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Populirvetenskaplig sammanfattning

Diabetes &r en folksjukdom och idag uppskattas antalet diabetessjuka till mer &n
300 miljoner och antalet dkar. Diabetes ar en grupp sjukdomar som alla har
gemensamt att sockerhalten i blodet ar for htg. Hos friska personer regleras
blodsockerhalten genom att av insulin frisatts vid hoga blodsockernivaer och
stimulerar upptag av sockermolekyler ut fran blodet till vdvnader och organ.
Insulin produceras av betaceller som finns i langerhanska 6arna som finns i
bukspottskorteln (pankreas). Om betacellerna slutar att fungera, antingen genom
att kroppens eget immunsystem forstor dom i en autoimmun reaktion eller helt
enkelt inte kan producera tillracklig mangd insulin, sa hojs blodsockernivaerna
och darmed utvecklas diabetes. Diabetes delas vanligen in i tvd undergrupper; typ
| diabetes som orsakas av att kroppens egen insulinproduktion helt eller delvis har
slutat att fungera och typ Il diabetes som orsakas av att kroppen inte klarar av att
producera tillracklig mangd insulin eller att vdvnaderna inte formar att reagera
och ta upp socker ur blodet av den méangd insulin som frisatts. Som en féljd av
sjukdomsforloppet finns det en stor risk att utveckla en rad féljdsjukdomar bla
synnedsattningar, hjart-kéarlsjukdomar. Genom att halla en sa bra
blodsockerkontroll som mdjligt kan man férsena uppkomsten av komplikationer.
Idag behandlas typ | diabetes genom dagliga insulininjektioner for att reglera
blodsockernivaerna. Typ Il diabetes behandlas antigen med insulin eller med
andra lakemedel vars funktion ar att 6ka upptaget av socker ur blodet. En
alternativ behandlingsmetod for typ | diabetespatienter ar att transplantera friska
betaceller vilket kan innebdra att patienter blir helt eller delvis oberoende av
dagliga insulininjektioner och eventuellt ocksa minskar risken att drabbas av
foljdsjukdomar. Ett genombrott i forskningen kring betacells transplantationer av
friska betaceller gjordes 2000 nar man framgangsrikt transplanterade
langerhanska oar vilket resulterade i att patienterna under en tid blev oberoende
av dagliga insulininjektioner. Dessa fynd aktualiserade transplantationer som en
behandlingsmetod for svart sjuka typ | patienter. Idag anvands Oar fran avlidna
donatorer och tillgangen pa donatormaterial técker inte det framtida behovet.
Dérfor behovs andra kéllor av insulinproducerande celler och mycket
uppmarksamhet har riktats mot humana embryonala stamceller som har férmagan
att dela sig i det oadndliga. Humana embryonala stamceller &r ospecialiserade
celltyper som under ratt forhallanden kan utmogna ett flertal manga av alla
kroppens celltyper daribland formodligen ocksa insulinproducerande betaceller.
Dessa egenskaper gor att humana embryonala stamceller kan vara en [amplig



