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Summary and Zusammenfassung

0.1 Summary

During mammalian embryogenesis, gastrulation is a fundamental process that generates the

three primary germ layers ectoderm, mesoderm, and endoderm. In this study, the establish-

ment of the mesodermal lineage was analyzed on a transcriptome-level. For this purpose, an

embryonic stem cell (ESC) line was generated with expression of a mCherry reporter under

the control of the Brachyury (T) promoter. T is a T-box transcription factor and its expression

marks all cells that are fated to become mesoderm. mCherry codes for a red fluorescent pro-

tein, allowing distinct isolation of mesodermal cell populations via fluorescence-activated cell

sorting. By differentiating these reporter ESCs with recombinant Bmp4 in vitro, progressive

steps during the development of the mesodermal germ layer could be identified, passing from

an epiblast- to mesendodermal-like state before lateral mesoderm was formed. Concomitant

with the generation of mesendodermal cells, temporal expression of genes involved in cell

migration, proliferation, as well as genes contributing to the biosynthesis of cholesterol and

lipids was detected. During the in vitro differentiation timecourse, an upregulation of Bmp1 and

Bmp7 transcripts was identified, while Fgf5 and Fgf8 displayed a dynamic expression profile.

These growth factors activate signaling pathways that are known to be important for mesoderm

formation. Furthermore, transcriptional changes of these ligands were shown to be paralled by

histone modifications. Together these findings revealed that Bmp4-driven ESC differentiation

in vitro activates a complex signaling network to induce cellular and molecular events that

direct development towards the generation of lateral mesoderm.

In addition to dissecting consecutive differentiation steps during specification of the meso-

dermal germ layer, mesoderm formation under conditions of reduced T were also elucidated.

The T-mCherry reporter ESCs were genetically engineered to contain a doxycycline inducible
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T RNA interference system. Murine embryos homozygous null for T display severe malfor-

mations along the posterior axis, due to defects in mesoderm formation and die at 11 days

post coitum. When T knockdown is induced throughout murine development, ESC-derived

embryos phenocopied the T loss of function phenotype. Induction of T knockdown during

Bmp4 differentiation in vitro allowed the molecular dissection of T function during mesoderm

development. In particular, genes involved in cardiac mesoderm and hematopoetic development

were shown to be affected. In the presence of T, specification towards the cardiac lineage ap-

pears to be favored, while in the absence of T, specification into the hematopoetic lineage seems

to be initiated. Genes associated with vasculogenesis were transcribed in both populations.

Furthermore, investigation of important developmental signaling pathways unveiled that Bmp7

is slightly upregulated in the T knockdown population, while Fgf5 mRNA levels are lower than

in wildtype counterparts. In the presence of T, actins and epithelial-to-mesenchymal transition

genes displayed increased transcription over the in vitro differentiation course, while in the

absence of T, expression of these genes could not be detected. Jointly, this analysis suggests

that T is necessary for actin dynamics and adaption of mesenchymal cell traits.

0.2 Zusammenfassung

Gastrulation ist ein fundamentaler Prozess während der Embryogenese von Säugetieren, der

die drei primären Keimblätter Ektoderm, Mesoderm und Endoderm generiert. In dieser Arbeit

wurde die Bildung von Mesoderm auf Ebene des Transkriptoms analysiert. Hierfür wurde eine

embryonale Stammzelllinie hergestellt, die über Regulation des Brachyury (T) Promoters einen

mCherry Reporter exprimiert. T ist ein Transkriptionsfaktor der T-box Familie und Expression

von T markiert mesodermale Zellen. mCherry kodiert für ein rot fluoreszierendes Protein;

hiermit wird die Isolierung von mesodermalen Zellen über Durchflusszytometrie ermöglicht.

Durch die in vitro Differenzierung dieser Stammzelllinie mit rekombinantem Bmp4 konnten

konsekutive Entwicklungsschritte während der Entstehung des mesodermalen Keimblattes

identifiziert werden: zunächst nehmen die Zellen ein Epiblast- zu Mesendoderm-ähnlichen

Stadium an, bevor laterales Mesoderm gebildet wurde. Parallel zur Entstehung der mesendo-

dermalen Zellen konnte eine Phase während der Differenzierung beobachtet werden, in der

Gene aktiviert wurden, die charakteristisch für Migration, Proliferation und Biosynthese von

Cholesterol und Lipiden sind. Im Lauf der in vitro Kultur konnte eine Zunahme von Bmp1
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and Bmp7 Transkripten identifiziert werden, während Fgf5 und Fgf8 ein dynamisches Ex-

pressionsprofil aufwiesen. Diese Wachstumsfaktoren aktivieren Signalwege, die essentiell

für die Mesodermbildung sind. Darüber hinaus konnte gezeigt werden, dass Veränderung in

der Expression dieser Liganden von spezifischen epigenetischen Modifizierungen begleitet

werden. Zusammenfassend haben diese Daten ergeben, dass die Differenzierung von embry-

onalen Stammzellen mit Bmp4 in vitro ein komplexes Signalnetzwerk aktiviert, das zelluläre

und molekulare Prozesse induziert, die die Entwicklung der Zellen in Richtung des lateralen

Mesoderms lenken.

Zusätzlich zur Analyse von fortlaufenden Differenzierungsstadien des mesodermalen Ke-

imblatts, wurde die Mesodermbildung bei reduzierter Expression von T untersucht. Die

T-mCherry Reporter Stammzelllinie wurde genetisch derart modifiziert, dass sie ein Doxyzyk-

lin induzierbares, miRNA basiertes “knockdown” System gegen das T-Transkript beinhaltet.

Mausembryonen, die Mutationen im T Lokus aufweisen, zeigen aufgrund von Defekten in

der Mesodermentstehung schwerwiegende Missbildungen entlang der posterioren Achse und

sterben bereits am elften Tag der Embyonalentwicklung. Mausembryonen, die aus den T

“knockdown” Stammzellen generiert wurden, zeigen diesen T Funktionsverlust-Phänotyp,

wenn durchgehend die Expression der T-miRNA induziert wurde. Die Aktivierung des T

“knockdown” während der in vitro Differenzierung mit Bmp4, ermöglichte eine molekulare

Analyse über die Funktion von T während der Mesodermbildung. Hiermit konnte gezeigt

werden, dass insbesondere Gene dereguliert waren, die an der Entstehung von Herz- und hä-

matopoetischem Mesoderm beteiligt sind. In der Anwesenheit von T, spezifizierten die Zellen

bevorzugt in Herzzellen, während in der Abwesenheit von T eine hämatopoetische Entwick-

lung initiiert wurde. Transkription von Genen, die mit der Bildung von Blutgefäßen assoziiert

sind, wurden in beiden Zellpopulationen gefunden. Desweiteren hat eine Untersuchung von

wichtigen entwicklungsspezifischen Signalwegen ergeben, dass Bmp7 in den T “knockdown”

Zellen leicht hochreguliert ist, wohingegen die Expression of Fgf5 mRNA geringer war als

in den normal differenzierten Zellen. Eine erhöhte Expression von Aktinen und Genen der

epithelial-zu-mesenchymalen Transition wurde gezeigt, wenn T während der in vitro Dif-

ferenzierung exprimiert wurde. Im Gegensatz dazu konnte eine Expression dieser Gene nicht

detektiert werden, wenn T “knockdown” induziert wurde. Zusammengefasst legt diese Analyse

nahe, dass T für die Dynamik von Aktin Molekülen und für die Adaption von mesenchymalen

Zellmerkmalen notwendig ist.
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Abbreviations and Symbols

aa aminoacid

BAC bacterial artificial chromosome

bp base pair

Bmp bone morphogenic protein

Bq becquerel

BSA bovine serum albumin

°C degree Celsius

cDNA complementary DNA

ChIP chromatin immunoprecipitation

Ci curie

cpm counts per minute

DET(s) differentially expressed transcript(s)

dH2O destilled water

DMEM dulbecco’s modified eagle’s medium

DMSO dimethylsulfoxide

DNA desoxyribonucleic acid

Dox doxycycline

dpc days post conception

DTT dithiothreitol

EB embryoid body

E.coli Escherichia coli

EDTA ethylene diamine tetraacetate

EMT epithelial-to-mesenchymal transition

ESC(s) embryonic stem cell(s)

EtOH ethanol
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FBS fetal bovine serum

Fgf fibroblast growth factor

FRT flp recominase target site

fwd forward

g gramm

h hour(s)

hygro hygromycin

H3K4me3 histone 3 lysine 4 trimethylation

H3K27me3 histone 3 lysine 27 trimethylation

l liter(s)

LIF murine leukemia inhibitory factor

LS low salt

kb kilobase

µF microfarad

µg microgramm

µl microliter

µM micromolar

M molar

max maximum

min minute(s)

miRNA micro RNA

ml milliliter

mRNA messenger RNA

NF non-fluorescent

nm nanometer

OD optical density

ORF open reading frame

PBS phosphate buffered saline

PCR polymerase chain reaction

RNA ribonucleic acid

RNAi RNA interference

rev reverse

RF red fluorescent
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rpm rounds per minute

RT-PCR reverse transcriptase-polymerase chain reaction

SDS natriumdodecylsulfate

sec seconds

seq sequencing

SFM serum free medium

shRNA short hairpin RNA

SSC saline sodium citrate

T brachyury

Tgfß transforming growth factor beta

T-KD T knockdown

TSS transcriptional start site

u unit(s)

UV ultraviolet

V volt(s)

WISH whole mount in situ hybridisation

Wnt wingless related MMTV

WT wildtype
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Chapter 1

Introduction

Fertilization of an oocyte produces a single zygote that generates a complex three dimensional

organism. Nearly every cell of an organism comprises the same genome. The gene informa-

tion contained in the genome is the basis for all existing cell lineages and only distinct gene

regulation establishes the broad diversity of cell types. Throughout mammalian development,

gene expression is spatially and temporally coordinated to ensure proper cell fate specification

and maturation. This coordination is provided, in part, by transcription factors, which are

essential regulators of gene expression. Transcription factors bind to regulatory elements of

target genes to directly modulate their activity. To date, many classes of transcription factors

have been identified, and among these, T-box transcription factors have been shown to impact

early differentiation processes in vertebrate development. The founding and most prominent

member of the T-box transcription factor family is Brachyury (T). The importance of T is

demonstrated by conservation of the protein across species and one of its main roles is thought

to be formation of mesoderm.

The current study dissects the specification of cells into mesoderm on a transcriptome-level,

discriminating between normal and T-reduced development. To understand the significance of

T in mesoderm formation, the following introduction will describe developmental processes

that occur during mesoderm progression, focusing on fundamental signaling events. In addi-

tion, a general introduction into early mammalian embryogenesis and methods generating cell

lineages ex vivo will be given.

1
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1.1 Embryonic development

1.1.1 Zygote to implantation embryo

After initial fertilization, a newly formed zygote undergoes several rounds of cell divisions to

give rise to the morula. Additional cell divisions, in conjunction with molecular and morpholog-

ical transformations form, around 3.5days post coitum (dpc), an embryo structure known as the

blastocyst. At this developmental stage, the first signs of lineage specification become apparent

through the separation of a pluripotent inner cell mass (ICM) from an outer trophectodermal cell

layer. The trophectoderm will generate extraembryonic tissues, including the placenta, whereas

the ICM gives rise to the embryo proper. The ICM expresses the key pluripotency factors Pou5f1

(also known as Oct4), Sox2, Nanog and Sall4 to maintain an undifferentiated, pluripotent state

[Nichols et al. 1998, Avilion et al. 2003, Hart et al. 2004, Warren et al. 2007]. In the absence

of Pou5f1, the pluripotent ICM cells revert to the trophectodermal lineage [Nichols et al. 1998].

Similarly if Sox2, Nanog or Sall4 expression levels are reduced, ICM cells cannot maintain

pluripotency and differentiate. At the late blastocyst stage (4.5dpc), the primitive endoderm

(PE), which generates the visceral and parietal endoderm, develops from the outermost layer of

the ICM (Figure 1.1, A). Around 5.0dpc the blastocyst implants into the uterus. The trophecto-

derm mediates the connection to the uterus and expands to eventually form the extraembryonic

ectoderm and the ectoplacental cone.

Blastocoele

Trophectoderm

Epiblast 

Primitve Endoderm

Distal Visceral Endoderm

Late Blastocyst

4.5dpc

Prestreak

5.5dpc
A B

Figure 1.1: The preimplantation and early postimplantation murine embryo
Schematic representation of distinct developmental stages in early murine embryogenesis. A: At 4.5dpc, the
preimplantation embryo consists of a pluripotent ICM, covered by a layer of primitive endoderm, together being
enclosed in the trophectoderm. B: The prestreak embryo is implanted into the uterus. Central pluripotent epiblast
cells are subjected to cavitation to form a columnar epithelium. At this embryonic stage, the epibast is outlined by
a layer of visceral endoderm. In the distal end of the viseral endoderm, a signaling center is generated, known as
the distal visceral endoderm.
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1.1.2 Early postimplantation embryo

Shortly after implantation, the ICM undergoes additional rounds of proliferation to generate

pluripotent epiblast cells. These epiblast cells are functionally and molecularly distinct from

ICM cells [Kaji et al. 2007, Kurimoto et al. 2006]. Both lineages, ICM cells and epiblast cells

exhibit pluripotent properties, however ICM cells have been proposed to define naive pluripo-

tency, whereas epiblast cells have been constituted as primed pluripotency [Nichols and Smith

2009]. Different from ICM cells, epiblast cells have been characterized by the expression of

Fgf5 and Otx2 [Hébert et al. 1991, Ang et al. 1994]. Functional inactivation of Otx2 results in

severe developmental defects at epiblast stage, leading to early embryonic lethality [Ang et al.

1996].

At 5.5dpc, the innermost epiblast cells undergo apoptosis to form a cavity, while the remaining

cells build a cup shaped structure (Figure 1.1, B). At the same time, the distal visceral endoderm

(DVE) is formed at the distal tip of the visceral endoderm. As development proceeds, the DVE

localizes anteriorly to operate as the anterior visceral endoderm (AVE). Signals arising from

the AVE are fundamental for the establishment of the anterior-posterior axis within the epiblast

[Ding et al. 1998].

1.1.3 Gastrulation

Gastrulation is a crucial event that specifies the three germ layers of a mammalian embryo,

ectoderm, mesoderm, and endoderm [Tam and Behringer 1997]. Proliferation and differenti-

ation events transform these primary lineages into tissues of the adult body. Mesoderm and

endoderm most notably develop into muscles, bones, and internal organs, respectively, while

the ectoderm gives rise to epidermis and cells of the nervous system [reviewed in Murry and

Keller 2008].

The onset of gastrulation is characterized by the establishment of a transient structure, the

primitive streak (PS). Around 6.25dpc, PS formation is initiated at the posterior pole of the

epiblast that will later develop into the posterior end of the embryo. Soon after, pluripotent

epiblast cells undergo an epithelial-to-mesenchymal transition (EMT), and subsequently mi-

grate through the PS. The cells intercalate between the epiblast and the neighboring visceral

endoderm to form mesendoderm, the progenitors of mesoderm and endoderm (Figure 1.2, A

and B). Ectoderm is formed by a cell population that does not move through the PS. These cells

are located in the most anterior region of the epiblast [Keller 2005]. As gastrulation proceeds,
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additional cells enter from the epiblast, resulting in PS extension towards the distal end of

the embryo. At 6.75dpc, a significant signaling center, known as the node, is formed at the

anterior border of the PS [Weng and Stemple 2003]. Additional lineage mapping experiments

and detailed molecular analysis revealed that the PS can be further sectioned into posterior-,

mid-, and anterior PS regions with different developmental potentials (Figure 1.2, C) [reviewed

in Murry and Keller 2008]. The first mobilized epiblast cells have been reported to transverse

the posterior PS to generate extraembryonic mesoderm that forms the allantois and amnion

as well as the hematopoeitic, endothelial and vascular smooth muscle cells of the yolk sac

[Kinder et al. 1999]. Lateral, intermediate, and paraxial mesoderm were shown to develop from

epiblast cells that enter the mid PS, giving rise to heart, kidney, vertebrae, cartilage, muscle,

and dorsal dermis. Cells migrating through more anterior parts of the PS have been identified

to differentiate into axial mesoderm, generating the notochord and the node, whereas cells of

the most anterior PS establish definitive endoderm, the progenitors of lung, liver, pancreas and

intestine. Definitive endoderm has been reported to be defined by the transcription of distinct

genes, including Sox17 and Tmprss2 [Kanai-Azuma et al. 2002, Moore-Scott et al. 2007].

