liver, biliary system, and pancreas. The small intestine is a
derivative of the midgut, while the colon originates from hindgut cells. (adapted from Zorn and Wells,
2009°°%)



1.2.1 Gastrulation and endoderm patterning

Following fertilization, the mouse zygote undergoes cleavage, i.e. a series of rapid cell

57,60

divisions that ends with the formation of the blastocyst’””". The blastocyst consists of a

spherical sheet of trophoblast cells, which give rise to extra-embryonic structures, and the

inner cell mass (ICM), a population of pluripotent cells forming all tissues of the developing

61-63

organism . Eventually, the ICM differentiates into two distinct cell layers, the epiblast

(upper layer) and the hypoblast (lower layer)®®. The hypoblast contributes to the formation
of extra-embryonic endoderm, also termed visceral endoderm, while the epiblast gives rise

to all embryonic tissues as well as extra-embryonic ecto- and mesoderm®.

The next step in ontogeny is the conversion of the epiblast, in essence a single-layered

epithelium, into the three primary germ layers, namely the ectoderm, the endoderm, and the

57,58

mesoderm”">°. This process is called gastrulation and occurs between embryonic day (E) 6.5

and E7.75 in the mouse®®. Gastrulation begins with the formation of the primitive streak (PS)
at the posterior end of the epiblast®®. While the PS progresses anteriorly, some epiblast cells
ingress and migrate through the PS, forming the prospective mesoderm and the definitive
endoderm (DE) (Fig. 4A-C)*%. In contrast, epiblast cells not passing through the PS form the
embryonic ectoderm (Fig. 4A, B). Cells destined to become endoderm ingress together with
mesodermal progenitors through the anterior region of the PS (Fig. 4B, D)*®. A gradient of
Nodal, a signaling factor of the Transforming Growth Factor B (TGFB) superfamily, is
responsible for differential lineage commitment to mesodermal or endodermal cell fate (Fig.

4B)* 8. High Nodal signaling promotes expression of genes required for establishing and

65,69

maintaining endodermal fate™””. Among these factors are the transcription factors (TFs)

70,71

Eomesodermin (Eomes)’®”*, Forkhead box protein A2 (Foxa2)’?, Sex-determining region Y-

box 17 (Sox17)**”>’®, and members of the GATA’” and Mix-like homeodomain proteins78_80

(Fig. 4B-D). Contrary to high Nodal activity, low Nodal signaling cues lead to the expression of

Fibroblast Growth Factors (FGFs) and the TF Brachyury (Brachy) that promote mesodermal

81-83

fate . Endodermal progenitors insert into the visceral endodermal epithelium, creating a

60,84

layer of embryonic endoderm, termed the definitive endoderm (DE)”"*". The mesodermal
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Fig. 4: Gastrulation and endoderm formation. (A) Sagittal view of a mouse embryo during gastrulation
(around embryonic day (E) 7.0). The embryonic tissue is surrounded by extra-embryonic ectoderm and
visceral endoderm. Through action of the primitive streak, the embryonic tissue separates into the three
germ layers ectoderm, endoderm, and mesoderm. (B) Cross section through the mid-gastrulation mouse
embryo (plane of view indicated in panel A). Certain epiblast cells (red) undergo epithelial-to-mesenchymal
transition and migrate though the primitive streak. Depending on the Nodal concentration, they are exposed
to, endodermal (high Nodal) or mesodermal (low Nodal) differentiation is induced. Transcription factors and
growth factors important for mesoderm or endoderm induction are indicated. (partially adapted from Zorn
and Wells, 200956) (C) Representative wholemount immunofluorescence staining (WMIF) of an E7.5 embryo
during gastrulation. Immunostaining for Ecad (red) marks epithelial cells while immunostaining for Foxa2
(green) marks the endoderm and the primitive streak, including the node (dotted line). Tissues are
counterstained with Hoechst dye (grayscale). (D) Optical sections of representative WMIF of an embryo
during (left panels) and after (right panels) gastrulation. Immunostaining for Ecad (red) marks epithelial cells.
Immunostaining for Foxa2 or Sox17 (green) marks the endoderm. Tissues are counterstained with Hoechst
dye (grayscale). The left panel shows cells migrating through the primitive streak (ps) (see arrowheads). The
right panel shows a post-gastrulation embryo consisting of the three germ layers ectoderm (ect), mesoderm
(mes), and endoderm (end). The Sox17 region within the endoderm represents the remnant of the node
(rn). Images are given as merged color or as single channel grayscale configuration. (scale bars 100pum)



progenitors establish a mesenchymal cell layer between embryonic ectoderm and definitive

endoderm (Fig. 4A, B, D)>%.

Within 48 hours following the establishment of the three primary germ layers, the endoderm

726398588 gtarting at around E8.0, the definitive endoderm in the

forms the primitive gut tube
anterior region of the embryo folds over and creates the foregut pocket (Fig. 5). Shortly after,
an analogous structure will form at the posterior end of the embryo, the so-called hindgut
pocket. The openings of foregut and hindgut pockets are termed anterior intestinal portal
(AIP) and posterior intestinal portal (PIP), respectively®>. While the endoderm continues to
fold into the primitive gut tube, the AIP moves posteriorly and the PIP moves anteriorly,

eventually fusing upon completion of the gut tube structure (around E9.5)°.

A B
i

E 8.0 \ / E 8.0

VA f’oster'ior
Anterior endoderm ) intestinal

\ Anterior portal
Prospective intestinal —
dorsal endoderm ' portal

— Endoclierm .

Prospective
ventral and
medial endoderm

|
Foregut Midgut Hindgut
Hhex/Sox2/  Foxa2/Cdx2 Cdx1/2/4
Foxa2

Fig. 5: Endoderm patterning. (A) Schematic representation of dorso-ventral patterning of the endoderm
during early gut tube formation (around E8.0). During gut tube formation, an epithelial sheet of endodermal
cells folds to form the primitive gut tube. Cells in the midline of the sheet will contribute to the dorsal gut
tube while anterior-most and lateral cells will contribute jointly to the ventral and medial gut tube. (B)
Schematic representation of anterior-posterior patterning of the endoderm during early gut tube formation
(around E8.0). Endodermal cells are broadly patterned into foregut, midgut, and hindgut by factors secreted
by the mesoderm (Wnt, FGF4, BMP) and anterior endoderm (Wnt antagonists). Consequently, they start to
express the indicated foregut, midgut, or hindgut specific markers.



Throughout the process of gut tube morphogenesis, the endoderm is being patterned (or
regionalized) in an anterior-posterior (A-P) and dorso-ventral (D-V) direction®’. The D-V

patterning of the endoderm is predetermined by morphological changes that lead to gut tube

7,59,86

formation . As the flat sheet of cells constituting the endoderm after gastrulation folds

over, the midline endodermal cells remain in place and become the dorsal cells of the gut
tube (Fig. 5A). However, anterior-most and lateral endodermal cells ultimately contribute to
the ventral and medial endoderm of the gut tube (Fig. 5A)’. Concurrently, the forming gut

tube is patterned along its A-P axis into fore-, mid-, and hindgut by signals originating from

56,59,72,88-91

adjacent mesodermal tissues and the endoderm itself (Fig. 5B) . Mesoderm-derived

92-95

factors, such as retinoic acid (RA) , FGF4°®" | ligands of the Wingless-related integration

98,99 100,101

site family (Wnt)™”", and Bone Morphogenetic Proteins (BMPs) provide signals to

induce mid- and hindgut identity in the gut tube. The posteriorizing effect of Wnt ligands is

limited to the prospective hindgut by the expression of soluble Wnt antagonists in the

102

anterior endoderm=°. Through the inhibition of Wnt signaling in the anterior endoderm, the

expression of the foregut markers Hematopoietically expressed homeobox'®™% (Hhex),

Sox2, and Foxa2’>"%"°

is induced. The foregut will give rise to gastrointestinal structures, like
the esophagus and stomach as well as to many endoderm-derived organs such as lung, liver,

pancreas, and thyroid>®.

1.2.2 Organ fate specification

As a result of instructive signaling cues from endo- and mesodermal tissues, endodermal cells

56,59,106

acquired positional information . Upon conclusion of the broad regionalization of the

endoderm, specific populations of endodermal cells gained competence to respond to diverse

specification signals®’1?7/1%8

. In development, the term ‘competence’ refers to the ability of
cells or tissues to appropriately respond to specific inductive cues to which they are exposed.
However, definitive commitment to specific endodermal lineages is not yet achieved at E8.0

108-110 - Additional inductive

and endodermal cells retain a certain degree of fate plasticity
signaling cues from the surrounding mesoderm during the early somite stages (around E8.25-
8.5) are required for further lineage commitment of endodermal regions, thus specifying the

future organ domains.
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Foregut pocket

E 8.5 Head folds

\

Cardiac mesoderm Hindgut pocket
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Paraxial
mesoderm ——
RA source

Septum transversum
mesenchyme
BMP source

Notochord
Activin and
FGF2 source

B Ventral pancreatic endoderm Dorsal pancreatic endoderm C

Fig. 6: Specification of hepatic and pancreatic organ domains. (A) Sagittal view of a mouse embryo at E8.5.
The ventral (dark green) and dorsal endoderm (light green) receive inductive signals from neighboring
mesodermal tissues (septum transversum mesenchyme (STM), cardiac mesoderm, paraxial mesoderm,
notochord). The factors secreted by the respective tissues are indicated. As a result, future organ domains
are specified within the endoderm (e.g., liver, ventral, and dorsal pancreas). (B) Schematic overview of the
specification of hepatic and ventral pancreatic endoderm. A concentration gradient of fibroblast growth
factors (FGFs) secreted from the cardiac mesoderm and bone morphogenetic proteins (BMPs) produced by
the STM specify hepatic and ventral pancreatic endoderm by promoting hepatic and inhibiting pancreatic
fate. Consequently, specified organ domains express hepatic (albumin) or pancreatic markers (Pdx1). (C)
Schematic overview of the specification of the dorsal pancreatic endoderm. Activin and FGF2 secreted by
the notochord repress expression of sonic hedgehog (Shh) in the presumptive dorsal pancreatic endoderm
allowing for expression of Pdx1. Pdx1 expression is further promoted by retinoic acid (RA) from the paraxial
mesoderm. (partially adapted from Zaret and Grompe, 20084)

Fig. 6A shows an overview of the mouse embryo at E8.5, the time point of organ fate
specification. The AIP and PIP have formed and start to move towards the midgut region. At
this stage, the prospective hepatic endoderm lies in close proximity to the cardiac mesoderm

72611 1 contrast to the liver, the future

and the septum transversum mesenchyme (STM)
pancreas will develop from two distinct domains, one situated in the dorsal foregut endoderm
and the other posterior to the hepatic organ domain in the ventral foregut endoderm (Fig.

6A)22427 12113 \While the hepatic endoderm forms a single bud giving rise to the liver, the
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future pancreas is formed by a fusion of the dorsal and ventral pancreatic buds at late

24,27

developmental stages™’. At E8.5, the ventral pancreas is positioned next to the STM and

7,8,113

cardiac mesoderm . The dorsal pancreatic endoderm is in direct contact with the

notochord and close to the paraxial mesoderm, which includes somitic and pre-somitic

mesoderm?’°%%,

Due to their separate positions in the dorsal and ventral foregut, the two pancreatic organ
rudiments are exposed to quite distinct tissue and signaling contexts during

development>**%’

. This is a remarkable feature, as organ induction and early organogenesis
usually require a highly specific combination of factors to proceed. However, the two
emerging pancreatic rudiments are subject to dissimilar instructive signals by different tissues

that still instruct the same genetic program for pancreatic development**?’

. Although dorsal
and ventral buds contribute to distinct parts of the adult pancreas to a certain extent, adult
tissue composition reveals only minor differences distinguishing pancreatic tissues originating
from the ventral or dorsal organ rudiment®. For instance, in humans, pancreatic polypeptide
(PP) expressing endocrine cells can only be found in tissues derived from the dorsal

pancreasm.

The dorsal pancreatic organ domain becomes specified upon exposure to Activin, a member
of the TGFB superfamily, and FGF2 signals originating from the notochord*> ™" as well as by

RA from the paraxial mesoderm?? 241187120

(Fig. 6C). At the site of the prospective dorsal
pancreatic endoderm, the notochord is in direct contact with the endodermal epithelium.
Thus, the notochord-derived signaling factors Activin and FGF2 both signal to the endoderm

and repress expression of Sonic hedgehog (Shh)****’

. Consequently, autocrine SHH signaling
is inhibited in this part of the endoderm. Together with RA signaling from the paraxial
mesoderm, absence of SHH activity leads to the induction of Pancreatic duodenal homeobox

1 (Pdx1) expression, specifying the dorsal pancreatic organ domain.
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The ventral foregut endoderm, that includes the prospective hepatic and ventral pancreatic
organ domains, receives two major signaling cues from neighboring mesodermal tissues,
namely FGFs from the cardiac mesoderm>*'***4122 3nd BMPs from the STM®?*? (Fig. 6B).
Experiments with endodermal explants showed that the default program for the ventral
foregut is pancreatic fate specification®. FGFs and BMPs prevent this fate by acting as
activators of the hepatic program and by repressing pancreatic specification>®****,
However, it is still not completely understood how exactly FGF and BMP signaling is controlled
in vivo. Most likely, the proximity to the mesodermal sources of these signaling factors as well
as the duration of their actions are major determinants in the acquisition of either hepatic or

13,56,125

pancreatic fate . In response to high or low FGF and BMP signals, the ventral foregut

endoderm starts to express hepatic (albumin) or pancreatic (Pdx1) markers, respectively”®'?.

One of the earliest common markers of the hepatic and pancreatic endoderm is the

Sox17 Prox1 Foxa2 Prox1

Mid-gastr.

Prox1 Prox1
node node

Fig. 7: Prox1 marks hepato-pancreatic progenitors in the ventral foregut during early development. (A, B)
Representative WMIF stainings of E7.5-8.5 embryos (mid-gastrulation-7ss). Immunostaining for Ecad (red)
marks the endodermal and ectodermal epithelium, whereas immunostaining for Sox17 (green, A) or for
Foxa2 (green, B) marks endodermal cells. Immunostaining for Prox1 (grayscale) marks the ventral foregut
(vfg), a region harbouring hepato-pancreatic progenitors. From 6ss onwards, Prox1 is also expressed in the
heart (ht). EHF, early head fold stage (scale bars: 100um)
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homeodomain transcription factor Prospero homeobox 1 (Prox1)'®

. Prox1 is specifically
expressed in endodermal tissues destined to become hepatic and pancreatic endoderm from
E8.0 onwards (Fig. 7). Its expression continues in hepatic and pancreatic cells until late
developmental stages (Figs. 8-11). Its role during early specification and differentiation of liver
and pancreatic progenitors (E8.0-9.0) is incompletely understood. To date, Prox1 has ascribed

roles during hepatic morphogenesis'?’ and in pancreatic cell differentiation, especially in the

128

emergence of pancreatic endocrine cells around E13.5

A E8.75

Fig. 8: Organogenesis of liver and pancreas at E8.75. (A) Representation of a mouse embryo at E8.75. The
positions of the endoderm (green) and the developing hepatic (dark blue) and pancreatic buds (light blue)
are indicated. (B) Transverse section through the developing liver at E8.75 (plane of view indicated by dotted
line in panel A). (C) Transverse section through the developing pancreas at E8.75 (plane of view indicated by
dotted line in panel A). (A’, B’, C’) Representative immunofluorescence (IF) staining of an E8.75 embryo
either in wholemount (A’) or on cryosections (B’, C’). Staining for Prox1 (red) marks all hepato-pancreatic
tissues, staining for Pdx1 (blue) marks ventral and dorsal pancreatic buds, and staining for Sox17 (green)
marks ventral pancreas and endothelial cells. Tissues are counterstained with Hoechst dye (grayscale). ht,
heart; v, liver; dp, dorsal pancreas; vp, ventral pancreas; da, dorsal aorta; ec, endothelial cells; stm, septum
transversum mesenchyme; nt, neural tube; nc, notochord; spm, splanchnic mesoderm (scale bars: 100um)
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1.2.3 Early organogenesis of liver and pancreas

Following the specification of future organ domains, the organ rudiments mature during a

12,19,112

process termed organogenesis During organogenesis, primary organ buds are

established and grow through cell proliferation*?***°

. Progenitor cells acquire lineage-specific
transcriptional programs enabling cellular differentiation and morphological changes to

achieve adult tissue architecture.

A E9.0 B C -

M )

da

Endoderm

Nspm

Sox17
Hoechst

Fig. 9: Organogenesis of liver and pancreas at E9.0. (A) Representation of a mouse embryo at E9.0. The
positions of the endoderm (green) and the developing hepatic (dark blue) and pancreatic buds (light blue)
are indicated. (B) Transverse section through the developing liver at E9.0 (plane of view indicated by dotted
line in panel A). (C) Transverse section through the developing pancreas at E9.0 (plane of view indicated by
dotted line in panel A). (A’, B’, C’) Representative IF staining of an E9.0 embryo either in wholemount (A’) or
on cryosections (B’, C’). Staining for Prox1 (red) marks all hepato-pancreatic tissues, staining for Pdx1 (blue)
marks ventral and dorsal pancreatic buds, and staining for Sox17 (green) marks ventral pancreas and
endothelial cells. Tissues are counterstained with Hoechst dye (grayscale). ht, heart; Iv, liver; dp, dorsal
pancreas; vp, ventral pancreas; da, dorsal aorta; ec, endothelial cells; stm, septum transversum
mesenchyme; nc, notochord; spm, splanchnic mesoderm (scale bars: 100um)
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After specification around E8.5, epithelial cells of the hepatic endoderm change their shape
from a cuboidal to a pseudostratified columnar epithelium (also called liver diverticulum) and

15,45,123

start protruding into the surrounding STM (Fig. 8A, A’, B, B’) . Starting from E 9.0, the
hepatic endoderm proliferates and becomes a multilayered epithelium (Fig. 9A, A’, B, B’). The
neighboring mesenchyme and endothelial cells induce the expression of matrix
metalloproteinases (MMPs) in the hepatic endoderm®"**?, leading to a steady disintegration
of the basal lamina surrounding the nascent liver bud. Consequently, the hepatic precursor
cells (hepatoblasts) delaminate from the epithelium and invade the neighboring mesodermal

tissues forming characteristic hepatic chords (Fig. 10A, A’, B, B’)**27/130133.134

Early organogenesis of the dorsal pancreas is marked by subsequent signaling events from a

series of mesodermal tissues®’'*

. First, specification of the dorsal pancreatic endoderm is
dependent on the close proximity of the notochord and the signaling molecules Activin and
FGF2, which are released from it (Figs. 6C, 8A, A’, C, C’)27’115_117. As described above, robust
expression of pancreatic marker Pdx1 is established by signaling from the notochord and the

12,24,27

somites . Between E8.75 and E9.0, the notochord gets displaced from the pancreatic

endoderm by the paired dorsal aortas, fusing at the embryonic midline (Fig. 9A, A’, C, C')**°.
Subsequently, as yet unidentified signals from the endothelial cells of the dorsal aorta induce
expression of Pancreas-specific transcription factor 1a (Ptfla) in the dorsal pancreatic
domain®’. Pdx1* ™! and Ptf1a'**'** are arguably the two earliest and most important
pancreas-specific transcription factors. However, from E10.0 onwards Pdx1 is also expressed
in the posterior stomach, the duodenum, and the bile duct (Fig. 118)56'112. At E9.5, the
mesodermal environment around the dorsal pancreatic bud changes as the dorsal aorta is
displaced from the endoderm by splanchnic mesoderm accumulating around the dorsal
pancreas (Fig. 10A, A’, C, C')*"**. Among the factors secreted by cells of the splanchnic

145,146

mesoderm is FGF10 . It upregulates proliferation of pancreatic precursors, while delaying

their differentiation, thereby allowing for expansion of the pancreatic progenitor cell pool.

In contrast to the dorsal pancreas, little information is available about external factors guiding
organogenesis of the ventral pancreas®?’. Exclusion of cardiac FGF>'* and STM-derived
BMP® signals, which would otherwise promote liver development, seems to be crucial for

ventral pancreas specification. Work from the laboratory of Francesca Spagnoli identified a
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non-canonical Wnt signature specifically in the ventral pancreas but not in the liver bud that
is likely underlying a pro-pancreatic lineage decision*’. In addition, very recent work of the
Spagnoli laboratory, included in this thesis, identified the Robo-Slit signaling pathway as an
essential pro-pancreatic signaling cue in the ventral foregut, allowing maintenance of
pancreatic and suppression of hepatic identity in ventral pancreatic cells during
organogenesis'*®. Still, whether other mesoderm-derived factors promote the proliferation

and differentiation of ventral pancreatic precursors is not known.

A E9.5 B C

Sox17«,
Hoechst

Fig. 10: Organogenesis of liver and pancreas at E9.5. (A) Representation of a mouse embryo at E9.5. The
positions of the endoderm (green) and the developing hepatic (dark blue) and pancreatic buds (light blue)
are indicated. (B) Transverse section through the developing liver at E9.5 (plane of view indicated by dotted
line in panel A). (C) Transverse section through the developing pancreas at E9.5 (plane of view indicated by
dotted line in panel A). (A’, B’, C’) Representative IF staining of an E9.5 embryo either in wholemount (A’) or
on cryosections (B’, C’). Staining for Prox1 (red) marks all hepato-pancreatic tissues, staining for Pdx1 (blue)
marks ventral and dorsal pancreatic buds, and staining for Sox17 (green) marks ventral pancreas and
endothelial cells. Tissues are counterstained with Hoechst dye (grayscale). ht, heart; lv, liver; dp, dorsal
pancreas; vp, ventral pancreas; ec, endothelial cells; stm, septum transversum mesenchyme; spm,
splanchnic mesoderm (scale bars: 100um)
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During early organogenesis, cells of the ventral pancreas still differ in a number of ways from

their dorsal counterparts. While dorsal pancreatic cells at this stage give rise only to

24,27,56

pancreatic tissues , the ventral pancreatic domain contains cells of the future pancreas,

22,23,123,149

the gallbladder, and the common duct . One feature specific to the ventral pancreas

is the expression of the transcription factor Sox17, which is downregulated in dorsal
pancreatic cells at E9.0 (Fig. 9C’) but co-expressed with Pdx1 in ventral pancreatic cells until

about E10.0 (Figs. 8C’, 9C’, 10C’)**"%*! Apart from the acquisition of a pancreas-specific

24,27

transcriptional profile®”*’, the pancreatic endoderm undergoes distinct morphological

changes in the time period between E8.5 and E9.5"***2. From E8.75 to E9.5, the small cuboidal

cells of the pancreatic endoderm in both buds acquire a columnar elongated shape (Figs. 8C,

112

C’, 9C, C’, 10C, C’) and form a distinct bud separated from the gut tube °. Additionally, at

around E10.0, the ventral pancreas separates into two distinct buds marked by the exclusive

150,151

expression of either Pdx1 or Sox17 . The Pdx1* domain is thought to consist entirely of

pancreatic progenitors, while the Sox17" domain harbors potential progenitors of the

gallbladder™®*!,

1.2.4 Late organogenesis of liver and pancreas

15,19,123

At E10.5, the growing liver bud has separated into distinct lobes and has been colonized

2021 |

by hematopoietic stem cells, as the liver is the major organ for fetal hematopoiesis n

contrast to other endoderm-derived organs, the liver does not develop as a branching

epithelium but rather as a mesenchymal condensate of endodermal hepatoblasts and

15,19,123,149

mesodermal stellate cells (i.e., the hepatic mesenchyme) . The growth of the liver

bud is actually sustained by growth factors released from the STM and stellate cells®**>**>°,

During further development, the liver undergoes accelerated growth and vascularization

15,19,123

while acquiring adult organ tissue architecture (Fig. 11A) Concurrently, the

hepatoblasts undergo differentiation into two distinct lineages™**'%. Hepatoblasts situated
around the portal vein become biliary epithelial cells (a.k.a. cholangiocytes)’*****’, while

those cells not in contact with the portal vein become hepatocytes (Fig. 2A, B)>*12871€°,
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Fig. 11: Late stage of organogenesis of liver and pancreas. (A) Representative WMIF of E10.0-11.5 embryos.
Immunostaining for Prox1 (red) marks all hepato-pancreatic tissues, while immunostaining for Pdx1 (blue)
marks ventral (vp) and dorsal pancreas (dp). As is evident, the liver (Iv) undergoes a dramatic growth phase
during this developmental time window. (B) Representative WMIF of E10.0-11.5 embryos. Immunostaining
for Pdx1 (grayscale) marks ventral and dorsal pancreatic buds, as well as the posterior stomach (st) and the
duodenum (duo). While the ventral and dorsal pancreatic buds grow, the gut tube rotates, leading to the
repositioning of the ventral pancreatic bud alongside the dorsal pancreas (in the images shown at later
stages the ventral pancreas is positioned behind the dorsal pancreas). (scale bars: 100um)

At E10.5, both the dorsal and ventral pancreatic bud consist of multipotent pancreatic

progenitor cells*’*?

. Independently of their position in the ventral or the dorsal bud, these
cells are characterized by the co-expression of a distinct set of transcription factors, namely
Pdx11¥ 1 ptf1a3” 14143 5ox9*1%171%% 3nd the members of the NK family of homeodomain
proteins Nkx2.2'%>%% Nkx6.1'*"7%° Nkx6.2'"%'"*. While retaining a luminal connection to the
gut tube via a stalk, the pancreatic buds begin to grow into the surrounding spleno-pancreatic

12,112

mesenchyme From E10.5 onwards, the dorsal pancreatic epithelium undergoes

branching morphogenesis while growing markedly in size (Fig. 11B)***7>'7

. Branching
processes likely depend on the interaction between the epithelium and the pancreatic

mesenchyme that is condensing around the dorsal pancreatic bud'’>™*"’. Concurrently, the
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rotation of the gut tube brings the ventral pancreatic bud into close proximity to its dorsal

counterpart, ultimately allowing the fusion of the two organ rudiments (Fig. 11B)."***1172 s

development progresses, extensive growth and branching morphogenesis occur in ventral

and dorsal pancreata resulting in the formation of a highly structured tissue architecture (Fig.

12A)M1121727178 - concurrently, pancreatic progenitors commit to distinct pancreatic cell

lineages (exocrine, endocrine, ductal) and form specialized cell types, such as insulin- or

glucagon-expressing endocrine cells (Fig. 12B)%*%142427112,

Hoechst

Insulin

Fig. 12: Branching morphogenesis and endocrine cell differentiation. (A) Representative WMIF of the E15.0
dorsal pancreas. Immunostaining for Ecad (red) marks the pancreatic epithelium, immunostaining for mucin
(blue) marks the ductal network, whereas immunostaining for Pdx1 (green) marks pancreatic cells. During
late developmental stages the pancreas undergoes branching morphogenesis and pancreatic cells
differentiate into acinar, endocrine, and duct cells. Tissues are counterstained with Hoechst dye (grayscale).
(B) Representative IF staining of a cryosection of dorsal pancreatic tissue at E14.5. Immunostaining for Ecad
(red) marks the pancreatic epithelium. Immunostaining for insulin (green) and glucagon (blue) marks
progenitors of B- and a-cells, respectively. Inset shows higher magnification of the boxed area (dotted line)
in the overview image. Tissues are counterstained with Hoechst dye (grayscale). (scale bars: 100um)
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1.3 Deciphering bipotentiality in the ventral foregut

An exciting debate in hepato-pancreatic development concerns the presumed existence of
bipotent progenitor cells in the early endoderm that can contribute to both liver and
pancreas. In 2001, two publications provided evidence for the existence of such a cell
population>®. Using explant cultures of E8.0-8.5 mouse endoderm, the authors showed that
culturing ventral foregut endoderm, which harbors the presumptive hepatic and pancreatic
progenitors, without mesodermal tissue results in the expression of the pancreatic marker
Pdx1>®. Furthermore, they showed that this apparent default pancreatic program could be
diverted by adding FGF and BMP to the explant cultures, thereby promoting hepatic fate
acquisition®. Interestingly, dorsal foregut endoderm cultured without the notochord failed to
activate pancreas-specific gene expression. Again, these results highlight the differences in
specification of dorsal and ventral pancreas. They also hint at the existence of a homogeneous
cell population in the ventral foregut that relies on external stimuli for hepato-pancreatic
lineage segregation. The hypothesis, that liver and ventral pancreas arise from a common
progenitor domain was corroborated by lineage tracing in fish® and fate mapping experiments

in the mouse”®”®

. Taken together, these different studies concluded that the ventral foregut
contains both hepatic and ventral pancreatic progenitors, while dorsal pancreatic progenitors
reside in a separate progenitor domain in the dorsal foregut. The identified ventral embryonic

region in the mouse was later shown to be marked by the expression of Prox1 (Fig. 7)*%.