kalla av insulinproducerande celler som dessutom kan produceras i stora
mangder. Denna strategi forutsatter dock att man lar sig att forsta hur man ska
styra cellerna sa att dom utvecklas till insulinproducerande celler. Den mest
framgangsrika strategin bedoms vara att man forsoker efterlikna dom olika stadier
av specialisering som stamceller genomgar under normal embryonal utveckling.
Stamceller odlas i medium som innehaller naringsamnen och andra nédvandiga
faktorer for deras livscykel och éverlevnad. Genom att odla cellerna under ratt
betingelser dvs genom att tillsétta ratt reagenser till cellodlingsmediet kan man
paverka och styra utmognaden av stamcellerna till mer specialiserade cell typer.
Genom att utnyttja den befintliga kunskapen om embryonal utveckling finns det
idag protokoll for att omprogrammera embryonala stamceller sa att dom
efterliknar definitivt endoderm - det embryonala groddlager som senare bildar bla
pankreas, lever, lunga och mag-tarmkanal. Ett problem &r dock att kunna visa att
enskilda celler i en blandad population verkligen representerar definitivt
endoderm och uttrycker en specifik uppsattning gener som ar unika for definitivt
endoderm. Detta kraver analysmetoder som gor det mojligt att analysera enskilda
celler i en blandad population. I den hdr avhandlingen presenteras ett arbete dar
formagan humana embryonala stamceller forst har omprogrammerats till
definitivt endoderm och sedan har enskilda celler analyserats. Detta arbete
indikerar att det finns skillnader mellan definitivt endoderm som ar genererat med
olika protokoll och som man inte tidigare har kant till eftersom man inte har haft
tillgang till tillrackligt finkansliga analysmetoder. Baserat pa dom har resultaten
kan vi belysa hur viktigt det ar att anvanda analysmetoder sa att man verkligen
kan sékerstélla likheten av dom omprogrammerade cellerna med embryonala
progenitor celler. Genetisk modifiering gor det mojligt att forsta hur gener styr
omprogrammering av humana embryonala stamceller till mer mogna celltyper
daribland insulinproducerande betaceller. | den hér avhandlingen presenteras ett
arbete som har utvarderat olika promotorers formaga att stabilt driva uttryck av
gener. Genom att lata olika promoter driva uttrycket av green fluorescent protein
(GFP) sa kan man marka in celler och darmed folja dess cellers utveckling.
Stabiliteten av dom olika promotorerna har undersokts bade i humana embryonala
stamceller och under omprogrammering till mer mogna cell typer. Detta arbete
visar att det finns vissa promotorer som driver uttryck av gener mer stabilt &n
andra och darfor ar det viktigt att vélja ratt promotor for att langsiktigt och stabilt
kunna spara celler och félja dess utveckling.



Abstract

More than 300 million people are suffering from diabetes worldwide and the
numbers of diabetic patients are increasing. Today’s treatments mainly rely on
daily insulin injections. This help people to control blood glucose levels but
still many patients suffer from the many complications associated with
diabetes. Transplantations of islet cells are an alternative treatment that could
help patients to become insulin independent and presumably also delay the
development of complications. However, the increasing number of diabetic
patients would require large amounts of transplantable insulin producing cells.
Due to the fact that islet donor material is a limiting factor for transplantations,
human embryonic stem cells (hESCs) could be an alternative source of
transplantable insulin producing cells. hESCs have the unique potential to self-
renew and to differentiate to many cell types, presumably also beta cells. In
order to generate therapeutically relevant beta cells, the scientific community
focuses on recapitulating the embryonic processes behind beta cell
development. In order to develop protocols that direct differentiation of hESCs
along the developmental program of pancreas development, cellular markers
and methods that allow the identification and isolation of cells that displays a
correct phenotype of each developmental stage are fundamental research tools.
Identification of definitive endoderm (DE) - from where pancreas originates,
requires analysis methods that can detect multiple markers within individual
cells, since many markers expressed in DE are also detected in extraembryonic
endoderm. In this thesis, we approached single cell gene expression analysis
of hESCs differentiated towards DE to provide insight about expression of a
panel of DE markers at the cellular level. Some of these markers have
conventionally been measured by gene expression analysis at the population
level and little information is available about expression at the cellular level in
differentiating hESCs. To differentiate hESCs towards DE three different
methods of activin A treatment were used. Single-cell gene expression
analysis identified distinct gene expression signatures both between the
activinA treated populations and within each population. Within the SOX17+
population, the DE markers CER1 and FOXA2 were co-expressed in the
majority cells independent of activin A treatment. By contrast, HHEX,
CXCR4, FOXA2, MIXL1 and LIM1/LHX1 were expressed to various extents
within the SOX17+ populations of each activin A treatment. These data
provides novel insight in DE gene expression at the cellular level of vitro



differentiated hESCs and illustrates the usefulness of single-cell gene
expression analysis in to identify the molecular signature of in vitro
differentiated hESCs. Thus, this technique could be of great help to develop
protocols that mimics pancreas development in vivo.