Embryos homozygous for a targeted null mutation of Sox17 are deficient of gut endoderm and

die around embryonic day 10.5dpc [Kanai-Azuma et al. 2002].

Visceral Endoderm

Mesoderm

Epiblast

Primitive Streak / Node

Pr

D

A           P

6.5dpc 

7.5dpc

A B Extraembryonic Mesoderm

Lateral

Intermediate Mesoderm

Paraxial

Axial Mesoderm

Endoderm

C

P

A

Pr           D

Figure 1.2: Gastrulation in murine embryogenesis
Illustration of a gastrulating mouse embryo at early streak and late streak stage. A: At early streak (6.5dpc), the
embryo consists of an egg cylinder, surrounded by an outer extraembryonic layer, termed the visceral endoderm.
Both structures are covered by extraembryonic epithelial tissue, which is not depicted in this illustration. The
primitive streak is present at the posterior end of the epiblast. B: The progressive development of mesoderm is
depicted in a transversal view of a late streak embryo (7.5dpc). The inner white arrows indicate the continiuous
movements of epiblast cells towards the PS. The outer arrows represent their later opposed motion as they egress
to add to the germ layers. The red arrowheads point to the border, to which the generated mesoderm has migrated.
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C: Schematic representation of the different developmental potential of mesodermal fated cells depending on their

positioning in relation to the PS. A: anterior; P: posterior; Pr: proximal; D: distal; en: visceral endoderm, ec:

epiblast cells, mes: mesoderm, ac: amniotic cavity, ps: primitive streak. Micrograph from [Sun et al. 1999].

1.1.4 Signaling networks controlling gastrulation

In early murine embryogenesis, spatial and temporal regulation of signaling networks and gene

expression are nessessary to ensure proper development of the primary germ layers. Recip-

rocal signaling between the epiblast, primitve endoderm and the extraembryonic ectoderm by

secreted growth factors of the Tgfß, Bmp, Wnt, and Fgf families have been implicated to be

essential in mammalian gastrulation [reviewed in Arnold and Robertson 2009]. The following

sections provide a brief overview of these important signaling pathways.

1.1.4.1 Tgfß and Bmp signaling

Transforming growth factor beta (Tgfß) and bone morphogenetic protein (Bmp) signaling

(summarized in Figure 1.3) play a fundamental role in the development of organisms by in-

fluencing diverse processses such as proliferation, differentiation and apoptosis. Expression

analysis and gene targeting studies illustrated that Tgfß- and Bmp-family members regulate

both embryonic and extraembryonic development in early postimplantation embryos [Fujiwara

et al. 2002].

In early mouse embryogenesis, absence of Bmp signaling members, such as Bmp4, Bmpr1a or

Bmpr2, was shown to result in a complete blockage of PS and mesoderm formation [Winnier

et al. 1995, Mishina et al. 1995, Beppu et al. 2000]. Similarly, mutant mice lacking signaling

components of the Tgfß pathway, such as Nodal, or its intracellular effectors Smad2 and Smad3,

also fail to develop the PS and the node, leading to defective mesoderm formation [Dunn et al.

2004]. Embryos null for the Tgfß receptors Acvr2a and Acvr2b display mesoderm deficiency

and developmental arrest at egg cylinder stage [Song et al. 1999]. Loss of either of the receptors

alone results in no apparent defects in the generation of mesoderm, implicating functional com-

pensation between these two receptors [Song et al. 1999]. In accordance to these observations,

redundant Tgfß activity was also shown to cause excess developement of mesoderm. Mice null

for both Tgfß inhibitors Cer1 and Lefty1, feature an expanded anterior PS, accumulation of

mesoderm, and occasional ectopic PS formation [Perea-Gomez et al. 2002], which indicates

antagonism between Nodal and Tgfß inhibitors during mesoderm development.
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Signaling mediators of the Tgfß and Bmp pathway have also been reported to act in extraem-

bryonic lineages during early mouse development. The intracellular effector protein Smad4,

for instance, was shown to be important for the differentiation and function of the visceral

endoderm. Functional inactivation of Smad4 in extraembryonic tissue results in embryonic

growth arrest and abnormal mesoderm generation [Chang et al. 2002]. Besides, embryos

homozygous null for the Tgfß receptor Alk2 are arrested at early gastrulation with abnormal

visceral endoderm morphology and severe disruption of mesoderm formation [Gu et al. 1999].

All in all, these genetic studies demonstrate that signaling via the Tgfß and Bmp transduction

pathway are crucial for many steps of early postimplantation development in murine embryos.

Fundamental processes in the generation of the mesodermal germ layer, including the organi-

zation and growth of the epiblast, formation of the PS and differentiation of the mesoderm are

clearly dependent on precise Tgfß and Bmp signaling.
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Figure 1.3: The Tgfß and Bmp signal transduction pathways
A: Tgfß signaling is initiated through cleavage of the Nodal precursor protein by Furin and PACE4. Extracellular
inhibitors, like Cer1 and Lefty1/2 are able to interfere and block signal transduction by either binding the ligand
itself or the receptors, respectively. In combination with specific co-receptors (EGF-CFC, like Cripto), Nodal
binding to the type II receptors (Bmpr2, Acvr2a or Acvr2b) activates type I receptors (Alk1, Alk2, Bmpr1a,
Bmpr1b) via phosphorylation. Subsequent phosphorylation and activation of downstream effectors Smad2 and
Smad3 promotes their association with Smad4, translocation into the nucleus and binding to target DNA to drive
gene transcription. B: Bmp ligands bind to type II receptors mediating phosphorylation and activation of type I
receptors (Alk4, Tgfb1, Alk7). Upon activation, the heteromeric transmembrane receptor complex phosphorylates
the Smad signal transdution proteins Smad1, 5 and 8, resulting in oligomerization with Smad4 and translocation
into the nucleus for regulation of transcription. Noggin and Chordin are extracellular Bmp antagonists, which
impede Bmp signaling by associating with Bmp ligands and therefore interfere with receptor binding. Illustration
modified from [Arnold and Robertson 2009].
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1.1.4.2 Canonical Wnt signaling

Canonical Wnt signaling (shown in Figure 1.4) is involved in many induction and patterning

processes during gastrulation, and is necessary throughout the entire period of mouse em-

bryogenesis. Detailed loss-of-function analyses have demonstrated the influence of key Wnt

signaling proteins during epiblast differentiation and PS formation.

Embryos, homozygous null for the Wnt ligand Wnt3, exhibit undifferentiated epiblast cells

and fail to generate the PS, node, and mesoderm [Liu et al. 1999]. The same phenotype has

been reported for Frizzled coreceptor Lrp5 and Lrp6 compound mutants [Kelly et al. 2004] and

for ßCatenin loss-of-function mice [Haegel et al. 1995]. Wnt3a deficient embryos initiate gas-

trulation but display posterior truncation defects, lack paraxial mesoderm, and form additional

neural tubes [Takada et al. 1994]. In contrast, when the Wnt pathway is continuously activated

during early embryogenesis, ectopic induction of mesoderm formation has been reported.

For instance, loss of the downstream molecule APC, which plays a fundamental role in the

degradation process of ßcatenin, was shown to lead to ectopic expression of T at epiblast stage.

[Chazaud and Rossant 2006]. Furthermore, when Axin1, a negative feedback regulator of the

canonical Wnt pathway is mutated, ectopic streak induction was reported in mutant embryos

[Zeng et al. 1997]. Altogether, these studies demonstrate the significance of Wnt signaling

during gastrulation and subsequent mesoderm specification.
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Figure 1.4: The canonical Wnt signal transduction pathway
Activation: Wnt signaling is initiated by binding of Wnt ligands to Frizzled receptors, resulting in activation of the
LRP coreceptors (Lrp5/6) by phosphorylation via CK1γ and GSK3ß. DVL is subsequently phosphorylated and
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mobilizes together with axin proteins to the receptor complex, thereby stabilizing ßCatenin levels. ßCatenin

translocates from the cytoplasm into the nucleus, where it interacts with TCF/LEF transcription factors to reg-

ulate the expression of target genes. Silencing: Wnt signaling can be blocked either by sequestration of Wnt

ligands by WIF1 and sFRP or by inhibition of the LRP coreceptors with Dkk1. ßCatenin is constiutively phospho-

rylated by GSK3ß, causing dissociation from the APC protein and rapid ubiquitylation and degradation through

the proteasom. In the absence of ßCatenin in the nucleus, TCF binds to repressor proteins, including GRO and

CTBP, which recruit histone deacetylases (HDACs) to silence target gene transcription. Illustration modified from

[Arnold and Robertson 2009].

1.1.4.3 Fgf signaling pathway

Fibroblast growth factors (Fgfs) also play important roles in mesoderm generation. It is cur-

rently thought that Fgf signaling controls early lineage specification steps in blastocyst stage

embryos, but is not fundamental for the induction of mesoderm formation. Fgf activity is

rather believed to be required for the epithelial-to-mesenchymal transition (EMT) process at

gastrulation [Acloque et al. 2009].

FGF ligands bind to receptor tyrosine kinases (RTKs), including Fgfr1-4. Fgfr1 deficient

embryos die at gastrulation stage, displaying an expanded PS and defects in mesoderm de-

velopment. Paraxial and lateral mesoderm are generated in reduced levels while the axial

mesoderm population is expanded [Ciruna and Rossant 2001]. Fgf8-null embryos initiate

gastrulation. In these mutant embryos, epiblast cells ingress through the streak, but then fail

to migrate properly from the anterior and middle streak, resulting in their accumulation in the

PS [Sun et al. 1999]. Posterior mesoderm migrates to the appropriate site, but the allantois is

mislocated and the hematopoietic and endothelial populations are reduced in size compared to

wild type embryos [Sun et al. 1999].

Additionally, Fgf signaling has also been reported to influence the development of extraem-

bryonic lineages, including the visceral endoderm. Mice carrying mutations in genes encoding

components of the Fgf transduction pathway, such as Fgf4, Fgfr2 and Grb2 all completely

lack formation of the primitive endoderm, leading to early embryonic lethality [Goldin and

Papaioannou 2003, Cheng et al. 1998, Arman et al. 1998].

1.1.4.4 Signaling centers establishing the primitive streak

Detailed genetic investigations have reported coordination of the signaling pathways described

above in distinct signaling centers during gastrulation: the proximal posterior epiblast, the
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anterior visceral endoderm (AVE) and the extraembryonic ectoderm (summerized in Figure

1.5).

At 6.5dpc, the growth factors Wnt3 and Nodal signal from the posterior epiblast [Varlet

et al. 1997]. From the AVE, Wnt signaling is opposed by expression of the Wnt inhibitor

Dkk1 [Miura et al. 2010], whereas Nodal signaling is antagonized by Cer1 and Lefty1, re-

spectively [Perea-Gomez et al. 2002]. The counteraction of these signaling molecules results

in a Wnt and Nodal gradient over the anterior-posterior (A-P) axis, mediating correct anterior

patterning of the epiblast and restricting PS formation to the posterior end of the developing

embryo [Pfister et al. 2007]. In contrast, the Bmp superfamily ligand Bmp4 signals from the

extraembryonic ectoderm to the adjacent epiblast resulting in a Bmp4 gradient that defines the

proximal-distal (Pr-D) axis [Tam and Loebel 2007]. This precise spatio-temporal regulation of

signaling molecules is required for correct establishment of the PS, illustrating the complexity

of signaling events during mammalian gastrulation.

Figure 1.5: Key signaling events at gastrulation
Schematic illustration of signaling gradients involved in murine gastrulation. WISH presenting pivotal mRNA
transcripts in early streak stage embryos. At 6.5dpc, Dkk1, Cer1 and Lefty1 are exclusively expressed in the
anterior proximal region of the visceral endoderm, the AVE. Ligands of the Wnt (Wnt3), TGFB (Nodal) and Fgf
(Fgf8) signaling pathways are detected only in the posterior proximal domain of the epiblast. T transcripts are
present in the PS and in the nascent mesendoderm. Bmp4 expression is located in the extraembryonic ectoderm.
AVE: anterior visceral endoderm; ExEc: extraembryonic ectoderm; PS: primitive streak. WISH modified from
[Du et al. 2010, Chu and Shen 2010, Goldin and Papaioannou 2003, Di Gregorio et al. 2007].
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1.1.5 EMT at gastrulation

Epithelial-to-mesenchymal transition (EMT) at gastrulation involves distinct cellular transfor-

mations with changes in cell morphology and disruption of the basement membrane. When

the PS is established, epiblast cells first fold from the external epithelial sheet into the interior

of the embryo, followed by ingression of single cells in order to generate a three-dimensional

multilayered embryo [Thiery et al. 2009].

The epiblast is composed of epithelial cells connected to one another via adherens junc-

tions, which contain proteins such as E-cadherin, catenins, and actin. This epithelial cell-cell

organization is furthermore supported by tight junctions and integrins. Tight junctions asso-

ciate with apical polarity complexes and integrins interact with the basement membrane, which

underlies the epiblast epithelium. As soon as EMT is initiated transcription of Cdh1 (gene

coding for E-cadherin) is repressed, leading to rapid decrease of E-cadherin protein and loss of

cell-cell adhesions. Simultaneously, extensive cytoskeletal rearrangements are induced. A key

gene that is known to be an essential orchestrator of actin cytoskeleton dynamics, is the serum

response factor (Srf ) [Miano et al. 2007]. Embryos lacking activity of this transcription factor

exhibit severe gastrulation defects and embryonic death in utero [Arsenian et al. 1998]. Dur-

ing normal embryonic development, Srf mediates changes in the cytoskeleton, leading to the

disorganization and disruption of the basement membrane. Subsequent expression of integrin

receptors and activation of metalloproteases cause cell delamination and motility. Together,

this results in a loss of epithelial characteristics and favours a migratory mesenchymal nature

[reviewed in Acloque et al. 2009]. Cells that adopt a mesenchymal cell fate are know to express

Vim, a member of the cytoskeletal intermediate filament protein family [Eriksson et al. 2009].

Canonical Wnt signaling, in conjunction with Tgfß and Fgf signaling, are believed to initiate

EMT. In particular, induction of Fgf signaling was shown to be required for the loss of cell-cell

contacts in the epithelial sheet [Sun et al. 1999]. Fgf8 ligand binding to Fgfr1 induces the

expression of the zinc finger transcription factor Snail, which in turn binds to the E-cadherin

promoter and leads to Cdh1 transcriptional repression [Arnold and Robertson (2009)]. Mice

null for Snail display EMT defects, in that nascent mesodermal cells are generated but fail to

adopt mesenchymal morphology due to inadequate repression of Cdh1 transcription [Carver

et al. 2001].
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1.1.6 The role of Brachyury in mesoderm development

Brachyury is member of the T-box transcription factor family and is broadly conserved across

metazoan species [reviewed in Wardle and Papaioannou 2008]. Several studies conducted

in xenupus, zebrafish, and mouse embryos uncovered that T plays a fundamental role during

mesoderm development.

During xenopus gastrulation, xenopus brachyury (xbra) is transcribed in the involuting marginal

zone, which contains precursor cells of the notochord and of head, somitic, and lateral-ventral

mesoderm [Smith et al. 1991]. Studies, where natural signals and mesoderm inducing factors,

such as Activin A or bFGF, were applied to xenopus embryos identified xbra as an immediate-

early response gene to mesoderm induction [Smith et al. 1991]. Further experiments revealed

that xbra expression alone is sufficient to direct development into mesodermal tissue, since

microinjection of xbra transcripts into one-cell stage xenopus embryos was shown to lead

to ectopic mesoderm formation [Cunliffe and Smith 1992]. In zebrafish, two orthologs of T

have been identified, no tail (ntl) and bra [Schulte-Merker et al. 1994, Martin and Kimelman

2008]. Compound mutants for the orthologs ntl and bra exhibit defects in notochord and trunk

development, likewise pointing to the necessity of these genes for the generation of mesodermal

tissue. Also in mouse embryogenesis, T activity was shown to be fundamental for early speci-

fication processes of mesoderm formation [Wilkinson et al. 1990]. Lack of T has been reported

to cause severe deficiencies in mesoderm development and result in early embryonic lethality

(at approximately day 11 of gestation) due to the absence of a functional allantois [Yanagisawa

et al. 1981]. In these mutants, mesoderm establishment is arrested because specified epiblast

cells fail to migrate properly through the PS [Yanagisawa et al. 1981]. Moreover, inadequate

signaling from the defective notochord leads to impaired somite specification and developmen-

tal defects in the posterior trunk [Kispert and Herrmann 1993]. Heterozygous embryos for

the T allele survive to adult age but display a variable shortened kinked tail [Stott et al. 1993].