Despite some progress in deciphering the early stages of liver and pancreas lineage
segregation, important questions remain unanswered. For example, definitive genetic proof
for the existence of a bipotent progenitor population in the mammalian hepato-pancreatic
system is lacking. Furthermore, our knowledge about the timing of the hepato-pancreatic
lineage segregation as well as of the spatial relationship between bipotent ventral foregut
cells and their descended liver and ventral pancreatic cells remains limited. Conceptually, a
powerful experimental approach to explore hepato-pancreatic lineage segregation is the use

of genetic lineage tracing’’®'®!

. The term lineage tracing describes experimental procedures
to label individual cells or cell populations with a traceable marker and to analyze the cells’

progeny by tracing the genetic label through ontogeny (Fig. 13A, B).
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Fig. 13: Genetic lineage tracing. (A) Schematic representation of a lineage tracing experiment. (B) Schematic
representation of a labeled cell clone. A labeled progenitor cell undergoes several rounds of cell division
creating labeled descendants. The entirety of the progeny of the initially labeled progenitor are called a
clone. (C) Schematic representation of genetic labeling. Genetic labeling relies on the stable and inheritable
expression of a transgene, often encoding for a fluorescent reporter protein. Unicolor reporter transgenes
such as Tg(R26R-H2B-EGFP) encode for a single fluorescent reporter while multicolor reporter transgenes
such as Tg(R26R-Confetti) (Confetti) encode for several reporter proteins. Most reporter transgenes carry a
transcriptional stop site flanked by loxP sites (purple triangles) that prevents transcription of the
downstream transgene. Cre recombinase-mediated recombination at the reporter gene locus excises the
stop site and enables transgene expression. Often, tissue-specific and inducible Cre recombinases are used
for lineage tracing studies as they allow time- and tissue-specific lineage tracing experiments. In the case of
the Confetti reporter, recombination at the transgenic locus allows for expression of only one of the four
genes encoding for fluorescent reporter proteins. (D) Emission spectra of fluorescent reporter proteins
encoded by the Confetti transgene. Different emission and excitation spectra for GFP, YFP, RFP, and CFP
enable separate detection of their native fluorescence.
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A popular experimental system for genetic lineage tracing in the mouse uses the Cre-lox
system, which enables inducible and tissue-specific activation of a traceable marker gene
locus (Fig. 13C)*"°™!. To achieve Cre recombinase-dependent control of marker gene
expression, the marker gene is preceded by a loxP-STOP-loxP (“floxed” STOP) sequence that
needs to be excised to allow transcription to proceed through the transgene. Unicolor
reporter constructs (e.g. Tg(R26R-YFP)'®?, Tg(R26R-H2B-EGFP)'®) encode for one specific
fluorescent reporter protein and enable analysis of labeled cells by either native fluorescence

or by immunodetection. Multicolor reporters (e.g. Tg(R26R-Confetti)'®*

) encode for different
fluorescent reporters facilitating clonal analysis of the labeled cell populations. As multicolor
lineage tracing strategies depend on the expression of variants of the same protein (e.g.,
green fluorescent proteins, GFP), detection of native reporter fluorescence is required to

analyze these lineage tracing experiments'’>™®'

. Although the fluorescent proteins are
immunologically indistinguishable, they elicit distinct emission spectra which can be used to
identify differently labeled cells (Fig. 13D). Genetic lineage tracing studies led to the discovery
of stem cell populations in intestine™®* and lung*®, and of bipotent stem cells in the mammary
gland'®, just to name a few examples. Conceptually, genetic lineage tracing approaches
should also aid in elucidating the existence of a bipotent hepato-pancreatic progenitor cell

population and the dynamics of their segregation into hepatic and ventral pancreatic cell

lineages.
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1.4 Aim of the study

In recent years, the study of liver and pancreas development has gained significant attention
concerning the development of cell-based therapies for degenerative diseases, such as
diabetes and chronic liver disease. In this respect, the early lineage relationship between liver
and ventral pancreas is of crucial importance. These two organ rudiments arise from a
putative common progenitor domain and develop in close proximity to one another

49112126199 "ol the cellular and tissue dynamics defining

throughout early development
hepatic and pancreatic lineage segregation from a common progenitor tissue remain
incompletely understood. Further elucidation of these biological concepts will advance our
understanding of hepato-pancreatic tissue development and help in devising novel strategies

for regenerative therapies for diseases targeting these vital organs.

The overall aim of my Ph.D. study was to explore the cellular dynamics underlying lineage
segregation during specification of the hepato-pancreatic organ domains. Specifically, |
wished to elucidate the location and cellular composition of a putative hepato-pancreatic
progenitor domain in the ventral foregut and to establish the developmental time window
during which it retains its bipotent nature to form liver and ventral pancreas. To address this
guestion, | developed advanced lineage tracing strategies in transgenic mouse models to
trace endodermal, hepato-pancreatic, and ventral pancreatic cells and to define their
respective contributions to hepato-pancreatic organ rudiments. | quantitatively assessed the
growth dynamics of hepato-pancreatic organs and determined the cellular differentiation
dynamics of hepato-pancreatic progenitor populations during liver and pancreas

organogenesis.
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2. Material and Methods

2.1 Mouse strains

Mice used in this study were on a C57BL/6 genetic background and kept under standard
housing conditions. The following mouse lines were used for genetic lineage tracing

experiments in this study:

Tab. 1: Transgenic mouse strains for lineage tracing.

Strain Genetic maodification Source
Tg(Foxa2-CreERT) Foxa2!m2Hcre/Erst)Moon Park et al., 2008**°
Tg(Pdx1-Cre) Tg(Pdx1-cre)6Tuv Hingorani et al., 2003 **?
Tg(TetO-Cre) Tg(tetO-cre)llaw Perl et al., 2002 **

The Tg(Prox1-rtTA) transgenic mouse line was generated by Igor Pongrac in the Spagnoli
laboratory by modifying a mouse bacterial artificial chromosome (BAC) clone (RP23-360116)

spanning the Prox1 gene and its up- and downstream regulatory sequences™®’'%

. In brief, a
transgenic expression cassette encoding for a reverse tetracycline-controlled transactivator
(rtTA) fused to mCherry via a 2A protease cleavage sequence was inserted at the ATG of the
Prox1 open reading frame using a shuttle-vector system®. This transgene-modified BAC was
subsequently introduced into the germline of C57BL/6 mice using pro-nuclear injection (lgor
Pongrac, PhD thesis: “Spatiotemporal analysis of BMP signaling in pancreas versus liver fate

decision”; Pongrac and Spagnoli, unpublished results). In addition, the following reporter

mouse lines were used in this study:

Tab. 2: Transgenic reporter mouse strains.

Strain Genetic madification Source
Tg(R26R-Confetti) Gt(ROSA)26SormHAGBrainbow2.1)Cle Snippert et al., 2010 ***
Tg(R26R-H2B-EGFP) Gt(ROSA)26Sor M2 (HISTIH2BE/EGFP)Sia Abe et al., 2011*%
Tg(R26R-YFP) Gt(ROSA)26Sor mHEYFPICos Srinivas et al., 2001 **
Tg(Prox1-EGFP) Tg(Prox1-EGFP)KY221Gsat GENSAT project*®’
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To investigate the role of roundabout receptors (Robo) 1 and 2 during hepato-pancreatic
development, mice carrying targeted knockout alleles for Robol (allele synonym:
Robo1™Ma)1%0 3nd Robo2 (allele synonym: Robo2™M™)™! were used. These mice were
produced by intercrossing animals carrying the Robol or Robo2 knockout alleles to obtain
animals double heterozygous for both gene defects (Robo1/2 het). Embryos homozygous for
both gene defects (Robo1/2 KO) and their control littermates were derived by timed matings

of Robo1/2 het animals.

2.2 Animal experimentation

All animal experimentation was performed after approval of protocols and according to the

regulations of local authorities (Landesamt fiir Gesundheit und Soziales, Berlin).

Timed matings were conducted by placing male and female mice into a breeding cage
overnight and by performing daily plug checks. The presence of a vaginal plug in the morning
was noted as embryonic day (E) 0.5. Embryos were collected between E7.5 and E18.5 and
dissected under a stereomicroscope. Embryonic tissues were fixed in 4% paraformaldehyde
(PFA) in phosphate buffered saline (PBS) for 2h at room temperature (E7.5-9.5 embryos) or
overnight at 4°C (E10.5-18.5 embryos).

To assess the accurate age of each embryo, images of the individual embryos were taken
under a stereomicroscope and used to stage the embryos according to Theiler staging criteria

(E7.5)"*'** or by counting somites (E8.0-E11.5)*%71%,

To induce genetic labeling in mouse embryos, pregnant females were injected with
doxycycline (Dox) or tamoxifen (TAM). Doxycycline powder was dissolved in sterile PBS at a
concentration of 20ug/ul and aliquots were stored at -20°C. Tamoxifen powder was dissolved
in corn oil solution (in 10% vol/vol ethanol) at a concentration of 25ug/ul and aliquots were
stored at -20°C. Dox and TAM solutions were warmed up to 37°C before injection. Dox was
administered by tail vein injection at 75ug, 100ug, or 150ug Dox/g body weight (bw). TAM
was administered by intraperitoneal injection at 12ug, 25ug, or 75ug TAM/g bw.
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2.3 Genotyping

To extract genomic DNA for genotyping of adult mice, ear punch biopsies were obtained and
lysed in 250ul tail lysis buffer (50mM Tris pH 8, 100mM EDTA pH 8, 100mM NacCl, 1% SDS,
1.5ul Proteinase K (20mg/ml)) for at least 2h at 55°C under continuous shaking. Next, the
samples were cleared by centrifugation. The supernatant was transferred into a new reaction

tube. DNA was precipitated by adding 250ul isopropanol. The samples were again

Tab. 3: Protocols for genotyping PCRs.

Genotyping Tg(TetO-Cre), Tg(Pdx1-Cre) Genotyping Tg(Prox1-rtTA)
Temperature Time Temperature Time

94°C 2 min 94°C 2 min

94°C 30 sec 94°C 45 sec

56°C 30 sec 35 cycles 56°C 45 sec 30 cycles

72°C 30 sec 72°C 45 sec

72°C 2 min 72°C 7 min

Genotyping Tg(R26R-Confetti) Genotyping Tg(R26R-H2B-EGFP)

Temperature Time Temperature Time

94°C 2 min 94°C 2 min

94°C 30 sec 94°C 30 sec

58°C 30 sec 35 cycles 65°C 30 sec 35 cycles

72°C 30 sec 72°C 30 sec

72°C 2 min 72°C 5 min

Genotyping Tg(Prox1-EGFP) Genotyping Tg(R26R-YFP)

Temperature Time Temperature Time

94°C 2 min 94°C 2 min

94°C 45 sec 94°C 30 sec

58°C 45 sec 30 cycles 58°C 1 min 35 cycles

72°C 45 sec 72°C 1 min

72°C 7 min 72°C 2 min

Genotyping Tg(Foxa2-CreERT) Genotyping Robo1/2 KO

Temperature Time Temperature Time

94°C 3 min 94°C 2 min

94°C 30 sec 94°C 30 sec

55°C 30 sec 35 cycles 58°C 30 sec 35 cycles

72°C 30 sec 72°C 30 sec

72°C 2 min 72°C 7 min
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centrifuged, the supernatant discarded, and the DNA pellet air-dried for 10min. After
resuspension of the pellet in TE buffer (10mM Tris, ImM EDTA), the DNA was used as

template for genotyping PCRs (for protocols see Tab. 3, for PCR primers see Tab. 4).

Tab. 4: Primers used for genotyping PCRs.

Allele Primer sequence Band size
Cre ternal comtrol 5' CTA GGC CAC AGA ATT GAA AGA TCT 3' 324bp
5' GTA GGT GGA AAT TCT AGC ATC ATC C 3'
Cre transgene 5' GCG GTC TGG CAG TAA AAA CTATC 3' 100bp
5' GTG AAA CAG CAT TGC TGT CAC TT 3'
ProxdortTA internal contro] 5' CTA GGC CAC AGA ATT GAA AGA TCT 3' 324bp
5' GTA GGT GGA AAT TCT AGC ATC ATC C 3'
ProXI-rETA transgene 5’ GAA CAG GAG CAT CAA GTA GC 3' 447bp
5' CAA GGA GTT CAT GCG CTT CAA G 3'
Confetti wildtype 5’ CCA GAT GAC TAC CTA TCC TC 3’ 386bp
5' AAA GTC GCT CTG AGT TGT TAT 3'
Confetti transgene 5’ CCA GAT GAC TAC CTA TCC TC 3’ 300bp
5’ GAA TTA ATT CCG GTA TAA CTT CG 3'
. 5' AAC CCC AGA TGA CTA CCT ATC CTC C 3' 217bp
H2B-EGFP wildtype 5’ TCC CTC GTG ATC TGC AAC TCC AGT C 3'
5' AAC CCC AGA TGA CTA CCT ATC CTC C 3' 297bp
H2B-EGFP transgene 5’ GGG GGA GGA TTG GGA AGA CAA TAG C 3'
, 5' CTA GGC CAC AGA ATT GAA AGA TCT 3' 324bp
Prox1-£GFP internal control 5' GTA GGT GGA AAT TCT AGC ATC ATC C 3'
Prox1-EGFP transgene 5’ ATC CTG GTC GAG CTG GAC GGC GAC G 3' 580bp
5'TCA GGT AGT GGT TGT CGG GCA GCA G 3'
VEP wildtype 5' AAA GTC GCT CTG AGT TGT TAT 3' 600bp
5’ GGA GCG GGA GAA ATG GAT ATG 3’
VEP transgene 5' AAA GTC GCT CTG AGT TGT TAT 3' 320bp
5’ AAG ACC GCG AAG AGT TTG TC 3'
, 5' GAC TTT TCT GCA ACA ACA GCA 3' 215bp
Foxa2-CreERT wildtype 5’ CTC AAG GGA GCA GTC TCA CC 3'
5' GAC TTT TCT GCA ACA ACA GCA 3' 166bp
Foxa2-CreERT transgene 5' ATA CTA TCT AGA GAA TAG GAA CTT CG 3'
Robo1 wildiype 5’ TGG CAC GAA GGT ATA ATG GC3' 400bp
5' GAA GGA CTG GTG GTT TTG AG 3'
robod mutant 5’ TGG CAC GAA GGT ATA ATG GC3' 320bp
5 CCT CCG CAA ACT CCT ATT TC 3
Robo2 wildype 5’ AAG TGC AAC GTC TCT GAA GTC CC 3' 342bp
5 TTC TTT AGA AGG CAC AAC AAT CTC AGA G 3’
robo2 mutant 5’ AAG TGC AAC GTC TCT GAA GTC CC 3' 250bp
5' GGC GGA ATT CTT AAT TAA GGC GCG 3'

To extract genomic DNA for genotyping of mouse embryos, tissue biopsies were lysed in 75pl
embryo lysis buffer (100mM Tris pH 8, 50mM KCl, 2mM MgCl,, 0.1mg/ml gelatin, 0.45% NP40,
0.45% Tween, 1.8l Proteinase K (20mg/ml)) for at least 2h at 55°C while shaking the samples.

Following heat inactivation of Proteinase K by boiling samples for 10min at 95°C, the DNA was
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used as template for genotyping PCRs. Genotyping PCRs for adult or embryonic tissues were
analyzed by standard agarose gel electrophoresis and genotypes assigned according to band

size of the PCR products (Tab. 4).

2.4 Immunohistochemical analyses

2.4.1 Histology

For histological analysis, fixed embryonic tissues were equilibrated overnight in 20% sucrose
solution (in PBS) for cryoprotection. Next, tissues were embedded in O.C.T. compound
(Tissue-Tek®, Sakura®, Finetek) and subsequently frozen and stored at -80°C. Cryosections
were cut at a thickness of 10um using a CM3050 S Leica cryostat and collected on standard

glass slides (Thermo Scientific). Tissue sections were stored at -80°C.
2.4.2 Immunofluorescence staining on cryosections

Slides containing tissue sections were transferred to room temperature and air dried for 1-
3h. The tissue sections were circled with a PAP pen, providing a hydrophobic barrier for
application of solutions. Next, sections were blocked for at least 1h at room temperature with
TSA buffer (10% horse serum (HS), 0.5% TSA blocking powder (TSA Fluorescein System, Perkin
Elmer), and 0.1% Triton X100 in PBS). Primary antibodies were diluted according to table 5 in
HS/BSA buffer (3% HS, 0.3% bovine serum albumin (BSA), and 0.1% Triton X100 in PBS), and
sections incubated overnight at 4°C in 400ul primary antibody solution. The following day,
slides were washed three times for 5min each with PBT (PBS, 0.1% Triton X100). Secondary
antibodies as well as fluorescent dyes (Hoechst, phalloidin) were diluted 1:750 in HS/BSA
buffer and sections incubated for at least 1h at room temperature in 200ul secondary
antibody solution. Thereafter, the slides were washed again three times for 5min each with
PBT (PBS, 0.1% Triton X100) and one time for 10min with PBS. Next, the slides were air dried
for 10min and subsequently mounted with Dako fluorescent mounting medium. After the
mounting medium was allowed to solidify overnight at room temperature, the slides were
stored at 4°C. Images were acquired on a Zeiss LSM 700 confocal microscope using a 40x or

63x oil immersion objective.
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Tab. 5: Antibodies, dyes, and fluorescent probes used for immunofluorescence stainings.

Antibody/Dye/Fluorescent probe = Company, Catalogue number Host species  Dilution
anti-Albumin DakoCytomation, AO001 rabbit 1:600
anti-BrdU Biozol, CL2700AP rat 1:100
anti-Cytokeratin 19 Abcam, ab133496 rabbit 1:200
anti-E-cadherin Sigma, U3254 rat 1:500
anti-a-fetoprotein DAKO, A000829-2 rabbit 1:600
anti-Foxa2 Abcam, ab108422 rabbit 1:300
anti-GFP Aves, GFP-1020 chicken 1:400
anti-Glucagon Immunostar Inc., 20076 rabbit 1:500
anti-Hes1 gift from Birchmeier Lab rabbit 1:500
anti-Insulin Invitogen, PAI-26938 guinea-pig 1:250
anti-Islet-1 Hybridoma Bank, 39.4D5 mouse 1:100
anti-Laminin Sigma, L9393 rabbit 1:1000
anti-Mucin Thermo Scientific, HM-1630-P1 arm. hamster 1:500
anti-Nkx6.1 Hybridoma Bank, F55A10 mouse 1:500
anti-Neurogenin 3 BCBC, AB2774 goat 1:1500
anti-Paxé Covance, PRB-278P rabbit 1:200
anti-Pbx1 Cell Signaling, 4342 rabbit 1:400
anti-Pdx1 Abcam, ab47308 guinea-pig 1:500
anti-pH3 Millipore, 06-570 rabbit 1:200
anti-Prox1 RELIATech GmbH, 102-PA32S rabbit 1:200
anti-Prox1 R&D Systems, AF2727 goat 1:100
anti-RFP Chromotek, ABIN334653 rat 1:400
anti-Somatostatin Santa Cruz, sc-7819 goat 1:100
anti-Sox2 Santa Cruz, sc-17320 goat 1:1000
anti-Sox9 Millipore, AB5535 rabbit 1:500
anti-Sox17 R&D Systems, AF1924 goat 1:200
Hoechst 33342 Invitrogen, H1399 / 1:500/750
Phalloidin-555 Invitrogen, A34055 / 1:200
anti-arm. hamster IgG 649 Dianova (Jackson), 127-495-099 goat 1:500/750
anti-chicken IgG 488 Invitrogen, A11039 goat 1:500/750
anti-goat IgG 488 Invitrogen, A11055 donkey 1:500/750
anti-goat IgG 594 Invitrogen, A11058 donkey 1:500/750
anti-guinea-pig IgG 488 Dianova (Jackson), 706-545-148 donkey 1:500/750
anti-guinea-pig IgG 647 Invitrogen, A21450 goat 1:500/750
anti-guinea-pig IgG 647 Dianova (Jackson), 706-605-148 donkey 1:500/750
anti-mouse IgG 488 Invitrogen, A21202 donkey 1:500/750
anti-rabbit IgG 488 Invitrogen, A21206 donkey 1:500/750
anti-rabbit IgG 594 Invitrogen, A21207 donkey 1:500/750
anti-rabbit IgG 647 Invitrogen, A31573 donkey 1:500/750
anti-rat IgG 594 Invitrogen, A-21209 donkey 1:500/750
anti-rat IgG 647 Dianova (Jackson), 712-605-153 donkey 1:500/750

Abbreviations: BrdU, bromodeoxyuridine; Foxa2, Forkhead box A2; GFP, Green fluorescent protein; Hes1,
Hairy and enhancer of split 1; Nkx6.1, Nkx6 homeobox 1; Pax6, Paired box protein 6; Pbx1, Pre-B-cell
leukemia transcription factor 1; Pdx1, Pancreatic duodenal homeobox 1; pH, Phospho-histone; Prox1,
Prospero homeobox 1; RFP, Red fluorescent protein; Sox, Sex-determining region on Y box protein; arm.,
Armenian; IgG, Immunoglobulin G
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2.4.3 Whole mount immunofluorescence staining

Fixed embryos or embryonic tissue for wholemount analyses were blocked for at least 1h in
PBSMT (2% milk powder, 0.5% Triton X100, in PBS). The primary antibodies were diluted
according to table 5 in PBSMT and the embryos incubated overnight at 4°C in 300l primary
antibody solution. The following day, the embryos were washed several times in PBST (PBS,
0.5% Triton X100) for at least 5h in total. Secondary antibodies and Hoechst dye were diluted
1:500 in PBSMT and the embryos incubated overnight at 4°C in 500ul secondary antibody
solution. The following day, the embryos were again washed several times in PBST for at least
5h in total. Next, the embryos were dehydrated in a methanol dilution series and stored at
4°C. Prior to imaging, the embryos were clarified with methyl salicylate. Clarified embryos
were imaged on a paraffin-sealed glass depression slide with a Zeiss LSM 700 confocal

microscope using a 10x water immersion objective.

2.5 BrdU incorporation assay

To label embryonic cells in S-phase with bromodeoxyuridine (BrdU), BrdU powder was
dissolved in H,0 (containing 0.9% NaCl and 7mM NaOH) at a concentration of 16ug BrdU/ul.
Next, BrdU was administered by intraperitoneal injection to pregnant females at a
concentration of 75ug BrdU/g bw. Embryos were collected at the indicated time points after
BrdU administration, dissected, and fixed in 4% PFA (as described in chapter 2.2). Then, the
embryos were embedded in O.C.T. compound and cryosections prepared as described in

chapter 2.4.1.

For immunostaining of BrdU in combination with immunostainings for proteins (e.g. Prox1,
Pdx1), immunostaining for the proteins was performed first according to the protocol
described in section 2.4.2. Following application of primary and secondary antibodies and
after the last 10min washing step in PBS, the sections were post-fixed with 4% PFA solution
for 15min at 4°C. Afterwards, the slides were washed two times for 5min with PBS. Next, the
slides were treated with prewarmed 2.4M HCIl for 30min at 37°C to denature the genomic

DNA, allowing anti-BrdU antibodies to bind their antigen. After HCl treatment, the slides were
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washed twice with PBS for 5min and once with PBT (PBS, 0.1% Triton X100) for 10min.
Subsequently, the slides were again immunostained following the protocol described in
chapter 2.4.2 using an anti-BrdU antibody as well as the previously used antibodies (primary

and secondary) directed against proteins expressed in the embryonic tissue.

2.6 Imaging native reporter fluorescence

To image native fluorescence of reporter proteins in wholemount preparations, the fixed
embryonic tissues were clarified in ScaleA2' (4M urea, 0.1% Triton X-100, 10% glycerol, in
H,0) for at least 2 weeks and up to 3 months at 4°C. The clarified tissues were mounted in
paraffin-sealed CoverWell™ imaging chambers and imaged using a Zeiss LSM 700 confocal
microscope (for unicolor reporter imaging) or a LaVision BioTec TriM Scope Il 2-photon
microscope (for multicolor reporter imaging). Anca Margineanu (Advanced Light Microscopy

Facility, MDC) provided guidance for image acquisition and analyses.

2.7 Live imaging of mouse embryos

Tg(Prox1-EGFP)'®” embryos were collected at E8.5 and placed in dissection medium (75%
DMEM/F12, 25% fetal bovine serum (FBS)) at 37°C. The decidua around the embryo was
carefully removed to keep the embryonic membranes (chorion, amnion) intact. The embryos
were somite-staged prior to imaging. For ex vivo time-lapse imaging by confocal microscopy,
the embryos were placed in a CoverWell™ imaging chamber inside a glass-bottom MaTek
dish. To immobilize the growing embryo, an eyelash was pierced through the ectoplacental
cone of the embryo. In this fashion, the embryo was suspended through the holes of the
CoverWell™ imaging chamber. During the imaging process, the embryos were cultured in
growth medium (75% rat serum (produced in house), 25% DMEM/F12). Growth conditions in
the confocal imaging chamber were kept at 37°C and 5% CO,. Confocal Z-stacks of the
developing embryo were acquired every 5min for up to 16h with a Zeiss LSM 700 confocal

microscope using a 10x objective.
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2.8 Image analysis

Images were analyzed using Imagel, Imaris, Adobe Photoshop, as well as Adobe lllustrator.

In detail, H2B-GFP labeled cells and pH3" cells were counted manually using Adobe Photoshop
and Adobe lllustrator in combination. Imagel) was used for measurement of tissue area and
organ bud volume. Total cell counts as well as counts of cells positive for BrdU or cleaved
caspase 3 (cCas3) were obtained using Imagel. Liver cell counts of embryos older than E10.0
were obtained by using the automatic spot detection function of Imaris with manual editing.
The region-of-interest (ROI) tool of Imagel) was applied to quantify fluorescence intensities.
Coordinates of cells for analysis of Pdx1-Cre lineage tracings were obtained by using the spot
detection function of Imaris with manual editing. Channel intensities of images were modified
using Adobe Photoshop and Imagel.

Analysis of Confetti lineage tracing experiments required tile stitching'*®

of acquired images
and spectral unmixing of individual channels using Imagel. Coordinates of labeled cells were
obtained by using the automatic spot detection function of Imaris with manual editing. The
cluster analysis was performed by Anca Margineanu using “Hierarchical Clustering on

Principle Components”*®”%,

2.9 Statistical analysis

Statistical analyses were performed using GraphPad Prism. Unless stated otherwise, data are
shown as mean + standard deviation and statistical significance (p<0.05) was determined
using Mann-Whitney or Kruskal-Wallis test with Dunn’s multiple comparisons test. Regression
lines were plotted using GraphPad Prism with regression line type and R? value indicated at

the respective figure legends.
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3. Results

3.1 Analysis of tissue dynamics during hepato-pancreatic develop-

ment

To elucidate the principles of hepato-pancreatic lineage segregation, | set out to examine the
underlying mechanisms of cell fate acquisition, proliferation, and growth in the foregut of the
mouse embryo. Towards this aim, | followed two distinct experimental approaches. In the
first approach, | focused on lineage tracing of endodermal cells from gastrulation to the
establishment of hepato-pancreatic organ domains. Thereby, | wished to gain insight into the
dynamics of how multipotent endodermal cells contribute to these distinct organ primordia.
My second approach focused on assessing tissue dynamics in the developing hepato-
pancreatic system by investigating organ growth and proliferation throughout early

organogenesis.