Furthermore, this thesis includes work that test the ability of RA and FGF4 alone
or in combination to direct differentiation of hESCs towards PDX1+ foregut
endoderm. The rationale for this was that both RA and FGF signaling exhibit a
patterning effect during endoderm patterning and also supports pancreas
specification. By optimizing the timing and concentration of RA and FGF4, it
was shown that RA is required to convert activin A-induced hESCs into PDX1+
cells and that part of the underlying mechanism involves FGF signaling.
Characterization of the PDX1+ cells suggests that they represent posterior foregut
endoderm not yet commited to pancreatic, posterior stomach or duodenal
endoderm.

Directed differentiation of hESCs would greatly benefit from a deeper
understanding of the molecular mechanism that regulate growth and
differentiation. To approach these questions, efficient genetic engineering
techniques are advantageous tools for controlled expression of genes or to
introduce fluorescent reporter genes. Constitutive promoters are useful tools due
to their high level of expression in most cell types. Different
eukaryotic/mammalian and viral constitutive promoters have been reported to
ensure high level and sustained activity in hESCs but a comprehensive study was
lacking. In this thesis, we performed a comparative study the activity and stability
of five commonly used promoters in undifferentiated hESCs and during
differentiation. These data suggested ACTB, EFla and PGK promoters as the
most stable promoters during long term culture of undifferentiated hESCs. During
EB differentiation, activities of all five promoters were downregulated and EFla
was the most stable promoter although it was downregulated in 50% of the cells.
Gene expression analysis of differentiated cells indicated that promoter activities
might be restricted to specific cell lineages, indicating the need to carefully select
optimal promoters for constitutive gene expression in differentiated hESCs.
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INTRODUCTION

Diabetes

In 2008, the number of diabetic patients have been estimated to 347 million people
worldwide (Danaei et al., 2011). The term diabetes refers to several types of
hyperglycemic conditions that are either caused by dysfunctional beta cells or
impaired sensitivity to the released insulin. The two main forms; type I and type 1l
diabetes are caused by an absolute or relative lack of beta cells. Type | diabetes is
an autoimmune disease where beta cells are destroyed by the immune system. This
is a lifelong symptom that requires exogenous insulin supply to control blood
glucose levels. Type Il diabetes is characterized by insulin resistance of the tissues
that should respond to the secreted insulin and thereby results in increased blood
glucose levels. This symptom is mostly connected to obesity and has previously
been observed in older people but becomes more frequently observed in young
people. The global increase in obesity is thought to be the main reason for the
emerging number of type Il diabetes patients (WHO). In addition, diabetic patients
suffer from a number of complications of diabetes that collectively affects the
heart, blood vessels, eyes and kidneys.

The most common treatment of type | diabetes is daily insulin injections that
regulate blood glucose levels but the disadvantage with this treatment is that it
does not efficiently prevent the many complications. A major progress in diabetes
treatment was made in 2000 by Shapiro et al that transplanted cadaveric donor
islets to type | patients (Shapiro et al., 2000). After the transplantation, patients
were insulin independent with good metabolic control of blood glucose levels.
Since then, an increasing number of patients have been transplanted but with time,
most of the patients became insulin dependent again Although it is not fully
understood why some patients loose the insulin independence and others remain
off insulin, the study by Shapiro et al was as proof of principle showing that islet
transplantations are an achievable goal in the search for treatments of type |
diabetes (Berney et al., 2009). However, considering the amounts of donor islets
needed to for transplantations, additional sources of insulin producing cells will be
needed to treat an increasing number of diabetic patients. In this context,
pluripotent stem cells have got a central role as an alternative source to generate
transplantable insulin producing cells. The main objective for this is that
pluripotent stem cells can be expanded in vitro in large amounts and thereby offers
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an unlimited source of cellular material. An increasing number of reports show
that insulin producing cells efficiently can be generated from pluripotent stem cells
although these cells still lacks the functional characteristics of normal healthy beta
cells. Therefore, research interests are focused on differentiating pluripotent stem
cells along the developmental program of beta cell development as illustrated in
Fig. 1.

zygote
extraembryonic tissues I
blastocyst
|

' |
trophoblasts
, ICM
primitive endoderm |
I epiblast

parietal visceral | |
endoderm endoderm(VE) mesoderm ectoderm
endoderm (DE)
| | |
foregut midgut hindgut
thyroid |ung liver pancreas small large
esophagus stomach intestine intestine