Introduction of a single copy transgene of T was shown to completely rescue the short-tailed

phenotype of heterozygeous T mice, confirming that the observed phenotype originates entirely

from reduced T activity [Stott et al. 1993]. Altogether, these studies demonstrate that Brachyury

is crucial for the development of the mesodermal germ layer during vertebrate embryogenesis.
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1.1.7 T expression during murine embryogenesis

Prior to gastrulation, at approximately 5.5dpc, radial transcription of T is observed in the proxi-

mal extraembryonic ectoderm of early postimplantation embryos [Rivera-Pérez and Magnuson

2005]. As development proceeds, T expression extends to the posterior epiblast where the PS

will be formed (Figure 1.6, A). During gastrulation at 6.5dpc, T transcripts are detected through-

out the PS and in the emerging nascent mesoderm. At later embryonic stages T mRNA is found

in the derivatives of the streak, including the node and the notochord (Figure 1.6, B and C).

During axis elongation T expression is restricted to all axial mesoderm including the paraxial

mesoderm, the notochord, and the tail bud [Inman and Downs 2006b].

Figure 1.6: T expression during early mouse embryogenesis
WISH of T in mouse embryos between 5.5dpc and 9.5dpc A: T transcripts detected in murine embryos during
progressive stages of early gastrulation (5.5dpc to 6.5dpc). WISH modified from [Rivera-Pérez and Magnuson
2005]. B and C: T mRNA visualized in postgastrulation embryos: 8.5dpc (B) and 9.5dpc (C) [MAMEP database,
unpublished].

1.2 Epigenetic modifications in mesoderm development

Epigenetic modifications provide a further layer of gene regulation by altering transcription

through mechanisms other than direct modulation of promoter activity. During development,

pluripotent epiblast cells are able to give rise to all cell lineages of a gastrulating embryo. As

differentiation is initiated, stimulated cells repress the transcription of pluripotency genes but at

the same time activate the expression of lineage-specific genes. To date, two major epigenetic

alterations have been identified to be able to regulate gene expression: DNA methylation and

histone modifications. DNA methylation occurs primarily at CpG islands within the promoter
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regions of genes and is associated with gene silencing [Fouse et al. 2008], whereas methylation

of amino acid residues on histone tails is a dynamic process and linked to both activation and

repression of gene transcription [reviewed in Shi and Whetstine 2007].

1.2.1 Histone modification via lysine methylation

Genomic DNA in eukaryotic nuclei is packed into a compact structure known as chromatin.

The fundamental units of chromatin are nucleosomes, which are octamers composed of two

copies of each histone subunit (H2A, H2B, H3 and H4), wrapped by a DNA strand of 146bp

length. Among others, lysine (K) residues of histone cores H3 and H4 are actively altered by

methyltransferases and demethylases, resulting in methylation levels varying between mono-,

di- and trimethylation [reviewed in Shi and Whetstine 2007]. Currently, six lysine sites (H3K4,

H3K9, H3K27, H3K36, H3K79 and H4K20), have been identified as targets of methylation and

demethylation. In particular, histone methylations mediated to H3K4 and H3K27 have been

examined extensively. Independent studies have reported that trimethylation of H3K4 is asso-

ciated with open chromatin, enabling transcriptional activation, whereas H3K27 trimethylation

inhibits gene expression due to chromatin compaction [reviewed in Martin and Zhang 2005].

1.2.2 Histone methylations in mesoderm specification

In vertebrates, genes critical in early development, known as early response genes, are kept in

a balanced state through the coexistance of H3K4me3 and H3K27me3 marks [Bernstein et al.

2006]. Both histone trimethylation marks are located close to the transcriptional start site of

early response genes. Global studies of chromatin have shown that Polycomb-, Trithorax-group

proteins as well as the RNA polymerase II (Pol II) play central roles in poising transcription of

early response genes in pluripotent embryonic stem cells (ESCs) [reviewed in Mendenhall and

Bernstein 2008]. Upon mesoderm differentiation, repressive H3K27 methlylation marks are re-

moved by demethylase proteins from mesoderm-specific genes, such as T, whereas H3K4me3

modifications are retained to permit transcription [Barrero et al. 2008]. On the contrary, pluripo-

tency genes, including Pou5f1, Sox2, Nanog and Sall4, as well as non-mesodermal genes coding

for proteins specific to ectoderm and endoderm, become silenced during mesodermal commit-

ment [Barrero et al. 2008]. These genes generelly lose H3K4me3, while H3K27 trimethylation

is maintained and additional repressive marks, including H3K9 methlylation and DNA methyla-

tion, are acquired [reviewed in Ho and Crabtree 2010]. Epigenetic studies further revealed that
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histone methylations mediated to H3K4 and H3K27 are restricted to genes that posses a CG-

rich promoter. In murine ESCs, promoters with high CpG-content were shown to be marked

by H3K4me3, either alone or in combination with H3K27me3, whereas the majority of low

CpG-content promoters exhibited neither mark [Mikkelsen et al. 2007]. Thus, transcription of

genes that have a low CpG-content promoter appear to be regulated independent of H3K4 and

H3K27 modifications.

1.3 ESCs as a model system to study mesoderm development

During embryonic development, spatial and temporal coordination of early patterning events

are known to contribute to mesoderm formation. In the embryo, processes, such as early and

late EMT overlap with mesoderm differentiation, creating difficulties in dissecting consecutive

patterning events in vivo. Moreover, gastrulating embryos are small in size and techniques to

isolate distinct cell populations are limited, with the result that only minimal amounts of meso-

dermal tissue can be obtained for detailed analysis. These aspects in combination with restricted

abilites in monitoring subtle changes in real-time favor the implementation of in vitro studies

in order to investigate successive stages in mesoderm development. In vitro, pluripotent em-

bryonic stem cells (ESCs) can be expanded to significant cell numbers, before being subjected

to differentiation programs to produce sufficient amounts of material. Another advantage of in

vitro studies is that the differentiation circumstances are controllable. Cells that are grown in

vitro, are easily accessible and can be harvested at any desired differentiation timepoint. These

circumstances enables a temporally defined dissection of lineage specification during early em-

bryogenesis.

1.3.1 The developmental potential of ESCs in vitro

ESCs are derived from the ICM of blastocysts and have the capacity to generate the entire

embryo and contribute to all tissues of the adult, including the germ line [Evans and Kauf-

man 1981]. In the presence of leukaemia inhibitory factor (LIF), ESCs are maintained in a

pluripotent state and retain the essential ability to self-renew [Smith et al. 1988]. In the absence

of LIF, ESCs were shown to differentiate. In general, serum has been widely used to induce

random ESC differentiation in vitro, but variations in FCS batches, coinciding with changes in

growth factor composition, resulted in the inability to reproduce observations. To overcome

this problem, serum free culture conditions have been established. Here, individual growth
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factors can easily be supplemented into the media, leading to specific activation or repression

of desired signaling cascades. This enables a controlled dissection of early specification and

allows correlation of differentiation to specific signaling molecules. To date, various ESC

culture techniques have been utilized to specifically induce mesoderm differentiation. A com-

monly used method is the hanging drop culture, where ESCs are grown in a confined space, to

force ESC accumulation and compaction. These aggregates, known as embryoid bodies (EBs),

establish a three-dimensional structure where distinctive signaling centers arise via cell-cell

communications [Keller 1995]. Gastrulation is resembled in these cell organizations, producing

components of the three primary germ layers in vitro [ten Berge et al. 2008].

As discribed previously, Tgfß, Wnt, and Fgf are known to influence embryonic development

in vivo. Founded on these findings, the differentiation impacts of Tgfß, Wnt and Fgf signaling

have also been tested in vitro. Among others, recombinant growth factors of these pathways

have been utilized to induce signal transduction. For instance, activation of Tgfß signaling by

addition of Activin A to ESCs in vitro, was shown to result in mesendoderm formation, before

a dose-dependent specification into the mesodermal or endodermal lineage was obtained [Kubo

et al. 2004]. Likewise, when Bmp4 was added to in vitro cultures, ESCs differentiation was

directed towards mesoderm, as determined by T expression [Ng et al. 2005]. In turn, when

Bmp signaling was blocked using Noggin, neuroectodermal differentiation was observed by

transcription of the neural marker Sox1 [Gratsch and O’Shea 2002]. Similar observations

have also been reported for the canonical Wnt pathway. Supplementation of Wnt3a to in vitro

differentiation cultures was shown to accelerate mesoderm development [Ueno et al. 2007],

whereas blocking Wnt signaling during in vitro differentiation was shown to correlate with

impaired formation of mesoderm [Lindsley et al. 2006]. In contrast to Tgfß and Wnt, whose

activation incudes mesoderm formation, inhibition of Fgf signaling has been demonstrated

to support mesoderm development in vitro. When Fgf signaling was blocked using the Fgf

inhibitor SU5402 (which inhibits signaling through all Fgf receptors), increased transcription

of axial mesoderm markers could be determined. [Willems and Leyns 2008]. Furthermore,

Fgf signaling has also been reported to mediate PE formation in vitro. Overexpression of a

dominant negative Fgfr2 in ESCs lead to an inhibition of primitive endoderm development in

EBs, while exogenous Fgf treatment did not enhance PE differentiation [Chen et al. 2000]. In

sum, these in vitro studies reveal the potential of ESC differentiation cultures in dissecting the

signaling network that account for early lineage specification.
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1.3.2 ESCs in regenerative medicine

ESCs open new perspectives in tissue repair, regeneration and gene therapy. Several human

diseases originate from cellular defects or the loss of particular cell populations that the body is

unable to replace. While heart or kidney failure are medically treatable, these diseases are not

yet curable. Transplantation therapies are commonly used to overcome these types of disorders.

However, as cells are replaced, new problems arise, including the possibility of tissue rejection.

The ability to generate clinically relevant numbers of defined cell populations from isolated

stem cells of individuals in vitro, may abrogate this problem. Extensive studies are beginning to

be performed for ESC applications, however many questions still need to be answered. Addi-

tional comprehensive analyses are required to fully exploit the abilities of ESCs in regenerative

medicine to enable future medial applications.

1.4 Experimental RNA interference in ESCs

The isolation of ESCs and maintainance in vitro, allows not only the examination of regulatory

networks in early embryogenesis, but also facilitate investigations into single gene functions

within a complex system. ESCs can be modified in vitro and generated into embryos by using

techniques such as tetraploid aggregation [Eakin and Hadjantonakis 2006]. By this means,

developmental consequences caused by genetic modifications can be examined within a short

time.

Homologous recombination is a well established transgenic technique which utilizes murine

ESCs to generate reporter lines or inactivate expression of genes by removing essential ge-

nomic regions. Blastocyst injection of the modified ESCs creates chimeric mice, which are

able to produce heterozygous mutants when germline transmission occurs. Mating of the

heterozygous mice, results in homozygous null embryos in a ratio according to Mendelian

inheritance. Detailed in vivo and in vitro analysis can subsequently be performed to elucidate

the phenotype governed by gene ablation. These loss-of-function studies have the disadvan-

tage that deficiencies of essential embryonic genes, such as T, lead to early embryonic death,

excluding the possibility to elucidate functions of genes during later development. To over-

come this issue, conditional knock-outs and gene knockdown strategies are employed. RNA

interference (RNAi) is a highly conserved mechanism that modulates gene expression on a

post-transcriptional level [Fire et al. 1998]. All eukaryotic cells facilitate a RNAi machinery
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that mediates directed mRNA decomposition. Endogenous levels of noncoding regulatory

RNAs called micro-RNAs (miRNAs) are controlled through the RNAi pathway. Experimental

RNAi can be performed with, for instance, long double stranded RNAs (dsRNAs), which

trigger post-transcriptional gene silencing upon their introduction into the cell. When dsRNAs

are intoduced into a cell, the RNAse III enzyme Dicer processes this dsRNA into approximately

22bp short interfering RNAs (siRNAs), leaving a two nucleotide overhang on the 3’ end. The

produced siRNAs assemble into the RNA-inducing silencing complexes (RISCs), which con-

tain the central emzyme Argonaute (Ago). Argonaute cleaves the sense strand of the siRNA

duplex resulting in the activation of RISC. The remaining single stranded antisense strand

specifically recognizes homologous mRNA targets and provokes their degradation [reviewed

in Hutvagner and Simard 2008]. Apart from long dsRNAs, which are synthesized in vitro to

be injected into the cell, short hairpin RNAs (shRNA-miRs) can also be used to direct gene

silencing. Designated DNA oligomers, coding for the sense and antisense strands complemen-

tary to the selected mRNA target sequence, are inserted into the cell and transcribed in vivo.

The 50-70bp long precursor molecules fold into a stem loop structure and are processed in the

cytoplasm by the ribonuclease Dicer to mediate gene silencing by RNAi [Perrimon et al. 2010].

1.4.1 Inducible RNA interference system of T

In our lab, Vidigal and colleagues established an inducible RNA interference system in ESCs,

directing expression of two shRNAmirs against T transcripts (Figure 1.7, A) [Vidigal et al.

2010]. The shRNA-miR is embedded in the endogenous murine mir155 context, and is only

transcribed following the activation of the rtTA (reverse TET activator) via doxycycline (Dox)

addition (Figure 1.7, B). The entire construct is targeted to the ROSA26 locus, which has been

identified to be ubiquitously expressed, well accessible for genomic integration, and indifferent

to epigenetic modifications. The T knockdown expression cassette is driven by the endogenous

ROSA26 promoter. The ESC line, referred to as the KD4-T line, was introduced into embryos

via tetraploid aggregation. Embryos, which were not treated with Dox developed normally

(Figure 1.7, C), whereas the induction of T knockdown throughout development resulted in

severely compromised embryos, phenocopying the T null phenotype (Figure 1.7, D) [Vidigal

et al. 2010]. KD4-T knockdown embryos survive to the eleventh day of gestation with axis

truncations, mesoderm malformation, and allantoic defects.

These KD4-T cells provide a powerful tool to abrogate T dependent mesoderm formation.
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Combining the possibilities of this ESC line with suitable in vitro differentiation techniques,

allows the study of progressive stages in mesoderm development either in the presence of

absence of T. Early differentiation and patterning processes can be studied, thereby unveiling

key regulatory signaling events surrogating the induction of mesoderm formation.

rtTA
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rtTA pA ins pA PGKTRE ins neo  pA

lox5171

pA
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TRE
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Figure 1.7: Properties of the KD4-T ESC line
Image representing features of the KD4-T ESC line. A: Depiction of the RNA interference system integrated into
the ROSA26 locus, including the two shRNAs-mir against T. B: Simplyfied illustration of the Tet-On inducible
gene expression system. Only Dox addition activates the transcription of T hairpins. C and D: KD4-T ESC derived
embryos at 9.5dpc. WISH staining for T and Uncx4.1 marks tail bud, notochord and somites, respectively C:
normal embryonic development in the absence of Dox D: Dox application produces abnormal murine embryos,
displaying defects in mesoderm development, especially malformations in the notochord and posterior trunk. ins:
insulator; pA: polyadenylation signal; PGK: phosphoglycerate kinase; neo: neomycin; rtTA: reverse Tet activator;
TRE: Tet responsive element. WISH modified from [Vidigal et al. 2010].
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1.5 Aim of the study

The aim of this work is to elucidate transcriptome-wide changes during mesoderm formation

in vitro. In this respect, two main aspects will be examined. On the one hand, successive

transcriptional changes, which occur during the establishment of the mesodermal germ layer

to identify progressive steps in mesoderm development and on the other hand, changes in the

transcriptome, which result from T-reduced differentiation conditions to investigate the molec-

ular function of T during mesoderm formation. The focus will be to identify the signaling

network as well as cellular and molecular events that account for the generation of mesoderm.

Concomitant to expression analysis, epigenetic modifications will also be elucidated. Chro-

matin opening (H3K4me3) and chromatin compating (H3K27me3) marks will be assayed to

potentially correlate changes in gene expression with modifications in chromatin structure.