3.1.1 Establishing an unbiased tool for lineage tracing of endodermal cells

during hepato-pancreatic fate acquisition

For analysis of fate acquisition of endodermal cells (approach 1), an inducible genetic system
for lineage tracing in the entire endoderm was required, without biased expression of the
tracer in early hepatic or pancreatic progenitors. These requirements were met by a
transgenic (Tg) mouse Cre line (Tg(Foxa2-Cre-ERT); hereafter abbreviated Foxa2-Cre) co-
expressing a tamoxifen-inducible Cre recombinase transgene (Cre-ERT) together with the
Foxa2 coding sequence from the Foxa2 locus by virtue of an engineered internal ribosomal

entry site (Fig. 14A)™°

. The Cre-ERT transgene consisted of a Cre recombinase sequence
flanked by sequences coding for the murine estrogen receptor (mER). As described in the
introduction (Figs. 4, 7), Foxa2 is one of the earliest pan-endodermal genes and starts to be
expressed in definitive endodermal cells as they progress through the primitive streak during

gastrulation®®®.
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Fig. 14: Establishing the Foxa2-Cre-ERT mouse line as a tool for lineage tracing of hepato-pancreatic
progenitors. (A) Schematic representation of transgenes used in this experimental approach. (IRES, internal
ribosome entry site; mER, murine estrogen receptor; loxP sites shown as purple triangles) (B) Schematic
representation of the experimental setup. Pregnant females were injected with a single dose of tamoxifen
(75 or 25ug/g body weight) at E7.5 by intraperitoneal (IP TAM) injection. Embryos were subsequently
collected at E9.5. (C) Representative wholemount immunofluorescence (WMIF) of E9.5 Tg(Foxa2-Cre-ERT;
R26R-YFP) embryos that received the indicated doses of tamoxifen. Immunostaining of YFP using an anti-
GFP antibody documents YFP" (labeled) cells throughout the gut tube (arrowheads) including liver (/v) and
ventral pancreas (vp). Insets show higher magnifications of the areas marked by white dotted box as merged
color images and single GFP channel in grayscale. Immunostaining of Prox1l (red) marks hepatic, co-
immunostaining of Prox1 and Pdx1 (blue) pancreatic buds. Tissues are counterstained with Hoechst dye
(grayscale). (scale bars: 100um)

Initially, | determined the suitability of this mouse line for lineage tracing studies. | set up
timed matings between Foxa2-Cre males and Tg(R26R-YFP) transgenic females (hereafter
abbreviated YFP), in which the YFP reporter construct is introduced into the Rosa26 gene
locus (Fig. 14A)'®2. Cre-mediated recombination at the YFP transgene locus removes a
transcriptional stop sequence flanked by loxP sites to drive stable expression of cytoplasmic
YFP in genetically labeled cells and their progeny. Based on a protocol described by Park et
a|.199

, pregnant females were injected intraperitoneal (IP) with 25ug or 75ug tamoxifen/g

body weight (bw) at E7.5. Subsequently, embryos were collected at E9.5 (Fig. 14B) and
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subjected to wholemount immunofluorescence staining (WMIF). The presence of YFP-
expressing cells in the endoderm was documented using an anti-GFP-antibody (Fig. 14C).
Under both experimental conditions (25ug or 75ug tamoxifen/g bw) | observed dense

labeling of the gut tube, including the hepatic and ventral pancreatic buds (Fig. 14C, insets).

A Tg(Foxa2-CreERT) Tg(R26R-H2B-EGFP)
—— S [
~{ Foxa2 Foxa2 @ —IRES-mER(Cre)mER—@OA~ - Rosa P~ STOP P~H2B-GFP )

=8= Somite stage at injection =@ Somite stage at collection c

N
o

-
(4]

Number of embryos
=

5
0
-20 0 20 40
Somite Stage
L} 1 1 1 I )
E6.5 E7.5 E8.5 E9.5 E10.5

IP TAM administration collect embryos
to pregnant mouse

Fig. 15: Experimental setup for lineage tracing of hepato-pancreatic progenitors. (A) Schematic
representation of transgenes used in this experimental approach. (IRES, internal ribosome entry site; mER,
murine estrogen receptor; loxP sites shown as purple triangles) (B) Schematic representation of the
experimental setup. Pregnant females were injected with a single dose of tamoxifen (12ng/g body weight)
around E7.5 by intraperitoneal (IP TAM) injection. Embryos were subsequently collected at about E9.5. The
upper diagram shows a graphical representation of the spread of embryonic stages at the time points of
injection or embryo collection in the dataset (n=120). (C) Representative WMIF of E9.5 Tg(Foxa2-Cre-ERT;
R26R-H2B-GFP) embryo. Immunostaining of GFP documents GFP* (labeled) cells throughout the gut tube
(arrowheads) including liver (/v), ventral (vp), and dorsal pancreas (dp). Inmunostaining of Prox1 (red) marks
hepatic, co-immunostaining of Prox1 and Pdx1 (blue) pancreatic buds. (scale bar: 100um)

As my initial experiments documented a high density of labeled cells in the hepato-pancreatic
organ buds, | reduced the tamoxifen dosage for further lineage tracing experiments to 12ug/g
bw. Also, Foxa2-Cre Tg animals were intercrossed with the mouse Tg reporter line Tg(R26R-
H2B-EGFP)'®? (hereafter abbreviated H2B-GFP) (Fig. 15A). Cre-mediated recombination at the
H2B-GFP transgene introduced into the Rosa26 locus causes stable expression of a histone
2B-GFP fusion protein in genetically labeled cells and their progeny'®. | chose the H2B-GFP
reporter instead of the previously used YFP line, because its nuclear localization facilitates
guantification of labeled cell counts. Indeed, compared to the cytoplasmic YFP signal (Fig.

14C), the strong nuclear H2B-GFP signal enabled easier identification of labeled cells,
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especially when in close proximity to one another (Fig. 15C). Accordingly, pregnant females
were IP injected with tamoxifen at E7.5 and embryos subsequently collected at different time
points between E8.5 and E10.5 (Fig. 15B). The aim of this broad sampling strategy was to
investigate the contribution of labeled endodermal cells to the hepato-pancreatic organ
rudiments at different developmental stages. A total of 120 embryos were analyzed. The
spread of their respective somite stages at the time points of tamoxifen injection and

subsequent collection is illustrated in Fig. 15B.

At these early stages of mouse development, the embryonic stage can be more accurately

194

defined by somite stage (ss) than by embryonic day (E)"”". Somites are transient mesodermal

structures formed in the vertebrate embryo during a process called somitogenesis?®®**.
Somites are formed in the mouse between E8.0 and E11.5. Commonly, a 2h time period

corresponds to the formation of a somite in the mouse®**°*

, allowing for a precise calculation
of the embryonic stage at the time of label induction and the time of embryo collection. The
precise identification of embryonic stages is important because the mouse embryo undergoes
dramatic changes between E8.0 and E11.5. By using somite stages to stage embryos, | was
able to more accurately describe the time course of hepato-pancreatic development. Of note,
in Fig. 15B l included “negative somite stages” on the X-axis of the chart. | chose this is strategy
to standardize the measurement of embryonic stages throughout my experiments, even at
time points preceding somite formation. Specifically, | recalculated all time periods, which
preceded Oss, for example by assigning 40h prior to the formation of the first somite as -20ss.

Subsequent to staging, the presence of GFP-labeled cells in hepato-pancreatic organ domains

was documented by WMIF analysis for GFP (Fig. 15C).

Of the 120 embryos analyzed, a subset of embryos (Fig. 16; n=30) did not show discriminable
hepatic and ventral pancreatic organ domains, but a common ventral foregut tissue
expressing Prox1 (0-9ss, examples shown in Fig. 16A, B). Apparently, these embryos received
tamoxifen around E7.0 (-10ss) and were collected around E8.0-8.5 (0-9ss) (compare Fig. 15B
and Fig. 16C). These embryos were therefore used to assess the dynamics of progenitor
labeling prior to hepato-pancreatic lineage segregation. The contribution of labeled cells to
the ventral foregut, which harbors hepato-pancreatic progenitors, was documented by co-

immunostaining for GFP and Prox1 (Fig. 16B). Quantification of the labeled cells in the entire
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endoderm (Fig. 16D) and the Prox1" ventral foregut (Fig. 16E) showed a broad spread in the
number of labeled cells in both tissues. Interestingly, the fraction of labeled endodermal cells
found in the ventral foregut followed a distinct trend if plotted against the time point of label
induction (Fig. 16F). Following the progression from early gastrulation (-15ss) to late
gastrulation (-5ss), | noted a distinct drop in the fraction of labeled cells in the ventral foregut

from 25% to about 5% of the entire population of labeled endodermal cells. This observation
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Fig. 16: Lineage tracing of ventral foregut progenitor cells. (A) Representative images of embryos of the
indicated somite stage (ss) taken on a stereomicroscope. (B) Representative WMIF of E8.5 Tg(Foxa2-Cre-
ERT; R26R-H2B-GFP) embryos. Immunostaining for GFP documents GFP* (labeled) cells throughout the
endoderm (marked by Ecad in red) including the ventral foregut (vfg, marked by Prox1 in grayscale). Lower
panels show higher magnifications of the areas marked by white dotted boxes without the Ecad staining. (C)
Graphical representation of the spread of embryonic stages at the time points of injection and embryo
collection in the dataset (n=30). (D, E) The number of labeled cells in the total endoderm (D) or ventral
foregut (E) are plotted against the somite stage at the time of injection. (F) Negative correlation of the
fraction of ventral foregut cells (% of all GFP" cells) in the endoderm with the somite stage at injection.
(regression curve: 2" order polynomial with 95% confidence interval; adjusted R%: 0.46) (scale bars: (A)
1mm; (B) 100um)
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highlighted the fact that prospective foregut cells are amongst the first Foxa2" definitive
endodermal cells arising during gastrulation. Thus, label induction events during early
gastrulation are more likely to result in a high percentage of labeled ventral foregut cells. By
contrast, label induction at later gastrulation stages allows for labeling of cells already
allocated to the fore-, mid-, and hindgut, lowering the % contribution of ventral foregut cells

to the total population of GFP" cells.

In conclusion, | successfully established the Foxa2-Cre line as a useful tool for unbiased lineage
tracing of endodermal cells acquiring hepato-pancreatic fate. | established an experimental
system and tamoxifen treatment protocol that enabled labeling of hepato-pancreatic organ
rudiments. By analyzing time-dependent changes in the labeling efficiency of the ventral
foregut as compared to the rest of the endoderm, | further demonstrated that developmental
features of Foxa2 expression during gastrulation are faithfully recapitulated by the Foxa2-Cre

transgene.

3.1.2 Lineage tracing uncovers time-dependent plasticity in the relationship of

labeled cells in ventral foregut derivatives

A second subset of traced H2B-GFP embryos (Fig. 15B) encompassed 90 embryos that showed
discriminable hepatic and pancreatic organ domains. These embryos received tamoxifen
around E7.5, were collected between E8.5 and E10.5 (compare Fig. 15B and Fig. 17A) and
used for analysis of hepato-pancreatic lineage segregation events. Towards this aim, the
embryos were subjected to WMIF analysis and the number of GFP-labeled cells in liver,
ventral, and dorsal pancreatic buds were quantified. Immunostaining for Prox1 was used to
mark all hepato-pancreatic tissues, while Pdx1 immunostaining specifically marked ventral
and dorsal pancreatic buds. First, | assessed whether ventral and dorsal hepato-pancreatic
tissues showed comparable labeling behavior. To answer this question, the number of labeled
cells in liver and ventral pancreas (Fig. 17B) or in dorsal pancreas (Fig. 17C) of each embryo
were plotted against the respective somite stage at the time of tamoxifen injection. Indeed,

a similar maximum in labeling intensity, as indicated by the peak of the respective regression

-40 -



curves (compare Fig. 17 panel B and C), in these embryonic tissues was noted in the 20h time

window preceding the formation of the first somite (-10-0ss).
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Fig. 17: Tracing of hepato-pancreatic cells. (A) Graphical representation of the spread of embryonic stage
at the time points of injection and embryo collection in the dataset (n=90). (B, C) The number of GFP*
(labeled) cells in the liver and ventral pancreas (B) or dorsal pancreas (C) are plotted against the somite stage
at the time point of injection. A maximum in the labeling intensity is observable in the 20h time window
prior to establishing the first somite (-10 to 0 somite stage) in both ventral and dorsal hepato-pancreatic
tissues. (regression curves: 3" order polynomial with 95% confidence interval; adjusted R%: 0.15 (B), 0.19
(C)) (D) Representative WMIF of Tg(Foxa2-Cre-ERT; R26R-H2B-GFP) embryos at 15-29ss. Immunostaining of
Prox1 (red) marks liver (Iv), co-immunostaining of Prox1 and Pdx1 (blue) ventral pancreas (vp). Cells are
counterstained with Hoechst dye (grayscale). Immunostaining of GFP documents labeled cells in liver and
ventral pancreas. A reduction in the density of labeled cells in the ventral pancreas is observable with
increasing somite stage. (scale bar: 100um)
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Interestingly, | observed distinct time-dependent changes in the number of labeled ventral
pancreatic cells at the time of embryo collection. As documented in Fig. 17D, labeled cells
were readily found in ventral pancreatic and hepatic tissue of younger embryos (E9.0-9.5; 15-
20ss). However, as development progressed (E9.5-10.0; 23-29ss), | saw a distinct reduction in
the density of GFP" cells in the ventral pancreatic (Prox1*, Pdx1*) but not in the hepatic
domain (Prox1®). To confirm that this reduction was ventral pancreas specific, | plotted the

number of GFP-labeled cells in liver, ventral, and dorsal pancreas (Fig. 18A, B, and C,
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Fig. 18: The ratio of labeled cells in liver and ventral pancreas shifts with increasing somite stage. (A-C)
The number of GFP” (labeled) cells in the liver (lv) (A), ventral (vp) (B), or dorsal pancreas (dp) (C) are plotted
against the somite stage at the time of collection (n=90; line shows 2-neighbor running average). No labeled
cells are found in the ventral pancreas of embryos older than 27 somites. (D, E) The ratio of labeled cells in
liver to either ventral pancreas (lv/vp) or dorsal pancreas (Iv/dp) is plotted against the somite stage at the
time of collection (D) or injection (E). For this purpose, embryos of similar somite stage (collection or
injection) were grouped and the sum of all labeled cells in Iv, vp, and dp were used for calculation of the
depicted ratios. A positive correlation between the somite stage at collection and the ratio of labeled Iv cells
to vp cells is observable (D). (regression curves: 3" order polynomial with 95% confidence interval; adjusted
R’ for Iv/vp: 0.98 (D), 0.63 (E); adjusted R* for Iv/dp: 0.94 (D), 0.88 (E))

-42 -



respectively) against the somite stages at the time of embryo collection. The graphs in Fig.
18A-C represent 2-neighbor-running average and document only a slight drop in the number
of labeled cells in liver and dorsal pancreas after 27ss. However, for the ventral pancreas | did

not observe any labeled cells in embryos older than 27ss.

To further elucidate why the labeling density in the ventral pancreas dropped in later stage
embryos, | examined the relationship between the ventral foregut derivatives liver and
ventral pancreas systematically. Towards this aim, embryos of similar somite stages at the
time of collection in this dataset were grouped and the sum of labeled liver and labeled
ventral pancreatic cells, as well as their ratio was calculated. Next, the calculated liver to
ventral pancreas ratios were plotted against the average somite stage at the time of collection
of the respective group of embryos (Fig. 18D). Evaluating the regression line through the data
points, it was apparent that the liver to ventral pancreas ratio (lv/vp) remained fairly constant
until around 20ss. Thereafter, a strong positive correlation of the labeled cell ratio (Iv/vp) with
the somite stage at the time of embryo collection became visible. This observation suggested
that after the initial separation of ventral hepato-pancreatic progenitors towards hepatic or
pancreatic fate, a second developmental mechanism must be in place resulting in a constant
shift in the ratio of labeled liver to labeled ventral pancreatic cells. To control that this
phenomenon was specific to the ventral foregut derivatives | performed an analogous
analysis using the same groups of embryos to calculate the ratio between labeled liver and
labeled dorsal pancreatic cells (Iv/dp). Fig. 18D shows that the liver to dorsal pancreas ratio

remained fairly constant over the entire sampling period.

To exclude that the time-dependent changes in the ratio of labeled liver to labeled ventral
pancreatic cells were an artefact of differential labeling of hepatic versus ventral pancreatic
progenitors, | went on to examine the influence of the time point of label induction on the
liver to ventral pancreas cell ratio. Towards this aim, the previously analyzed dataset was
differently grouped: embryos of similar somite stages at the time of label induction were
grouped and the sum of labeled liver, ventral, and dorsal pancreatic cells within each group
calculated. The respective ratios of liver to ventral (lv/vp) or liver to dorsal pancreas (lv/dp)
were derived and plotted against the average somite stage at the time of label induction

within each group (Fig. 18E). No correlation between the ratio of either labeled liver to labeled
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ventral pancreas or labeled liver to labeled dorsal pancreas with the somite stage at the time
of label induction was observed. Thus, in contrast to the somite stage at the time of embryo
collection, the embryonic stage at the time of label induction had no influence on the ratio of

labeled liver to labeled ventral pancreatic cells (compare Fig. 18D and Fig. 18E).
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Fig. 19: Label induction at E8.5 allows clonal labeling of hepato-pancreatic progenitors. (A) WMIF of E9.5
Tg(Foxa2-Cre-ERT; R26R-H2B-GFP) embryos (16-21ss) labeled by tamoxifen injection at E8.5 (5.5-10.5ss).
Immunostaining of Prox1 (red) marks liver (Iv), co-immunostaining of Prox1 and Pdx1 (blue) ventral pancreas
(vp). Cells are counterstained with Hoechst dye (grayscale). Immunostaining of GFP documents low numbers
of labeled cells in liver and ventral pancreas (arrowheads). Commonly, 2-3 labeled cells are in close proximity
to one another and likely represent descendants of a common labeled progenitor cell. The lower row shows
the GFP channel in grayscale. The number of labeled cells found in liver and ventral pancreas are stated in
the upper left corner. (B) Optical sections of the WMIF of the 19ss embryo shown in panel A. Left panels
show entire hepatic and ventral pancreatic domain, while right panels show magnifications and single
fluorophore channels of the boxed region of interest. The indicated cells (arrowheads or dotted line)
represent descendants of a single bipotent progenitor cell. One cell has adopted a hepatic fate (absence of
Pdx1; see right panels) while the other adopted a pancreatic fate (expression of Pdx1; see right panels).
(scale bars: 100um)

-44 -



During my Foxa2-Cre-ERT lineage tracing experiments, | also achieved clonal labeling in a
small subset of embryos. Clonal labeling refers to a labeling event in a single progenitor in a
tissue of interest. Subsequent analysis of the fate of its progeny might reveal the
developmental potential(s) of the originally labeled cell. Fig. 17B shows that the number of
labeled cells in embryos that received tamoxifen at time points later than 5ss drops
dramatically. WMIF images of a subset of these embryos are presented in Fig. 19. All depicted
embryos show less than 6 labeled cells in liver and ventral pancreas. Commonly, 2-3 labeled
cells are in close proximity to one another and likely represent descendants of a common
labeled progenitor cell. An interesting observation was made in the 19ss embryo shown in
Fig. 19A (maximum intensity projection) and highlighted in Fig. 19B (optical sections). The
indicated GFP* cells are likely descendants of a common progenitor due to their close
proximity in the tissue. However, while one cell has adopted a pancreatic identity, as shown
by Pdx1 expression, the other one acquired a hepatic fate, as documented by the absence of
Pdx1. This observation argued for the existence of a common bipotent progenitor cell with

the developmental potential for hepatic or ventral pancreatic fate.

3.1.3 Analysis of tissue dynamics shows difference in organ growth of liver and

ventral pancreas despite similar proliferative properties

Employing the Foxa2-Cre mouse line for lineage tracing, my studies thus far showed that
dorsal pancreatic and ventral hepato-pancreatic domains present similar labeling dynamics.
However, my studies also uncovered the surprising finding that the ratio of labeled liver to
labeled ventral pancreatic cells is dependent on the somite stage at the time of embryo
collection (Fig. 18D). One possible explanation for the increase in the ratio of labeled liver to
labeled ventral pancreatic cells at later somite stages might be differences in proliferation
dynamics in liver versus ventral pancreatic buds. Specifically, higher levels of proliferative
activity in the liver as compared to the ventral pancreas may lead to a more pronounced
increase in the number of labeled liver cells over time. To test this hypothesis, | set out to

explore hepato-pancreatic tissue dynamics during early development in more detail.
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First, | collected embryos with somite stages ranging from E8.5 (10ss) to E10.0 (30ss) and
analyzed the expression of the hepato-pancreatic marker Prox1 and pancreatic marker Pdx1
by WMIF. A selection of these WMIF images is shown in Fig. 20. They illustrate the immense
morphological changes undergone by the ventral foregut endoderm during its early
development. Next, | quantified the organ volume of liver (n=90) as well as ventral (n=93) and
dorsal pancreata (n=86) throughout the analyzed developmental time period (Fig. 21). Organ
volume was determined from WMIF confocal z-scans by measuring organ area on individual
optical sections. The average area was then multiplied by tissue depth to obtain the total
organ volume. Fig. 21A shows continuous growth of the liver throughout the analyzed period,

while little change in ventral pancreas volume was detectable.

Fig. 20: Ventral foregut morphogenesis. Representative WMIF of embryos from E8.5 to E9.75 (10-28ss).
Immunostainings of Prox1 (green) and Pdx1 (red) mark the ventral foregut region (vfg) as well as liver (Iv),
ventral (vp) and dorsal pancreatic buds (dp). Substantial time-dependent changes in morphology of these
developing organs are observable. (scale bars: 100um)

This observation was corroborated by plotting the ratio of liver to ventral pancreas volumes
of individual embryos against the somite stage of the respective embryo (Fig. 21C). A strong
positive correlation between the ratio of liver to ventral pancreas volume and the somite
stage was evident. In contrast to the ventral pancreas, the dorsal pancreas showed a more

pronounced volume growth (Fig. 21B). To discern the relationship between ventral and dorsal
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hepato-pancreatic organ growth, the ratio of the volume of ventral foregut derivates (sum of
liver and ventral pancreas volume) to dorsal pancreas volume was calculated for each
embryo. Plotting this ratio against the somite stage of the respective embryo, a slight increase
in the ratio of ventral foregut to dorsal pancreas volume at later somite stages was seen (Fig
21D). Notably, this increase was considerably less dramatic (Fig. 21D, slope: 0.13/ss) as

compared to the liver to ventral pancreas ratio over somite stage (Fig. 21C, slope: 0.43/ss).
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Fig. 21: Organ volume changes during hepato-pancreatic development. (A, B) Measurement of organ bud
volume of liver (lv; n=90) and ventral (vp; n=93) (A), as well as dorsal pancreas (dp, n=86) (B) at the indicated
somite stages shows a stronger increase in liver volume as compared to dorsal and ventral pancreas.
(regression curves: 3" order polynomial with 95% confidence interval; adjusted R*0.91 (Iv), 0.62 (vp), 0.56
(dp)) (C, D) The ratios of volume of liver versus ventral pancreas (C) or of liver and ventral pancreas (vfg)
versus dorsal pancreas (D) increase with somite stages. The increase in ratio over time is more pronounced
in (C) (slope: 0.42) as compared to (D) (slope: 0.13). (regression lines: linear with 95% confidence interval;
adjusted R*: 0.67 (C), 0.10 (D))

The results of the organ volume analyses argued for a stronger increase in organ bud growth
in the liver as compared to the ventral pancreas. Yet, bud volume per se might not be the
most informative parameter for comparing organ growth in liver and ventral pancreas.

Indeed, the morphology of the liver undergoes dramatic changes during the investigated time
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period (Fig. 20)*>*. Hepatoblasts begin as a multilayered epithelium but soon form hepatic
chords and invade the surrounding mesenchyme. In contrast, the ventral pancreas remains
an epithelial bud throughout the analyzed time period**'?. As organ volume is also

influenced by cell and tissue morphology, | chose to refine the tissue growth analysis by
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Fig. 22: Quantitative histological analysis reveals differences in growth of liver and ventral pancreas. (A)
Representative IF staining of consecutive cryosections of the developing liver (Iv) and ventral pancreatic bud
(vp) of an E9.5 (23ss) embryo. Immunostaining of Prox1 (red) marks liver, while co-immunostaining of Prox1,
Pdx1 (blue), and Sox17 (green) marks ventral pancreas. Cells are counterstained with Hoechst dye
(grayscale). (B, B’) Measurements of organ bud cell count at the indicated somite stages show a stronger
increase in the liver (n=72) as compared to the ventral pancreas (n=95). Panel B’ shows magnification of the
boxed region in panel B. (regression curves: 3 order polynomial with 95% confidence interval; adjusted R%:
0.90 (lv), 0.85 (vp)) (C, C’) The ratio of liver versus ventral pancreas cell count increases dramatically with
later somite stages. Panel C’' shows magnification of the boxed region in panel C. (regression curve: 3" order
polynomial with 95% confidence interval; adjusted R%: 0.89) (scale bar: 100um)
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examining changes in liver and ventral pancreas cell counts, thereby eliminating any bias from

differences in average cell size in the two organs.

Accordingly, | collected embryos from E8.5 to E11.5 (9-45ss) and prepared two series of 10um
cryosections per embryo. One series per embryo was subjected to immunofluorescence (IF)
staining for the hepato-pancreatic marker Prox1 and the ventral pancreatic markers Pdx1 and
Sox17. Sections of the entire liver and ventral pancreatic bud were imaged, as exemplified in
Fig. 22A. Cell counts for liver (Prox1*) and ventral pancreas (Prox1®, Pdx1®, Sox17") were
manually quantified and plotted against the somite stage of the respective embryo (Fig. 22B
and B’). In accordance with the volume analysis (Fig. 21A), | observed a strong and continuous
increase in cell counts in the liver bud. By contrast, the ventral pancreatic cell count remained
almost constant until about 30ss when it started to increase moderately. The discrepancy
between the increase of liver and ventral pancreatic cell counts was again illustrated by
plotting the ratio of liver to ventral pancreas cell counts for each embryo against its respective

somite stage (Fig. 22C and C’).

The most likely explanation for the differential increase in cell counts between liver and
ventral pancreas might be that the two tissues exhibit different proliferation dynamics.
Specifically, hepatic cells may show a higher proliferative activity or a shorter cell cycle length
and thus increase more dramatically in numbers over time as compared to ventral pancreatic
cells. To test this hypothesis, | collected embryos from E8.5 to E10.0 (10-29ss) and subjected
them to WMIF analysis (Fig. 23A and B). The embryos were stained for the mitotic marker
phospho-histone 3 (pH3) as well as for proteins marking the developing gut tube (Ecad), the
liver (Prox1 and Ecad), and the ventral pancreatic bud (Ecad, Prox1, and Pdx1). Embryos of
similar somite stages were grouped and the number of pH3" cells per organ rudiment
qguantified and normalized to the respective organ bud volume (Fig. 23C). | noticed that with
increasing somite stage the rate of pH3" cells per volume decreased in liver as well as ventral
pancreas with no statistically significant difference between the two organ buds at any time

point (Kruskal-Wallis test, Dunn’s multiple comparisons test) (Fig. 23C).