I l | I

endocrine exocrine acinar ductal

| | | I

alpha beta somatostatin pp

Figure 1. Schematic picture of progenitor stages during betacell development in
vivo. Differentiation of pluripotent stem cells towards insulin producing beta
cells intends to direct cells to the different progenitor stages of betacell
development.
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Developmental biology of the pancreas

Anatomy and function of the pancreas

The pancreas has dual functions, both in regulating blood glucose levels and to
secret digestive enzymes. The exocrine part of the organs consists of acinar and
ductal cells. These cells produce digestive enzymes that are transported to the gut
and promote nutrient absorption. The endocrine portion of the pancreas is
aggregated in spheroidal cell clusters, the islets of Langerhans that secrete
hormones to the blood stream and function in regulating glucose homeostasis. The
endocrine portion of the mature organ occupies 1-2% of the organ and is dispersed
within the exocrine tissue (Fig. 2). The islets of Langerhans are mainly made up of
four principal cell types that each one of them has individual functions in
regulating in glucose homeostasis; glucagon producing alpha cells, insulin
producing beta cells, somatostatin producing delta cells and pancreatic polypeptide
producing PP cells. Regulation of blood glucose levels is controlled by insulin that
is released into the blood when blood sugar levels increase ie after food intake.
The secreted insulin stimulates other cells like blood cells, muscle cells and fat
cells to take up glucose from the blood and use it as an energy source. Thereby,
blood glucose levels goes down to normal levels and insulin is no longer secreted.
By contrast, low blood glucose levels stimulate the secretion of glucagon that
activates gluconeogenesis and thereby blood glucose levels increases. In this way,
insulin and glucagon cooperates to maintain normal glucose levels in the blood.
The somatostatin and PP hormones have an inhibitory function on endocrine
secretion and exocrine secretion, respectively. Another pancreatic cell type is
epsilon cells that constitute approximately 1% of islets. These cells produce the
hormone grehlin that is involved in metabolic regulation and energy balance
(Wierup et al., 2002)

Early embryogenesis

During mammalian development, the fertilized egg undergoes a set of cell
divisions or cleavages. The very first event of differentiation towards specialized
cell types starts in the 16-cell morula where a group of internal cells are
surrounded by an outer cell layer. This outer layer will become trophoblasts that
will not give rise to any embryonic structures but forms the embryonic parts of the
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placenta that are involved in implantation to the uterus and in oxygen and nutrient
exchange. The inner cell layer of the morula will develop into the inner cell mass
(ICM). These cells are pluripotent meaning that they have the potential to give rise
to any cell type in the body. The ICM express a gene regulatory network that
includes Oct4, Nanog and STAT that regulates pluripotency of the ICM. The ICM
can be isolated from the embryo and cultured in vitro under conditions that remain
expression of Oct4, Nanog and STAT. Under these conditions, these cells are
proliferative and can be derived and expanded as embryonic stem (ES) cells.
Derivation of ES cells is further described in section Human embryonic stem cells.
The ICM will be separated into two cell layers; the primitive endoderm (PE) that
forms extraembryonic parts of the embryo and the epiblast cell layer that give rise
to all the cells of the embryo.

A

- _~bile duct

pycreas
drct
C’ Q? & Cjkacini

Figure 2.A Schematic picture illustrating the anatomy of the adult pancreatic
organ. B. Endocrine cells are organized into islets that are embedded into the
exocrine tissue. Fig 2B is printed Withlgermission from Bardeesy, N. and
DePinho, R. A, Nature Reviews Cancer 2, 897-909 December 2002.



Gastrulation

PS formation

Before the implantation stage, that in mice occurs at embryonic day 4 (E 4.0),
precursors from the ICM migrates away and forms the PE (Fig. 3). At E5.0 PE is
specified into parietal endoderm and visceral endoderm (VE). The VE does not
contribute to any embryonic tissues but will later on play an important role in A-P
positioning of the putative definitive endoderm. The ICM develops into epiblast
cells that expand and in the mouse embryo forms a cylinder shaped structure. The
VE region is also expanded and will cover the outer surface of the embryo (Fig. 3).
At this time, VE is specified into anterior visceral endoderm (AVE). In addition,
the primitive streak (PS) is positioned at this time. The site of PS formation
defines the future posterior pole of the embryo and correct placement of PS is
controlled by the newly established AVE. In mammals, PS appears to be
responsible for establishment of all parts of the embryo while AVE and the PS
work together to regulate formation of anterior structures.