Chapter 2

Results

2.1 In vitro differentiation of ESCs into mesoderm

To date, a variety of in vitro differentiation techniques have been reported to induce transcription

of mesodermal genes. Among these, differentiation on attachment surfaces and differentiation

in suspension, where ESCs are aggregated to form embryoid bodies (EBs) have been described.

In the following sections an in vitro differentiation method will be utilized that combines ESC

aggregation with adherent culture to direct differentiation into mesoderm.

Previous studies in our lab, performed by Dr. Arnold Schröder, demonstrated that paraxial

mesoderm cells can be generated by subjecting ESCs to serum free culture conditions in which

Wnt signaling is activated and Bmp signaling is blocked [Schröder 2011]. Briefly, the analysis

was done using a genetically modified ESC line, designated TmCherry/Msgn1Venus ESC. In

these ESCs, a TmCherry BAC driving the expression of a red fluorescent protein (mCherry) was

integrated into the genome of the ESCs. The expression of this fluorophore is regulated by the

T promoter (Figure 2.3, A). In addition, the Mesogenin1 (Msgn1) locus on chromosome 12

was targeted with a Venus reporter, resulting in an ESC line, able to indicate continuous stages

of mesoderm differentiation. T marks all early mesoderm, whereas Msgn1, a member of the

bHLH transcription factor family, characterizes advanced mesoderm fated to become paraxial

mesoderm [Yoon et al. 2000]. This in vitro differentiation technique proved to be a useful

tool for producing paraxial mesodermal cells in large quantities. However, in contrast to Dr.

Schröder’s goal of specifying paraxial mesoderm, the current study focuses on the generation

of mesoderm in general. T positive cells do not only contribute to paraxial mesoderm, but can

20
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also differentiate into lateral, intermediate, and extraembryonic mesoderm. Hence, the aim of

the following section will be to modify the in vitro differentiation technique and generate vast

amounts of mesodermal cells. By this means, the influence of T in mesoderm formation can be

elucidated in an extended manner.

Previous in vitro differentiation studies have reported the significance of the Tgfß, Bmp, Wnt

and Fgf pathways for the generation of mesodermal cell populations [reviewed in Murry and

Keller 2008]. To elucidate if these signaling pathways are also relevent when implemented

in Dr.Schröder’s in vitro differentiation protocol, various growth factor combinations were

tested in the serum free culture. Initial differentiation experiments were performed with the

TmCherry/Msgn1Venus ESC line and the sucessful conversion of ESCs to mesodermal cells was

measured according to the fraction of TmCherry expressing cells.

2.1.1 Fgf signaling inhibits mesoderm formation in vitro whereas initial
Tgfß signaling reinforces differentiation towards mesoderm

In the developing mouse, Fgf8 is first expressed in the posterior epiblast where the PS is being

established [Sun et al. 1999]. Fgf signaling was shown to be dispensable for the induction of

mesoderm, but fundamental for the subsequent process of EMT [Sun et al. 1999]. In order to

address whether increased Fgf signaling can enhance the generation of mesodermal cells by

promoting cells to adopt mesenchymal fate, Fgf8 together with Dr. Schröder’s growth factor

composition of Wnt3a and Noggin (driving paraxial mesoderm generation) were applied to the

TmCherry/Msgn1Venus ESCs to drive differentiation. In parallel, Wnt3a/Noggin alone was also

conducted for reference purposes. Noggin is a Bmp antagonist, hence its presence allows one

to monitor differentiation exclusively mediated by the remaining signal transduction pathways,

either the combination of Wnt and Fgf signaling or Wnt signaling alone. The cells were differ-

entiated according to Dr.Schröder’s protocol, harvested after the indicated hours of cultivation

and evaluated by fluorescence activated cell sorting (FACS). Next to recording the quantities

of mCherry expressing cells, the survival rate was also ascertained, in order to determine the

percentage of analyzable cells.

As shown in Figure 2, the in vitro differention of the reporter ESCs with Wnt3a/Noggin,

resulted in about 7% T positive cells after 72h of differentiation, and approximately 43% red

fluorescent cells after 96h and 120h of culture (Figure 2.1, A). The survival rate steadily in-

creased from 8 to 12% over the timecourse. Differentiation with Wnt3a/Noggin in combination



CHAPTER 2. RESULTS 22

with Fgf8 generally decreased the ratio of mCherry expressing cells (Figure 2.1, B). For the first

72h of differentiation, both treatments resulted in a comparable number of mCherry positive

cells. However, after 72h, cells additionally treated with Fgf displayed a reduction in number,

exhibiting only 31% and 27% red fluorescing cells at 96h and 120h, respectively. The survival

rate, in turn, showed higher values for later differentiation timepoints when supplementary

treated with Fgf8. Taken together, this experiment indicated that Fgf8 had an inhibitory effect

on T expression during early mesodermal specification steps.
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Figure 2.1: In vitro differentiation under various culture conditions
Timecourse differentiation of the TmCherry/Msgn1Venus reporter ESCs applying the in vitro differentiation proce-
dure. The rate of red flourescent cells and the ratio of living cells were monitored. The left axis represents
percentage of mCherry positive cells (red bars). The right axis indicates the survival rate, the percentage of vital
cells, excluding autofluorescent cells and cell debris (blue curve). 25000 events were determined and analyzed
after indicated differentiation intervals for each experiment. A: Wnt3a/Noggin induced in vitro differentiation. B:
Wnt3a/Noggin/Fgf8 mediated in vitro differentiation. C and D: Activin A was administered throughout the period
of cell aggregation followed by Wnt3a/Noggin or Wnt3a/Noggin/Fgf8. Wnt3a [50ng/ml]; Noggin [500ng/ml];
Fgf8 [100ng/ml]; Activin A [100ng/ml].

Treatment of cells with Activin A, a Nodal analog, has been demonstrated to initiate Tgfß

signaling and induce the generation of PS-like cells in vitro [Willems and Leyns 2008]. Further-

more, it was reported that Wnt and Fgf signaling are required at later differentiation timepoints

to further specify the cells into mesendoderm [Hansson et al. 2009]. The interaction of these
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signaling molecules has also been described in vivo [reviewed in Arnold and Robertson 2009].

To explore these consecutive signaling influences on the in vitro differentiation culture, the

TmCherry/Msgn1Venus ESCs were first subjected to Activin A throughout the entire 18h aggre-

gation process, and thereafter treated with either Wnt3a/Noggin or Wnt3a/Noggin/Fgf8. Ac-

tivin A followed by Wnt/Noggin treatment resulted in an earlier induction of the differentiation

process as compared to Wnt3a/Noggin treatment alone (Figure 2.1, C). About 12% TmCherry

positive cells were documented after 48h in culture and an overall higher number of mCherry

expressing cells was obtained. A peak percentage of 65% was detected after 96h of differenti-

ation, but with a percentage in cell survival of only ~12%. Treatment with Activin A, followed

by Wnt3a/Noggin/Fgf8, also demonstrated high percentages of red fluorescent cells after 96h

of differentiation. Approximately 57% of the cells were positive for the T-reporter (Figure

2.1, D). However the survival rate of the cells was again dramatically low. In sum, while this

analysis indicated that activation of Tgfß signaling prior to differentiation positively regulates

T transcription, the percentage of vital cells was minimal, meaning that these differentiation

conditions were not conducive to our goal for generating large amounts of mesodermal cells.

2.1.2 Bmp4 signaling elevates mesoderm formation in vitro

Previous in vitro studies reported that Bmp signaling is able to direct differentiation into

mesodermal fate [Ng et al. 2005]. Low concentrations of Bmp4 were shown to result in

mesendoderm formation through the activation of Wnt signaling [ten Berge et al. 2008]. To

address the influence of Bmp signaling in the current in vitro differentiation survey, Bmp4 was

tested in the ESC culture during the differentiation stage.

When SFM was supplemented with Bmp4, significant reporter induction was detected after

72h of differentiation (Figure 2.2). After 96h, about 58% red fluorescent cells were detected,

which was comparable to the yields from the Activin A-induced differentiation (Figure 2.1, C

and D). In this treatment however, the percentage of vital cells was considerably higher and

approximately 23% were monitored at the peak of mCherry detection. Further differentia-

tion for 120h resulted in a slight decrease in mCherry positive cells, indicating that maximal

amounts of T-positive cells were generated after 96h of culture. Together, these results suggest

that Bmp4 enhances the formation of mesodermal lineages in the in vitro culture system by in-

creasing cell survival. Utilizing Bmp4 as the differentiation force, even larger quantities of red

fluorescent cells were generated in comparision to Dr. Schröder’s growth factor combination of



CHAPTER 2. RESULTS 24

Wnt3a/Noggin (compare to Figure 2.1, A).

Eventually, Bmp4 treatment was selected as the most suitable method for differentiation

of ESCs into mesodermal derivatives. Utilizing the in vitro differentiation system, T-expressing

cells and hence mesodermally fated cells, could be generated in sufficient quantities to be

examined further.
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Figure 2.2: In vitro differentiation with Bmp4
In vitro differentation with Bmp4 over a timecourse of 120h. Depicted are the percentages of red flourescent cells
(red bars) and the survival rate (blue line). 25000 events were counted and classified by cell sorting. ESCs were
differentiated with Bmp4 [20ng/ml].

2.2 Generation of TmCherry KD4-T reporter ESCs

One key aspect of this study was to investigate mesoderm formation both in the presence T

and under conditions of reduced T. In Chapter One, the KD4-T ESCs were introduced, which

provide an inducible mechanism for RNAi-mediated knockdown of T.

2.2.1 Generation of the TmCherry reporter BAC

To observe mesoderm formation in presence of T knockdown, the TmCherry reporter BAC

needed to be integrated into the genome of the KD4-T RNAi ESCs. Both the KD4-T ESCs and

the TmCherry BAC contained a neomycin resistance gene (Figure 1.6 and Figure 2.3, A), making

the selection of positive integration impossible. By means of homologous recombination, the

neomycin selection marker was exchanged for hygromycin in the TmCherry BAC (Figure 2.3,

B). In brief, the hygromycin ORF was PCR amplified with homologous arms to the integration

site on both sides and subsequently electroporated into E.coli cells containing a recombineering

plasmid and the neomycin resistant TmCherry BAC. Positive recombination was ascertained by
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the ability to grow in presence of hygromycin. Correct integration of the hygromycin resis-

tance cassette was verified by PCR, utilizing a forward primer that localizes 3kb within the T

promoter and a reverse primer that hybridizes to the hygromycin coding sequence (Figure 2.3,

B). This primer pair generated a PCR product of 5kb in length in positive clones only (Figure

2.5, C). Sequencing of the PCR product further confirmed correct insertion and additionally

allowed for screening for potential mutations, of which none were found.
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Figure 2.3: Homologeous recombination of the TmCherry BAC
A: Graphic illustrating the TmCherry BAC created by Arnold Schröder. The red fluorescent mCherry coding se-
quence is inserted after the 5’UTR and is attached to an intron, followed by a ß-globin polyadenylation (pA) signal
and an FRT-flanked neomycin selection cassette. Recombination arms at the 5’ and 3’ ends mediated the insertion
of the reporter construct exactly adjacent to the ATG start codon of the T locus. B: The hygromycin (hygro) coding
sequence was amplified and extended by 40bp sequences on each side to enable homologous recombination and
replacement of neomycin (neo). Successful insertion was ascertained by PCR, creating a 5kb product. C: Docu-
mentation of DNA fragments, separated by gel electrophoresis. Positive integration is indicated by amplification
of a 5kb band. FRT: flippase recognition target; PGK: phosphoglycerate kinase; TSS: transcriptional start site
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2.2.2 Integration of the modified TmCherry reporter BAC into the genome
of the KD4-T ESCs

The modified reporter TmCherry BAC was linearized with PI-SceI (enzyme) and electroporated

into the KD4-T ESCs. Following hygromycin selection, single colonies were isolated, expanded

and examined for adequate integration and expression.

Genomic DNA was extracted from single ESC clones, digested with HindIII and subjected to

Southern blot analysis. Digestion with HindIII generated a 4.2kb band, which could be de-

tected with a probe against mCherry (Figure 2.4, A). Following hybridization and detection,

clones 2, 3, 11 and 16 were identified to contain the desired TmCherry reporter BAC (Figure 2.4,

B). Electroporation of linearized DNA results in random integration of the transgene into the

ESC genome, which may lead to transcriptional silencing when inappropriate insertion sites

are targeted. Hence, the performance of the reporter construct needed to be verified for each

ESC clone. To detect proper mCherry transcription in each of the four ESC candidates, reporter

expression was induced using the established Bmp4-driven in vitro differentiation method and

measured after 72h of differentiation via cell sorting. Clone 11 produced sufficient quantities of

flourescent mCherry positive cells, but the remaining ESC clones exhibited reduced or nearly

absent expression (Figure 2.4, C). Using quantitative real-time PCR (qRT-PCR) analysis, the

number of integrated reporter BACs in the ESC clones was ascertained to exclude the possibil-

ity that the increased reporter expression of clone 11 was caused by multiple BAC integrations

(Figure 2.4, D). For this purpose, the frequency of T alleles was determined from genomic

DNA using primers that hybridize to the promoter region of the gene. Wild-type control ESCs

should possess two copies of T, so the corresponding value was normalized to 1. In relation

to this, copies of T were determined for the four TmCherry KD4-T ESCs. Clone 11 exhibited

twice the number of T copies as the control ESCs, indicating that two copies of the mCherry

reporter BACs were incorporated into the genome. Approximately the same amount of inte-

gration numbers could be observed for clones 2 and 16, whereas analysis of clone 3 indicated

single integration. In sum, Clone 11 was utilized for further experiments, because T reporter

expression was detected in adequate quantities and no more than two copies of the modified

BAC appeared to be integrated.



CHAPTER 2. RESULTS 27

4.2kb

1   2   3   4   5   6   7   8   9   10   11   12   13   14  15  16  17  18

B

D

A

C

HindIIIHindIII 4.2kb

0%

5%

10%

15%

20%

25%

30%

2 3 11 16

72h

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Ctrl 2 3 11 16

mCherry pA PGK hygro pA

fo
ld

 c
h

a
n

g
e

Figure 2.4: Insertion of the TmCherry BAC into KD4-T ESCs
A: Schematic representing the electroporated TmCherry reporter BAC into KD4-T ESCs. The modified BAC was
digested with PI-SceI and randomly integrated into the ESCs. B: Southern blot analysis performed with HindIII
digested genomic DNA and a radiolabelled probe against mCherry, showing positive integrations for clones 2, 3,
11 and 16. Intensities of bands result from variance in applied DNA quantities. C: The percentage of mCherry
expressing cells after 72h of Bmp4-driven in vitro differentiation for the four positive clones. D: qRT-PCR, illus-
trating BAC integration numbers of the TmCherry KD4-T ESC clones. The y-axis indicates the change in expression
of T . Ctrl: control (genomic DNA of JM8 ESCs).

2.2.3 In vivo examination of the TmCherry KD4-T reporter ESCs

The pre-examined TmCherry KD4-T ESC clone 11 was further tested for in vivo functionality.

The ESC clone was subjected to tetraploid aggregation, transfered into foster mothers and em-

bryos were examined after eight to nine days of development. Tetraploid aggregation provides

a powerful and quick way to analyze embryonic phenotypes [George et al. 2007]. The TmCherry

KD4-T ESCs were fused with wild-type tetraploid blastomere-stage embryos producing com-

pletely TmCherry KD4-T ESC derived embryo propers, while the wild-type tetraploid embryos

develop into extraembryonic tissues.

The T mCherry KD4-T ESCs formed entirely normal murine embryos. In 8.5dpc embryos,

reporter fluorescence was detected in the endogenous expression domain for T mRNA (com-

pare Figure 2.5, C and D to A and B). Strong mCherry activity was detected in the node and

in the paraxial mesoderm, whereas moderate expression levels were found in the notochord

and in the allantois (Figure 2.5, C). In the same manner, 9.0dpc embryos also showed reporter

expression in the paraxial mesoderm, notochord, and residual allantois and in addition dis-

played expression in the tail bud (Figure, 2.5, D). When dams from the TmCherryKD4-T ESCs

expressing embryos were treated with Dox during the course of development, inducing the
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knockdown of T, the resulting embryos displayed pronounced defects in mesoderm formation,

featuring malformations in the notochord, posterior trunk mesoderm, and allantois (Figure 2.5,

E and F). As it was previously reported by Vidigal et al. 2010, the T knockdown phenotype

matched the described characteristics of T null embryos (compare to Figure 1.8) [Herrmann

1991]. In the knockdown mutants, reporter fluorescence was visible in distorted notochord

fragments and in some remnant posterior tissues.