The fact that no difference in numbers of pH3" cells existed comparing liver and ventral

pancreatic bud argued that the two tissues show similar proliferative activity between E8.5
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and E10.0. To corroborate this finding, | performed a bromodeoxyuridine (BrdU)
incorporation assay in developing embryos. This assay is based on the fact that cells in S-phase

incorporate the thymidine-analog BrdU into the replicating DNA strands. Subsequently, BrdU
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Fig. 23: Similar phospho-histone 3 dynamics in liver and ventral pancreas. (A) Representative WMIF of
E8.5-E9.0 (10-16ss) embryos for the mitotic marker phospho-histone 3 (pH3, green). Inmunostaining of Ecad
(red) serves to visualize the developing gut tube. (B) Representative WMIF of E8.75-E9.5 (13-26ss) embryos
for pH3 marking mitotic cells. Immunostaining of Prox1 (red) marks liver (lv), co-immunostaining of Prox1
and Pdx1 (blue) the ventral pancreas (vp). Tissues are counterstained with Hoechst dye (grayscale). (C)
Measurements of pH3" cells normalized to organ volume at the indicated somite stages show a reduction in
the mitotic rate with increasing somite stage in liver (n=34) and ventral pancreas (n=38). No statistically
significant difference between the two tissues is seen. (scale bars: 100um)
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can be detected by IF staining providing a measure of the cell fraction that was in S-phase
during the labeling period. To examine the cell fraction in S-phase in the developing hepatic
and ventral pancreatic organ rudiments, | injected pregnant females with BrdU (75ug/g bw)
at E8.5 or E9.5 and used tracing periods of 1h, 2h or 4h. Subsequently, the embryos were
collected and cryosections prepared for IF analysis for BrdU, Prox1, as marker of liver and
ventral pancreas, and Pdx1 as marker of the ventral pancreas (Fig. 24A). Fig. 24 panels B and
C show the quantification of the BrdU" cell fractions in liver and ventral pancreas for different
tracing periods at E8.5 (Fig. 24B) or E9.5 (Fig. 24C). At no developmental time point or tracing
period did | observe statistically significant differences in the size of the BrdU" cell fractions

in liver and ventral pancreas (Kruskal-Wallis test, Dunn’s multiple comparisons test).
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Fig. 24: Bromodeoxyuridine incorporation assay reveals similar proliferation dynamics in liver and ventral
pancreas. (A) Panel on the left shows the image of a 18ss embryo taken on a stereomicroscope. Panels on
the right show IF staining of cryosections from an E9.0 (18ss) embryo for incorporation of
bromodeoxyuridine (BrdU) during 4h BrdU labeling period. Immunostaining of Prox1 (red) marks liver (Iv),
co-immunostaining of Prox1 and Pdx1 (blue) the ventral pancreas (vp). Images are given as merged color or
as single channel gray scale configuration. (B, C) Measurements of BrdU" cell fractions in liver and ventral
pancreas at E8.5 (B) or E9.5 (C) show no statistically significant difference between the two organ buds for
the indicated BrdU labeling periods. ((B) 1h: n=4; 2h: n=6; 4h: n=8; (C) n=8 (shows combined data for 2h:
n=2 and 4h: n=6)) (scale bars: Imm (A, left panel), 100um (A, right panels))
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In line with the results obtained by analyzing pH3" levels in liver and ventral pancreas (Fig.
23), the BrdU incorporation assay also suggested that cells in liver and ventral pancreas show
similar proliferative activities. To ascertain that the difference in cell count increase between
liver and ventral pancreas was not due to an accelerated cell cycle time in liver cells, |

performed an additional analysis using the data from the BrdU incorporation assay. Sanders

I 203 I 204

eta as well as van den Berg et a reported a method to estimate the average cell cycle

length in a tissue of interest on the basis of multiple BrdU incorporation assays using different

203204 | plotted the data of the BrdU" cell

tracing times. In accordance with their methods
fractions in liver (Fig. 25A) and ventral pancreas (Fig. 25B) for E8.5 embryos against the
respective tracing period. Next, | plotted linear regression lines through the data points and
determined the slope of the regression lines for liver and ventral pancreas data. The resulting
overlap of the two regression lines and their 95% confidence intervals (Cl) are shown in Fig.
25C, substantiating the apparent similarity in BrdU incorporation dynamics in liver and ventral
pancreas. To corroborate this similarity, | performed a two-way-ANOVA analysis to test for an
influence of the tracing period or tissue type on the BrdU" cell fraction. While the length of

the tracing period showed a significant influence (p-value<0.0002) on the BrdU" cell fraction,

no significant influence of the tissue type, i.e. liver or ventral pancreas, could be documented.

To estimate the average cell cycle length in cells of liver and pancreas | calculated the
reciprocal for the slope of the regression line (equation shown in Fig. 25D). According to this
calculation, the average cell cycle length for hepatic cells at E8.5 was 26.6h, while ventral
pancreatic cells exhibited an average cell cycle length of 17.3h. If the slopes of the upper and
lower confidence interval limits were considered, the average cell cycle length was 19 to
44.7h for hepatic and 12.2 to 29.6h for ventral pancreatic cells (Fig. 25D). Statistical analyses
of the hepatic and ventral pancreatic cell cycle length by Mann-Whitney test did not
document a significant difference between the two tissues. Thus, the estimation of the
average cell cycle length in liver and ventral pancreas ruled out the possibility of an
accelerated cell cycling time in hepatic cells underlying the increase in cell count and organ

volume in liver over ventral pancreas.
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Fig. 25: Estimated cell cycle times of hepato-pancreatic progenitors. (A, B) Measurements of the increase
in BrdU" cell fractions in hepatic (Iv) (A) and ventral pancreatic (vp) domains (B) at E8.5. (regression lines:
linear with 95% confidence interval (Cl); adjusted R”: 0.61 (A), 0.59 (B)) (C) Overlap of regression lines for

liver and ventral pancreatic progenitors demonstrates similar proliferation dynamics. (D) Approximation of

the cell cycle length on the basis of BrdU incorporation (Sanders et al., 1993203; van den Berg et al., 2009204)

argues for an increased cell cycling time in hepatic as compared to ventral pancreatic progenitors. (lv: 26.6h
(range 95% Cl: 44.7h-19h); vp: 17.3h (range 95% Cl: 29.6h-12.2h))

3.2 Lineage tracing analysis reveals plasticity between ventral pan-

creas and liver at late developmental time points

In chapter 3.1, | documented profound differences in the growth of liver and ventral pancreas.
Liver bud volume and cell number increased dramatically over the time period of E8.5 to
E11.5, whereas the ventral pancreas remained relatively consistent in terms of organ size and
cell count between E8.5 to E10.0 and noticeable growth occurred only after about 30ss. My
results also suggested that the difference in organ growth is not due to different proliferation

dynamics in liver and ventral pancreas (Figs. 23-25).
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In the light of these results, | considered another hypothesis for testing. The change in the
ratio of labeled liver to labeled ventral pancreatic cells and the concurrent difference in organ
growth (albeit at similar proliferation dynamics) may be explained by a constant flux of ventral
pancreatic cells contributing to the growing liver bud. To test this hypothesis, | performed
additional lineage tracing studies in hepato-pancreatic and ventral pancreatic progenitors to

follow up on my findings from the Foxa2-Cre lineage tracing in endodermal cells (Figs. 14-19).

3.2.1 Dorsal and ventral hepato-pancreatic progenitors arise from distinct

embryonic regions but are both characterized by expression of Prox1

8ss 10ss 10ss 11ss

Fig. 26: Prox1 expression in the ventral foregut at E8.5. (A) Representative images of embryos of the
indicated somite stage taken on a stereomicroscope. (B) Representative WMIF of embryos from E8.0 to
E8.75 (2-11ss). Immunostaining of Prox1 marks the ventral foregut region (vfg) throughout the indicated
somite stages as well as the developing heart (ht) from 6ss onwards. (scale bars: (A) 1Imm; (B) 100um)
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To perform lineage tracing studies in hepato-pancreatic progenitors, | required a suitable
marker gene specifically expressed in this cell type. As introduced in chapter 1.2.2, the
homeobox transcription factor Prox1 is the earliest marker specific for all three hepato-
pancreatic organ domains, namely liver, ventral, and dorsal pancreas. Fig. 26 documents
Prox1 expression by WMIF in the ventral foregut region from early somite stages (>2ss)
onwards. While Prox1 at early somite stages (Fig. 26B, 2-6ss) is detected at low levels, its

expression level increases as development progresses (Fig. 26B, 6-11ss). Still, | was only able

Hoechst —

Fig. 27: Early induction of Prox1 expression in dorsal pancreatic progenitors as revealed by use of the
Tg(Prox1-EGFP) mouse strain. (A) Representative WMIF of E8.5 (10-11ss) Tg(Prox1-EGFP) embryos.
Induction of EGFP expression in dorsal pancreatic progenitors (dp) in the lateral dorsal foregut endoderm is
documented by anti-GFP antibody staining (green, see arrowheads). At this embryonic stage, expression of
Prox1 (red) is too low to be detected in the majority of dorsal pancreatic cells. In heart (ht) and ventral
foregut (vfg), co-expression of Prox1 and EGFP is clearly visible. Tissues are counterstained with Hoechst dye
(grayscale). Panels to the right show higher magnification of boxed area indicated in the respective panel on
the left (merged and as single GFP channel). (B) WMIF of a 11ss Tg(Prox1-EGFP) embryo showing co-
expression of Prox1 and EGFP in a subset of dorsal pancreatic progenitor cells (arrowheads). Panels to the
right show higher magnification of an optical section (merged or as single channels) of the boxed area in the
overview image to the left. (scale bars: 100um)
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to detect endogenous Prox1 expression in the ventral (Fig. 26) but not in the dorsal foregut

at early somite stages.

A

vfg

~9ss
Prox1-GFP

1h

vig F 0%

~9ss
Prox1-GFP

~10ss
Prox1-GFP

Fig. 28: Time-lapse imaging of ex vivo cultured Tg(Prox1-EGFP) mouse embryos illustrates dynamics of
dorsal pancreatic specification. (A-C) Confocal images of 3 different time-lapse imaging experiments.
Tg(Prox1-EGFP) embryos were cultured ex vivo under controlled conditions under a confocal microscope for
up to 16h and imaged for native EGFP fluorescence every 5min. Time given in the upper left corner of each
image indicates the time point since start of time-lapse imaging (in hours). Approximate somite stage (ss) of
the respective embryo at the beginning of the experiment is given in the lower left corner of the first image
of each time series. Arrowheads pinpoint the emergence of EGFP expression in dorsal pancreatic progenitors
in the lateral dorsal foregut endoderm and their subsequent conjunction at the embryonic midline. (scale
bars: 100um)

To directly visualize the emergence of Prox1* dorsal pancreatic progenitors as well as ventral
hepato-pancreatic progenitors in the foregut, | employed the Tg(Prox1-EGFP) mouse line

(hereafter abbreviated Prox1-GFP)"’

. This mouse strain carries a transgene expressing EGFP
under the control of the Prox1 gene regulatory elements. | collected E8.5 embryos transgenic
for Prox1-GFP and subjected them to WMIF for endogenous Prox1 and GFP. As shown in Fig.
27, | documented the presence of GFP" cells, a subset of which also expressed endogenous

Prox1 (Fig. 27B), in the lateral dorsal foregut endoderm of 10-11ss embryos. These cells
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demarcated the first dorsal pancreatic progenitors distinguishable from the surrounding non-

pancreatic dorsal foregut endoderm.

Of note, the dorsal pancreatic progenitors shown in Fig. 27 (E8.5), presented only as
interspersed cells in the lateral dorsal foregut endoderm, while the dorsal pancreas at E9.0-
E9.5 (Fig. 20; >16ss) consisted of a uniform bud in the gut midline. To better appreciate the
transition between these two states, | performed time-lapse imaging of ex vivo cultured
Prox1-GFP embryos. To this end, | collected Tg(Prox1-EGFP) embryos around 8-11ss, the time
point when GFP" cells emerged in the dorsal foregut. The collected embryos were cultured ex
vivo under a confocal microscope under controlled conditions for up to 16h and imaged for
native EGFP fluorescence every 5min. Fig. 28 shows images from 3 independent experiments
taken at the indicated time points during the ex vivo culture. In all cases, | detected the
emergence of EGFP expression in dorsal pancreatic progenitors in the lateral dorsal foregut
as well as in the ventral foregut endoderm (Fig. 28). In addition, video recording documented
how the dorsal pancreatic progenitors subsequently converge onto the embryonic midline
while concurrently upregulating Prox1 expression, as documented by the increased EGFP

fluorescence intensity at later imaging time points (Fig. 28).

3.2.2 Establishing Prox1-rtTA as a tool for lineage tracing of hepato-pancreatic

progenitors

In chapter 3.2.1 | established that Prox1 is a suitable marker for early hepato-pancreatic
progenitors in the ventral and dorsal foregut. To label these progenitor populations, | used a
mouse strain transgenic for a reverse-tetracycline controlled transactivator (rtTA) expressed
under the gene regulatory elements of Prox1 (referred to as Tg(Prox1-rtTA)). This line was
generated by Igor Pongrac, a former PhD student in the Spagnoli laboratory (Pongrac,
Spagnoli, unpublished data). This Tet-ON BAC transgenic system also contains a sequence
encoding for mCherry to facilitate identification of cells and tissues expressing rtTA. The
coding sequences for rtTA and mCherry are separated by a 2A protease cleavage site allowing
separation of the co-expressed rtTA and mCherry polypeptides (Fig. 29A). Initially, | confirmed

the expression pattern of the transgene in the hepato-pancreatic system and its co-

-57 -



expression with endogenous Prox1. Fig. 29B shows a 16ss embryo analyzed by WMIF for the
pancreatic marker Pdx1l and for mCherry (detected with an anti-RFP antibody). The
expression of mCherry was documented in the hepatic, ventral, and dorsal pancreatic organ
domains. WMIF analysis for Prox1 and RFP at later embryonic stages (E9.5 and E10.25)

showed a perfect overlap in expression of endogenous Prox1 and mCherry (Fig. 29C).

Tg(Prox1-rtTA) C

{ Proxi HEHHTAD 2 GRS -

Hoechst

vp
Hoechst

Fig. 29: Tg(Prox1-rtTA) is co-expressed with Prox1 during hepato-pancreatic development. A) Schematic
representation of the Tg(Prox1-rtTA) transgene. (rtTA, reverse tetracycline-controlled transactivator; 2A,
proteolytic cleavage site) (B) Optical section of a WMIF of an E9.0 (16ss) Tg(Prox1-rtTA) embryo. Staining for
mCherry with an anti-RFP antibody (red) shows expression of the transgene in liver (/v) and ventral (vp) and
dorsal pancreatic buds (dp). Immunostaining for Pdx1 (blue) marks pancreatic organ buds. Cells are
counterstained with Hoechst dye (grayscale). Lower panels show boxed areas in upper panel without RFP
staining. (C) WMIF staining of E9.5 and E10.25 Tg(Prox1-rtTA) embryos. Co-immunostaining for Prox1 (green)
and RFP (red) documents co-expression of Prox1 and the Tg(Prox1-rtTA) transgene. (scale bars: 100pum)
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Having established that the expression of the Tg(Prox1-rtTA) faithfully recapitulated
endogenous Prox1 expression, | next analyzed this mouse line for its suitability as a lineage
tracing tool. To this end, males double-transgenic for Tg(Prox1-rtTA) and Tg(TetO-Cre)*®
(hereafter abbreviated Prox1-rtTA) and H2B-GFP Tg females were used for timed matings (Fig.
30A). Upon exposure of the resulting Tg(Prox1-rtTA; TetO-Cre; R26R-H2B-EGFP) embryos to
doxycycline, doxycycline binds to the rtTA and induces its translocation into the nucleus,
where it binds to the TetO sequence to induce expression of Cre recombinase, which, in turn,
activates the H2B-GFP reporter gene locus and allows stable H2B-GFP expression (Fig. 30A).
At E8.5, pregnant H2B-GFP females were intravenously (V) injected with doxycycline at
increasing concentrations of 75ug, 100ug, or 150ug/g bw. The embryos were collected at
E9.5, subjected to WMIF analysis, and the numbers of labeled (GFP*) cells in each organ
domain were determined. The experimental setup and the spread of embryonic stages at
time of label induction and embryo collection for the 150ug/g bw condition are shown in Fig.
30B. WMIF analysis documented labeled cells in all hepato-pancreatic tissues, with labeling

events in the ventral pancreas being less frequent as compared to dorsal pancreas or liver

(Fig. 30E).

To gain insight into the labeling characteristics of the Prox1-rtTA mouse line, | plotted the
total number of labeled cells in each embryo for each experimental condition (75ug, 100ug,
or 150ug/g bw) against the somite stage of the respective embryo at the time of label
induction (Fig. 30C). Two distinct labeling characteristics were concluded from this
representation of the dataset. First, the number of labeled cells increased with the somite
stage of the embryo at the time of label induction. Second, embryos that received a higher
dose of doxycycline showed higher numbers of labeled cells, arguing that a higher doxycycline
dose increased the chance of labeling events. This second observation was corroborated by
quantifying the fraction of labeled embryos in different experimental conditions (Fig. 30D).
While the percent (%) of labeled embryos was only 36% at 75ug/g bw doxycycline (n=22) or
41% at 100ug/g bw doxycycline (n=29), almost 90% of transgenic embryos showed labeled
cells after exposure to 150ug/g bw doxycycline (n=116). Since my aim was to analyze the
dynamics of hepato-pancreatic tissue labeling, | chose the most effective labeling dose of

150ug/g bw doxycycline for further experiments.

-59 -



A Tg(Prox1-rtTA) Tg(TetO-Cre) Tg(R26R-H2B-EGFP)

~{ Proxi —n A QHEhe- | Teto HIGe )~ - Rosa - STOP )—CH2B-GFP)—

B -~ Som?te stage at injectit?n C 2000 - 75 ug
2 25 - =@ Somite stage at collection ® 100 ug
2 204 ® ® 150 ug ®
Y— (<]
o o
g™ g o
§ 5 - g 1000 - ,
0 5 ®
0 10 20 30 S ®
Somite stage 500 - (IS e
| 1 | 1 | )
ES8.0 E8.5 E9.0 E9.5 E10.0 L/
04—y ﬁ—
IV DOX admin. collect 0 5 10 15
to pregnant mouse embryos

Somite stage at injection

) O

=)

g
m

75pug DOX | 23ss 100ug DOX | 23ss 150ug DOX

Labeled embryos (%)
(4]
b

(=]
[

D O O
Doxycycline conc.
(in pug/g bw)

Fig. 30: Establishing lineage tracing using the Tg(Prox1-rtTA) mouse line. (A) Schematic representation of
transgenes used in this experimental approach. (B) Schematic representation of the experimental setup.
Pregnant females were intravenously injected with a single dose of doxycycline (75ug, 100ug, or 150ug/g
body weight) around E8.5 (IV DOX). Embryos were subsequently collected at E9.5. The upper diagram shows
a graphical representation of the spread of embryonic stages at the time points of injection or embryo
collection in the dataset (for 150ug/g bw doxycycline, n=116) (C) The number of GFP" (labeled) cells in each
embryo is determined and plotted against the somite stage of the respective embryo at the time of label
induction, showing a positive correlation between labeled cell number and somite stage. Data shown include
experiments with different doxycycline doses used (75pug/g bw, n=22; 100ug/g bw, n=29; 150ug/g bw,
n=116). Visibly, cell label induction is higher with increasing doxycycline doses. (D) Measuring the frequency
of embryos with an induced label shows that the chance of labeling increases with the doxycycline dose. (E)
Representative WMIF of E9.5 Tg(Prox1-rtTA; R26R-H2B-GFP) embryos that received the indicated doses of
doxycycline. Immunostaining of GFP (green) documents labeled cells in liver (Ilv) and dorsal pancreas (dp).
The density of labeled cells increases with doxycycline concentrations used for label induction.
Immunostaining of RFP (red) marks liver, co-immunostaining of RFP and Pdx1 (blue) pancreatic buds. (scale
bars: 100um)
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The analyses of the Prox1-rtTA lineage tracing experiments were designed to assess the
labeling dynamics of each hepato-pancreatic organ rudiment individually as well as their
relationship to each other. In my analysis, | included 116 embryos that were treated with
150ug/g bw doxycycline. As a first step, | plotted the number of labeled cells found in the liver
(Fig. 31B), in ventral (Fig. 31C), and in dorsal pancreatic bud (Fig. 31D) for each embryo against
the respective somite stage at the time of label induction. In line with the analysis of the total
number of labeled cells (Fig. 30C), | observed a positive correlation between the number of
labeled cells in all hepato-pancreatic organ rudiments (Fig. 31B-D) and the somite stage at the
time of label induction. This fact is visible in WMIF images of representative embryos in Fig.
31A, documenting labeled cells by immunostaining for GFP. As expected, immunostaining for
RFP marked the liver and pancreatic buds, while immunostaining for Pdx1 specifically marked
dorsal and ventral pancreas (Fig. 31A). In general, | observed robust labeling efficiencies in
dorsal pancreas and liver from 8/9ss (as time point of label induction) onwards. Labeling
events in the ventral pancreas were more sporadic and labeling efficiency lower as compared

to that in dorsal pancreas and liver.

After the analysis of the labeling dynamics in each individual hepato-pancreatic tissue, |
investigated their labeling dynamics with respect to each other. Towards this aim, | plotted
the number of labeled cells in the liver of each embryo against the number of labeled cells in
either the dorsal or ventral pancreas of the respective embryo (Fig. 31E). Thereafter, | plotted
regression curves through the two datasets. The regression curves through the liver versus
dorsal pancreas and the liver versus ventral pancreas dataset followed quite distinct patterns
(Fig. 31E). While the relationship between labeled liver and ventral pancreatic cells showed
an almost linear relationship, that of labeled liver and dorsal pancreatic cells resembled a
logarithmic curve approaching a plateau. The divergence in the relationship between liver
versus ventral and liver versus dorsal pancreas was indicative of the different embryonic
origin of the two pancreatic domains. Conceivably, a higher number of labeled cells induced

in the common progenitor region in the ventral foregut™*®°

will result in higher numbers of
labeled cells in both liver and ventral pancreas. The dorsal pancreas, however, originates from
a separate organ domain in the dorsal foregut (Figs. 27, 28)%. The distinctly non-linear

relationship between labeled liver and labeled dorsal pancreatic cells underscored this fact
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and illustrated differences in the Prox1-rtTA labeling dynamics comparing ventral and dorsal

hepato-pancreatic tissues.
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Fig. 31: Lineage tracing shows different dynamics of labeling of dorsal versus ventral hepato-pancreatic
progenitors. (A) Representative WMIF of E9.5 Tg(Prox1-rtTA; R26R-H2B-GFP) embryos with time point of
label induction indicated in upper right corner (DOX). Immunostaining of GFP documents labeled cells in
liver (Iv), ventral (vp), and dorsal pancreas (dp). Labeling density increases with label induction at later
embryonic stages. Immunostaining of RFP (red) marks liver, co-immunostaining of RFP and Pdx1 (blue)
pancreatic buds. (B-D) Numbers of labeled cells in liver (B) as well as ventral (C) and dorsal pancreatic buds
(D) are plotted against the somite stages of the respective embryo at time point of label induction. All
hepato-pancreatic tissues show a positive correlation between labeled cell numbers and somite stages at
label induction. (E) The number of labeled cells in dorsal or ventral pancreas is plotted against the number
of labeled cells in the liver of the respective embryo. While the relationship between labeled liver and ventral
pancreatic cells is linear, that between labeled liver and dorsal pancreatic cells resembles a logarithmic curve
approaching a maximum. This observation argues for distinctly different labeling dynamics in the dorsal
pancreas as compared to the ventral foregut derivatives liver and ventral pancreas. (regression curves:
hyperbola with 95% confidence interval; adjusted R%:0.85 (dp), 0.76 (vp)) (scale bar: 100um)

3.2.3 Prox1-rtTA lineage tracing documents contribution of dorsal Prox1’ pro-

genitors to cell population in the stomach

To examine whether Prox1” foregut cells only constitute progenitors of the hepato-pancreatic
organ system or can also contribute to other endodermal derivatives, | carried out Prox1-rtTA
lineage tracing experiments in a later developmental time window. Specifically, | injected
pregnant YFP or H2B-GFP females from timed mating with Prox1-rtTA males with doxycycline
(150ug/g bw) at E9.5 and collected the embryos at E11.5 (Fig. 32A and B). The embryos were
analyzed by WMIF and YFP or H2B-GFP expression documented by immunostaining with an
anti-GFP antibody (Fig. 32C and D). Immunostaining for RFP detected the mCherry protein
expressed from the Prox1-rtTA transgene in liver and pancreatic buds, while immunostaining
for Pdx1 marked pancreatic buds, duodenum, and the posterior stomach region (Fig. 32C and
D). Label induction at E9.5 resulted in almost complete labeling of the entire hepato-

pancreatic cell population at E11.5.

Interestingly, apart from liver, dorsal, and ventral pancreatic buds, | also detected labeled
cells in a distinct region of the dorsal posterior stomach (Fig. 32C and D). This observation was
remarkable, because in previous experiments | did not detect endogenous Prox1 expression
in gastric tissues. Also, labeled E11.5 embryos did not express mCherry from the Prox1-rtTA
transgene in the labeled stomach region, as documented by the absence of an RFP

immunosignal (Fig. 32). The lack of expression of Prox1 or Prox1-rtTA in gastric progenitors
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Fig. 32: Lineage tracing using Tg(Prox1-rtTA) at late time points reveals contribution of descendants of
Prox1’ cells to distinct dorsal proximal stomach region. (A) Schematic representation of transgenes used in
this experimental setup. (B) Schematic representation of the experimental setup. Pregnant females were
injected with a single dose of 150ug/g bw doxycycline around E9.5 by intravenous injection (IV DOX).
Embryos were subsequently collected at about E11.5. (C, D) WMIF of Tg(Prox1-rtTA; R26R-YFP) (C) and two
Tg(Prox1-rtTA; R26R-H2B-GFP) (D) embryos labeled according to the experimental setup described in (B).
Immunostaining of RFP (red) and Pdx1 (blue) marks liver (RFP), vp (RFP, Pdx1), dp (RFP, Pdx1), duodenum
(Pdx1), and posterior stomach (Pdx1). (C) Panels on the left are partial maximum intensity projections
showing dense YFP labeling, as documented by staining with an anti-GFP antibody, in liver (lv), ventral (vp)
and dorsal pancreatic buds (dp) as well as in a distinct region in the dorsal posterior part of the stomach (st).
Panels on the right show magnifications of different optical sections of boxed area of the partial maximum
intensity projection. (D) GFP staining documents labeled cells in liver (/v), dorsal pancreas (dp) and the dorsal
posterior part of the stomach (st). Lower panels show magnification of boxed area in the respective upper
panel. (C, D) (scale bars: 100um)
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suggested the intriguing possibility that labeled gastric cells may be descended from an earlier
genetically labeled Prox1" population, possibly of dorsal pancreatic origin. This hypothesis
was supported by the localization of these labeled gastric cells in the dorsal part of the

posterior stomach, which is adjacent to the dorsal pancreatic organ domain.
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Fig. 33: Long-term lineage tracing experiments using Tg(Prox1-rtTA) show persistence of labeled cells in
the stomach. (A-C) IF staining of cryosections of stomach tissue from long-term lineage tracing experiments.
Pregnant females were intravenously injected with a single dose of 150ug/g bw doxycycline (Dox) at E8.5
(A, C) or E9.5 (B). Tg(Prox1-rtTA; R26R-H2B-GFP) embryos were subsequently collected at E11.5 (A), E12.5
(B), or E16.5 (C) (Sac). Time course of the respective experiment is given above each image. Immunostaining
for GFP documents labeled cells descended from Prox1" progenitors in the dorsal posterior part of the
stomach in a majority of analyzed embryos ((A) 2/2, (B) 4/7, (C) 2/2). Immunostaining for Ecad (red) marks
the epithelium of the developing stomach. Immunostaining for Pdx1 (blue) specifically marks the
posteriormost stomach region. Tissues are counterstained with Hoechst dye (grayscale). (scale bars: 100pum)

To query the specificity of the observed labeling events in the stomach, | performed additional
lineage tracing experiments (Fig. 33). First, | determined whether these putative gastro-
pancreatic progenitors were a specific cell population arising at E9.5, or if this cell population

was already present at E8.5 when labeling in dorsal pancreatic progenitors was typically
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induced. Towards this aim, pregnant H2B-GFP females were IV injected with doxycycline
(150ug/g bw) at E8.5 (Fig. 33A) and embryos collected at E11.5. Cryosections of transgenic
embryos were IF stained for GFP to document labeled cells. Immunostaining for E-cadherin
(Ecad) marked the entire stomach epithelium, while immunostaining for Pdx1 specifically
marked the posteriormost (antral) stomach region. In line with my previous experiments (Fig.
32), | detected labeled (GFP") cells in the dorsal posterior region of the stomach (Fig. 33A),
documenting that Prox1® progenitors of gastric cells already existed at E8.5. In a second
experiment, | asked whether the labeled gastric cells remained in the same region in the
stomach at a later developmental stage. To this aim, | prolonged the tracing period and
collected embryos at E12.5 (instead of E11.5) (Fig. 33B). Cryosections of transgenic embryos
were IF stained for GFP to document labeled cells. Again, | detected labeled GFP" cells in the
same dorsal posterior region of the stomach as in previous experiments with shorter tracing

periods (Fig. 33B).