Formation of the PS is the onset of gastrulation - a series of cell movements and
morphogenetic events that forms the germ layers (definitive endoderm (DE),
mesoderm and ectoderm) that later on give rise to all cell types of the body.
Gastrulation also involves positioning of the body axis plan and allocation of cell
lineages according the anterior-posterior, dorsal-ventral and left-right axis. The
first sign of gastrulation starts when epiblast cells undergo epithelial-mesenchymal
transitions (EMT) and start to migrate through the PS. Depending on the timing of
PS migration epiblast cells will differentiate to various types of endodermal or
mesodermal progenitors. Cells that first exit the epiblast migrate towards the
anterior side of the embryo and gives rise to anterior definitive endoderm (ADE)
and axial mesoderm (Lawson and Pedersen, 1987). Cells that exit the PS later
contributes to more posterior endoderm, extrembryonic mesoderm, lateral plate
mesoderm and paraxial mesoderm. Remaining epiblast cells that do not migrate
through the PS will contribute to the ectodermal derived cell types (Fig.4).
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Figure 3 Early development in mouse

A. E4.0 Implanting blastocyst. Precursors of the primitive endoderm migrate away
from the ICM. B. E5.0-5.5 Proliferation of the epiblast which derives from the ICM.
Primitive endoderm gives rise to visceral endoderm (VE) and parietal endoderm.
Thickening of distal visceral endoderm (DVE). Cavitation and epithelial
morphogenesis of epiblast begins. C. E6-0-6.5 DVE moves towards the anterior and
is specified into AVE that marks the anterior side of the embryo. Positioning of the
PS marks the posterior side of the embryo. Parietal endoderm and other
extraembryonic structures are not showed in fig 3C. Fig 3B-C are modified from
Tam and Loebel, Nature Reviews Genetics 8, 368-381, May 2007.

Patterning along the anterior-posterior axis

As germ layers are formed during PS migration they becomes patterned to get
anterior or posterior identities. In the pregastrula embryo, Nodal signaling pathway
induces formation of DE and mesoderm and also regulates A-P patterning of the
endoderm. Nodal is initially expressed around the proximal epiblast and activates
DE and anterior mesendoderm genes. As the AVE migrates towards the anterior, it
expresses the Nodal antagonists Cerberus like Cerl and Lefty that restricts Nodal
expression to the posterior epiblast where expression of posterior genes is
activated. In this way, Nodal is regulated by an autoregulatory loop where Nodal
originally is expressed in the epiblast and induce ADE formation. Nodal activity is
inhibited in the AVE region by the antagonists Cerl and Leftyland becomes
restricted to the posterior epiblast where mesoderm and posterior endoderm is
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induced. Studies in zebrafish, Xenopus and mouse suggest that the levels of Nodal
signaling might play a role in segregating DE and mesoderm. A model proposing
that high levels of Nodal promote ADE while lower levels promote mesoderm has
been suggested. The basis for this is that DE cells develops close to the source of
Nodal and requires a sustained period of Nodal activity to be induced. The newly
formed DE migrates towards the anterior. This is a coordinated event where AVE
moves towards the anterior, reaches the extraembryonic endoderm and is displaced
by ADE exiting the PS. At the time of AVE movement a set of genes that
regulates A-P patterning of the epiblast or the endoderm is expressed from the
AVE. The orthodenticle homeobox 2 Otx2 regulates expression of Leftyl and is
thereby required for posterior restriction of the epiblast (Perea-Gomez et al., 2001).
A model have been proposed where the FOXAZ2 fork-head family (also called
Hnf3b) and LIM domain containing gene Lhx1 in the AVE has a role in restricting
PS formation to the posterior side (Perea-Gomez et al., 1999). The homeobox gene
Hex is one of the earliest markers that regulated anterior identity and is expressed
both in AVE and ADE during gastrulation stages.