Taken together, the TmCherryKD4-T ESCs generate embryos, in which reporter expression

correctly reproduces the in vivo expression of T. These ESCs are therefore suitable to trace

mesodermal cells that actively transcribe T during their progress in differentiation. Further-

more, the TmCherryKD4-T ESCs habor the ability to prevent T mRNA processing, leading to

efficient T silencing in vivo. Thus, mesodermal fated cells can be tracked in the presence and

absence of T, allowing functions of T during mesoderm differentiation to be examined.

Figure 2.5: Embryos derived from the TmCherry KD4-T ESCs
Panel depicting murine embryos varying between 8.5dpc and 9.25dpc in age. For reference purposes WISH of
T illustrations are depicted in 8.5dpc (A) and 9.5dpc (B) embryos [Mamep, unpublished]. KD4-T embryos were
allowed to develop normally (C, D) or treated with Dox to induce T knockdown (E, F). The left panel represents
the bright field (BF) image, and right columns show mCherry reporter activity. C: dorsal view; A, B, D, E, and F:
lateral view.
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2.3 Bmp4-induced in vitro differentiation of the TmCherry

KD4-T ESCs into mesoderm

As it was shown in 2.1, Bmp4 was chosen to be the most suitable differentiation determinant

to produce significant quantities of T-expressing cells in vitro. In order to obtain insights

into molecular mechanisms and signaling networks that underlie mesoderm formation, an

in-depth investigation of progressive developmental phases must be performed. By this means,

a temporal examination of differentiation events can be achieved. To realize this condition,

five distinct timepoints were selected from the in vitro differentiation assay to be analyzed in

detail (Figure 2.6, A). First, the undifferentiated pluripotent ESCs; second, the pluripotent,

aggregated ESCs which are subjected to the differentiation signal; third, the 48h treatment

point, during differentiation but prior to the emergence of T-mCherry positive cells; fourth,

72h of differentiation, shortly after cells have started to transcribe T; finally, after 96h, when

cells have differentiated into mesoderm for an extended period of time and maximal amounts

T-expression cells are generated. The ESCs were disaggregated at the described timepoints and

analyzed via FACS. The ESCs were either differentiated normally or in the presence of Dox,

inducing T knockdown.

To simplify the description of upcoming results, cells differentiated without Dox addition will

be termed as wild-type (WT) cells, whereas cells differentiated under Dox conditions will be

designated as T-KD cells.

When T knockdown was induced during the entire in vitro differentiation process, the per-

centage of mCherry positive cells was reduced compared to the noninduced counterpart (Figure

2.6, B). After 72h of differentiation, approximately 18% of the WT cells exhibited red fluores-

cence, but only about 6% were found in the T-KD cells. This effect was even more prominent

after 96h of differentiation. Roughly 54% of red fluorescent cells were detected in the WT

assay, whereas in the presence of T-KD, merely 20% could be detected. This observation could

be caused by two things, either by Dox implementation, which might result in a Dox-dependent

repression of T, or by loss of T itself. T codes for a transcription factor, which may have a

positive-feedback mechanism on its own expression.
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Figure 2.6: Investigated timepoints of in vitro differentiated TmCherry KD4-T ESCs
A: Schematic experimental setup, depicting timepoints that were examined during the in vitro differention. The two
distinct branches indicate the separation of investigations depending on T knockdown. The upper branch indicates
normal T-influenced development, while in the lower branch, T transcripts are reduced via Dox-inducible RNAi.
The red lines represent the commencement of detection of the mCherry positive subpopulations. B: Scatter plot
illustrate the gated settings that were applied to classify the mCherry positive cells. Examples of plots from Dox
untreated and treated cells at 48h, 72h, and 96h timepoints of in vitro differentiation. Gray dots illustrate non-
fluorescent (NF) cells and red dots correspond to red fluorescent (RF) cells. Percentages indicate the fraction of
RF to NF cells. 25000 events were analyzed per plot.

2.3.1 Knockdown of T occurs in the presence of Dox in vitro

In the current study, reporter detection results from the transcription of mCherry mRNA under

the control of the T promoter. To test if the appearance of the reporter protein correlats with T

mRNA expression and to confirm that T knockdown occurs in vitro when Dox is administered,
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qRT-PCR analyses were performed. For this purpose, the RNA from undifferentiated ESCs as

well as 48h, 72h, and 96h differentiated cells was isolated from both the red fluorescent (RF)

and non-fluorescent (NF) populations and levels of T transcription were examined.
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Figure 2.7: qRT-PCR analysis of in vitro differentiated cells expressing T-mCherry
Bar graph depicting the transcription level of T mRNA during the course of in vitro differentiation. The y-axis
illustrates the relative expression levels normalized to Hmbs expression (housekeeping gene). The x-axis indicates
the status of differentiation over time. A: Expression levels in the Dox-untreated cells. B: Expression levels in the
T knockdown cells. NF: non-fluorescent; RF: red fluorescent.

The previous FACs analysis revealed presence of mCherry reporter activity and thus the emer-

gence of RF cells after 72h of WT in vitro differentiation (Figure 2.6, A). When this populations

was tested for T expression, only a slight increase in T mRNA levels could be detected in re-

lation to the preceding differentiation timepoint of 48h (Figure 2.7, A). However, when the

T transcript level of the RF T-KD population was determined at 72h, a notable decrease in T

expression was identified in comparision to the WT approach (Figure 2.7, B). Even more strik-

ingly, after 96h of differentiation a strong upregulation of T transcripts was obtained in the RF

WT cells (Figure 2.7, A), whereas in the RF T-KD cells only minimal T expression was assayed

(Figure 2.7, B). In the NF populations, T mRNA was detected at only low levels in either WT

of RNAi T-KD cells. The sum of the above observations demonstrate the functionality of the

T-mCherry reporter system in vitro and furthermore prove sufficent T knockdown upon Dox

treatment.

2.4 Generation of microarray data

Performing qRT-PCR analyses is a useful method to monitor transcriptional changes of selected

genes, however, our goal was to investigate transcriptional changes of the entire transcriptome.
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To realize this, microarray analyses were conducted to monitor transcriptome-wide gene ex-

pression changes during mesoderm formation. For microarray analyses, undifferentiated and

differentiated cells were sorted. To elucidate consecutive stages in mesoderm development,

the T mCherry KD4-T ESCs were differentiated with Bmp4 and NF as well as RF cells were

sorted after indicated differentiation periods (Figure 2.6). To investigate mesoderm formation

in the presence of T knockdown, ESCs were differentiated for 96h with Bmp4 and Dox. The

RF but also NF populations were collected for further anaylses. For each timepoint, the RNA

from 50,000 cells was isolated, reverse-transcribed, and hybridized to the Mouse Ref-8 v2.0

Expression Beadchip (Illumina). Gene expression at each timepoint was analyzed in biological

triplicates, unless otherwise noted.

2.4.1 Bioinformatic validation of expression data quality

Before a detailed investigation of the expression data could be performed, the raw data was nor-

malized according to standard procedures (for more information see section 4.10). Variances

between different microarray chips, as well as biases within the individual samples were cal-

culated and adjusted. This analysis revealed that each dataset displayed comparable expression

values as well as corresponding ranges for standard deviation (data not shown). These param-

eters allowed the comparability of the microarray samples to one another and suitable quality

for subsequent analyses.

2.5 Bmp4-induced in vitro differentiation of ESCs in the

presence of T

2.5.1 Microarray data reflects changes in expression of known genes in-
volved in embryonic mesoderm formation

To elucidate progressive changes that occur during the process of mesoderm formation, gene

expression in the RF mCherry-positive mesodermal cells were dissected in more detail. In vivo,

proliferation and differentiation events result in production of the mesodermal germ layer in gas-

trulating embryos, whereby proper mesoderm development is ensured through temporal coordi-

nation of molecular processes. Pluripotency is reduced, while characteristics of differentiation

are enhanced, thereby directing cells from a multipotent to epiblast state, before gastrulation



CHAPTER 2. RESULTS 33

and fate determination take place. These progressive molecular changes were also observed in

the microarray dataset presented here.
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Figure 2.8: Expression behavior of selected genes in the timecourse microarray dataset
Genes kown to be involved in molecular proceses that lead to mesoderm formation are depicted according to
their expression over time. The highest expression value in each figure was set to 100%. The remaining data is
illustrated relative to this (y-axis ). The x-axis indicates the timecourse (RF, non-induced). Normalized expression
values were utilized for this analysis. TD: T-positive derivatives.

Known pluripotency genes, including Pou5f1, Rex1, Esrrb, and Fbxo15 were expressed during

early timepoints but displayed rapid downregulation upon the induction of differentation (Fig-

ure 2.8, A). Genes that are known to be expressed in the epiblast, including Fgf5, Otx2, Cdh1,

Rab25, and Enpp2, showed increased expression at 48h (Figure 2.8, B). This observation sug-

gests that after 48h of Bmp4 differentiation, a cell population with an epiblast-like expression

profile was established. Subsequently, mRNA levels of genes related to lateral mesoderm devel-

opment were upregulated (Myl4, T, Tnnc1, and Actc1; Figure 2.8, C), indicating that mesoderm

formation was induced at this timepoint. In addition, genes known to be involved in cell cyle

progression (p53, Ccnd1, Ccne1, Ccn1, Ccnc) displayed decreased expression levels over the

course of differentiation (Figure 2.8, D). In vivo, cell cyle genes are known to act in cells that

possess pluripotent properties. However, as differentiation is initiated, transcription of these

genes is lost. Next to cell cyle regulators, genes playing a fundamental role in the aquisition of

mesenchymal traits, including Vim, Zeb1, Zeb2, and Twist2 exhibited upregulation after 96h of

Bmp4-induced in vitro differentiation culture (Figure 2.8, E).
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Together, these results indicate that the consecutive expression of genes involved during meso-

derm formation in vivo, were recapitulated in the in vitro differentiated cells. Hence, the gen-

erated microarray data demonstrates that Bmp4 treatment of ESCs in vitro reflects successive

stages of embryonic mesoderm development and provides a resource to investigate changes in

the transcriptome during the establishment of the mesodermal germ layer.

2.5.2 Timecourse analysis of in vitro differentiated mesoderm

To investigate changes in the transcriptome during mesoderm formation, transcripts exhibiting

altered expression patterns within successive differentiation timepoints were identified utilizing

the microarray dataset. These transcripts, termed differentially expressed transcripts (DETs),

present a selected set of transcripts, whose expression levels are either increased or decreased

during the course of mesoderm differentiation. A detailed examination of these genes provids

insights into the temporal progress of events in the transcriptome. The DETs of each differ-

entiation interval were determined according to the SAM methodology [http://TM4.org]. Fold

changes (FCs) below 1.5 were not considered in the evaluation.
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Figure 2.9: DETs arising during the in vitro differentiation into T-positive cells
Summary of DETs that were identified during the in vitro differentiation of ESCs into T-expressing cells. A:
Timecourse illustrating the number of DETs for each differentiation interval. The black and red descriptions
represent the investigated timepoints. Red means differentiation timepoints with T expression, whereas the black
characters depict timepoints prior to the emergence of T transcripts. B: DETs separated depending on up- or
downregulation. The x-axis illustrates single differentiation intervals, while the y-axis illustrates the number of
differentially expressed transcripts. The left chart shows transcripts with increased expression, whereas the right
demonstrates transcripts with decreased expression. The fold change in transcription is indicated by the figure
legend.
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Computational analysis revealed that the association of ESCs into ESC aggregates changed the

overall gene expression pattern minimally (Figure 2.9, A). Only 48 transcripts were identified to

be differentially expressed between these two datasets, probably caused by the supplementation

of LIF to the culture medium of both timepoints, which retains the pluripotent character of the

ESCs. Upon plating on fibronectin-coated dishes and 48h of Bmp4 treatment, 1792 transcripts

were found to be differentially expressed. This differentiation interval obtained the greatest

change in gene regulation, probably due to the strong differentiation impact of Bmp4. This

observation could also be a consequence of time, since the differentiation span was the longest.

547 transcripts were determined to be differentially expressed between the 48h NF and the 72h

RF populations. The last 24 hours altered the expression profile of 346 transcripts. To further

elucidate qualitative changes between each differentiation step, the DETs were grouped accord-

ing to the magnitude in FC, whereby up- or downregulated genes were examined separately

(Figure 2.9, B). In general, expression changes between 1.5 and 2-fold were the highest for each

differentiation interval and direction (up- and downregulation). The chart for the upregulated

transcripts clearly demonstrated a decrease in DETs over the time, indicating that the greatest

change in gene expression occured between the aggregated ESCs and 48h of Bmp4-induced in

vitro differentiation. The downregulated transcripts illustrated a similar behavior for the sec-

ond interval but exhibited altered properties for subsequent differentiation stages. Amongst the

third differentiation interval (48h - 72h) 370 transcripts were upregulated, but only 147 tran-

scripts displayed a decrease in expression. Within the upregulated transcripts, changes in gene

expression range between 1.5 to 4 fold, whereas for the majority of the downregulated tran-

scripts changes no more than 1.5fold were monitored. Between 72h and 96h of differentiation,

52 transcripts increased in expression but about 300 transcripts were downregulated. Together

these observations imply that during later stages of mesoderm development transcriptional vari-

ations are greater within the downregulated transcripts as compared to the transcripts displaying

increased expression.

In sum, this investigation demonstrated that the microarray dataset identified numerous differen-

tially expressed transcripts during the course of in vitro differentiation. The greatest differential

regulation of genes occurred between aESC to 48h of differentiation. Later differentiation in-

tervals indicate an increase in downregulated genes, implaying that specification into the meso-

dermal lineage might be realized though loss of gene transciption that relate to non-mesodermal

fate.
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2.5.3 Differentially expressed transcripts indicate mesendoderm develop-
ment before lateral mesoderm is being specified

To obtain a temporal dissection of the developmental course and to determine which type of

mesoderm was generated in the current in vitro assay, Ingenuity pathway analysis (IPA) were

performed [http://www.ingenuity.com]. This program categorizes genes into biological net-

works, functions, or canonical pathways based on published literature. Depending on previ-

ously identified functions of genes, a single gene can be assigned to various groups. Positive

as well as negative regulators are included in these categories. For the current evalulation, the

biological functions were considered in detail, concentrating on the aspects of development. By

this means, the expressional changes of the above identified DETs can be linked to the transcrip-

tion of genes, whose activites have been reported to be involved in the development of defined

tissues, including those with mesodermal origin. Genes that do not experience deregulation

over the in vitro differentiation timecourse were not considered in this investigation. The DETs

of each differentiation interval were analyzed separately.

aESC to 48h 48h to 72h 72h to 96h

Physiological development p-value # of genes p-value # of genes p-value # of genes
Mesodermal derivatives
Development of blood vessels 1.10E-05 71 / 1151 2.09E-09 38 / 385 7.47E-07 26 / 253
Development of muscle 4.59E-05 41 / 1151 - - - -
Development of heart 4.43E-04 35 / 1151 6.80E-04 16 / 385 - -
Development of lymphocytes 1.49E-03 75 / 1151 - - - -
Development of skeletal system 1.83E-03 26 / 1151 - - - -
Development of vasculature - - - - 4.96E-04 5 / 253
Development of artery - - - - 7.00E-03 4 / 253
Endodermal derivatives
Development of lung - - 1.29E-06 14 / 385 1.03E-04 9 / 253
Development of bronchus - - 6.38E-05 3 / 385 - -
Development of gastrointestinal tract - - 3.09E-04 6 / 385 - -
Ectodermal derivatives
Development of neurites 1.66E-03 35 / 1151 - - 3.13E-03 11 / 253

Table 2.1: Developmental categories of the T-positive cells
The number of genes assigned to a particular category and the corresponding p-values are listed. The p-value was
determined by Ingenuity and depicts the significance of the category according to the number of genes assigned to
the group.