Finally, | performed lineage tracing experiments with an even further extended tracing period
of 8 days to confirm the long-term contribution of the labeled cell population to the growing
stomach epithelium. In these experiments, pregnant H2B-GFP females were injected with
doxycycline (150ug/g bw) at E8.5 and embryos collected at E16.5 (Fig. 33C). GFP-labeled cells
were still present in the dorsal posterior part of the stomach, providing evidence for the long-
term contribution of descendants of Prox1" progenitors to the stomach. Often, the labeled
cells were found in groups of more than 10 cells along the entire length of the gastric crypts
(Fig. 33C), suggesting that they represented descendants of one labeled gastro-pancreatic

progenitor.

The gastrointestinal tract contains enteroendocrine cell types, which exert endocrine

2062298 10 explore the hypothesis

functions similar to those of endocrine cells of the pancreas
of a putative embryonic relationship between the two cell types, | collected stomach tissue
from E16.5 and E18.5 embryos as well as from 4-day old mice (post-natal day 4, P4).
Cryosections of the tissues were IF stained for E-cadherin (stomach epithelium) and for either
the pancreatic marker Sox9 (Fig. 34A) or the endocrine markers Pax6, Ngn3, somatostatin

(SST), or glucagon (Fig. 34B). Sox9 showed strong expression throughout the stomach at E16.5

but became restricted to the base of the stomach crypts at E18.5 (Fig. 34A). As Sox9 showed
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a broad expression pattern in the stomach and was not restricted to the dorsal posterior
stomach, | did not consider it further as a possible marker specific to the descendants of

Prox1® progenitors.
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Fig. 34: Characterization of endocrine cell populations in the stomach. (A) IF staining of cryosections of
stomach tissue. The pancreatic marker Sox9 (green) is highly expressed in the stomach at E16.5 and becomes
more restricted to the base of stomach crypts at E18.5. (B) Pancreatic endocrine markers Pax6, Ngn3,
Somatostatin (SST), and Glucagon are expressed in few stomach cells between E16.5 and postnatal day 4
(P4) marking a rare population of gastroendocrine cells. Insets show higher magnification of cells in boxed
area expressing these endocrine markers. Arrows mark SST positive cells while arrowheads indicate
Glucagon positive cells. Ecad (red) staining in panels A and B marks the stomach epithelium. All tissues are
counterstained with Hoechst dye (grayscale). (scale bars: 100pum)

Thus, | went on to evaluate the expression patterns of the endocrine progenitor markers Pax6
and Ngn3. Both markers were seen in cells of the antral stomach from E16.5 onwards and
increased in density at E18.5 and P4 as the stomach epithelium matured (Fig. 34B). Of note,
Pax6" cells were more commonly found than Ngn3" cells. | also evaluated the expression of
the hormones somatostatin and glucagon in the stomach (Fig. 34B). Although both are better
known as pancreatic hormones, somatostatin and glucagon are also expressed in gastro- and

entero-endocrine cells’®. Their expression was detected in rare cells at E18.5 but slightly
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more frequent at P4 in the antral stomach. In summary, cells positive for the endocrine
markers Pax6, Ngn3, SST, and glucagon were found in the dorsal part of the posterior
stomach, where they overlapped with the gastric domain harboring GFP" cells from the Prox1-
rtTA lineage tracing experiments. However, cells expressing these endocrine markers were
also found in the ventral posterior stomach, arguing that these gastric endocrine cell fates are
not specific to the stomach region harboring descendants of Prox1® progenitors. This
observation suggested that descendants of putative gastro-pancreatic progenitors do not
acquire a unique cell fate but rather contribute to the normal spectrum of gastric cell types

found in the antral stomach.

Finally, | characterized the labeled cell population in further detail to explore how these cells
may contribute to the stomach. For instance, these labeled dorsal pancreatic progenitors may
reach the stomach by a gradual shift towards the gastric organ domain at early developmental
stages or alternatively by collective cell migration at later developmental time points. To
distinguish between these two possibilities, | focused on earlier time points of development.
Specifically, | analyzed E9.5 embryos collected from Prox1-rtTA lineage tracing experiments
for evidence of labeled cells at the border between dorsal pancreas and stomach (Fig. 35A).
The analyzed embryos had been treated with doxycycline at E8.5 and collected at ES.5. WMIF
staining for RFP and Pdx1 marked the dorsal pancreas, while immunostaining for GFP marked
the labeled cells. | identified GFP* cells in the stomach organ domain and at the border
between dorsal pancreas and stomach in embryos of different somite stages (20-29ss) (Fig.

35A).

These findings suggested that the labeled cells found in the stomach from E11.5 onwards
persisted within the gastric domain since their label induction and did not migrate there from
the dorsal pancreas at later stages. Thus, the labeled cells in the stomach likely originated
from anterior dorsal pancreatic progenitors that upregulated Prox1 expression (Fig. 27, Fig.
28) but failed to converge posteriorly to contribute to the dorsal pancreatic organ rudiment.
This observation also entails that early dorsal pancreatic progenitors retain plasticity towards
a gastric fate. Following early induction of Prox1, dorsal pancreatic progenitors, which failed
to contribute to the dorsal pancreatic bud, might revert/convert to a gastric fate in the

absence of additional pro-pancreatic cues.
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Fig. 35: Cells labeled by Tg(Prox1-rtTA) overlap with a cell population expressing stomach and pancreatic
marker genes. (A) Optical sections of WMIF of Tg(Prox1-rtTA; R26R-H2B-GFP) E9.5 embryos. H2B-GFP label
was induced at E8.5. Dotted lines demarcate dorsal pancreatic (dp) from stomach regions (st). Staining for
GFP (green) documents cells throughout the dorsal pancreas and within the stomach at E9.5-E10.0 (20ss-
29ss). Co-immunostaining for RFP (red) and Pdx1l (blue) marks the dorsal pancreas. Tissues are
counterstained with Hoechst dye (gray scale). The upper row shows merged color images while the lower
row gives the corresponding GFP channel in grayscale. (B) WMIF of a 23ss embryo for the indicated
pancreatic and stomach marker genes. Immunostaining for Proxl (red) marks the liver (lv), co-
immunostaining for Proxl and Pdx1 (blue) marks ventral (vp) and dorsal pancreatic buds (dp).
Immunostaining for the stomach marker Sox2 (green) shows overlap in the gastric Sox2 expression domain
(st) with markers of the dorsal pancreas but not with markers of liver and ventral pancreas. The left panel
shows a merged overview picture while right panels show magnifications of the boxed area in single
grayscale channels. (Scale bars: 100um)

To ultimately test this hypothesis, | assessed the expression patterns of gastric and hepato-
pancreatic markers at E9.5 to determine if a lineage relationship existed between early gastric
and dorsal pancreatic progenitors. Accordingly, E9.5 embryos were stained for Prox1 to mark

all hepato-pancreatic tissues, for Pdx1 to specifically mark the pancreatic buds, and for Sox2
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to mark the early stomach organ domain. As shown in Fig. 35B, the Sox2 expression domain
at E9.5 (23ss) overlapped with the anterior half of the dorsal pancreatic bud, documenting
shared expression of this marker between gastric and dorsal pancreatic organ domains.
Interestingly, Sox2 expression was excluded from liver and ventral pancreas, creating a sharp
boundary between gastric and ventral hepato-pancreatic tissues. Expression domains for
Prox1, Pdx1, and Sox2 in the foregut at E8.5 (Fig. 36) showed a similar situation with Sox2
expression being excluded from the Prox1® ventral foregut region, while being abundant in

the dorsal foregut (Fig. 36B).

In conclusion, lineage tracing experiments using the Prox1-rtTA mouse line documented
labeling events in the dorsal posterior stomach from E9.5 to E16.5. Analysis of gastric and
hepato-pancreatic marker genes showed overlapping expression of Sox2 in the stomach and
in the dorsal pancreatic organ domain at E8.5 and E9.5. Together, these results hinted at a
hitherto under-appreciated lineage relationship between gastric and dorsal pancreatic

progenitors.

Fig. 36: Exclusion of Sox2 expression
from the ventral foregut region is
already detectable at E8.5. (A, B)
WMIF analysis of an E8.5 (11ss)
embryo. (A) Image of the entire
embryo stained with Hoechst dye
(grayscale). (B) WMIF of the foregut
region indicated by boxed area in
panel A. Immunostaining for Proxl
(red) marks the ventral foregut (vfg)
harboring hepatic and ventral
pancreatic progenitors (co-
immunostained with Pdx1 (blue)).
Immunostaining for Sox2 (green)
shows exclusion of Sox2 from the
ventral foregut (demarcated by
dotted line), but high expression in
the dorsal foregut (dfg), harboring
dorsal pancreatic and stomach
progenitors. The upper panel shows
the merged color image, while lower
panels give Sox2 and Prox1 channels
in grayscale. (ht, heart) (scale bars:
100pum)
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3.2.4 Prox1-rtTA lineage tracing argues for cell fate plasticity between ventral

pancreas and liver

My initial Prox1-rtTA lineage tracing experiments (see chapter 3.2.2), documented different
labeling dynamics in dorsal versus ventral hepato-pancreatic organ buds. This fact is
illustrated in Fig. 31E by plotting the number of labeled cells in the liver against the number
of labeled cells in either dorsal or ventral pancreas. While the liver versus dorsal pancreas
dataset showed a distinctly non-linear trend, | found that the liver versus ventral pancreas
dataset followed a linear correlation, suggesting a common origin of the ventral hepato-
pancreatic tissues. Here, | further investigated the labeling dynamics during cell fate

divergence within the ventral hepato-pancreatic compartment.

First, | determined whether the ratio of labeled liver versus ventral pancreatic cells exhibited
time-dependent changes comparable to the Foxa2-Cre lineage tracing results (Fig. 18). For
this analysis, | used 116 embryos that were treated with 150ug/g bw doxycycline (Fig. 308,
Fig. 31). Pregnant H2B-GFP females had received doxycycline by IV injection at E8.5 and
embryos had been collected at E9.5. Subsequently, the embryos were analyzed by WMIF for
RFP to mark all hepato-pancreatic tissues, for Pdx1 to specifically mark the pancreatic buds,
and for GFP to document H2B-GFP-labeled cells (Fig. 37A, B). Comparing the ratio of labeled
liver to ventral pancreatic cells in individual embryos, two variables emerged as the primary
factors influencing this ratio. Late somite stages and longer tracing periods both correlated
with an increase in the ratio of labeled liver versus labeled ventral pancreatic cells (Fig. 37A,
B). Next, embryos of similar somite stages at the time of collection (Fig. 37C) or similar tracing
period (Fig. 37D) in this dataset were grouped and the sum of labeled liver and labeled ventral
pancreatic cells as well as their ratio calculated. The liver to ventral pancreas ratio was then
plotted against the average somite stage at the time of collection (Fig. 37C) or the length of
the tracing period (Fig. 37D) of the respective group of embryos. By plotting regression curves
through the datasets, | confirmed that the liver to ventral pancreas ratio positively correlated
with both the somite stage at the time of embryo collection (Fig. 37C) and with the length of

the tracing period (Fig. 37D).
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Fig. 37: Ratio between Tg(Prox1-rtTA) labeled ventral pancreatic and liver cells shifts with increasing
somite stage and tracing period. (A, B) Representative WMIF of E9.5 Tg(Prox1-rtTA; R26R-H2B-GFP)
embryos of similar somite stages (A, 21-24ss; B, 25-26ss). The tracing period is indicated in the upper right
corner (in hours). Immunostaining of GFP (green) documents labeled cells in liver (/v) and ventral pancreas
(vp). Immunostaining of RFP (red) marks liver while co-immunostaining of RFP and Pdx1 (blue) marks ventral
pancreas. Hepatic and ventral pancreatic bud are encircled by dotted lines. The numbers of labeled liver and
ventral pancreatic cells as well as their ratio are given below each image. The ratio between labeled liver
and ventral pancreatic cells is increasing with the tracing period. In addition, comparison between the ratios
in (A) and (B) shows an increase in the ratio in embryos of later somite stages. (C, D) The ratio of labeled
cells in liver to either ventral pancreas (lv/vp) (as exemplified in panel A and B) or dorsal pancreas (lv/dp) is
plotted against the somite stage at time of embryo collection (C) or against the tracing period (D) (n=116).
For this purpose, embryos of similar somite stages at time of collection or similar tracing period were
grouped and the sum of all labeled cells in lv, vp and dp used for calculation of the depicted ratios. In panel
C, a positive correlation between the somite stage at the time of embryo collection and the ratio of liver to
pancreatic (pan) cells is seen for both regression lines. However, this positive correlation is more
pronounced for the Iv/vp ratio than the Iv/dp ratio. In panel D, the Iv/vp ratio shows a strong positive
correlation with the length of the tracing period. Such a positive correlation is not seen with the Iv/dp ratio.
(regression curves: exponential growth equation; R” for Iv/vp: 0.77 (C), 0.74 (D); adjusted R® for Iv/dp: 0.99
(C), 0.01 (D)) (scale bar: 100um)
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To assess whether this finding was specific to the ventral pancreas, | repeated the analysis
using the same groups of embryos and calculated the ratio between labeled liver and labeled
dorsal pancreatic cells. Here, | observed a positive correlation between the liver to dorsal
pancreas ratio and the somite stage at the time of collection. However, the time-dependent
increase in liver to dorsal pancreas ratio was much less pronounced in the analyzed
developmental time window as compared to changes in the liver to ventral pancreas ratio
(Fig. 37C). By contrast, the tracing period length had no influence on the ratio of labeled liver

to labeled dorsal pancreatic cells (Fig. 37D).

In summary, Prox1-rtTA lineage tracing showed that the ratio of labeled liver to labeled
ventral pancreatic cells depends on the somite stage at the time of embryo collection (Fig.
37C), corroborating the results obtained with the Foxa2-Cre mouse line (Fig. 18) in a different
experimental system. In addition, | identified the length of the tracing period as a major factor
influencing the ratio of labeled liver versus labeled ventral pancreatic cells in the Prox1-rtTA
lineage tracing experiments (Fig. 37D). Both results showed that over time (embryonic time
or experimental tracing time) a relative increase in liver labeling at the expense of labeling
events in the ventral pancreas was observable. As such, these findings support my hypothesis
that a constant flux of ventral pancreatic cells contributes to the growing liver bud from E8.5

to E9.5.

3.2.5 Clonal analyses of lineage tracing experiments support a novel concept

of cell fate plasticity in the ventral foregut derivatives

Next, | employed the Prox1-rtTA mouse line for long-term lineage tracing experiments with a
3-day tracing period. My aim was to analyze individual clones of labeled cells to gain insight
into the cellular dynamics of individual hepato-pancreatic progenitors and their contribution
to liver and pancreas. Towards this aim, | changed from the unicolor H2B-GFP reporter system
to the multicolor Tg(R26R-Confetti) transgene (hereafter abbreviated Confetti). The rationale
behind my choice was that a multicolor reporter system facilitates clonal analysis by allowing
differential labeling of cells and their progeny through the stochastic activation of different

reporter genes. The Confetti transgene encodes four different fluorescent proteins with
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different cellular localization (cytoplasmic RFP, cytoplasmic YFP, nuclear GFP (nGFP),
membrane-associated CFP (mCFP)) (Fig. 38A, B). Cre-mediated recombination of the Confetti

locus results in the exclusive expression of either one of the four reporter proteins.

A B
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Fig. 38: Experimental setup for Tg(R26R-Confetti) lineage tracing. (A) Schematic representation of
transgenes used in this experimental approach. (B) Schematic representation of cells labeled by the different
fluorophores that can be expressed from the Confetti-locus. Labeled cells can either express nuclear GFP
(nGFP), cytoplasmic RFP or YFP, or membrane-associated CFP (mCFP). (C) Schematic representation of the
experimental setup. Pregnant females were injected with a single dose of doxycycline (150ug/g body weight)
around E9.0 by intravenous injection (IV DOX). Embryos were subsequently collected at E11.5. The upper
diagram shows a graphical representation of the spread of embryonic stages at the time points of injection
(red graph) and embryo collection (green graph) in the analyzed dataset (n=38). For comparison, the spread
in embryonic stages at the time points of injection (light gray graph) and embryo collection (dark grey graph)
in the H2B-GFP lineage tracing analysis is shown.

For my experiments, Prox1-rtTA and Confetti Tg mice were intercrossed. Pregnant females
were IV injected with doxycycline (150ug/g bw) at E9.0 and embryos were collected at E11.5.

The experimental setup and the spread of embryonic stages at the time of label induction and
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embryo collection for the Confetti experiments are shown in Fig. 38C. As a reference, the
spread of embryonic stages at the time of label induction and embryo collection for the H2B-
GFP lineage tracing experiments is shown as well (Fig. 38C). By comparing the two different
experimental setups, it can be noted that | collected Confetti embryos at distinctly later
developmental time points than H2B-GFP labeled embryos. Also, | decided to induce genetic
labeling at a slightly later time point in the Confetti setup as compared to the H2B-GFP
experiments (E8.5 versus E9.0). My reasoning for this was that later time points of label
induction correlated with a higher chance of genetic labeling events in the ventral pancreas

(Fig. 31C).

Initially, | performed Confetti lineage tracing experiments (not included in Fig. 38C), to
confirm that label induction in all hepato-pancreatic tissues was achievable with this reporter
line. Pregnant females were IV injected with doxycycline at E8.5 and embryos collected at
E11.5. Embryos were subjected to WMIF for RFP to mark all hepato-pancreatic tissues
expressing the Prox1-rtTA transgene and for Pdx1 to specifically mark the pancreatic buds.
Immunostaining for GFP documented labeled cells in all hepato-pancreatic tissues (Fig. 39).
In line with my short-term Prox1-rtTA lineage tracing using the H2B-GFP reporter line, |
detected labeled cells in liver and dorsal pancreas at a higher density than in the ventral

pancreas (Fig. 39B).

However, the initial analysis of the Confetti lineage tracing experiments also highlighted a
technical problem arising from the analysis by WMIF. As several of the fluorescent proteins
used in this lineage tracing approach shared structural similarities they were recognized by
the same antibodies. Namely, anti-GFP antibodies recognized GFP, YFP, and CFP, while anti-
RFP antibodies recognized both RFP and mCherry. Although differential sub-cellular
localization of the reporter proteins (nuclear GFP, membrane-associated CFP) may be used to
distinguish their immunosignals, | considered these distinctions too problematic for reliable
lineage tracing. Thus, to fully exploit the advantages of the Confetti reporter system, |
established a protocol for wholemount imaging of native reporter fluorescence in the hepato-

pancreatic system.
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A Tg(R26R-Confetti)

Fig. 39: Confetti labeling experiments highlight the need for imaging of native fluorescence. (A, B) WMIF
of E11.5 Confetti Tg embryos. Pregnant females were injected with a single dose of 150ug/g bw doxycycline
around E8.5 by intravenous injection (Dox) and Tg(Prox1-rtTA; R26R-Confetti) embryos were collected at
about E11.5 (Sac). Immunostaining for GFP (green) documents cells positive for YFP ((B) arrows) and CFP ((B)
arrowheads) expressed by Tg(R26R-Confetti). Inmunostaining for RFP (red) detects mCherry expression
driven by Tg(Prox1-rtTA) in liver (/v) and pancreatic buds (vp, dp), as well as cells expressing RFP driven by
Tg(R26R-Confetti). Immunostaining for Pdx1 (blue) serves to mark pancreatic buds. Panel A demonstrates
dense labeling for YFP and CFP (as detected by anti-GFP antibody) in liver and dorsal pancreas, whereas
panel B documents more discrete labeling events in the ventral pancreas. Upper row in panel B shows
merged color images while the lower row gives the corresponding GFP channel in gray scale. Dotted lines
encircle liver, as well as ventral and dorsal pancreatic tissues. Notably, the information gained from the
Confetti multicolor reporter is limited when analyzed by WMIF due to antibody cross-reactivity between YFP
and CFP as well as RFP and mCherry. (scale bars: 100nm)

Imaging tissues in wholemount is technically challenging as the multitude of refractive
indexes found in biological specimen typically results in considerable light scatter and,

consequently, reduced tissue penetration during imaging by confocal microscopy®®.
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Therefore, a process called clarification is needed before biological specimen can be analyzed

by light microscopy. Clarification aims at matching the refractive indexes in a tissue to reduce

209

light scatter and improve tissue penetration depth as well as image quality”". While many

clarification techniques for immunostained tissues exist, they typically involve dehydration
steps in methanol or ethanol which results in inactivation of fluorescent proteins. Therefore,
| tested newly published solutions offering tissue clarification without compromising native

195

reporter fluorescence and found ScaleA2"" to best suit my purposes.
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Fig. 40: Clarification solution ScaleA2 preserves native fluorescence and allows for wholemount
microscopy analysis. (A) Panels show an E10.0 Tg(ProxI1-EGFP) embryo imaged on a fluorescent
stereomicroscope (top) or confocal microscope (middle) following 6-day clarification in ScaleA2 solution.
Native fluorescence from EGFP is seen in the hepato-pancreatic organ system. The lower panel shows
subsequent WMIF staining of the same embryo for GFP (green), corroborating EGFP transgene expression.
Immunostaining for Prox1 (red) marks hepatic (/v), co-immunostaining for Prox1 and Pdx1 (blue) dorsal
pancreatic bud (dp). (B) Confocal scan of native reporter fluorescence (upper panel) followed by subsequent
WMIF (lower panel) in an E11.5 Tg(Prox1-rtTA; R26R-H2B-EGFP) embryo with label induction at E9.5. The
experimental timeline of label induction (Dox) and embryo collection (Sac) is given above the images. Native
fluorescence was imaged following 6-day clarification of the embryo in ScaleA2 solution. Expression of
mCherry and GFP is detected under both imaging conditions in liver, ventral (not shown) and dorsal
pancreatic buds. For both native fluorescence and WMIF, the left panel shows the merged color image, while

panels to the right show the indicated single channels in grayscale. (scale bars: 100um (confocal), Imm
(stereomicroscope))

To test ScaleA2 (see methods section for details), | used two different tissues expressing
different fluorescent proteins, namely an E10.0 Prox1-GFP embryo and an E11.5 Tg(Prox1-
rtTA; TetO-Cre; R26R-H2B-GFP) embryo that received doxycycline (150ug/g bw) at E9.5. Both

embryos were clarified for 6 days in ScaleA2 and subsequently imaged by confocal
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microscopy. Native GFP fluorescence was detected in the E10.0 and the E11.5 embryo, as was
mCherry fluorescence in the E11.5 embryo (Fig. 40). Subsequently, both tissues were
subjected to WMIF and reimaged to confirm the expression of the fluorescent proteins by
immunodetection. The E10.0 Prox1-GFP embryo was immunostained for Prox1 marking all
hepato-pancreatic tissues and Pdx1 to specifically mark the pancreatic buds. Immunostaining
for GFP confirmed the expression of the Prox1-GFP transgene in all hepato-pancreatic tissues
(Fig. 40A). The E11.5 Tg(Prox1-rtTA; TetO-Cre; R26R-H2B-GFP) embryo was immunostained
for RFP and GFP, confirming expression of H2B-GFP and mCherry in liver and dorsal pancreas

(Fig. 40B).

Having established the proper clarification method for imaging native Confetti reporter
fluorescence in the hepato-pancreatic organ system, | then required a suitable imaging
platform. | chose a 2-photon laser microscopy setup, developed by Dr. Anca Margineanu
(Advanced Light Microscopy Facility, MDC) for its precision in fluorophore excitation and

210 (personal communication). The E11.5 Confetti embryos were manually dissected

detection
to isolate the hepato-pancreatic organ system. The hepato-pancreatic tissues were clarified
in ScaleA2 for up to 3 months and subsequently imaged. Native reporter fluorescence for YFP,
RFP, and CFP, but not GFP was detected in liver, dorsal, and ventral pancreatic buds (Fig. 41).
To eliminate crosstalk between emission spectra of the different fluorophores, spectral
unmixing was applied to separate the acquired images into individual channels for RFP, YFP,
and CFP, as shown for the dorsal (grayscale images in Fig 41B) and ventral pancreatic buds

(grayscale images in Fig 41C). Of note, detection of labeled hepatic cells was hampered by the

high levels of autofluorescence of blood cells in the liver bud (Fig. 41A).