The anterior endoderm (AVE+ADE) is also suggested to play a role in the A-P
positioning of ectodermal derivatives. A gene regulatory network that involves
Cerl, Otx2 and Hex among others is expressed in the AVE and is suggested to
induce anterior neural structures and head formation (Shawlot et al., 1998;
Shawlot et al., 1999).

Definitive endoderm formation

During PS migration, epiblast cells that are exposed to Nodal signaling that
activates a number of conserved transcription factors that commits epiblast cells
towards an endoderm fate and induce anterior movement of the newly formed
definitive endoderm.

The MixI-like homeobox protein 1 MixI1 is expressed in the anterior region of the

PS and knock-out studies in mice have shown that MixI1 is required for the

morphogenetic events associated with movement during gastrulation and also

patterning of the epiblast (Hart et al., 2002). Additionally, absence of MixI1 causes

endoderm cells to remain stationary during gastrulation and results in less

recruitment of cells to the gut endoderm and (Tam et al., 2007). Collectively, these
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results show that MixI1 is involved in anterior expansion of DE and recruitment to
the gut endoderm.

The Sry box gene Sox17 is a downstream target of MixI1 and Sox17 knock-out
mice becomes depleted in gut endoderm (Kanai-Azuma et al., 2002). More
specifically, this study showed that in the absence of Sox17, foregut endoderm
developed normally until the neural plate stage (~E7.75) but thereafter the DE
population was depleted. At the headfold stage (~E8.0) midgut and hindgut
regions of the Sox17 mutant endoderm was also reduced and failed to expand. In
addition, chimeric studies showed that endoderm cells absent of Sox17 could not
colonize the foregut and the midgut/hindgut failed to develop. Taken together, this
paper suggested that Sox17 acts as maintenance factor in the foregut endoderm and
more like a differentiation factor in the rest of the endoderm. At E8.5 and onward,
Sox17 mutants normally expressed markers of early liver development but the
early pancreatic marker pancreatic and duodenal homeobox 1 Pdx1 was not
detected in the gut epithelium, suggesting that Sox17 activity may be essential for
pancreas development but not for liver and thyroid.

Hnf3b regulates endoderm formation in the early stages of PS formation. If Hnf3b
is absent the PS does not elongate epiblast cells accumulate in the PS (Ang and
Rossant, 1994; Dufort et al., 1998). In Hnf3b homozygous mutants lacks both the
node and the notochord and thereby endoderm and neural tube formation is
severely affected. Moreover, morphogenesis of the gut endoderm is disturbed and
most frequent in the anterior regions leading to that foregut and midgut endoderm
is not formed but hindgut endoderm is still specified.

Mice lacking Hex are deficient of DE (Martinez Barbera et al., 2000). Hex is also
required for normal development of the foregut derived organs liver and thyroid
development. In addition, Hex is required for normal forebrain development
implicating that Hex plays a broader role in maintaining anterior identity.

Lhx1 is not required for endoderm formation per se but Lhx1 mutant embryos
exhibit a much smaller domain of anterior gut endoderm while posterior endoderm
develops normally (Shawlot et al., 1999). This appears not to be a result of a
reduced potency of the epiblast cells to form endoderm but rather by an inadequate
allocation of endoderm cells to the anterior region of the gut endoderm. By that,
Lhx1 controls foregut endoderm formation by allocating DE cells to the foregut.
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Molecular markers that defines anterior definitive endoderm

In the attempts of recapitulating embryonic development during DE differentiation
of hESCs, a panel of markers needs to be used that collectively illustrates
differentiation towards DE of anterior identity, the cell population from which
foregut endoderm and later on pancreatic endoderm is formed. There is ho marker
described that is exclusive expressed in definitive endoderm localized at the
anterior PS (ADE). Therefore, a panel of markers could be used to pinpoint ADE
according the timing of expression and also the combinatorial expression pattern.
In addition, many of the genes that are expressed in DE and important for DE
formation are also expressed in VE and in other germ layers and therefore a
combination of markers are needed to exclude differentiation to VE.