1792 DETs have previously been identified to be differentially expressed between the aESC

and the 48h differentiated state (Figure 2.9, A). Out of these 1792 DETs, Ingenuity was able
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to correlate the expression of 1151 genes with known biological functions. Considering only

transcripts, which have been associated with the development of mesodermal, endodermal, and

ectodermal derivatives revealed that genes involved in ectoderm (neural) and especially meso-

derm (blood vessels, muscle, heart, lymphocytes, skeletal system) development were differen-

tially expressed in this first differentiation interval (Table 2.1). This result points to the fact, that

even in this early phase of development, when T expression and RF cells cannot yet be detected,

Bmp4 influences the development of these cells mostly into the mesodermal lineage. Between

48h - 72h of differentiation, genes connected to mesoderm (blood vessels, heart) and endoderm

(lung, bronchus, gastrointestinal tract) formation were noted. Hence, the RF population that

was generated after 72h in vitro culture indicates a gene expression pattern that can either con-

tribute to mesoderm or endoderm development. This property was shown to be characteristic

for mesendoderm cells, which are a common precursor population of mesoderm and endoderm

in gastrulating embryos. Also in the current in vitro assay, a similar developmental course seems

to be followed by the establishment of cells with mesendodermal properties. Between 72h - 96h

of differentiation, transcripts associated with mesoderm (blood vessels, vasculature, artery), en-

doderm (lung) and ectoderm (neural) development were found to be differentially expressed

(Table 2.1). The preceding analysis already revealed that the majority of the DETs allocated to

the last differentiation interval exhibit downregulation (Figure 2.9, B). Thus, the developmental

categories indicated for the last differentiation period mainly refer to genes with a decreasing

expression pattern. Development into the endodermal (lung) and ectodermal lineage (neural)

was listed by Ingenuity for this interval, suggesting repression of endoderm and ectoderm devel-

opment by Bmp4 after 72h of differentiation. Furthermore, genes associated with blood vessel,

vasculature and artery development were also differentially expressed in the last differentiation

block, likewise implaying decreased development of the circulatory system over time. To ver-

ify this observation, genes known to play a role in either endoderm and vascular development

were selected to be investigated in more detail. Transcripts suggestive of endoderm formation

(Gata6, Sox17, Foxq1, Spink3, Tmprss2) displayed distinct upregulation after 72h of differenti-

ation, but rapid downregulation after 96h (Figure 2.10, A). The same expression behavior was

identified for genes contributing to the formation of vascular mesoderm (Par1, Egfl7, Anxa3,

Vegfa, Vegfr1). However in this case, the decrease in expression was not as profound as for the

endodermal marker genes (Figure 2.10, B). In contrast to endoderm and vascular mesoderm,

transcripts regulating muscle, heart, lymphocyte, and skeletal development, were not listed in

the last differentiation interval, indicating that the expression of associated genes was not down-

regulated and hence, seemed to be induced by Bmp4 in the in vitro differentiation culture. To
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confirm this finding, genes known to be involved in the development of cardiac mesoderm were

selected to be examined in more detail. Myl4, Tpm1, Tnnc1, Actc1, and Cdkn1c are all genes

genes that display a marked expression domain in the developing heart of murine embryos (Fig-

ure 2.10, D). When the transcript pattern of these genes was analized in detail, highest transcript

levels were monitored after 96h of in vitro culture (Figure 2.10, C), implaying a tendency of the

Bmp4 differentiated cells to specify into cardiac fate. For the genes pointing to skeletal meso-

derm development this behavior in gene expression could not be identified (data not shown).

Cardiac cells as well as lymphocytes are derived from lateral mesoderm, whereas the skeletal

system originates from the paraxial mesoderm. Muscle cells, on the other hand, are generated

from all types of mesoderm, including lateral mesoderm, which gives rise to cardiac and vas-

cular muscle cells. A closer inspection of the genes allocated to muscle development revealed

an increased expression of cardiac muscle genes, especially those associated with cardiac mus-

cle morphogenesis and contraction of muscle cells (Gaa, Myl3, Myl4, P2rx4, S100a1, Tgfbr3,

Tnnc1, data not shown). Hence, under Bmp4-induced in vitro differentiation conditions, lateral

mesoderm with a tendency to specify into the cardiac lineage appears to be generated.
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Figure 2.10: Developmental programs of the T-positive cells
Expression profiles of selected genes in endoderm, vascular mesoderm and cardiac mesoderm formation. A, B,
C: Timecourse depiction of transcript levels based on the microarray data. The x-axis indicates cell population,
whereas the y-axis represents relative expression levels in percent. The highest expression value for each gene
was set to 100%, while the remaining values were calculated in relation to this value. D: WISH in 9.5dpc mouse
embryos, illustrating transcripts with distinct expression domain in the developing heart [MAMEP database, un-
published].
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Taken together, this analysis shows that Bmp4 directs differentiation of pluripotent ESCs into

the mesodermal lineage. After 72h of culture, a mesendodermal population seemed to have es-

tablished, with the ability to generate either mesoderm or endoderm. By retaining Bmp4 as the

differentiation force, transcription of genes associtated with endoderm development were re-

duced, whereas expression of genes connected to lateral mesoderm formation were maintained

in the T-positive RF cells after 96h of in vitro culture. Especially, genes indicating cardiac spec-

ification were shown to be upregulated, pointing to an enrichment of cardiac fated cells in this

experiment.

2.5.4 Clustering of differentially expressed transcripts unveils seven gene
groups with similar expression behavior

The evaluation described in 2.5.2 identified DETs that arise during the in vitro differentiation of

pluripotent ESCs into T-expressing cells, but fails to determine temporal expression behaviors.

Gene groups that display transient activation across the differentiation timecourse were not

specified by this analysis. However, these gene groups may be essential to the understanding

of mesodermal development and are therefore necessary to elucidate. Through cluster analysis,

genes exhibiting similar expression behaviors are organized into subgroups, so called gene

clusters. To extract these clusters, “Click” clustering was performed (Shamir et al. 2005, more

information about the cluster analysis is given in 4.10.3). For clustering, the DETs of each

differentiation interval were summed. Reappearing transcripts as well as mRNA splice variants

were excluded, leaving 2195 genes for the analysis. Out of these 2195 genes, 1899 genes were

grouped into seven expression clusters. In the following, these seven clusters will be designated

as Cluster I through Cluster VII. A complete illustration of each cluster, including the gene

names, is given in the supplementary material (S1).

Two major cluster blocks were discriminated, Cluster I and Cluster II (Figure 2.11). About 74%

of the genes were assigned to one of these two clusters. Cluster I and Cluster II display opposing

expression profiles, with a sharp expression switch between the aggregated pluripotent ESCs

and the 48h differentiated cells. This observation supports the result of section 2.5.2, in that

the greatest transcriptional change occurred between these two timepoints. The five remaining

clusters also display specific alterations in mRNA expression levels. Cluster III and IV exhibits

a transient but significant upregulation of genes either at 48h or 72h of differentiation. Cluster

VI and VII encompass transcripts with a distinct reduction in expression among 48h and/or
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72h, before subsequent timepoints (either 72h or 96h of differentiation) revealed a temporal

increase in expression (Figure 2.11, B). Genes included in Cluster V were moderately expressed

between the ESC state to 48h of differerentiation but expression decreased extensively by 72h.

After 96h, expression levels returned to baseline.

Jointly, this analysis disclosed that although the majority of the differentially expressed genes

were found between the pluripotent ESC condition to the 48h differentiated state, particular

transient expression patterns could also be identified. A moderate subset of genes displayed an

increase at 48h (Cluster III), whereas two clusters showed specific expression at 72h (Cluster

IV and Cluster VI). Only a small group of genes were found to be notably upregulated after

96h of differentiation (Cluster VII).

Figure 2.11: Clustering of genes involved in lateral mesoderm formation
Clustering of differentially expressed genes identified two major und five minor gene expression clusters. A:
Heat map illustration depicting expression intensities of genes over time. Seven distinct clusters are presented as
individual blocks. Expression values are depicted as log2 ratios. Green intensity represents downregulation and red
intensity depicts upregulation in relation to median expression. B: Dynamic gene expression behaviors outlined as
graphs.
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2.5.5 Genes within clusters reveal biological functions

The preceding investigation disclosed seven clusters with distinct expression behaviors. In order

to relate these clusters to molecular processes, the corresponding genes were further analyzed

by the IPA software [http://www.ingenuity.com]. In the following section, each cluster will be

evaluated with regards to the biological functions. Especially genes that were classified into

molecular and cellular functions were considered for the following analysis (Table 2.2).

ClusterI p-value # of genes
Transcription 2.34E-07 107 / 421
Proliferation of cells 2.97E-07 134 / 421
Maintenance of stem cells 2.06E-05 6 / 421
Cell division process 7.81E-05 80 / 421

ClusterII p-value # of genes
Movement of cells 5.75E-11 118 / 657
Migration of cells 1.20E-10 116 / 657
Organization of cytoskeleton 1.48E-10 39 / 657
Shape change 2.56E-10 62 / 657

ClusterIII p-value # of genes
Specification of rostrocaudal axis 1.59E-03 2 / 43
Transport of molecule 2.44E-03 5 / 43
Transcription of DNA 6.31E-03 6 / 43

Cluster IV p-value # of genes
Metabolic process of cholesterol 6.35E-08 9 / 109
Migration of eukaryotic cells 1.74E-07 28 / 109
Proliferation of cells 9.41E-06 38 / 109

Cluster V p-value # of genes
Transcription of rRNA 1.40E-04 2 / 9
Transcription 2.76E-02 5 / 9

Cluster VI p-value # of genes
Synthesis of lipids 1.05E-03 7 / 52
Growth of cells 3.93E-02 12 / 52
Proliferation of cells 2.71E-02 15 / 52

Cluster VII p-value # of genes
Assembly of filaments 1.16E-03 3 / 17
Differentiation of cells 2.72E-02 6 / 17

Table 2.2: Molecular and cellular functions of Cluster I though ClusterVII
Molecular and cellular functions of genes from the determined clusters. The number of genes assigned to a partic-
ular category and the corresponding p-values are listed. The p-value was determined by Ingenuity and depicts the
significance of the category according to the number of genes assigned to the group.
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Cluster I includes genes that correlate with known properties of pluripotent ESCs. Cell divi-

sion, proliferation and genes with functions in the maintainence of stem cells were identified

(e.g. Esrrb, Fgf4, Klf4, Pou5f1, Sox2). In addition, alterations in gene transcription were indi-

cated. Cluster II contained genes that corresponded to changes in cell shape. Transcription of

genes, suggesting cell motility and cell migration were noted. Furthermore genes, indicating

modifications in the organization within the cytoskeleton were found. Genes allocated to this

cluster include Csrp1, Efnb1, Epha4, Flna, Pdlim5, Srf, which have previously been reported

to influence the cytoskeletal organization of cells [reviewed in Miano et al. 2007]. Cluster III is

enriched for genes that display a transient activation of diverse processes. Genes linked to the

left-right patterning of the rostrocaudal axis (Lefty1, Nodal) were monitored. The concomitant

expression of both genes has been shown to be characteristic for murine embryos at epiblast

stage [Morkel et al. 2003]. This finding further indicates that an epiblast-like cell population

established after 48h of in vitro culture. Additionally, genes involved in transcription of DNA

and molecule transport were expressed at this timepoint. Cluster IV is committed to processes

that influence the metabolism of cholesterol, cell migration, and proliferation. Within Cluster V

another set of transcription associated genes was found, pointing to transcription of ribosomal

DNA. Cluster VI contains genes known to control lipid synthesis, as well as cell growth and cell

proliferation. Cluster VII revealed functions relating to assembly of filaments and the induction

of differentiation. Next to Vim, the transcription factor Zeb1 was identified, which defines the

acquisition of mesenchymal fate. Overall, the diversity of the molecular and cellular processes

unveil that distinct functions are progessing through the timecourse of the in vitro differentiation

process.

The most interesting clusters in this analysis are those that demonstrate a temporal expression

pattern, since transient activation of specified gene groups might be necessary to support meso-

derm development. Cluster III (64 genes), Cluster IV (130 genes), Cluster VI (68 genes), and

Cluster VII (24 genes) display notable changes in expression at 48h, 72h or 96h, respectively.

Genes allocated to Cluster IV and Cluster VI are specifically transcribed at 72h of differen-

tiation. This observation suggests that important mesodermal-specific cellular and molecular

processes occur at this timepoint.
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2.5.6 Cluster IV and VI are enriched for cell migration, proliferation, and
biosynthesis of cholesterol and lipids

Cluster IV and Cluster VI display similar expression patterns in the ESC states and after 72h

and 96h of differentiation. The main difference between these two clusters is apparent at 48h

of differentiation. Cluster VI reveals a temporal downregulation of genes while Cluster IV

display continuous modest transcription (Figure 2.11). To elucidate the combined effect of both

clusters, the DETs of Cluster IV and Cluster VI were summed and analyzed in more detail.

Cluster IV and VI p-value # of genes
Quantity of lipid 4.05E-09 25 / 163
Quantity of cholesterol 4.80E-09 13 / 163
Metabolism of lipoproteins 6.38E-09 6 / 163
Migration of eukaryotic cells 1.39E-07 36 / 163
Proliferation of cells 1.26E-06 53 / 163

Table 2.3: Molecular and cellular functions of Cluster IV and Cluster VI
Molecular and cellular functions of genes from the determined clusters. The number of genes assigned to a partic-
ular category and the corresponding p-values are listed. The p-value was determined by Ingenuity and depicts the
significance of the category according to the number of genes assigned to the group.

Analysis of the sum of Cluster IV and VI revealed genes associated with increased quantities of

lipids and cholesterol. Molecules involved in the biosynthesis of lipids (Dgat2, Pip5k1a) and

cholesterol (Apoa1, Cyp51, Insig1, Lss) were transcribed. Furthermore, expression of several

apolipoproteins were denoted (Apoa2, Apoae, Apoc1, Apom). Apart from these, a transient reg-

ulation of cell proliferation was also indicated, illustrated by increased expression of Ccnd3,

Cxcl16 and Mdm2. In addition, genes affecting the migratory properties of cells were iden-

tified. Genes regulating cell migration, such as Arhgap8, Capn2, Id1, Itga5, Sparc, and also

genes coding for structural molecules like collagens and laminins were listed (Col4a2, Col4a2,

Lama1, Lamc1).

Overall, this analysis reveals that the sum of the genes categorized into Cluster IV and Cluster

IV indicate the activation various processes within the cell. Highly annotated by the Ingenu-

ity software were processes that affect either the biosynthesis of lipids and cholesterol or the

metabolism of lipoproteins. Lipids, cholesterol and lipoproteins are components of the plasma

membrane, suggesting that a temporal activation of these processes occured to cause an in-

creased generation of plasma membrane during lateral mesoderm formation. Furthermore, cell

proliferation and cell migration were listed in this evaluation, pointing to the fact that these

events might also be necessary to support the development of lateral mesoderm.
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2.5.7 Tgfß, Wnt, Bmp and Fgf signaling during the in vitro differentiation
of lateral mesoderm

Apart from the aim to identify cellular and molecular changes during mesoderm formation, an-

other aspect of this study is to elucidate the signaling network that accounts for the development

of mesoderm. The preceeding sections revealed that Bmp4 application to pluripotent ESCs re-

sulted in the generation of mesendodermal-like cells after 72h of in vitro culture before lateral

mesoderm was specified. To understand the signaling activities that account for the successive

development of these cells, a more precise inspection of selected genes is necessary. In vivo,

gastrulation and subsequent mesoderm formation is mediated by the interplay of key signal

transduction pathways, including Tgfß, Wnt, Bmp and Fgf signaling [reviewed in Arnold and

Robertson 2009]. In order to dissect how these signaling pathways were regulated in the current

in vitro culture, signaling members of each transduction pathway were manually selected and

examined in detail (Figure 2.12).
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Figure 2.12: Microarray based expression analysis of signaling pathways
The captions on the left indicate the signaling pathway to which the growth factors belong. The highest normalized
expression value was used to calculate the relative expression levels. The y-axis illustrates normalized expression
intensities in percent, whereas x-axis represents the assayed timepoints.
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Within the Tgfß signal transduction pathway Nodal is the key signaling ligand. Expression

analysis of Nodal revealed, that Nodal transcripts are present throughout the ESCs states until

48h of differentiation, suggesting that Tgfß signaling was active at these differentiation time-

points. However, after 48h of in vitro culture, Nodal mRNA levels decrease to half, indicating

that Tgfß signaling was reduced at 72h and 96h of culture. The 72h and 96h differentiation

timepoints were previously identified to correlate with mesendoderm and lateral mesoderm for-

mation, respectively (section 2.4.4). Hence, Nodal signaling does not seem to be involve in the

specification process of lateral mesoderm. For the Wnt signaling pathway, Wnt6 and Wnt7b

were identified. The expression profiles of Wnt6 and Wnt7b, indicate a transient activation of

the genes at 72h, suggesting that Wnt6 and Wnt7b signaling were transiently upregulated when

mesendoderm formation occured. For the Bmp signaling pathway, four signaling morphogens

were determined: Bmp4, Bmp1, Bmp7 and Bmp8b. For Bmp4, a dynamic expression pattern

was monitored. Bmp4 was highly expressed in ESCs and aESCs but exhibited downregulation

at 48h of differentiation and increased expression thereafter. The Bmp4 signaling pathway is

known to serve multiple roles during development, hence, also in the current in vitro assay,

Bmp4 appears to perform multiple functions: one that occurs during the pluripotent state and

another during the generation of mesendoderm (72h) and lateral mesoderm (96h). Bmp1 and

Bmp7 displayed a steady upregulation over the differentiation timecourse with only minor re-

duction for Bmp1 at 96h. This observation points to the fact that Bmp1 and Bmp7 signaling

increase concomitant to lateral mesoderm formation. Bmp8b exhibited a temporal upregulation

at 72h, indicating that Bmp8b signaling was induced during mesendoderm development. For

the Fgf signaling pathway, five signaling members were investigated in detail: Fgf4, Fgf5, Fgf8,

Fgf10 and Fgf13. Fgf4 transcripts were monitored in ESCs and aESCs but the expression level

decreased for subsequent differentiation timepoints. This timecourse analysis indicates, that

Fgf4 signaling was active during the pluripotent ESC state but dimished during the develop-

mental stages of mesoderm formation. Fgf13 displayed a varied expression pattern over time,

peaking at 48h. Fgf10 transcripts, on the other hand, steadily increased until 72h of differentia-

tion and declined thereafter. In both cases, expression of Fgf10 and Fgf13 decreased after 72h

of differentiation, suggesting that the functions of these genes are not required for the specifica-

tion of lateral mesoderm. For Fgf5 and Fgf8, a dynamic expression profile was illustrated, with

an initial peak after 48h, subsequent downregulation at 72h, and repeated upregulation at 96h.