Following image acquisition and spectral unmixing, | characterized the labeling dynamics in
my Confetti lineage tracing dataset and compared it to previous H2B-GFP lineage tracing
experiments. Accordingly, | quantified the total number of labeled cells for each individual
fluorophore in dorsal and ventral pancreata using the spot detection function of the Imaris
imaging software. Due to the high autofluorescence and large tissue size of the hepatic bud
at E11.5, it was not feasible to measure the total number of labeled cells in the liver in this

way. Instead, | quantified the density of labeled cells in the hepatic organ domain by assessing
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Dox E9.0 Sac E11.5

Fig. 41: ScaleA2 clarification followed by 2-photon microscopy enables imaging of native fluorescence of
labeled cells in wholemounts. (A-C) Native reporter fluorescence imaged by 2-photon microscopy in E11.5
Confetti Tg embryos. Pregnant females were injected with a single dose of 150ug/g bw doxycycline around
E9.0 (Dox). Tg(Prox1-rtTA; R26R-Confetti) embryos were subsequently collected at E11.5 (Sac). The hepato-
pancreatic organ system was dissected from the embryos in its entirety and clarified for up to 3 months in
ScaleA2 solution. Panel A shows optical sections giving an overview of labeled liver (lv), ventral (vp), and
dorsal pancreatic tissues (dp) as well as unlabeled tissue surrounding the developing hepato-pancreatic
organ system. Panels B and C show higher magnification images as merged color (left) or single channels in
grayscale configuration (right). Labeled cells expressing YFP (green), RFP (red), or CFP (blue) can be detected
in liver (A), ventral (A and C) and dorsal pancreatic buds (A and B). Detection of labeled cells in the liver is
compromised by the high autofluorescence of blood cells in the liver bud (A). (scale bars: 100um)
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Fig. 42: Confetti lineage tracing results are in line with labeling experiments using H2B-GFP. (A)
Quantification of the contribution of the indicated fluorophores to the total number of labeled cells in
individual tissues and embryos shows a discrete induction efficiency for each fluorophore. (B) The number
of labeled cells per surface area in the liver (lv) is plotted against the somite stages of the respective embryo
at the time of label induction. Labeled cells in the liver show a positive correlation between labeled cell
number and somite stage at label induction recapitulating results obtained for H2B-GFP lineage tracing (Fig.
31B). (C, D) Numbers of labeled cells in dorsal (dp, (C)), and ventral pancreatic buds (vp, (D)) are plotted
against the somite stages of the respective embryo at the time of label induction. In both tissue buds, a
positive correlation between the number of labeled cells and the somite stage at label induction can be
observed. Similar results are obtained by H2B-GFP lineage tracing (plotted in gray). For data in (C), the
distinct difference in the cell counts in the dorsal pancreas comparing Confetti (green) and H2B (gray)
datasets is a result of increased cell proliferation during the prolonged tracing period in the Confetti
experiment. This divergence in the Confetti and H2B datasets is not seen in the ventral pancreatic cell counts
in panel D.

the number of labeled cells for each fluorophore on three representative optical sections and
by calculating the average cell number per area. Next, | determined the contribution of each
fluorophore to the total number of labeled cells in each tissue to exclude any labeling bias for
a specific fluorophore in liver, ventral, or dorsal pancreas (Fig. 42A). As previously reported*®*,
recombination at the Confetti locus resulting in nGFP expression was rare and no GFP" cells

were observed in my dataset. In contrast, YFP*, RFP*, and CFP* cells were found in all hepato-
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pancreatic tissues at similar frequencies (YFP: 21%; RFP: 44%; CFP: 35%). Statistical analysis
(Kruskal-Wallis test, Dunn’s multiple comparisons test) showed no significant difference
between hepato-pancreatic tissues, excluding any labeling bias for specific fluorophores in

the analyzed tissues.

Next, | plotted the number of labeled cells in the liver (Fig. 42B), dorsal (Fig. 42C), or ventral
pancreas (Fig. 42D) against the somite stage at the time of label induction. Similar to the
results obtained in the H2B-GFP lineage tracing (Fig. 31B-D), a positive correlation between
the number of labeled cells and the somite stage at the time of label induction was seen in all
hepato-pancreatic tissues. To illustrate this similarity in labeling dynamics in Confetti and
H2B-GFP lineage tracing experiments, the numbers of labeled cells observed in dorsal and
ventral pancreatic buds of H2B-GFP embryos are shown together with the Confetti data in
Fig. 42C, D (gray data points). Due to the extended tracing period in the Confetti experiments,
dorsal pancreata of Confetti embryos showed higher labeled cell counts as compared to those
in H2B-GFP embryos (Fig. 42C). However, this was not the case for the ventral pancreas, which

showed similar numbers of labeled cells in Confetti and H2B-GFP embryos (Fig. 42D).

Having established the characteristics of labeling dynamics in the Confetti system, | further
advanced the clonal analyses. To start defining clonal cell clusters, | first acquired data on the
spatial relationship of labeled cells within the hepatic and pancreatic organ rudiments. |
performed this analysis only on the pancreatic buds as quantification of all labeled cells in the
liver was not possible for technical reasons detailed above. Specifically, | quantified the
number of labeled cells per each fluorophore in dorsal and ventral pancreatic buds using the
spot detection function in the Imaris software. | not only obtained data on the number of
labeled cells but also on the XYZ-coordinates within the imaged Z-stack for each identified cell
in the respective organ bud. Consequently, | was able to recreate the imaged tissue in silico

by plotting all labeled cells according to their XYZ-coordinates, as shown in Fig. 43.

By repeating this analysis for all imaged dorsal and ventral pancreatic buds, | observed that
ventral pancreata featured spatially restricted cell clusters comprising only a few labeled cells
(Fig. 44). Spatially restricted cell clusters are likely descendants of a single labeled progenitor

and represent a clone. The cell clusters highlighted in Fig. 44 were distinctly smaller as
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Fig. 43: Quantitative analysis of Confetti-labeled pancreata allows in silico reconstruction of pancreatic
buds for cluster analysis. (A) Optical sections from a 2-photon microscopy scan of an E11.5 Tg(Prox1-rtTA;
R26R-Confetti) embryo. Labeled cells expressing YFP (green), RFP (red), or CFP (blue) are detected in ventral
(vp) and dorsal pancreatic buds (dp). The Z-position of the optical section is indicated in each image and
corresponds to Z-positions indicated in (C). Dorsal and ventral pancreatic buds are encircled by dotted line.
(B, C) Spot detection analysis using Imaris software enables identification of individual labeled cells and their
XYZ-coordinates. As a result, the labeled tissue can be recreated in silico (see (B) for XY-plot and (C) for XZ-
plot) as shown by overlap with the data in (A). Information on XYZ-coordinates of labeled cells within the
labeled tissue can subsequently be used for the analysis of clonal clusters. (scale bar: 100um)
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compared to other cell clusters found in the same tissue or in other ventral or dorsal
pancreatic organ buds. There are two reasons why a smaller cell cluster may be observed.
The labeled progenitor cell may have proliferated less during the tracing period as compared
to other labeled cells, or part of the clone is no longer present in the organ domain but

contributed to a different tissue.
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Fig. 44: Confetti-labeled ventral pancreata show distinct clusters comprising few cells. (A) Optical sections
from a 2-photon microscopy scan of an E11.5 Tg(Prox1-rtTA; R26R-Confetti) embryo. Labeled cells
expressing YFP (green), RFP (red), or CFP (blue) are detected in the ventral pancreas (vp, marked by dotted
line). The Z-position of the optical sections are indicated in the upper left or right corner of each image and
correspond to the Z-positions indicated in (B). (B) In silico XZ-plot of the labeled ventral pancreatic cells
shown in (A). The RFP’ cells shown in Z-67 in panel A are part of a small cluster of only three RFP" cells
(marked by dotted circle in (B)). (C) In silico XY-plot of a ventral pancreas showing a cluster of only three YFP*
cells. (scale bar: 100um)

| followed up on this observation by quantifying the cell cluster size of putative labeled clones
in dorsal and ventral pancreatic buds in Confetti embryos. This clustering analysis was
performed in collaboration with Dr. Anca Margineanu (Advanced Light Microscopy facility,

19719 in the R

MDC) using the “Hierarchical Clustering on Principle Components” algorithm
software package. This algorithm uses the geometric distances of labeled cells towards each

other to divide the datasets into clusters based on their distance similarities. A prerequisite
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for this analysis was the specification of the minimum and maximum number of clusters that
could be identified in each sample. We performed this clustering analysis using four different
sets of parameters to explore if similar patterns in cluster size distributions emerged in dorsal
and ventral pancreatic buds independent of the individual parameter set. These parameter
sets were based an assumption of how many cell divisions occurred during the tracing period.
Basically, clones of different sizes can be generated according to the number of cell divisions
during the tracing period: 2-cell clone for one cell division; 4-cell clone for two cell divisions;
8-cell clone for three cell divisions. In all models, the maximum number of clusters was set to
half the number of labeled cells in the sample, as this would be the number of clones if each
labeled cell divided once. The minimum number of clusters was calculated in a similar way by
dividing the number of labeled cells in the sample by 4, 6, 8, or 12, depending on the
underlying assumption of the average cell division of labeled cells in that particular sample

(either 2, 2.5, 3, or 3.5 cell divisions).

Having established the parameter sets for our cluster analysis, Dr. Margineanu applied the
clustering algorithm for each fluorophore separately in all dorsal and ventral pancreatic buds.
As a result, we obtained data on the number of identified clusters in dorsal and ventral
pancreata for each parameter set as well as on the individual cell count within each cluster.
The cluster size distributions for ventral and dorsal pancreas for each parameter set are
shown in Fig. 45. Considering an equally distributed proliferative potential in a tissue, the
expected clone size distribution in a lineage tracing experiment follows a Gaussian-like
distribution. Intriguingly, | observed a Gaussian-like distribution for the cluster size in the
dorsal but not in the ventral pancreatic bud independently of the used parameter set (Fig.
45A-D). In fact, the cell cluster size distribution in the ventral pancreas showed a bimodal
distribution in Fig. 45B-D. In all plots, ventral pancreatic cell clusters showed higher levels of
clusters with low cell numbers as compared to the dorsal pancreas (Fig. 45A: 1 cell/cluster;
Fig. 45B: 1-2 cells/cluster; Fig. 45C: 1-3 cells/cluster; Fig. 45D: 1-6 cells/cluster). In addition, |
observed in the ventral pancreas a reduced number of clusters with high cell numbers as
compared to the dorsal pancreas, as shown in Fig. 45C (>6 cells/cluster) and Fig. 45D (>7

cells/cluster).
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Fig. 45: Cluster analysis reveals differences in clone size distribution between dorsal and ventral pancreatic
buds. (A-D) Results of four distinct clustering experiments for establishing clone size distribution in dorsal
(dp) and ventral pancreatic buds (vp) from Confetti lineage tracing experiments. The clustering algorithm
used for this analysis was “Hierarchical Clustering on Principal Components” (Husson et al., 2010197) and was
applied by Anca Margineanu (Advanced Light Microscopy facility, MDC Berlin). The XYZ-coordinates of
labeled cells in ventral and dorsal pancreatic buds were used for clustering individual cells into clonal clusters
as a function of their geometric distance from one another. Different estimations of average cell division in
labeled cells during the tracing period were used for individual clustering at 2 cell divisions (A), 2.5 cell
divisions (B), 3 cell divisions (C), or 3.5 cell divisions (D). The distribution between ventral pancreatic and
dorsal pancreatic clone sizes differs considerably, independent of the clustering conditions used. While the
dorsal pancreatic clone size distribution resembles a Gaussian distribution, the ventral pancreas often shows
a bimodal distribution (as in B, C, D). In addition, the ventral pancreas typically shows a higher percentage
of small cluster sizes (1-4 cells per cluster) as compared to the dorsal pancreas.

The differences in data distribution between dorsal and ventral pancreas argued that distinct
mechanisms might drive differential clonal expansion of labeled cells in the two organ
rudiments. Considering the identified clusters as bona fide labeled cell clones, the clone size
distribution in the dorsal pancreas may be explained by variation in the proliferation rate of

individual labeled cells compared to the average proliferation rate in this tissue. This
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assumption was supported by a Gaussian-like distribution of the observed clone sizes. Smaller
cell clones in the ventral as compared to the dorsal pancreas could be explained by a lower
average proliferation rate if the spread of data in the ventral pancreas had followed a
Gaussian-like distribution. However, the ventral pancreatic clone size followed a non-
Gaussian (Fig. 45A) or even bimodal distribution (Fig. 45B-D). It is therefore likely that a
mechanism other than a lower proliferation rate underlies the average clone size in the
ventral pancreas. Actually, the observed small ventral pancreatic clusters may be the result
of progeny of cells becoming separated soon after specification and contributing to distinct

organ domains as previously reported in heart development®*.

3.2.6 Lineage tracing of ventral pancreatic cells reveals contribution to the

growing hepatic bud

Comparative analysis of labeling dynamics in hepato-pancreatic organ rudiments by Prox1-
rtTA lineage tracing experiments documented a time-dependent increase in the ratio of
labeled liver to labeled ventral pancreatic cells (Fig. 37), thereby corroborating findings
obtained from an independent Foxa2-Cre lineage tracing approach (Fig. 18). By analyzing
hepato-pancreatic tissue dynamics (Figs. 21-25) | documented that liver and ventral pancreas
exhibit profound differences in their organ growth during organogenesis despite similar
proliferation dynamics. Consequently, both lineage tracing approaches and my analyses of
tissue dynamics supported the concept of plasticity between hepatic and ventral pancreatic
organ rudiments during organogenesis. Finally, | used the multicolor Confetti reporter system
to perform long-term Prox1-rtTA lineage tracing experiments. Cluster analysis of labeled cells
in the ventral pancreas showed higher numbers of small clusters as compared to the dorsal

pancreas as well as a non-Gaussian distribution of cluster sizes (Fig. 45).

Taken together, these results suggest the hypothesis that ventral pancreatic cells retain a
certain cell-fate plasticity throughout organogenesis. Thus, instead of solely contributing to
the growth of the ventral pancreas during this developmental time window, ventral
pancreatic cells may also contribute to the rapid expansion of the liver bud. Consistent with

this assumption, non-Gaussian cluster size distribution in the ventral pancreatic buds of
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Fig. 46: Tracing of ventral pancreatic progenitors argues for a contribution of ventral pancreatic cells to
the growing liver bud. (A, B) IF staining of consecutive cryosections of an E10.5 Tg(Pdx1-Cre; R26R-H2B-GFP)
embryo from a Pdx1-Cre lineage tracing experiment. Immunostaining of Prox1 (red) marks hepatic and co-
immunostaining of Proxl and Pdx1l (blue) pancreatic organ buds. Immunostaining for GFP (green)
documents labeled cells descended from Pdx1* progenitors in Pdx1" tissues, including the posterior stomach
(st, (A)), dorsal (dp, (B)), and ventral pancreatic buds (vp, (B)). In addition, GFP" cells are found scattered
throughout the liver bud (lv, (A, B)). (C) Measurements of the GFP" cell fractions in liver and ventral pancreas
at £10.25 (29-34ss) and E10.5 (35-40ss) shows 70-80% of cells in the Pdx1* ventral pancreatic bud and 50-
60% of cells in the Sox17" ventral pancreatic bud to be labeled (E10.25: n=6; E10.5: n=11). Labeling density
in the liver bud averages at 0.74-0.89% (E10.25: n=7; E10.5: n=7). (scale bars: 100nm)
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Confetti lineage tracing experiments (Fig. 45) might result from unequal contribution of

individual labeled ventral pancreatic clones to liver growth.

For testing this intriguing hypothesis and documenting a direct contribution of ventral
pancreatic cells to the hepatic organ domain, | performed additional lineage tracing

212 (hereafter abbreviated Pdx1-Cre) mouse line

experiments. For this, | used the Tg(Pdx1-Cre)
allowing expression of the Cre recombinase and subsequent genetic labeling in Pdx1" tissues,
including the ventral pancreas. | set up timed matings between Pdx1-Cre males and H2B-GFP
females and collected embryos at E10.25-10.5. Cryosections of embryos were prepared and
IF stained for Prox1 to mark all hepato-pancreatic tissues and for Pdx1 to mark tissues
expressing the Cre recombinase. As expected, immunostaining for GFP detected labeled
(GFP*) cells in all Pdx1" tissues, namely dorsal and ventral pancreas, duodenum and posterior
stomach, in all analyzed embryos (19/19) (Fig. 46A, B). Interestingly, labeled cells were also
detected in the liver of almost all analyzed embryos (18/19) (Fig. 46A, B). Of note, all labeled

cells found in the liver were Pdx1’, arguing that they were descendants of Pdx1" progenitor

cells, but had shut down expression of this transcription factor.

| continued by quantifying the GFP* cell fraction in liver and ventral pancreas at E10.25 (29-
34ss) and E10.5 (35-40ss) (Fig. 46C). As mentioned in the introduction (chapters 1.2.3 and
1.2.4), at E10.5 the ventral pancreas has divided into primarily Sox17" or Pdx1*

150

subpopulations™". Therefore, | analyzed the labeled cell population in the ventral pancreas

separately in these two subpopulations. Quantification of the labeled cell fraction in the Pdx1*
ventral pancreas served as an estimate of the labeling efficiency of the Pdx1-Cre transgene.
At E10.25 and E10.5 about 70-80% of cells in the Pdx1* ventral pancreatic bud and about 50-
60% of cells in the Sox17" ventral pancreatic bud were GFP". At the same stages, a significant
labeling density was evident in the liver bud (0.74-0.89%), confirming that the liver harbors

descendants of Pdx1" progenitor cells. In all likelihood, these Pdx1" progenitors originated

from the ventral pancreatic bud.

Next, | recreated the analyzed hepatic and ventral pancreatic buds in silico to determine
whether GFP" hepatic cells were restricted to a specific region in the hepatic bud (Fig. 47A,

B). To this aim, | used the spot detection function in Imaris to obtain XY-coordinates (in um)
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Fig. 47: Quantitative analysis of Pdx1-Cre lineage tracing documents the presence of ventral pancreas
descended cells throughout the liver bud. (A, A’, B, B’) Quantitative representation of Pdx1-Cre lineage
tracing experiments. IF analyses of cryosections from E10.25-E10.5 Tg(Pdx1-Cre; R26R-H2B-GFP) embryos
stained for Prox1, Pdx1, and GFP (as exemplified in Fig. 46, panels A and B) were digitalized and XYZ-
coordinates for individual GFP-liver cells (lv), GFP*-liver cells (lv-GFP), and ventral pancreatic cells (vp)
obtained. Data from E10.25 ((A, A’) 29-34ss, n=8) and E10.5 ((B, B’) 35-40ss, n=11) embryos were combined.
18 out of 19 analyzed embryos showed labeled cells in the liver bud. The quantification demonstrates that
descendants of Pdx1" ventral pancreatic cells are spread throughout the growing liver bud. Notably, GFP*-
liver cells are found at a higher density in close proximity to the ventral pancreas. (C) IF staining of
cryosections from E18.5 Tg(Pdx1-Cre; R26R-H2B-GFP) embryos for the indicated markers. Long term Pdx1-
Cre lineage tracing experiments document that GFP” cells persist in the liver until E18.5 as visualized by GFP
immunostaining (green). Co-immunostaining of Ecad (red) marks hepatocytes, while Sox9 (blue) and CK19
(blue) mark bile duct cells. Insets represent high magnification images of the boxed areas in the
corresponding overview images. (scale bar: 100um)
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for hepatic GFP* and GFP cells as well as for ventral pancreatic cells of each cryosection of
the analyzed Pdx1-Cre embryos. The Z-position of each cell was assigned according to the
anterior to posterior position of the respective cryosection. Then, | grouped the embryos into
somite stages 29-34ss (E10.25; Fig. 47A, A’) and 35-40ss (E10.5; Fig. 47B, B’) and plotted the
identified ventral pancreatic as well as GFP* and GFP" liver cells according to their XY- (Fig.
47A, B) or YZ-coordinates (Fig. 47A’, B’). Although GFP-labeled cells were found throughout
the hepatic tissue, they clearly clustered at higher density in the hepatic region in close
proximity to the ventral pancreatic bud, suggesting that this region is the source of the labeled

liver cells.

To query the long-term contribution of this labeled cell population to the maturing liver, |
performed Pdx1-Cre experiments with an extended tracing period. In detail, | collected E18.5
Tg(Pdx1-Cre; R26R-H2B-GFP) embryos and prepared cryosections of liver tissue. IF staining
for E-cadherin (Ecad) marked all hepatic cells, while staining for Sox9 or cytokeratin 19 (CK19)
marked bile duct cells. Immunostaining for GFP confirmed the continued presence of GFP-
labeled cells in the E18.5 liver (Fig. 47C). GFP staining was detected in hepatocytes (Ecad”,
Sox9’, CK19') as well as in bile duct cells (Ecad”, Sox9*, CK19%), documenting that descendants

of Pdx1" ventral pancreatic cells contributed to different hepatic cell populations.

Together, these results strongly support a remarkable cell fate plasticity in the ventral foregut

and its derivatives. While previous studies argued that the early ventral foregut endoderm is

5,6,8,9 5,6,8,9

bipotent and can differentiate into either hepatic or pancreatic endoderm , my
results argued that this bipotency is retained in ventral pancreatic cells. In fact, my studies
indicated that the potential to acquire hepatic or pancreatic fate is maintained in ventral
pancreatic cells for much longer during development than previously expected. However, the
mechanism by which pancreatic identity and cell fate plasticity, i.e. the potential for hepatic

or pancreatic fate acquisition, are maintained in the ventral pancreas remains unknown.
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3.3 The Robo signaling pathway acts as a gatekeeper of pancreatic

identity during the hepato-pancreatic lineage divergence

Overall, the mechanisms and distinct signaling pathways involved in the establishment and

maintenance of pancreatic identity in the ventral foregut endoderm are still poorly

5,6,9

understood. While signaling cues promoting hepatic (FGF, BMP)””” or pancreatic fate in the

115,116

dorsal foregut (FGF2, Activin) are well characterized, the same is not true for the ventral
pancreatic domain. In an effort to address this still open question, the Spagnoli laboratory
used RNA-sequencing approaches to define distinct hepatic, dorsal, and ventral pancreatic

signaling signatures during early fate acquisition (E8.5-10.5)*’.

Among the genes specifically upregulated in ventral pancreatic progenitors were Robol and
Robo2, which encode for the Roundabout guidance receptor (Robo) 1 and 2, respectively.
Robo proteins are transmembrane receptors that signal primarily through the binding of Slit

213

ligands™~". Although the Robo signaling pathway is primarily known for its function in axon

190,214

guidance , an increasing body of work has recently identified its role during the

215-218

development of a multitude of organs, including kidney™?, heart , and mammary

219,220
gland™™

. Recent work in the Spagnoli laboratory discovered the importance of the Robo-
Slit signaling pathway also during pancreatic development'*®. | contributed to this recently
published study'*® by investigating the specific functions of Robol and Robo2 during early
hepato-pancreatic lineage segregation. Specifically, | focused on the question whether Robo-
Slit signaling regulates cell plasticity in the ventral pancreas while preserving pancreatic

identity.

To investigate the relevance of Robo-Slit signaling in early ventral pancreatic development, |
collected E9.5 embryos either wild-type (control) or genetically deficient for Robo1**° and
Robo2™! (Robo1/2 KO). The embryos were subjected to WMIF for Prox1 marking all hepato-
pancreatic tissues and for Pdx1 marking the pancreatic buds (Fig. 48A). Robo1/2 KO embryos
featured distinctly smaller ventral pancreatic buds, often coinciding with a disorganized
morphology of this tissue (Fig. 48A, right panel). Next, | quantified the volume of hepato-

pancreatic buds in control and Robo1/2 KO embryos. Organ bud volume was determined from
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WMIF confocal Z-scans by measuring organ area on individual optical sections. Then, the
average organ area was multiplied by tissue depth to calculate the organ volume. Robo1/2
KO embryos showed significantly smaller ventral pancreatic buds as compared to control

littermates, while no difference in volume of liver or dorsal pancreas was observed (Fig. 48B).
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Fig. 48: Combined loss of Robol and 2 leads to specific reduction in size of the ventral pancreas. (A)
Representative WMIF of E9.5 embryos either wild-type (control) or genetically deficient for Robol and
Robo2 (Robo1/2 KO). Immunostaining of Prox1 (red) marks liver (/v), co-immunostaining of Prox1 and Pdx1
(blue) marks ventral (vp) and dorsal pancreatic buds (dp). A clear reduction in the ventral pancreas size in
mutants as compared to control littermates can be observed. Lower panels show Pdx1 staining in grayscale.
(B) Measurements of hepato-pancreatic organ volume at E9.5 in Robo1/2 KO embryos (n=8) and control
littermates (n=12) show a statistically significant reduction in ventral pancreatic organ volume whereas liver
and dorsal pancreas volumes are unaffected. (C) Quantification of cells stained for mitotic marker phospho-
histone 3 (pH3) by IF in E9.5 in Robo1/2 KO embryos (Iv: n=3; vp: n=5; dp: n=5) and control littermates (Iv:
n=2; vp: n=3; dp: n=3) fails to detect a difference in cell numbers comparing the indicated hepato-pancreatic
organ buds. (D) Apoptotic cells in liver and ventral pancreas were identified by IF detection of cleaved
Caspase 3 (cCas3). Quantification of cCas3" cells documents elevated levels of apoptosis in the ventral
pancreas but not in the liver of Robo1/2 KO embryos (n=6) as compared to control littermates (n=4). (Mann-
Whitney test; p<0.01: **; p<0.001: ***) (scale bar: 100um)
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To determine the reason behind this difference in organ rudiment size, | assessed
proliferation rates and levels of apoptosis in Robo1/2 KO and control embryos. To evaluate
proliferation rates, E9.5 control and KO embryos were subjected to WMIF for Prox1 to mark
hepato-pancreatic organ buds, for Pdx1 to mark pancreatic buds, and for pH3 to mark
proliferating cells. Analysis of pH3" cell numbers at E9.5 in liver as well as dorsal and ventral
pancreatic buds showed no significant difference between control and Robo1/2 KO embryos
(Fig. 48C). Next, | analyzed levels of apoptosis in liver and ventral pancreas by quantifying
cleaved Caspase 3" (cCas3) cell numbers. In detail, | collected E9.5 control and Robo1/2 KO

embryos, prepared cryosections, and performed IF staining for Prox1 to mark liver and ventral
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Fig. 49: Qualitative differences in pancreatic marker gene expression are observable at E9.5 by comparing
Robo1/2 KO and control embryos. (A) Representative IF staining of cryosections from E9.5 (22-24ss)
Robo1/2 KO embryos and a control littermate. Immunostaining of Prox1 (red) marks liver (lv) while co-
immunostaining of Prox1 and Pdx1 (blue) marks ventral pancreas (vp). Tissues were counterstained with
Hoechst dye (grayscale). Insets show higher magnification images of boxed area in the overview images.
Robo1/2 KO ventral pancreata show distinct cells that downregulated the pancreatic marker Pdx1 but
express Prox1 at higher levels as compared to neighboring Pdx1" cells (see insets), thus resembling hepatic
cells (Iv). (B, C) Quantification of IF stained cryosections from E9.5 control (B; n=3) and Robo1/2 KO
littermates (C; n=3). Prox1 and Pdx1 fluorescence intensity were measured for ventral pancreatic cells (564
cells in B; 713 cells in C) and hepatic cells (1261 cells in B; 1036 cells in C) of the respective embryo. Robo1/2
KO embryos show a considerable number of ventral pancreatic cells overlaying with liver cells (C). This
feature is particularly pronounced in the cell population vp*, which denominates cells that appear
segregated from the surrounding ventral pancreatic epithelium as highlighted in the insets in panel A. (scale
bar: 100p1m)
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pancreas, for Pdx1 to specifically mark the ventral pancreas, and for cCas3 to stain apoptotic
cells. Quantification of cCas3" cell numbers showed a specific increase in apoptosis in the
ventral pancreas of KO embryos, but not in the liver as compared to control littermates (Fig.

48D).

Although Robo1/2 KO ventral pancreata showed increased levels of apoptosis as compared
to control tissues, the numbers of observed apoptotic cells were still low. Therefore, |
reasoned that increased apoptosis may not be the main mechanism responsible for the
massive decrease in ventral pancreatic organ volume observed in Robo1/2 KO embryos (Fig.
48A, B). To analyze the Robo1/2 KO phenotype in more detail, | further examined Prox1 and
Pdx1 expression in ventral pancreatic cells at the single-cell level. Specifically, | performed IF
stainings for Prox1 and Pdx1 on cryosections of E9.5 control and KO embryos. Ventral
pancreatic cells in control embryos showed co-expression of Prox1 and Pdx1 (Fig. 49A). In
contrast, Robo1/2 KO ventral pancreata featured cells within the ventral pancreatic bud that
showed no Pdx1 expression but elevated expression of Prox1, similar to hepatoblasts (Fig.
49A). These cells often formed clusters that appeared to be segregated from the surrounding

ventral pancreatic epithelium (see insets in Fig. 49A).