Brachyuru T can be used as a PS marker since it is primarily expressed in PS and
in the early mesoderm but is not detected in later endoderm and mesoderm
development (Beddington et al., 1992). T is expressed in the posterior epiblast and
in combination with FGF ligands promote mesoderm formation and repress
endoderm formation (Barrow et al., 2007; Rivera-Pérez and Magnuson, 2005).
Mesoderm posterior 1 MesP1 is specifically expressed in mesoderm but not in
endoderm and is required for departure of mesodermal cells from the PS and
differentiation of cardiac progenitors (Saga et al., 1996; Saga et al., 1999). This
expression pattern suggests MesP1 as a marker for mesoderm formation.

In the pre/early-streak embryo, Sox17 is expressed in the VE but at mid-streak
stages, Sox17 is no longer detected in VE but is instead expressed in the endoderm
at the anterior end of the PS, at the site for recruitment of DE. As the DE moves
towards the anterior, Sox17 expression also expands more towards the anterior and
remains specifically expressed in DE at this time. This is in contrast to other
endoderm markers such as Hnf3b and Hex that are expressed in VE and DE in
parallel. In the gut tube, Sox17 expression becomes regionalized to the mid- and
hindgut while expression in the foregut is reduced. Cer1 is one of the earliest
genes expressed in endoderm and is detected in both VE and DE at the early
gastrula stages but is specifically expressed in the anterior endoderm (Belo et al.,
1997; Shawlot et al., 1998). Later on Cerl expression expands in the anterior
lateral portion of the embryo and is detected in the early foregut around E8.0 but
expression decreases thereafter.
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Hex is expressed in the first anterior DE cells emerging from the PS and remains
to be expressed in the ventral foregut endoderm (Thomas et al., 1998) This region
is later specified into liver but also into ventral pancreas (Deutsch et al., 2001).

The Sry box gene Sox7 shows an overlapping expressing pattern with Sox17 in the
extraembryonic endoderm at the gastrula stage but is not detected in the DE or in
the embryonic gut tube and could thus be used as a negative marker for DE
(Kanai-Azuma et al., 2002).

In the early gastrula, Otx2 is widely expressed in the epiblast but at the
midgastrula stages becomes restricted to the entire anterior part where it is
detected in all embryonic germ layers. After gastrulation, Otx2 is expressed in
forebrain structures (Ang et al., 1994).Thus, Otx2 is not an exclusive ADE marker
but nevertheless, it is an important marker that is needed to displace the AVE with
ADE (Perea-Gomez et al., 2001)

Patterning of gut endoderm

The initial steps of regionalization of the DE along the A-P axis takes place during
PS stages in the way that timing of PS migration and exit regulates the final
destination of DE cells along the A-P axis. In the late gastrula, DE will form the
primitive gut tube (Tremblay and Zaret, 2005). Morphogenesis of gut endoderm
begins when the epithelial sheet fold over the anterior and posterior ends forming
foregut and hindgut pockets (Fig.4). Endoderm cells that exit the PS first will form
the foregut and cells that exit later will form posterior gut regions (Lawson and
Pedersen, 1987; Lewis and Tam, 2006). At this time, the embryonic gut tube is
specified along the A-P axis into foregut, midgut and hindgut regions before the
morphogenesis and budding of gut endoderm derived organs begins. The anterior
portion is specified into foregut endoderm. This region is characterized by
expression of transcription factors such as NK homobox 1 Nkx2.1, transcription
termination factor Ttf, Hex, SRY-box Sox2 and Hnf3b and will later on expand and
develop into a thyroid, lung, esophagus, liver and ventral pancreas (Grapin-Botton
and Melton, 2000). The foregut/midgut boundary expresses Pdx1 and will later on
give rise duodenum and dorsal pancreas. More posterior of the regions, caudal
type homeobox Cdx transcription factors are expressed and these posterior most
regions of the gut endoderm are specified into small and large intestines.
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A. Epiblast cells are positioned along the A-P axis and migrate through the PS to
form the three germ layers endoderm, mesoderm and ectoderm. B. Gut tube
formation around E8.25. The gut endoderm is specified into foregut, midgut and
hindgut regions that are defined based expression of specific transcription factors.
Green indicates foregut, midgut and hindgut endoderm. Fig 3A is modified from
Zorn and Wells Annu Rev Cell Dev Biol 2009 and fig 3B is modified from Grapin-
Botton Trends in Genetics 2000