This finding, again points to the fact that signaling of a single gene can contribute to various

developmental processes. Transcription at 48h of differentiation coincides with the timepoint
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when epiblast marker genes were shown to exhibit high expression (Figure 2.8, B). Hence, tem-

poral expression of Fgf5, which is the key marker gene for epiblast cells appears to support

epiblast formation at 48h of differentiation. Upregulation of Fgf5 and Fgf8 at 96h, however,

seem to correspond to the generation of lateral mesoderm. The divergent expression profiles

of the Fgf ligands indicate that different processes are likely to be regulated by different Fgf

growth factors.

Overall, this signaling pathway analysis indicates that the activity of the Bmp, Wnt and Fgf

pathways seem to regulate and direct development along the mesodermal lineage. Especially,

signaling of Bmp7 from the Bmp pathway, as well as signaling of Fgf5 and Fgf8 from the Fgf

pathway appear to be involved in the specification process of mesendoderm into lateral meso-

derm.

2.5.8 A model for the specification of lateral mesoderm in vitro

To summarize the processes that parallel the in vitro generation of lateral mesoderm described

here, a model was compiled (Figure 2.13).
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Figure 2.13: Signaling pathways and molecular processes involved in lateral mesoderm devel-
opment in vitro
Schematic representation of successive stages in mesoderm development. Expressed genes are illustrated as mark-
ers for each population. Colored lines indicate when specific growth factors are expressed.

Analysis of the microarray data unvailed the generation of successive developmental stages

during the in vitro differentiation culture, starting with pluripotent ECSs, passing though an

epiblast-like and then mesendodermal-like state to finally give rise to mesodermal fated cells. In
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ESCs, expression of pluripotent marker genes were identified (Klf4, Pou5f1, Sox2). Along with

the transcription of these genes, investigation of the Tgfß signaling pathway revealed strong

Nodal expression in undifferentiated ESCs. As Bmp4 was administered to the pluripotent ESCs,

differentiation was induced. At 48h, the cells are still non-fluorescent but express genes known

to be transcribed in the epiblast of developing embryos, including Otx2, Nodal and Fgf5. At the

same time, a steady increase in Bmp signaling was observed (Bmp1, Bmp4 and Bmp7), while

Nodal signaling started to deminish. After 72h of differentiation, within the RF T-positive cells,

mesendodermal fated cells, expressing endodermal (Gata6) and mesodermal (Tnnc1, Vegfr1)

genes were monitored. Furthermore, genes indicating cell migration, cell proliferation and

increased quantities of cholesterol and lipids exhibited temporal transcription at this timepoint.

Simultaneously, transient expression of Wnt signaling members (Wnt6, Wnt7b) and periodic

reduction in Fgf signaling (Fgf5, Fgf8) were detected. After 96h of differentiation, the T-

positive cells lose transcription of endodermal and vascular genes but express the mesenchymal

marker Vim and lateral mesoderm-specific genes, pointing to a divergence in development at

this timepoint. Especially genes, suggesting specification into the cardiac lineage exhibit strong

transcription (Tnnc1, Myl4). Concomitant with the upregulation of these genes, Wnt signaling

disappears while Fgf and Bmp signaling increases, indicating a biological function of Fgf and

Bmp signaling for the specification of lateral mesoderm.

2.6 Histone modifications during in vitro mesoderm develop-

ment

The aim of this section is to address whether epigenetic alterations can be monitored for the

identified signaling molecules of the preceding section. Chromatin immunoprecipitation (ChIP)

analyses were performed to potentially relate the transcriptional activity of these genes with

known histone modifications. In particular, trimethylations marks associated with chromatin

opening (H3K4) and chromatin compacting (H3K27) were assayed.

2.6.1 Validation of ChIP performance

ChIP is a commonly applied experimental technique that allows to investigate interactions be-

tween protein and DNA in a cell. By use of a specific antibody against the protein of interest,

DNA sequences that are bound by the protein can be extracted and analyzed. In the current
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in vitro study, antibodies against H3K4me3 and H3K27me3 were employed, to enrich DNA

fragments (approximately 300bp in length) that are subjected to these trimethylation marks dur-

ing mesoderm formation. Undifferentiated, as well as in vitro differentiated TmCherry KD4-T

cells were investigated in detail. The cells were differentiated with Bmp4 as previously de-

scribed and collected after 96h of culture for both histone ChIP. In case of WT differentiation,

the mesodermal (RF) and the non-mesodermal (NF) cells were surveyed, whereas for the T-

KD differentiation, soely the RF population was examined. ChIP performance was verified

using quantitative real-time PCR (qRT-PCR) by testing enrichment of known H3K4me3 and

H3K27me3 target genes (data not shown). DNA amounts varying between 4ng and 10ng were

obtained and utilized for next generation sequencing (NGS). In contrast to conventional se-

quencing, NGS increases sequencing throughput by arraying millions of DNA fragments on

a single chip and sequencing all fragments in parallel. For the current investigation, 25 nu-

cleotides were sequenced to determine the identity of enriched targets.

2.6.2 Validation of ChIP-seq data quality

Sequencing of the eight ChIP-DNA samples resulted in comparable amounts of processed reads,

ranging between approximately 29.8 and 36.5 million (Figure 2.14, A). These processed reads

were aligned to the USCS mouse genome (version 9) to remove data, that either failed to match

to the genome, or mapped to multiple genomic regions. Subtracting all the unemployable reads,

the mapping rate could be calculated in relation to the initial amount of processed reads (Figure

2.14, B).
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DNA fragments collected with the H3K4me3 antibody presented a mapping rate or 60 - 70%

and seemed to be more abundant than H3K27me3 enriched DNA. For H3K27me3, mapping

rates around 50% appear to be more common. The 96h differentiated RF T-KD cells are how-

ever an exception, displaying a mapping rate of only 13%. Hence, a significant reduction in

the number of reads could be identified in the H3K27me3 ChIP of the 96h differentiated RF T-

KD population. This observation indicates that this particular ChIP-seq sample does not contain

enough information to be evaluated in detail. Due to this circumstance, subsequent observations

will only be drawn from the histone data of the undifferentiated ESC and the WT differentiated

populations.

2.6.3 Changes in gene expression are paralleled by histone modifications

In order to draw conclusions from the histone data, ChIP-seq fold enrichment values were

calculated for each trimethylation peak. For this, reads within 2kb of annotated transcriptional

start sites (TSS) were summed to obtain the fold enrichment of either H3K4me3 or H3K27me3

marks against global abundance.

The preceding section revealed the interaction of signaling pathways, particularly pointing to

initiation of Bmp1, Bmp7, Fgf5, and Fgf8 signaling during lateral mesoderm formation, while

Fgf4 and Nodal indicated decreased expression. In the following section the H3K4me3 and

H3K27me3 profiles will be compared to the expression data to determine if histone modification

corresponds to gene transcription during the in vitro differentiation timecourse.

2.6.3.1 H3K4 and H3K27 modifications at the T locus

T serves as the positive control in this analysis. The 96h in vitro differentiated cells were sorted

according to red fluorescence, using the T-mCherry reporter, which correlates with active T

transcription. By qRT-analysis, it was previously shown that pluripotent ESCs do not express

T, while red-flourescence corresponds to T transcription (Figure, 2.7). At the same time, non-

flourescencent cells were shown to lack T mRNA. This distinction in gene expression might be

paralleled by changes in the histone trimethylation pattern.
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When the T mRNA levels of the 96h differentiated populations was compared to the T mRNA

level of undifferentiated ESCs, an about 3.2fold increase in T transcripts was identified in the

RF cells, however, no expressional differences were monitored for the NF cells (Figure 2.15, A).

This observation demonstrates that also within the microarray data, T is exclusively expressed

in the WT differentiated T-mCherry positive population. Thus, elevated levels of T transcripts

were neither detected within the undifferentiated ESCs nor within the 96h differentiated NF

cells. This difference in T expression levels should also be reflected by changes of the H3K4

and H3K27 trimethlylation status (Figure 2.15, B). In ESCs, the T locus exhibited a bivalent

H3K4 and H3K27 trimethylation mark, which has previously been shown to be transcriptionally

silent but poised for active transcription. Surrounding the TSS of the T locus, two distinct

histone peaks were identified for each trimethylation mark. One at the TSS and the second

directly upstream of it. Within the differentiated populations, the H3K4me3 peak remained

largely unvaried (with a ChIP-seq fold enrichment of 9.24 in ESCs to 8.84 in the RF and 8.98

in the NF population), whereas in RF cells a slight decrease of the H3K27 peak was monitored

(8.05 in ECSs to 7.15 in the RF cells; Figure 2.15, B). H3K27me3 is known to correlate with

chromatin compaction, thus a reduction of this histone trimethlyation mark suggests a more

opened T locus, in comparison to the chromatin status in ESCs. The NF population did not

show this change in chromatin state (8.05 in ESCs and 7.92 in the NF cells; Figure 2.15, B). In

sum, this analysis reveals two things: first, that expression of T is coupled with changes in the
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trimethylation status of H3K27 and second, the reliability of the histone data in general, since

T acts in this evaluation as the positive control and changes in gene expression were shown to

be paralled with changes in the histone trimethlylation profile.

2.6.3.2 H3K4 and H3K27 modifications at the Nodal and Fgf4 locus

In the current study, pluripotency genes were shown to exhibit downregulation during the course

of the in vitro differentiation (Figure 2.8, A). Two key signaling morphogens from the Tgfß and

Fgf pathways were also shown to display reduced mRNA levels, Nodal and Fgf4 (Figure 2.16,

A and C).
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Figure 2.16: H3K4 and H3K27 trimethylation peaks at Nodal and Fgf4
A and C: Transcript levels in the RF and NF cells, calculated in comparison to the ESC transcript levels. The x-axis
identifies the cell population, whereas the y-axis shows the relative transcript levels. B and D: The descriptions
on the left indicate the sample. The ChIP-seq fold enrichment values on the right were calculated against global
abundance. The yellow window outlines the 2kb region around the transcriptional start site, which was utilized to
determine the enrichment of histone methylation marks. The peaks illustrated in this image result from mapping
of all reads against the genome.
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The signaling pathway analysis reavealed that Nodal transcripts decreased over time in the RF

cells during the in vitro culture (Figure 2.12). This change in gene expression is also indicated

here, by a negative expression value. Based on the miroarray data, a 1.80fold reduction in Nodal

transcripts was determined in the RF population after 96h of differentiation in comparison to

the Nodal mRNA level of undifferentiated, pluripotent ESCs (Figure 2.16, A). An about 1.6fold

reduction in Nodal expression was indicated in the NF cells (Figure 2.16, A). Hence, Nodal

transcription was observed in undifferentiated ESCs, whereas at 96h, both populations exhib-

ited reduced Nodal mRNA levels. In accordance with active Nodal expression, the Nodal locus

of the ESCs displays only a H3K4 trimethylation peak, which is indicative of open chromatin

(Figure 2.16, B). However, although a clear downregulation of this gene was determined by the

microarray data for the differentiated cells, no distinct changes in H3K4me3 and H3K27me3

were seen. This observation suggests, while the Nodal locus remains in an open state during the

in vitro differentiation timecourse, other factors such as for example transcriptional repressors

or microRNAs are able to cause downregulation of Nodal expression.

Within the 96h differentiated cells, Fgf4 transcript levels decreased during the in vitro differ-

entiation period. The RF, as well as the NF population indicated an about 1.85fold reduction

in Fgf4 expression in comparison to the ESC mRNA level (Figure 2.16, C). In correlation with

this observation, changes in histone identitiy were detected. H3K4 and H3K27 trimethylations

marks were present around the TSS (Figure 2.16, D). Within the ESCs, high levels of H3K4me3

was observed (9.89), while H3K27me3 was low (5.42), indicative of an open chromatin. The

differentiated cells showed no notable reduction in H3K4 modifications, however an increase in

H3K27me3 could be detected (5.42 to 7.45 in RF and 7.18 in NF), suggesting initiation of hi-

stone modifications towards chromatin compaction. This observation indicats that H3K27me3

marks are increased during early differentiation steps, consistent with downregulation during

the differentiation process.

2.6.3.3 H3K4 and H3K27 modifications at the Bmp1 and Bmp7 locus

Concomitant with the in vitro generation of lateral mesoderm, distinct upregulation of Bmp1

and Bmp7 transcript levels were noted.
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Figure 2.17: H3K4 and H3K27 trimethylation peaks at Bmp1 and Bmp7
A and C: Transcript levels in the RF and NF cells, calculated in comparison to the ESC transcript levels. The x-axis
identifies the cell population, whereas the y-axis shows the relative transcript levels. B and D: The descriptions
on the left indicate the sample. The ChIP-seq fold enrichment values on the right were calculated against global
abundance. The yellow window outlines the 2kb region around the transcriptional start site, which was utilized to
determine the enrichment of histone methylation marks. The peaks illustrated in this image result from mapping
of all reads against the genome.

Direct comparison of Bmp1 transcripts at 96h in the RF and NF populations revealed no marked

differences in mRNA levels. In the RF cells an about 2.7fold and in the NF cells an about

3.2fold increase in Bmp1 expression was monitored in comparison to the undifferentiated ESC

state (Figure 2.17, A). Analysis of the correlating H3 modifications at Bmp1 revealed a poised

promoter in ESCs. Defined H3K4me3 and H3K27me3 peaks could be monitored at the tran-

scriptional start site of this gene in ESCs. Within the differentiated and Bmp1 expressing cells

a reduction of H3K27me3 was observed in the RF (7.46 to 4.89) and NF populations (7.46 to

6.31; Figure 2.17, B), pointing to active chromatin opening.

For the histone trimethlylation pattern at the Bmp7 locus, a similar behavior was identified.

Transcript levels of the RF and NF populations at 96h showed comparable upregulation (2.6fold

in the RF and 2.3fold in the NF cells; Figure 2.17, C). The pluripotent ESC displayed a bivalent
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peak, with trimethylations of H3K4 and H3K27 (Figure 2.17, D). The differentiated cells on

the other hand illustrated reduced H3K27 marks (RF 5.45 and NF 5.85, as compared to 7.00).

This observation indicates that concurrent with the transcription of these genes, a decrease in

chromatin compaction related histone marks were initiated.