To follow up on this observation, | quantified Prox1 and Pdx1 fluorescence intensities in all
ventral pancreatic cells of control and Robo1/2 KO embryos individually using Imagel. To
allow for comparison between ventral pancreatic cells and hepatoblasts, fluorescence
intensities in liver cells of the respective embryos were quantified as well. | plotted Pdx1
fluorescence intensity against Prox1 fluorescence intensity and observed a clear separation
of ventral pancreatic and hepatic cells in control embryos, with minimal overlap of the two
cell populations (Fig. 49B). By performing the same analysis for Robo1/2 KO embryos (Fig.
49C), | instead observed a considerably increased overlap of ventral pancreatic and hepatic
cells. Especially, ventral pancreatic cells, which appeared segregated from the surrounding
ventral pancreatic epithelium (see insets in Fig. 49A) and marked as vp* in Fig. 49C,
overlapped with liver cells in Fig. 49C. Taken together, these analyses documented qualitative
differences in the expression patterns of Prox1 and Pdx1 in ventral pancreatic cells of Robo1/2

high

KO and control embryos, suggesting similarity of the Pdx1 Prox1™®" ventral pancreatic cells in

Robo1/2 KO embryos to hepatoblasts.
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Fig. 50: Expression of pancreatic marker genes is comparable in Robo1/2 KO and control embryos until
E9.0. (A) Representative IF staining of cryosections from E8.5-9.0 (11-16ss) Robo1/2 KO embryos and a
control littermate. Immunostaining of Prox1 (red) marks liver (lv), while co-immunostaining of Prox1 and
Pdx1 (blue) marks ventral pancreas (vp). Tissues are counterstained with Hoechst dye (grayscale). The inset
shows a higher magnification image of the boxed area in overview image. Robo1/2 KO ventral pancreata
rarely show cells that downregulated the pancreatic marker Pdx1l and express Prox1l at higher levels
compared to control ventral pancreatic cells (see arrowhead in inset and compare to Fig. 49A). (B, C)
Quantification of IF stained cryosections of E8.5-9.0 control (B; n=6) and Robo1/2 KO (C; n=6) embryos. Prox1
and Pdx1 fluorescence intensity were measured for ventral pancreatic cells (658 cells in B; 516 cells in C) and
hepatic cells (1484 cells in B; 1288 cells in C) of the respective embryo. No discernible difference in the signal
distribution in ventral pancreatic cells is seen comparing Robo1/2 KO and control embryos. (scale bar:
100pum)

Next, | investigated whether Pdx1™ Prox1™e"

cells were present in the Robo1/2 KO ventral
pancreas from the time of ventral pancreatic specification (E8.5-9.0) or only at later time
points. Towards this aim, | assessed the expression of Prox1 and Pdx1 in ventral pancreatic
and hepatic cells in E8.5-9.0 control and KO embryos (Fig. 50A), like the analysis performed

at E9.5 (Fig. 49). In contrast to the situation at E9.5, Pdx1’ Prox1"e"

cells were rarely found at
earlier stages (see inset in Fig. 50A). Moreover, the quantification of Prox1l and Pdx1
fluorescence intensities showed ventral pancreatic and hepatic cells clustering in two
populations independently of the genotype, as shown by comparing control (Fig. 50B) and
Robo1/2 KO (Fig. 50C) tissues. Although | detected Robo1/2 KO ventral pancreatic cells with

higher Prox1 levels than observed in the control ventral pancreas dataset, the difference
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between the genotypes was less pronounced at E8.5-9.0 as compared to E9.5 (compare Fig.
498, C to Fig. 50B, C). Taken together, my analysis of the Robo1/2 KO phenotype at E8.5-9.0
showed that the expression of the pancreatic marker genes Prox1 and Pdx1 in early ventral
pancreatic cells is comparable between control and KO embryos. Distinct differences in Prox1
and Pdx1 expression, accompanied by the emergence of cells resembling hepatoblasts,
appeared in Robo1/2 KO embryos only after E9.0.

hieh cells in the Robo1/2 KO ventral pancreata

| then asked the question whether Pdx1 Prox1
actually adopted hepatic features. In detail, cryosections from E9.5 Robo1/2 KO and control
embryos were immunostained for Prox1 to mark liver and ventral pancreas, for Pdx1 to mark
the ventral pancreas, and for the hepatic genes, such as albumin (Fig. 51A) or a-fetoprotein
(Fig. 51B). Ventral pancreatic cells in control embryos did not express albumin and only rarely

o-fetoprotein, whereas a large proportion of Pdx1 Prox1"e"

cells in the ventral pancreas of
Robo1/2 KO embryos not only downregulated the pancreatic marker Pdx1 but also expressed
hepatic markers instead (Fig. 51A and B). To determine whether these hepatoblast-like cells
also lost pancreatic markers other than Pdx1, | performed IF stainings for Sox9. As shown in
Fig. 51E, Sox9 was highly expressed in control ventral pancreata but downregulated in ventral

pancreatic cells of Robo1/2 KO embryos, especially in hepatoblast-like cells.

Around E9.5, liver cells start to leave the stratified epithelium of the hepatic bud and invade

123,127,133,134

the surrounding septum transversum mesenchyme . For this, hepatoblasts

degrade and cross the basal lamina surrounding them?*?**3113?

. This process is accompanied
by profound changes in their actin cytoskeleton, as they change their cell morphology from
that of an epithelial cell with typical apical-basal polarity to a migratory mesenchymal-like

123,127
cell

. To investigate whether of Robol/2 KO hepatoblast-like cells acquired similar
features, cryosections from E9.5 Robo1/2 KO and control embryos were immunostained for
Prox1 to mark liver and ventral pancreas as well as for Pdx1 to mark the ventral pancreas
together with laminin or F-actin. Co-immunostaining for laminin demonstrated that
hepatoblast-like cells, grouped in large clusters within the ventral pancreatic epithelium, had
a thinner basal lamina and looked like invading the mesenchyme surrounding the ventral

pancreatic bud (Fig. 51C). Additionally, phalloidin staining for F-actin documented changes in

the actin-cytoskeleton of such hepatoblast-like cells as compared to the rest of the ventral
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pancreatic epithelium (Fig. 51D). While ventral pancreatic cells in control embryos showed
strong apical-basal polarity and apical accumulation of F-actin, hepatoblast-like cells in
Robol1/2 KO embryos often presented reduced apical, but distinct basal or lateral

accumulation of F-actin (Fig. 51D).

E9.5 Albumin

. vp
Robo1/2 KO

©
S
-
c
o
U
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Robo1/2 KO
Robo1/2 KO

Fig. 51: Ventral pancreatic cells in Robo1/2 KO embryos lose pancreatic identity and acquire hepatoblast
features. Representative IF staining of cryosections of E9.5 Robo1/2 KO embryos and control littermates for
the indicated markers (green). Immunostaining of Prox1 (red) marks liver (lv), while co-immunostaining of
Prox1 and Pdx1 (blue) marks ventral pancreas (vp). Tissues are counterstained with Hoechst dye (grayscale).
(A, B) Ventral pancreatic cells in Robo1/2 KO embryos, that downregulate Pdx1, start to express hepatic
markers, such as albumin (A) and a-fetoprotein (B) and appear hepatoblast-like. Insets depict higher
maghnification of the marked area in the overview. (C) Hepatoblast-like cells in the Robo1/2 KO tissue leave
the ventral pancreatic epithelium and cross the basal membrane marked by IF staining for laminin (green).
The insets in the mutant micrograph show grayscale images of single channels of Prox1 (upper) and laminin
(lower). The dotted line demarcates the domain of Prox1 expressing cells, of which some already crossed
the basal membrane. (D) Control ventral pancreatic cells show an apical accumulation of f-actin (green). In
contrast, hepatoblast-like cells in the mutants show an altered organization of f-actin, often with low apical
(arrowhead in the high magnification image) but distinct basal or lateral accumulation (arrows in the high
maghnification image). (E) Hepatoblast-like cells in the Robo1/2 KO ventral pancreata show lower levels of
the ventral pancreatic marker Sox9 (green) as compared to control tissue. This difference is seen in the
merged color overview image (to the left) and accentuated in the higher magnification images (right)
depicting the merged color image and the single Sox9 channel in grayscale. (scale bars: 100um)
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Having established that hepatoblast-like cells in Robo1l/2 KO embryos recapitulate many
features of liver cells, | investigated whether they also contribute to the growing liver bud by
performing lineage tracing experiments using the Pdx1-Cre line in combination with the H2B-
GFP reporter line. An initial analysis of the contribution of ventral pancreatic cells to the liver
bud of Robo1/2 KO and control embryos was performed by Sophie Escot. She collected
lineage-traced embryos at E10.5 and subjected them to WMIF analysis. Immunostaining for
Prox1 marked all hepato-pancreatic organ rudiments whereas Pdx1 marked pancreatic buds.
Immunostaining for GFP documented labeled cells in dorsal and ventral pancreas as well as

in the liver.

Quantification of GFP* cells in the liver showed significantly increased levels of labeled cells
in the liver of Robo1/2 KO embryos as compared to control littermates (Student’s T-test) (Fig.
52A). Subsequently, | performed additional lineage tracing experiments by collecting Robo1/2
KO and control embryos at E14.5 (Fig. 52B) and E18.5 (Fig. 52C). Cryosections of liver tissues
at both stages were analyzed by IF staining for GFP to mark labeled cells. Immunostaining for
either albumin or E-cadherin marked hepatocytes and for CK19 bile duct cells. At both
embryonic stages | observed a higher density of labeled cells in the liver of Robo1/2 KO
embryos as compared to control littermates. This finding may be explained by the fact that
hepatoblast-like cells, which are descendants of Pdx1" ventral pancreatic cells, contributed to
the growing liver bud, thereby leading to the increase in labeled cell density observed in the

liver of Robo1/2 KO embryos.

In summary, | found that the Robo signaling pathway plays an essential role during early
ventral pancreatic development. Active Robo signaling appeared to sustain pancreatic
identity in ventral pancreatic progenitor cells, while its absence resulted in loss of pancreatic
and an aberrant gain of hepatic identity in cells within the ventral pancreatic organ domain.
Consequently, Robo1/2 KO embryos present with a severely reduced ventral pancreatic bud.
In this model, the reduced size of the ventral pancreata is due to a combination of increased
apoptosis and enhanced acquisition of hepatic identity by ventral pancreatic cells. These
findings supported the hypothesis that the Robo signaling pathway preserves pancreatic

identity while allowing for maintenance of cell fate plasticity in ventral pancreatic cells.
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Fig. 52: Ventral pancreatic cells contribute stronger to the liver in Robo1/2 KO as compared to control
embryos. Results of Pdx1-Cre lineage tracing experiments using the H2B-GFP reporter system in Robo1/2
KO and control embryos are shown. (A) Measurement of GFP* cells in liver buds at E10.5 documents
significantly higher levels of labeled cells in Robo1/2 KO embryos as compared to control littermates.
Experiments and analysis of data presented in (A) were performed by Sophie Escot. (Student’s t-test,
p<0.05). (B, C) Representative IF stainings of cryosections from E14.5 (B) and E18.5 (C) lineage-traced
Robo1/2 KO and control embryos. Immunostainings for albumin (red, B) or Ecad (red, C) marks hepatocytes,
while CK19 (blue, C) marks bile duct cells. Immunostaining for GFP (green) documents a higher density of
labeled cells in the liver of Robo1/2 KO as compared to control embryos. Tissues are counterstained with
Hoechst dye (grayscale). Lower panels in (B) show higher magnification images of the GFP channel of the
boxed areas in the overview images above. (scale bars: 100um)
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3.4 Time-dependent changes in Pdx1 and Sox17 expression mark the

formation of distinct subpopulations in the ventral pancreas

During my studies, | obtained evidence for a remarkable cell fate plasticity in the ventral
hepato-pancreatic organ system not appreciated before. Particularly, my results indicated
that ventral pancreatic cells retained the capacity to acquire either a pancreatic or hepatic
fate until at least E10.0. To address whether this plasticity was common to all ventral
pancreatic cells or only to a distinct subpopulation, | explored if distinct subsets of ventral
pancreatic cells were identifiable during the developmental time window of E8.5-11.5.
Towards this aim, | characterized the expression of different marker genes for ventral
pancreatic progenitors to determine if they became restricted to distinct domains within the
ventral pancreatic epithelium during development. | collected embryos of different somite
stages (12-23ss; E8.75-9.5) and subjected them to WMIF for Prox1l to mark all hepato-
pancreatic cells and for Pdx1 to specifically mark ventral pancreatic cells in combination with

150,221-223

additional genes expressed in the early ventral foregut endoderm?’, including Hes1 ,

Pax6224'225, Pbx1226,227’ SOX947'161_164, and SOX17150'151.

Immunostaining analyses for Hes1 (Fig. 53A), Pax6 (Fig. 53B), or Pbx1 (Fig. 53C) documented
reduced expression of the respective marker in the ventral pancreas as development
progressed from E8.75 to E9.5. By contrast, immunostaining for Sox9 (Fig. 53D) showed
increased expression in ventral pancreatic cells at later somite stages, while Sox17 (Fig. 53E)
was highly expressed in the ventral pancreas at all time points. Of all analyzed markers, only
Sox17 showed a time-dependent change in its expression pattern towards a distinct ventral

pancreatic subdomain (see arrowheads in Fig. 53E).

Accordingly, | selected Sox17 as a promising candidate to assess the existence of ventral
pancreatic subdomains in closer detail. | collected embryos of different somite stages ranging
from E8.5-10.0 (10-28ss) and subjected them to WMIF. Immunostaining for Prox1 marked all
hepato-pancreatic cells, while immunostaining for Pdx1 and Sox17 specifically marked ventral
pancreatic cells (Fig. 54). Pdx1 and Sox17 were co-expressed in the majority of ventral

pancreatic cells until about 24ss. However, | detected exclusive expression of Sox17 in a small
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Fig. 53: Analysis of ventral pancreatic marker expression during early ventral pancreas morphogenesis.
Representative WMIF of embryos from E8.75 to E9.5 (12-23ss). Immunostaining of Prox1 (red) marks liver
(lv) and co-immunostaining for Proxl and Pdx1l (blue) marks ventral pancreas (vp). Tissues are
counterstained with Hoechst dye (gray scale). The expression dynamics of several ventral pancreatic
progenitor cell markers (green) are assessed at different embryonic stages. Hes1 (A), Pax6 (B), and Pbx1 (C)
show a reduction in expression as development progresses. In contrast, Sox9 (D) shows an increased
expression at later somite stages. Sox17 (E) is highly expressed in the ventral pancreas at all analyzed somite
stages. However, at 20ss, Sox17 and Pdx1 expression patterns do not overlap entirely (see arrowheads) but
mark distinct subpopulations within the ventral pancreatic bud. Upper panels show merged color images of
liver and ventral pancreas. Lower panels give single channels in grayscale for the indicated ventral pancreatic
markers. Dotted lines demarcate the ventral pancreatic domain. (scale bar: 100um)

domain of the anterior ventral pancreatic bud and exclusive expression of Pdx1 in the
posteriormost domain of the ventral pancreas. After 24ss, these two organ domains
underwent expansion and the expression of Sox17 and Pdx1 became increasingly restricted

to distinct subdomains within the ventral pancreatic bud (see arrowheads in Fig. 54).

To analyze the separation of the two ventral pancreatic subpopulations in closer detail, |
assessed Pdx1 and Sox17 expression levels in individual cells from E8.5 to E11.5 (9-43ss). In
detail, | collected embryos of different somite stages and prepared cryosections thereof.
Subsequent IF staining for Pdx1 and Sox17 marked ventral pancreatic cells (Fig. 55A, Fig. 56A).
Then, | measured fluorescence intensities for Pdx1 and Sox17 in all ventral pancreatic cells
individually using Imagel. The data obtained from embryos of similar somite stage were
combined and the fluorescence intensity values for Sox17 plotted against those for Pdx1 (Fig.
55B). Fluorescence intensity data of ventral pancreatic cells between 9ss and 24ss
documented co-expression of Pdx1 and Sox17 in a majority of cells, albeit with considerable

heterogeneity in expression levels.

As development progressed, | observed an increase in fluorescence intensity for both markers
in ventral pancreatic cells of 25-43ss embryos. However, the increase in fluorescence intensity
coincided with an increasingly restricted expression of Pdxl or Sox17 within ventral
pancreatic cells. Beginning at 25-30ss, this trend ultimately resulted in the separation of the
ventral pancreas into two mutually exclusive cell populations marked by either Pdx1 or Sox17
(Fig. 55B). Of note, even though the majority of ventral pancreatic cells acquired either a

Pdx1" or Sox17" fate at later somite stages, a small population of ventral pancreatic cells
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continued to co-express Pdx1 and Sox17 until the end of the analyzed time period (43ss, Fig.

55B).

Fig. 54: Sox17 and Pdx1 expression become restricted to distinct domains within the ventral pancreas at
late E9.5 stages. Representative WMIF of embryos from E8.5 to E10.0 ((A) 10-13ss, (B) 14-18ss, (C) 18-20ss,
(D) 20-22ss, (E) 22-24ss, (F) 24-28ss) are depicted. Immunostaining of Prox1 (red) marks liver (lv), co-
immunostaining for Prox1, Sox17 (green), and Pdx1 (blue) marks ventral pancreas (vp). Considerable overlap
between Sox17 and Pdx1 expression domains is documented throughout ventral pancreas morphogenesis.
However, at later somite stages (>24ss) Sox17 and Pdx1 expression becomes restricted to distinct domains
within the ventral pancreas, marking distinct subpopulations of ventral pancreatic cells (see arrowheads in
F). (scale bar: 100um)

To facilitate the analysis of time-dependent changes in the cellular composition of the ventral
pancreas, | gated all individual cells plotted in Fig. 55B into four subgroups according to their
fluorescence intensity (FI) of Sox17 and Pdx1. Specifically, the cells were categorized into
either Pdx1"&"-Sox17"&" (Pdx1-FI>50, Sox17-FI >50), Pdx1'°"-Sox17°" (Pdx1-FI<50, Sox17-
FI<50), Pdx1"&"-Sox17"" (Pdx1-FI>50, Sox17-FI<50), or Pdx1"°"-Sox17"€" (Pdx1-FI<50, Sox17-

FI>50) (dotted lines in Fig. 55B indicate division of these four categories). These cut-off values
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Fig. 55: Establishment of two distinct Sox17" and Pdx1" expression domains in the ventral pancreas at
E9.75. (A) Representative IF staining of cryosections of E8.75-E10.5 (13-36ss) embryos. Immunostaining of
Pdx1 (green) and Sox17 (red) marks the ventral pancreas (vp). Tissues are counterstained with Hoechst dye
(gray scale). Sox17 and Pdx1 are co-expressed during early ventral pancreatic development but subsequently
become restricted to distinct organ subdomains. (B) Quantification of IF stained cryosections of E8.5-E11.5
embryos of the indicated somite stages (n=44). Pdx1 and Sox17 fluorescence intensity (FI) in all cells of the
respective ventral pancreas (as exemplified in A) were measured. The data plotted show Pdx1 and Sox17 FI
values for individual cells. Embryos of similar somite stages were grouped (9-11ss: n=5, 667 cells; 12-13ss:
n=7, 1655 cells; 14-15ss: n=8, 1942 cells; 16-21ss: n=6, 1359 cells; 22-24ss: n=5, 1310 cells; 25-30ss: n=6,
2664 cells; 31-38ss: n=4, 4263 cells; 39-43ss: n=3, 3960 cells). At early somite stages (9-24ss), Pdx1 and Sox17
are co-expressed in the majority of ventral pancreatic cells, albeit with considerable heterogeneity in
expression levels. At later somite stages (25-43ss), Sox17 and Pdx1 become increasingly restricted in their
expression patterns and eventually form two mutually exclusive pools of ventral pancreatic cells. Only a
small fraction of ventral pancreatic cells continues to co-express both markers. The transition between these
two conditions of Pdx1/Sox17 expression occurs between 25ss and 30ss. (scale bar: 100pum)

were chosen to specifically gate the distinct subpopulations | observed at later developmental
time points (31-43ss). Then, | plotted the average cell count for each population (Fig. 56B) or
its % fraction of the ventral pancreatic cells (Fig. 56C) against the average somite stage of the

respective group of embryos from which these data were obtained.

Analyzing the time-dependent changes in average cell count and % fraction, | detected
distinct trends in the individual subpopulations that recapitulated the separation of the
ventral pancreas into two subdomains (Figs. 55, 56). For the Pdx1'°"-Sox17"e" population, |
saw a continuous increase in cell count and % fraction over time, while the Pdx1"&"-Sox17"%
population first showed a slight decrease in both parameters (until 23ss) but increased
strongly at later somite stages. Cell counts for the Pdx1"€"-Sox17"e" population increased
steadily until about 27ss, at which point they declined again, while the Pdx1'°*-Sox17"%
population followed the opposite trend by decreasing in cell counts until about 27ss and
slightly increasing again at later somite stages. As for the % fraction of the Pdx1"e"-Sox17"e"
population, | observed high levels until about 23ss, whereupon the % fraction of this
population declined dramatically. Instead, the % fraction of the Pdx1'°*-Sox17'°" population

declines slightly from 10ss towards 27ss and remains fairly constant afterwards.

In conclusion, my examination of subpopulations in the ventral pancreas highlighted the
distinct developmental dynamics in this tissue during its early morphogenesis (E8.5-11.5). |
observed that the ventral pancreas between E8.5-9.75 consisted of a homogenous Pdx1”

Sox17" cell population. As development progressed, expression levels of Pdx1 and Sox17
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Fig. 56: Sox17 and Pdx1 expression levels show distinct trends during ventral pancreatic development. (A)
Representative IF staining of cryosections of E8.5-E11.0 (11-40ss) embryos. Immunostaining of Pdx1 (green)
and Sox17 (red) marks the ventral pancreas (vp). Tissues are counterstained with Hoechst dye (gray scale).
Sox17 and Pdx1 are co-expressed during early ventral pancreatic development in the ventral foregut (vfg)
and ventral pancreas (11-23ss) but subsequently become restricted to distinct domains in the ventral
pancreas (27-40ss). (B, C) Quantification of ventral pancreatic subpopulations during development shows
distinct behavioural trends. Fluorescence intensity (FI) data shown in Fig. 55B were used for categorizing
ventral pancreatic subpopulations according to Pdx1"®"-Sox17"¢" (Pdx1-FI>50, Sox17-FI >50), Pdx1'°"-
Sox17°" (Pdx1-FI<50, Sox17-FI<50), Pdx1"®"-Sox17"" (Pdx1-FI>50, Sox17-FI<50), or Pdx1'"-Sox17"&" (Pdx1-
FI<50, Sox17-FI>50) (dotted lines in Fig 55B indicate division of subpopulations). Average cell count of
subpopulations in ventral pancreas at indicated somite stages (B) and fraction of subpopulations in % of
total ventral pancreatic cells at the indicated somite stages (C) are given. (scale bar: 100um)
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generally increased but became restricted to distinct subpopulations. At E10.5-11.5 the
majority of ventral pancreatic cells were characterized by mutually exclusive expression of

hig

either Pdx1™®" or Sox17"e"., Interestingly, the population marked by Sox17 h expression was

shown to harbor progenitors of the gallbladder and common bile duct™***, while the Pdx1"e"

population primarily contributes to the future pancreas*>*****°

. Still, a relatively consistent
percentage of ventral pancreatic cells co-expressed Pdx1°" and Sox17"" throughout the
analyzed developmental time window. In addition, despite the massive decrease in the
Pdx1"€"-Sox17"E" population from 23ss onwards, a small percentage of these cells persisted
in the ventral pancreas at E11.5. These two populations (Pdx1°"-Sox17"°%, Pdx1"€"-Sox17"€")
represent interesting candidates for a multipotent progenitor domain that may ultimately

acquire either pancreatic (delhigh—SoxlT), biliary (del"—Sox17high), or a hepatic fate (Pdx1'-
Sox17).
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4. Discussion

In my thesis, | explored the dynamics of lineage acquisition by hepato-pancreatic progenitors
during early mouse development. My lineage tracing analyses document a degree of cell fate
plasticity in early dorsal and ventral pancreatic progenitors not appreciated before. |
discovered that a subset of early dorsal pancreatic progenitors retains the capacity to acquire
a gastric fate even after receiving initial pro-pancreatic stimuli. The degree of plasticity
observed in the ventral pancreatic progenitors, both in terms of developmental timing and
diversity of cell fates, even exceeds that of the dorsal pancreas. Specifically, | provided
evidence that the bipotent nature of the ventral foregut endoderm is retained in ventral

pancreatic cells at E9.5, which contribute to several distinct ventral foregut derivatives.

Fig. 57: Ventral pancreatic cells remain in a multipotent state during organogenesis and contribute to the
hepatic bud. (A) Representative WMIF of E8.75 and E9.5 (12ss and 23ss) mouse embryos. Immunostaining
of Prox1 (red) marks liver (lv), while co-immunostaining of Prox1, Pdx1 (blue), and Sox17 (green) marks
ventral pancreas (vp). (B) Schematics of the proposed dynamics of hepatic and ventral pancreatic
organogenesis at 12ss and 23ss are depicted. The models show the liver bud in red and the ventral pancreatic
bud in a gradient from blue to orange, representing putative distinct ventral pancreatic cell populations.
Black arrows indicate self-renewing proliferation while white arrows indicate the contribution of ventral
pancreatic cells to the hepatic bud. (scale bar: 100um)
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Based on these data, | propose a novel concept in hepato-pancreatic organogenesis (Fig. 57).
According to my concept, cells in the ventral pancreas start to acquire pancreatic identity
during organogenesis, but at least a subset of these cells remains in a multipotent non-
committed state. Once exposed to proper cues, multipotent cells in the ventral pancreatic
domain can contribute to a multitude of adult tissues, including pancreas but also gallbladder,
common duct, and liver. As a consequence, the ventral pancreas provides a constant flux of
cells contributing to the growing liver bud and it fuels progenitor pools for pancreatic and
biliary tissues. This concept has biological significance as it provides an initial boost to early
liver growth and allows proper formation of different hepato-pancreatic tissues in a time- and

tissue-specific manner.

4.1 Hepato-pancreatic lineage commitment shows high degree of

plasticity

The concepts of cell fate commitment and plasticity have been a major focus in
developmental biology and stem cell research. Deciphering the mechanisms underlying
commitment and plasticity is deemed essential to establish protocols for efficient
differentiation of progenitor cells to specific cell types or for lineage reprogramming of one
terminally differentiated cell type into another. This field of research has gained particular
interest in the light of current efforts to develop regenerative therapies for degenerative

diseases targeting liver and pancreas.

Studies aimed at defining progenitor populations and characterizing their commitment to a
specific cell lineage often focus on the identification of marker genes specific for the cell
population of interest. However, in recent years it has become increasingly obvious that
seemingly homogeneous cell populations expressing lineage-specific markers actually show
considerable heterogeneity with respect to their epigenetic landscape, gene expression
profiles, and signaling environment. This fact has also been shown for dorsal and ventral

228229 1t is reasonable to assume that a similar level of

pancreatic organ domains
heterogeneity also exists with respect to cell fate plasticity within a seemingly homogeneous

progenitor population.
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In the ventral foregut, commitment to hepatic or pancreatic lineages was thought to occur
around E8.5 and to be accompanied by the expression of lineage-specific transcription factors
or markers, namely albumin for the hepatic and Pdx1 for the pancreatic endoderm®*?7~%1%,
The results of my thesis question the assumption that the initial expression of a lineage-
specific transcription factor, such as Pdx1, already represents an irreversible lineage
commitment in hepato-pancreatic specification. The ability of both dorsal (Figs. 32, 33, 35)
and ventral organ rudiments (Figs. 45-47) to contribute to a multitude of cell types, even at
later developmental stages, suggests that lineage commitment in the mouse foregut is more
plastic than previously thought. Conceptually, the initiation of lineage-specific gene
expression in the ventral and dorsal foregut may represent an initial step towards lineage
commitment rather than its conclusion. Subsequent transcriptional or chromatin-remodeling
events are required to stabilize the lineage commitment. This concept would be in line with
the idea that early lineage-specific transcription factors act as pioneer factors, which alter the
epigenetic landscape of a cell and drive the expression of more lineage-specific target

230-232
genes .