Signaling pathways in endoderm patterning

After gastrulation the endoderm receives signals from the surrounding mesoderm
that patterns the gut endoderm along the A-P axis and defines the presumptive
organ domains. These patterning processes involves a number of signaling
pathways like BMP, Wnt, FGF and RA signaling that collectively induce specific
expression patterns of transcription factors of each organ domain. Interactions
between cardiac mesoderm and the foregut play an essential role in morphogenesis
of foregut endoderm where different levels of FGF2 signaling modulate lineage
specification of the foregut endoderm (Tremblay and Zaret, 2005).

Retinoic acid signaling

A role for retinoic acid signaling (RA) in patterning of posterior foregut has been
suggested from zebrafish studies (Stafford and Prince 2002). The background to
24



this is that RA is suggested as the mesodermal signal necessary for Pdx1
expression in the posterior foregut. This was shown in RA deficient zebrafishes
that did not induce Pdx1 expression and lacked pancreas. This mechanism might
be conserved in mammals since mouse endoderm is also exposed to RA signaling
from the surrounding mesoderm. However, in mice deficient for RA synthesis
enzyme Raldh2, Pdx1 expression is absent in the dorsal endoderm but is detected
in the ventral endoderm. Accordingly, ventral pancreas and liver develops
normally but dorsal pancreas is not correctly specified. (Duester, 2008; Molotkov
et al., 2005).

FGF signaling

Among the FGF family, FGF4 has a role in patterning the endoderm. FGF4 acts in
a concentration dependent manner establishing gene expression boundaries
between foregut, midgut and hindgut (Dessimoz et al., 2006). High levels induce
more posterior fates (Pdx1 and CdxA) and represses anterior fates (Hex and Nkx2.1)
while lower levels opposes these results. The function of FGF4 in establishing
gene expression boundaries in the gut endoderm is active up to early somite stages
but in later endoderm development, FGF signaling loses its function to repress
anterior endoderm patterning. After establishment of the pancreatic domains, FGF
is expressed in the pancreatic mesenchyme and provide instructive signals to the
dorsal and ventral pancreatic buds respectively. FGF1, 7 and 10 are expressed in
the mesenchyme and induce proliferation of pancreatic epithelium at the expense
of differentiation. FGF7 and 10 has also been implicated to promote proliferation
of pancreatic epithelial cells in humans (Ye et al., 2005). However, during ventral
bud formation FGF signaling from the cardiac mesoderm blocks the pancreatic
program. This illustrates the precisely requirement of proper timing and spatial
expression of FGF’s in induction of either the pancreatic or hepatic programs.

Notch signaling

The Notch pathway is involved in regulating pancreatic cell differentiation.
Inhibition of Notch signaling results in accelerated endocrine differentiation
(Apelqvist et al., 1999). This has been shown in mice in which Notch signaling
was impaired at the ligand level (Delta) and at intracellular mediator levels (RBP-
Jk). In contrast, active Notch signaling inhibits endocrine differentiation indicating
that Notch signaling regulates endocrine versus progenitor fates. Endocrine
differentiation is mediated by the HES1 that is activated by Notch signaling and
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that subsequently blocks transcription of the proendocrine gene ngn3 (Lee et al
2001).

Wnt/beta-catenin signaling

The gut endoderm is also specified by Wnt/beta-catenin signaling in the way that
repression of beta-catenin in the foregut maintains a foregut identity and induce
liver and pancreas fates. In the posterior gut, active mesodermal Wnt/beta-catning
signaling is required to inhibit the liver and pancreatic fates. Beta-catenin appears
to act in part by repressing Hex expression that is one if the earliest markers
expressed in foregut endoderm that has not become specified to organ specific
domains (McLin et al., 2007). Beyond endoderm patterning, multiple studies have
shown that pancreas development is affected by changes in Wnt/beta-catenin
signaling but the diverse results obtained in these studies illustrate the complexity
of Wnt signaling. Thus, further studies are needed to dissect the temporal and
spatial influence of Wnt signaling in pancreas development.

Ventral pancreas

The pancreas is an example of an organ that is developed from two distinct foregut
domains that eventua