The lineage tracing experiments presented in my thesis also document that early dorsal
pancreatic progenitors, which fail to converge on the embryonic midline to receive additional
pro-pancreatic stimuli, are able to contribute to the posterior dorsal stomach (Figs. 32, 33,
35). A lineage relationship between pancreatic and gastric cells has not been proposed so far.
However, in support of my conclusions, the stomach harbors entero-endocrine cells that
share key transcriptional regulators with pancreatic endocrine cells, such as Pax6 and Ngn3
(Fig. 34)*%2%_ In addition, gastric endocrine cells encompass glucagon- and somatostatin-
producing cells, which are otherwise almost exclusively found in the pancreas and

intestine®®®

. My hypothesis about a close lineage relationship between dorsal pancreatic and
gastric cell types is also in line with a recent publication by Ariyachet et al.”**. These authors
established gastric endocrine cells as an adequate cellular source for lineage reprogramming
into pancreatic progenitors and subsequent differentiation into functional [-cells.
Interestingly, only gastric but not intestinal endocrine cells could be successfully

reprogrammed, again underlining the lineage relationship between pancreatic and gastric

cells that | uncovered in my thesis work.
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My current results do not provide evidence that the entero-endocrine population in the
stomach may be exclusively descended from dorsal pancreatic progenitors. Still, the
contribution of dorsal pancreatic progenitors to the production of this specialized gastric cell

type is an exciting observation that warrants further investigation.

4.2 The ventral pancreatic domain remains in a multipotent state

In my thesis, the remarkable plasticity of pancreatic organ domains was explored in more
detail with respect to the ventral pancreas. Using lineage tracing experiments and
guantitative analysis of tissue dynamics, | experimentally proved previous hypotheses that
the ventral foregut contains multipotent progenitors of liver, ventral pancreas, and the biliary
system. | also documented that cell fate plasticity is retained in ventral pancreatic cells until

much later time points in organogenesis (Figs. 45-47) than previously thought™®%'’8,

Initial evidence for the existence of a bipotent progenitor domain in the ventral foregut giving
rise to liver and ventral pancreas, was provided in 2001 in two studies published by the group
of Ken Zaret>®. The authors performed experiments in mouse foregut explants to dissect
specification events leading to the formation of hepato-pancreatic organ domains. The main
conclusions drawn by the authors were that the pancreatic fate is the default fate of the
ventral foregut and that FGF> and BMP® signals from the developing heart and septum
transversum mesenchyme induce hepatic identity instead of pancreatic fate in the ventral
foregut. In addition, the group of Didier Stainier performed lineage tracing experiments in the
foregut endoderm of zebrafish embryos using a photo-inducible fluorescent labeling
approach’. The authors documented bipotent progenitor cells contributing to liver and
ventral pancreas during early somite stages in the foregut and they identified BMP2 signals
from the lateral plate mesoderm as crucial for the subsequent segregation of hepatic and

ventral pancreatic cell types.
To further characterize the origin of dorsal and ventral hepato-pancreatic tissues, the group

of Kimberley Tremblay performed fate mapping experiments in the mouse®. Dye labeling was

used to mark cells in the ventral or dorsal foregut of ex vivo cultured mouse embryos. These
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studies suggested that the ventral foregut contains both hepatic and ventral pancreatic
progenitors, while dorsal pancreatic progenitors arise from a distinct domain in the dorsal
foregut. The authors also proposed a distinct regionalization of hepatic and ventral pancreatic
progenitors within the ventral foregut, with ventral pancreatic progenitors residing in the

lateral sides of the anterior intestinal portal (AIP)2.

Comparing these published studies to my work on ventral foregut morphogenesis in vivo, |
confirmed that the endodermal region identified to give rise to liver and ventral pancreas in
fact corresponds to a population of Prox1® cells in the ventral foregut (Figs. 20, 26, 27), as first
described by Burke et al.'?®. | also observed that the lateral sides of the AIP were the first
regions in the foregut to express Pdx1, corroborating the assumption that they primarily
contribute to the ventral pancreas (Fig. 20). Although | identified the same population of
hepato-pancreatic progenitors as Angelo et al.®, my findings suggest a broader developmental
potential of this population. Specifically, Angelo et al. proposed that terminal lineage
segregation into hepatic and ventral pancreatic progenitor domains had occurred by E8.75.
By contrast, | documented that even after initial acquisition of pancreatic identity, the ventral
pancreas retains the bipotent potential of the ventral foregut at least until ES.5 and

contributes to the hepatic bud (Figs. 18, 37, 45-47).

One explanation for this apparent discrepancy may be the experimental system used for
analysis by Angelo et al.® In particular, the use of dye labeling in ex vivo cultured embryos may
be less accurate as compared to my in vivo genetic lineage tracing approach, which allows

precise labeling of individual cells in their physiological context™’*~***

. By employing genetic
lineage tracing, | was indeed able to quantify the dynamics of hepato-pancreatic lineage
segregation in vivo. | ascertained the unique bipotent nature of the ventral pancreatic organ
domain by showing sustained cell fate plasticity in this cell population and their contribution

to the hepatic lineage from E8.5 to E10.5 (Figs. 18, 37, 45-47).

By performing quantitative analysis of IF stainings of ventral pancreatic tissues, | documented
the separation of the ventral pancreatic domain into two distinct subpopulations during late
organogenesis (E10.5-E11.5) characterized by the exclusive expression of Sox17 or Pdx1 (Figs.

54-56). These two domains represent cells increasingly committed to the pancreatic (Pdx1")
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or biliary fate (Sox17%). In addition, | showed that two further subpopulations existed, namely
Pdx1"€"-Sox17"&" and Pdx1'°"-Sox17"°" (Figs. 55, 56). Of note, all four subpopulations co-
expressed the hepato-pancreatic marker Prox1. The Pdx1""-Sox17"&" and Pdx1'°*-Sox17"%
cell populations may represent interesting candidates for multipotent progenitor domains, in
which cell fate plasticity is maintained, as they show concurrent expression of markers that
become increasingly lineage-restricted as development progresses (Pdx1, Sox17, Prox1).
However, whether both populations or only one of them is responsible for the remarkable

cell fate plasticity in the ventral pancreas is as yet not clear.

The existence of a Sox17" and a Pdx1" subpopulation in the ventral foregut was first

documented by work of the group of James Wells™°

. Using transgenic mouse models, the
authors provided evidence for the essential role of Sox17 in separating distinct organ lineages
within the ventral foregut and they showed the contribution of Sox17" cells to the gallbladder
and biliary system. Similar results were also shown by Uemura et al.*>'. While essentially
corroborating these previous studies, my thesis work offers several novel and different
perspectives. Firstly, | performed a more detailed time-course analysis of Pdx1 and Sox17
expression in the ventral pancreas as compared to previous studies. Thereby, my data
indicate that the definitive separation of the ventral pancreatic domain into a Sox17* and a

Pdx1" subpopulation occurs around 25-30ss (Fig. 55), later than hypothesized by Spence et

al.**® and Uemura et al.>* (E9.0).

Secondly, by measuring fluorescence intensities in all ventral pancreatic cells individually, |
documented the existence of two additional distinct double-positive cell populations
(Pdx1"€"-Sox17"&" and Pdx1'°"-Sox17"°") throughout organogenesis (E8.5-E11.5) (Figs. 55,
56). These two cell populations have been missed in earlier work by others. Thirdly, by using
various lineage tracing approaches, | documented that the ventral pancreatic domain not only
harbors the potential for pancreatic or biliary development but contributes to hepatic
expansion as well (Figs. 45-47). Further experimental proof for my findings may entail clonal
labeling of a single ventral foregut progenitor cell followed by analysis of this cell’s

contribution to liver, gallbladder and ventral pancreas.
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4.3 Balancing bipotency versus terminal differentiation of ventral

pancreatic progenitors

A still open question is how the balance between maintaining cell fate plasticity and
establishing pancreatic identity is regulated in the ventral pancreatic domain. Assuming the
character of a stem cell compartment, cell fate plasticity in the ventral pancreas is probably
regulated by the niche environment. Previous studies identified FGF signals from the heart
mesoderm’ and BMP signals originating from mesenchyme surrounding the hepatic bud as
essential pro-hepatic signals®. Recent work from the Spagnoli laboratory. has shown that the
Robo-Slit signaling pathway provides important pro-pancreatic cues to the ventral pancreatic

organ domain (Figs. 48-52)"*

. Thus, a complex interplay between FGF, BMP, and the Robo-
Slit pathways likely plays a major role in regulating the balance between cell fate plasticity

and pancreatic identity at early developmental stages.

Specifically, dominance of the FGF and BMP pathways may induce differentiation towards a
hepatic fate, while dominance of the Robo-Slit pathway likely promotes continued
commitment to the pancreatic lineage. In addition, further signaling factors, including
FGF10°*'*>'*® and members of the hedgehog family*”****’ as well as non-canonical Wnt
signals'’ have been implicated in the regulation of these processes as well. However, the
precise actions of these signaling cues on the regulation of cell fate plasticity and pancreatic
identity, as well as their interplay, still require further investigation. In addition, the putative
niche of the ventral pancreatic bud undergoes distinct time-dependent changes, which are
concurrent with the separation of the ventral pancreatic domain into a Sox17" and a Pdx1"

subpopulation.

While the Notch target Hes-1 is known to be implicated in the establishment of Sox17 and

Pdx1 expression domains in the ventral pancreatic bud™%*!?*?

, the endoderm-intrinsic
mechanisms and extrinsic mesoderm-derived signals driving this process are poorly
understood. Further dissection of the signaling pathways active within the ventral pancreatic
domain is required to elucidate the exact nature of the signaling context involved in

maintaining plasticity or promoting hepatic versus biliary versus pancreatic lineage
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commitment. This dissection may be achieved by quantitative assessment of immuno-
stainings for signaling pathway components, single-cell RNA-sequencing approaches, and/or

genetic mouse models.

<,

Fig. 58: Ventral pancreatic cells may be passively extruded into the liver bud. (A) Representative IF staining
of cryosections of E8.75-E10.0 (12-28ss) mouse embryos. Immunostaining of Prox1 (red) marks liver,
whereas co-immunostaining of Prox1, Pdx1 (blue), and Sox17 (green) marks ventral pancreas. Tissues are
counterstained with Hoechst dye (gray scale). Arrowheads indicate hepatic chords, while arrows highlight
the boundary between liver and gut tube at different stages of separation of liver and ventral pancreas from
the gut tube. (B) Schematic representation of a putative mechanism leading to the passive extrusion of
ventral pancreatic cells into the liver bud. Proliferation in the ventral pancreatic bud (green cells) increases
the mechanical pressure within the bud and pushes cells anteriorly (indicated by green arrows) towards the
hepatic organ domain (red cells). A second process may be the formation of hepatic chords (red cells in
between endothelial cells (ec, olive cells), see arrowheads). Leading cells at the tip of the hepatic chords may
exert mechanical forces transmitted through mechano-coupling along cell-cell connections, thereby pulling
cells from the neighboring ventral pancreatic epithelium anteriorly towards the hepatic bud (process
indicated by red arrows). (scale bar: 100pum)

As the ventral pancreatic niche likely provides pro-pancreatic signals, the question arises how
cells leave this compartment to receive alternative cues to adopt a different cell fate.
Conceptually, ventral pancreatic cells may actively migrate or be passively pushed out of a

pro-pancreatic and into a pro-hepatic environment. Ventral pancreatic cells are part of a
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pseudostratified epithelial bud with a strong apical-basal polarity, as documented by apical
accumulation of F-actin (Fig. 51D) and a thick basal lamina (Fig. 51C). Such a highly organized
epithelial structure might hamper active migration. Thus, passive extrusion of ventral
pancreatic cells into the hepatic organ domain seems more likely. Such a process of passive
transition of progenitor cells from the ventral pancreatic domain into the liver bud might be
facilitated by the close proximity of the two organ rudiments throughout organogenesis (Fig.
58A). Both organs, liver and ventral pancreas, are collectively separating from the gut tube
and form continuous epithelial structures until late organogenesis stages (E10.5-11.5). The
epithelial connection of liver and ventral pancreas may allow ventral pancreatic cells at the
interface of the two organ buds to easily move into the hepatic bud, potentially as a result of

two alternative processes outlined in Fig. 58B.

As one process, cell proliferation in the ventral pancreas may increase the mechanical
pressure within the bud and push cells anteriorly towards the hepatic organ domain (Fig.
58B). A similar process is described for the intestinal epithelium, where stem cells in the
intestinal crypt are displaced from their spatially restricted niche as a result of proliferation

184,238,239 After leaving the stem cell niche, the cells become

within the stem cell compartment
transiently amplifying cells and undergo several rounds of cell division. This process generates
tension within the intestinal epithelium and pushes cells along the entire length of the
intestinal villus**°. During this process progenitor cells adopt a fully matured intestinal cell

identity and replace cells at the tip of the villus, which are shed into the gut lumen®®.

A second process facilitating the movement of ventral pancreatic cells into the liver may be
the formation of the hepatic chords (Fig. 58B). As liver cells collectively migrate into the
septum transversum mesenchyme, leading cells at the tip of the hepatic chords may exert
mechanical forces transmitted through mechano-coupling along cell-cell connections
throughout the hepato-pancreatic epithelium. The transmitted mechanical forces may pull
cells from the neighboring ventral pancreatic epithelium anteriorly towards the hepatic bud.
Although the process of mechano-coupling along cell-cell contacts has not been documented

for hepatic cell migration so far, similar processes have been described in vertebrate blood

240,241 242,243

vessel sprouting and during the development of the tracheal system in Drosophila
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4.4 Biological significance of bipotency in the ventral pancreas

The ventral foregut, specifically the ventral pancreatic domain, gives rise to different organs
of the gastro-intestinal tract, including liver, gallbladder, common duct, and pancreas (Fig.
59). This fact is remarkable considering that the ventral pancreatic domain at E8.75 is only
comprised of 100-200 cells (Fig. 22). In my thesis work, | documented that the multipotent
nature of the ventral foregut is retained in the ventral pancreatic domain until late stages of
organogenesis (Figs. 18, 37, 45-47). Likely, retaining such a multipotent state is key to enable
a proper response of ventral pancreatic cells to a variety of inductive signaling cues that can

promote hepatic, biliary, or pancreatic fate.

A similar situation has been described in the pre-gastrulation mouse epiblast. Work by the
group of Miguel Torres has documented that the pluripotent nature of epiblast cells is
rigorously controlled by myc-driven cell competition to eliminate cells undergoing aberrant

244295 This process effectively assures that all epiblast cells

differentiation prior to gastrulation
remain in a pluripotent state in which they are able to properly respond to signaling cues

during gastrulation.

My hypothesis that maintenance of a multipotent state in ventral pancreatic cells is a key
element in ventral foregut development is supported by studies investigating the role of
signaling pathways or transcription factors during development of the ventral foregut in
general, or hepatic, biliary, or pancreatic development in particular. These studies often
observed simultaneous phenotypes in several of these tissues. For instance, genetic ablation
of Sox17 or Hes-1 in the mouse ventral foregut resulted in gallbladder agenesis and ectopic

150221222 |y addition, overexpression of Sox17 in

pancreatic tissue in the common duct
pancreatic buds caused pancreatic hypoplasia and the appearance of ectopic ductal tissue in
duodenum and stomach®®. Consistently, Robo1/2 KO mouse embryos documented severe
ventral pancreas hypoplasia accompanied by aberrant induction of hepatic cell fate within

the ventral pancreatic organ domain (Figs. 48-52).
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Fig. 59: Ventral foregut derivatives. (A) Representative WMIF of the ventral foregut region of an E8.75 (12ss)
mouse embryo. Immunostaining of Prox1 (red) marks the hepatic domain (/v), co-immunostaining of Prox1,
Pdx1 (blue), and Sox17 (green) marks the ventral pancreatic domain (vp). (B) Schematic representation of
the ventral foregut at E8.75 (12ss). The hepatic organ domain is shown in red and the ventral pancreatic
organ domain in a gradient from blue to orange, indicating putative distinct ventral pancreatic cell
populations. (C) Schematic representation of the adult organs originating from the ventral foregut domain.
The ventral foregut gives rise to liver, gallbladder, biliary tree, and head of the pancreas (circled by a dotted
line). (scale bar: 100um)

Other factors, whose genetic ablation in the mouse foregut results in concurrent phenotypes
in several ventral foregut derivatives, include Hhex*11324¢ anle, and HNF-6%*,
Intriguingly, similar multi-organ phenotypes are also observed in human genetic syndromes,

249

such as Martinez-Frias syndrome®*®, Mitchell-Riley syndrome®°, as well as a number of other

217255 Most of these disorders are caused by autosomal recessive

congenital human defects
genetic defects of unknown etiology. They usually present a combination of gallbladder
agenesis, intestinal atresia, duodenal malrotation, and pancreatic hypoplasia. In some cases,
including the Mitchell-Riley syndrome, patients also suffer from neonatal diabetes®%**'.
Potentially, gene defects altering the multipotent state of the ventral foregut or impairing the
maintenance of this multipotent state in ventral pancreatic cells may underlie these

congenital malformations.
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A surprising finding of my studies was the fact that extended cell fate plasticity in the ventral
pancreatic domain allows for a constant flux of ventral pancreatic cells to contribute to the
growing liver bud (Figs. 46, 47, 57). Conceptually, this contribution may serve to support early
hepatic growth. Indeed, during organogenesis the liver grows dramatically as demonstrated
by the approximately 20-fold increase in cell counts of the hepatic bud between E8.75 and
E10.75 (Fig. 22). Conceivably, the hepatic organ rudiment may require the support of ventral
pancreatic cells to achieve this exceptional growth rate. As tissues during this developmental
stage tend to grow exponentially, even a small number of ventral pancreatic cells adopting a
hepatic cell fate can achieve a significant contribution to liver growth. A comparable situation

has been described in heart development in the chick embryo®®

. A proliferative growth
center posterior to the heart tube, termed the secondary heart field**®, has been identified
and shown to contribute cells to the myocardium to support the early growth of the

developing heart®®.

An intriguing question is whether this hepatic cell population of ventral pancreatic origin
serves a particular biological role in the adult liver. As documented in Fig. 47C, Pdx1-Cre
lineage-traced ventral pancreatic cells can differentiate into both hepatocytes and bile duct
cells. Although | did not determine the contribution of ventral pancreatic cells to these cell
populations quantitatively, | did not observe a particular bias for differentiation towards
hepatocytes or bile duct cells. Still, further characterization of this cell population with respect
to transcriptional or signaling signatures would be of great value in specifying its biological
function in the adult liver. As of now, it is reasonable to assume that under normal
physiological conditions liver cells of ventral pancreatic origin are functionally
indistinguishable from other hepatic cell types. However, the situation may be different
during liver regeneration following injury or disease.

27 the intestine®®, or the mammary

Most tissues with a high cell turnover, such as the skin
gland'®®?*® harbor an identifiable stem cell compartment that continually gives rise to more
differentiated cell types. These stem cell compartments are responsible for maintaining the
regenerative potential of the respective tissues. By contrast, regeneration in the liver

following tissue destruction is primarily driven by dedifferentiated hepatic cells, which re-
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enter the cell cycle!!?>#%%?

. In this model, terminally differentiated hepatic cells undergo
dedifferentiation towards a progenitor-like stage, proliferate until they have expanded
sufficiently to restore the destroyed hepatic tissue, and subsequently differentiate again into

either hepatocytes or bile duct cells*>>#0%°,

Given the remarkable extend of cell fate plasticity demonstrated by hepatic cells of ventral
pancreatic origin in my thesis work, it is tempting to speculate that these cells might be
particularly prone to dedifferentiation and subsequent proliferation in the context of liver
regeneration. Further analysis using partial hepatectomy in mice with genetically labeled liver
cells, using Pdx1-Cre and H2B-GFP transgenes, may be an experimental approach to query
whether liver cells of ventral pancreatic origin define the high regenerative potential of

hepatic tissues.

4.5 Relevance for cell-based therapies

In recent years, major efforts have been focused on developing cell-based therapies for the
treatment of DM. The overall aim of these approaches is to replace the destroyed or

dysfunctional B-cell population in the diabetic patient with in vitro generated B-cells that are

2-4,55

able to produce insulin and restore systemic glucose homeostasis . A major advance

towards the in vitro generation of [3-cells was described in 2006 by D’Amour et al.>?. The
authors employed growth factor signals similar to those governing the differentiation of
endodermal progenitors towards the pancreatic lineage in vivo, to differentiate hESCs into

pancreatic hormone-expressing endocrine cells®.

Significant improvement of this initial protocol has been achieved in recent years by adapting

each individual steps of differentiation to better recreate the current understanding of

2-4,13

pancreas and 3-cell development . Knowledge gained from developmental studies helped

to improve the reliability of the differentiation protocols and the maturity of the generated

53,260-262

B-cells . Considerable efforts are currently being focused on optimizing these

54,263,264

differentiation protocols to be used with human iPSCs . The use of patient-derived

iPSCs will eliminate ethical and immunological concerns related to the use of hESCs. However,
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the generation of iPSCs from patient-derived fibroblasts still involves transfection with
constructs encoding for pluripotency factors that may act as oncogenes®®®. Until safer
protocols for reprogramming of iPSCs are available, their therapeutic application remains

problematic due to their oncogenic potential.

An alternative approach to the therapeutic use of pluripotent stem cells is the reprogramming
of differentiated patient cells to 3-cells in vitro. The success of such reprogramming strategies
depends on the transcriptional and epigenetic similarities as well as on the developmental
relationship of the donor cell type with the cell type to be generated. Reprogramming
strategies for the generation of (-cells have been suggested and some are already under

265,266

investigation for a-cells , acinar cells*®”*%®

, and gastric entero-endocrine cells**>.

However, all these cell types have properties rendering them unsuitable for widespread
therapeutic use. For example, pancreatic and gastric cell types suggested for reprogramming
strategies are often rare and reside in tissues which are surgically difficult to access. Also,
these cell types have typically low inherent regenerative properties necessitating the need

for other sources for reprogramming strategies.

Obviously, the liver would be a much more suitable therapeutic cell source. It has a common
developmental origin with the ventral pancreas. It is surgically easily accessible and has an

inherently high potential for self-regeneration®*®

. Work by the Spagnoli laboratory has
already documented that murine hepatic cells can be successfully reprogrammed towards the
pancreatic lineage in vitro and in vivo by overexpression of the transcriptional regulator TGF-
B induced factor homeobox 2 (TGIF2)™. This study provides proof-of-concept for the
therapeutic potential of cells derived from liver biopsies of diabetic patients by
dedifferentiating them to a common hepato-pancreatic progenitor state, followed by
differentiation to (-cells. In addition, retroviral overexpression of master regulators of 3-cell
development was used to reprogram mouse liver cells towards B-like-cell in several other
studies, further supporting the idea of the liver as a source of pancreatic (-cells for

regenerative therapiesm_m.

Now, results from my thesis work may provide important new information for the refinement

of protocols for reprogramming of liver cells into pancreatic -cells. | document that a
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multipotent cellular state is maintained in ventral pancreatic cells for a significant time period
during organogenesis (Figs. 18, 37, 45-47). The observed plasticity between ventral pancreatic
and hepatic cells in vivo reinforces the idea that a conversion of hepatic cells towards the

multipotent ventral pancreatic cellular state is possible.

Also, work from colleagues in the Spagnoli laboratory and myself identified the Robo-Slit
signaling pathway as a potent gatekeeper of pancreatic identity in the ventral foregut (Figs.
48-52)"2. Thus, it is likely that manipulation of this pathway may be necessary for the
successful dedifferentiation of adult hepatic cells towards a multipotent ventral pancreatic
state. Ultimately, patient-derived hepatocytes reprogrammed towards a state similar to that
of multipotent ventral pancreatic cells may be an ideal cell population for further
differentiation to functional, mature [-cells. Further dissection of the transcriptional
regulatory networks and signaling pathways underlying the fate segregation of hepato-
pancreatic progenitors in vivo in the mouse and in vitro in human cells, will greatly enhance

the success of reprogramming approaches for regenerative therapies in diabetes.
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5. Abbreviations

AIP
A-P
approx.
arm
BAC
BMP
Brachy
BrdU
BSA
bw
cCas3
Cdx
CFP

Cl
CK19
Cre

da

DE

DM
DNA

Dox

dp

duo

ec
ect
Ecad
EDTA
EGFP
EHF

end

Anterior intestinal portal
Anterior-posterior
Approximately

Armenian

Bacterial artificial chromosome
Bone morphogenetic protein
Brachyury
Bromodeoxyuridine

Bovine serum albumin

Body weight

Cleaved caspase 3

Caudal type homeobox

Cyan fluorescent protein
Confidence interval
Cytokeratin 19

Cre recombinase

Dorsal aorta

Definitive endoderm
Diabetes mellitus
Deoxyribonucleic acid
Doxycycline

Dorso-ventral

Dorsal pancreas

Duodenum

Embryonic day

Endothelial cell

Ectoderm

E-cadherin
Ethylenediaminetetraacetic acid
Enhanced green fluorescent protein
Early headfold stage

Endoderm
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Eomes
ESC
FBS
FGF
Fl
Foxa2
GFP
H2B
Hesl
hESC
Hhex
HS

ht
ICM

IGF1
1gG
IP
iPSC

Isl1

IRES
KO

mCFP
mER
mes
MMP
nc
nGFP
Ngn3
Nkx6.1

nt

Eomesodermin
Embryonic stem cell

Fetal bovine serum
Fibroblast growth factor
Fluorescence intensity
Forkhead box A2

Green fluorescent protein
Histone 2B

Hairy and enhancer of split 1
Human embryonic stem cells
Hematopoietically-expressed homeobox protein
Horse serum

Heart

Inner cell mass
Immunofluorescence
Insulin-like growth factor 1
Immunoglobulin G
Intraperitoneal

Induced pluripotent stem cell
Islet-1

Intravenous

Internal ribosome entry site
Knockout

Liver

membrane-associated cyan fluorescent protein
Murine estrogen receptor
Mesoderm

Matrix metalloproteinase
Notochord

nuclear green fluorescent protein
Neurogenin 3

Nkx6 homeobox 1

Neural tube

Postnatal day
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pan
Pax6
PBS
PCR
Pbx1
Pdx1
PFA
pH3
PIP
PP
Prox1
PS
Ptfla
R26R
RA

rn
RNA
Robo
ROI
rtTA
RFP
SbS
Shh
Sox
spm
ss
SST
st
STM
TAM
TetO
TF
Tg
TGFB

Pancreas

Paired box protein 6

Phosphate buffered saline

Polymerase chain reaction

Pre-B-cell leukemia transcription factor 1
Pancreatic duodenal homeobox 1
Paraformaldehyde

Phospho-histone 3

Posterior intestinal portal

Pancreatic polypeptide

Prospero homeox 1

Primitive streak

Pancreas-specific transcription factor 1a
Rosa26 locus

Retinoic acid

Remnant of the node

Ribonucleic acid

Roundabout receptor
Region-of-interest

Reverse tetracycline-controlled transactivator
Red fluorescent protein
Sodium-dodecyl sulfate

Sonic hedgehog

Sex-determining region on Y box protein
Splanchnic mesoderm

Somite stage

Somatostatin

Stomach

Septum transversum mesenchyme
Tamoxifen

TetO operator sequence

Transcription factor

Transgene

Transforming growth factor

-127 -



TGIF
vig
vol

vp
WMIF
Wnt
wt
WT
YFP

TGFf induced factor homeobox 2

Ventral foregut

Volume

Ventral pancreas

Wholemount immunofluorescence staining
Wingless-related integration site family
Weight

Wildtype

Yellow fluorescent protein
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