2.6.3.4 H3K4 and H3K27 modifications at the Fgf5 and Fgf8 locus

In addition to elevated levels of Bmp signaling during lateral mesoderm development, increased

expression of Fgf signaling members could also be monitored. Transcriptional regulation of

Fgf5 and Fgf8 were examined during the in vitro differentiation timecourse.
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Figure 2.18: H3K4 and H3K27 trimethylation peaks at Fgf5 and Fgf8
A and C: Transcript levels in the RF and NF cells, calculated in comparison to the ESC transcript levels. The x-axis
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of all reads against the genome.
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In ESCs, no marked expression of Fgf5 was detected by microarray analysis (Figure 2.12).

This transcriptional silence is concomitant to a bivalent promoter, exihibiting both H3K4 and

H3K27 trimethylations (Figure 2.18, B). Upon differentiation, H3K27 trimethylation peaks

decreased in the RF and NF populations (Figure 2.18, B). The RF population displayed a

greater increase in Fgf5 expression (12fold upregulation), which is paralleld with a greater

reduction in H3K27me3 enrichment: from 6.52 in ESCs to 4.73 in the RF cells. For the NF

population, a 5fold increase in transcription and a decrease in the H3K27me3 peak to 5.28 was

monitored. Together these obervations indicate a correlation between gene transcription and

histone modification: the greater the H3K27me3 peak the the lower the mRNA level.

With respect to Fgf8, a bivalently marked promoter was identified, pointing to poised status

in ESCs. A moderate increase in transcript level was noted for the RF cells at 96h (about

4.3fold), however no transcripts were detected in the NF cells (Figure 2.18, C). Coinciding with

this finding, H3K27 levels decreased in the RF population from 8.05 to 6.62, while in the NF

population H3K27me3 remained high at 7.83 (Figure 2.18, D).

Overall, this analysis suggests a correlation between gene transcription and histone modi-

fication. For the growth factors of this investigation, changes in gene expression were shown to

be paralled with changes in H3K27 trimethylations peaks. Hence, this examination reveals that

determination of the histone modification profile is a useful tool to corroborate gene expression

data.

2.7 Bmp4-induced in vitro differentiation of ESCs under con-

ditions of reduced T

The microarray data presented here revealed progressive changes during the in vitro differentia-

tion of ESCs. After 96h of Bmp4-induced differentiation, lateral mesoderm development could

be identified, with increased transcription of cardiac-specific genes. Another aspect of this study

was to dissect the molecular function of T in mesoderm development. In order to address this

point, the transcriptome of the mesodermal cells in which RNAi was induced to knockdown T

was compared to the non-induced control.
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2.7.1 T knockdown changes the transcriptome of Bmp4 differentiated
cells

The microarray data from the 96h differentiated RF samples were normalized to the ESC data

to identify deregulated transcripts. In this evaluation, fold changes < 2 were not considered. A

complete list of the deregulated genes is provided as supplementary material (S2).
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Figure 2.19: DETs in the 96h differentiated RF populations
A: Bar graph, depicting DETs determined from the transcriptome of the 96h differentiated cells in comparison to
the ESC data. Up- and downregulated genes are shown for the RF populations. Red indicates increased expression,
whereas green depicts the number of genes with decreased expression levels. B: Overlap analysis of the DETs.
Upregulated and downregulated DETs were evalulated separately. T-KD: T knockdown; WT: wild-type.

The bioinformatic analyses revealed 734 DETs in the RF WT mesodermal population (Figure

2.19, A). Of these, 397 transcripts were upregulated whereas 337 genes displayed downreg-

ulation. The T knockdown cells exhibited greater numbers of DETs, suggesting that lack of

T can alter the transcriptome of the differentiated cells. In the RF T knockdown population,

897 transcripts were found to be differentially expressed, of which 511 genes were up- and

386 transcripts downregulated. In the untreated WT population about 54% of the transcripts

increased expression, whereas nearly 46% decreased expression upon in vitro differentiation.

On the contrary, in the Dox-induced T knockdown population, approximately 57% of the DETs

exhibited upregulation, whereas about 43% displayed downregulation. This analysis implies

that T knockdown resulted in an increase in the amount of upregulated transcripts when com-

pared to the WT differentiation.

To investigate, if the same genes are being up- or downregulated in the RF WT and T-KD cells

after 96h of differentiation an overlap analysis was performed (Figure 2.19, B). For this, the

determined DETs were compared, whereby the up- and downregulated genes were examined
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seperately. Between the 397 DETs of the WT differentiated and 511 DETs of the T-KD induced

cells, 297 DETs were identified to be commonly upregulated, implaying a partially similar but

also differential development of the cells. 100 DETs were found to be only upregulated in

the WT differentiated cells, whereas 214 DETs were identified to be uniquely upregulated in

the T-KD cells. A closer examination of these genes will be performed in following sections.

For the DETs displaying downregulation, an overlap of 259 DETs was noted. 78 DETs were

identified to be solely downregulated in the WT and 127 DETs were found to be only downreg-

ulated in the T-KD cells. Furthermore, comparing the upregulated genes of the WT population

with the downregulated genes of the T-KD population, and vice versa, revealed that there is

no overlap between these two gene groups (data not shown), indicating that the differentially

expressed genes of both populations are either uniquely up-or downregulated or commonly reg-

ulated. Taken together, this analysis uncovers that T-KD changes the transcriptome of Bmp4

differentiated cells.

2.7.2 Mesoderm development is biased upon T knockdown

To elucidate the difference in developmental tendency of the T knockdown cells in compari-

son to the WT differentiated RF cells, Ingenuity evaluations [http://www.ingenuity.com] were

performed for each dataset. 824 DETs were determined for the RF populations when Dox was

not added to the differentitation culture. Out of these 824 transcripts, 489 genes could be clas-

sified to biological functions. In the T knockdown differentiation, 897 deregulated transcripts

were ascertained, from which 589 genes were categorized. All biological functions referring

to development were selected and are listed below according their magnitudes in p-value. A

complete overview of the corresponding genes is available as supplementary material (S3).

WT T-KD

Physiological development p-value # of genes p-value # of genes
Development of blood vessel 2.92E-09 47 / 501 7.13E-07 47 / 597
Development of muscle 5.13E-05 23 / 501 - -
Development of heart 2.82E-04 20 / 501 - -
Development of notochord 4.89E-04 4 / 501 - -
Development of skeletal system 1.23E-03 15 / 501 - -
Development of blood cells - - 3.76E-03 47 / 597

Table 2.4: Developmental categories of the 96h differentiated RF cells
Molecular and cellular functions of genes from the determined clusters. The number of genes assigned to a partic-
ular category and the corresponding p-values are listed. The p-value was determined by Ingenuity and depicts the
significance of the category according to the number of genes assigned to the group.
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Comparison of the physiological development of the RF WT versus T-KD populations dis-

played notable differences. When T activity was not inhibited, genes contributing to the de-

velopment of several mesoderm derivatives, such as blood vessels, muscles, heart, notochord

and skeletal system were detected. In contrast, when T activity was absent, only genes associ-

ated with blood vessel and blood cell development were observed. This finding suggests that

mesoderm development is biased in the absence of T.

2.7.3 T knockdown reduces cardiac mesoderm development but enhances
blood cell development

To further dissect the differences in development between the RF WT and RF T-KD cell

populations, genes that were shown to be involved in the generation of the mesodermal lineages

were examined in more detail (Figure 2.20).

The first mesodermal derivative, listed for both differentiation approaches, refered to blood

vessel development (Table 2.4). In both populations, 47 genes were identified to exhibit a dif-

ferential expression pattern after 96h of Bmp4 differentiation. Out of these, 28 genes displayed

up- and 19 genes indicated downregulation in the WT cells, whereas in the T-KD counterpop-

ulation 30 genes exhibited increased transcription and 17 genes illustrated downregulation. A

more precise inspection of positive regulators in vasculogenesis revealed that most of these

genes illustrated comparable expression levels in both populations (Figure 2.20, A), implaying

that blood vessel development can be induced independent of T presence. Within the genes

that indicated muscle development, 17 were found to be up- and and 6 genes were determined

with downregulation in the WT differentiated cells. For the T-KD cells, muscle development

was not identified, pointing to the fact that less genes connected to muscle development were

differentially expressed under culture conditions with reduced T. When the mRNA level of

genes connected to muscle development were examined, several genes displayed decreased

transcription in comparison to WT expression levels, which points to the fact that muscle

development was initiated in lower degrees within the T-KD cells as compared to the WT

differentiate cells. (Figure 2.20, B). Among the genes exhibiting upregulation in this devel-

opmental category, genes specific for cardiac muscle development were listed (Actc1, Tnnc1).

This finding supports a previous assumption, where cardiac fated cells were suggested to be

enriched in the Bmp4 differentiated RF WT cells (section 2.4.4). A similar expression behavior

was observed for genes associated with heart development (Figure 2.20, C). 20 differentially
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expressed genes were identified for this developmental category, of which 17 genes increased

and 3 genes decreased expression after 96h of differentiation. A closer inspection of the

upregulated genes reveald that the WT cells express cardiac genes, whereas within the T-KD

cells expression of these genes was reduced. Together, this and the previous finding suggest

that in the absence of T, cardiac development appears to be reduced. An opposed expression

behavior could be observed for genes contibuting to hematopoetic development. Expression

of blood-specific genes were noted in the T-KD population (31 genes with an increased and

16 genes with a decreased transcription pattern), while for the WT cells expression of these

genes were monitored at reduced expression levels. This points to the fact, that blood cells

development might be enhanced as a consequence of T knockdown. For the category pointing

to skeletal development, 15 genes were identified to be differentially expressed in the WT

population. Ten genes exhibited up- and five genes displayed downregulation. Among the

upregulated genes, expression levels in the WT differentiated cells were higher than in the

T-KD couterpopulation (Figure 2.20, D). This observation implies that genes associated with

skeletal system development were less induced in cells lacking T expression. With respect to

the genes that indicate axial development (notochord) in the WT cells, a controversal expression

behavior was determined. Four inducers of notochord development were listed, of which two

genes displayed increased transcription (T, Col2a1), while two genes exhibited downregulation

(Epha2 and Gdf3) in comparison to ESC mRNA levels (Figure 2.20, E). This observation is

contradictory and it is therefore not clear if notochord development was actually initiated in the

WT differentiated RF cells.

Taken together, this analysis reveals several facts; in the absence of T, expression of vascular

genes is initiated and can therefore function independently of T, but also that cardiac, muscle,

and skeletal system development is affected by T-reduced differentiation conditions, favoring

development into the hematopoetic lineage. Specification into the axial lineage does not seem

to occur in the RF WT cells after 96h of Bmp4 induced differentiation.
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Figure 2.20: Comparative expression of developmental genes in T -positive and T -reduced cells
Transcript levels of genes that were shown to contribute to blood vessel (A), muscle (B), heart (C), skeletal system
(D), notochord (E) and blood cell development (F). The curve indicates the set threshold of at least 2fold changes
in expression The gene names are indicated on the x-axis and the y-axis shows the relative transcript level as fold
change.
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2.7.4 Bmp and Fgf signaling are altered upon T knockdown

In order to examine, whether the variances in development originate from differences in sig-

naling network activity, the expression level of selected growth factors was analyzed. Genes

mediating Bmp, Fgf, and Wnt signaling were identified and compared to the T-KD counter-

population (Figure 2.21). Nodal expression did not change between the ESC status to the 96h

differentiation timepoint within both populations (RF WT and T-KD cells), and was therefore

not outlined in this examination.
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Figure 2.21: Comparative expression of signaling molecules of the Bmp, Fgf, and Wnt path-
ways in T -positive and T -reduced cells
Bar graph illustrating transcription of Bmp (A), Fgf (B) and Wnt (D) signaling members. Growth factors, pos-
sessing at least a 1.5 deregulation in expression compared to the undifferentiated ESCs were used for the analysis.
T-KD: T-knockdown; WT: wild-type.

For the signaling members of the Bmp pathway, moderate differences in gene expression were

uncovered. Both populations exhibit Bmp1 and Bmp7 transcription, although levels of Bmp7

were higher in the T-KD population (4.1 fold; Figure 2.21, A). Bmp4, which displayed a 1.5fold

decreased expression in the RF WT cells compared to ESCs, demonstrated an about 2fold re-

duction in transcription in the RF T-KD cells, which suggests, that Bmp4 signaling is less in the

T-KD cells. The most significant alterations in gene expression were observed within the Fgf

signaling pathway (Figure 2.21, B). The RF WT cells exhibited extremley high mRNA levels

for Fgf5 (12.1fold), whereas for the RF T-KD cells about 6.3fold increase in expression was

found. Fgf8 expression appeared to be similar within both populations, either 4.7fold (WT)

or 3.7fold (T-KD). For Fgf4 and Fgf17, no marked differences in transcription were detected.

Within the Wnt pathway, equal expression of the non-canonical signaling molecule Wnt4 was

detected in both RF WT and T-KD cells (Figure 2.21, C).
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In sum, this analysis reveals that transcription of signaling morphogens, which induce key sig-

nal transduction pathway during mesoderm formation, are altered upon T knockdown. Previous

results of this work already revealed increased expression of growth factors from the Bmp and

Fgf pathway concommitant to the generation of mesodermal cells in vitro. RNAi induced de-

pletion of T transcripts, resulted in altered expression of these genes. Within the T-KD cells,

Bmp4 levels were reduced and Bmp7 mRNA was slightly elevated. Fgf5 mRNA, on the other

hand, was more abundant in the WT than in the T-KD cells. Hence, T absence influences the

signaling network accounting for mesoderm development, pointing to a functional correlation

between T and the activation of these signaling pathways.

2.7.5 Hierarchical cluster analysis of deregulated transcripts

Evaluations of the DETs identified that 96h differentiated RF WT cells developed towards

latera mesoderm, with a tendency to specifying into cardiac mesoderm, while the RF T-KD

cells differentiated into cells of the hematopoetic lineage. In addition, the preceding analyses

further confirmed changes in the expression levels of key signaling molecules in WT versus

T-KD. To clearly determine the differences between the cell populations in the presence and

absence of T, the transcriptomes of the RF 96h differentiated cells were compared to each other,

unveiling 212 deregulated transcripts. Transcripts with a FC < 1.5 were excluded from this

analysis. These 212 transcripts were utilized to perform hierarchical clustering. The normalized

gene expression levels were used to elucidate prominent transcripts that are affected by loss

of T during differentiation into mesoderm. To make sure that the determined differences in

gene expression are a consequence of T depletion and not mediated through Dox application,

transcription levels of the NF populations were included into the cluster analysis. A complete

illustration of the clustering and descriptions of the gene names is given as supplementary

material (S4).

Clustering of the 212 DETs of the RF populations identified five distinct expression pat-

terns (Figure 2.22). Cluster A included 93 genes that exhibit expression in the RF and NF

populations of the T-KD cells, but display no changes in expression in the WT counterpop-

ulations. The transcription of these genes is therefore independent of T activity and genes

allocated to this cluster were not investigated in more detail. Expression of these might have

been induced through the implementation of Dox itself, which is an antibiotic and may affect

gene transcription. The same was true for Cluster B. Within this cluster, the WT populations
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exhibited expression of 47 genes no transcriptional activity was detected for the same genes

in both T-KD populations (RF and NF). Cluster C, on the other hand, enclosed 51 genes with

an intense expression profile in the RF T-KD cells as compared to WT. Genes included in

this cluster were shown to be involved in apoptosis and cell proliferation. Closer inspection

of these genes revealed positive regulators of apoptosis (Cyr61, B2m, Mcl1, Sgms1, Stk17b)

and negative regulators of cell proliferation (Apoe, Insl6, Itgb4, Klf9, Stc2) to be allocated

in this cluster. Cluster D contained 9 genes, which exhibit distinct downregulation in the RF

T-KD cells. Within these, cardiac genes (Ddah1, Myl4, Tcfap2a), as well as genes involved

in the biosynthesis of cholesterol (Mvd, Hsd17b7, Sqle) and a structural actin (Actb) could be

determined. Interestingly, moderate induction of these genes could also be identified for the

NF T-KD population as compared to the RF T-KD population. Cluster E contains 12 genes

that exhibit a predominant expression in the RF WT population. For some genes, however,

minor transcriptional changes were also identified in the NF WT cells. T is included in this

cluster, which is consistent to exclusive transcription of T in the RF WT cells. All remaining

populations did not indicate T expression. Next to T, additional genes were allocated in this

cluster, suggesting a biological function of these genes during mesoderm development. Among

these, several actins (Acta1, Acta2, Actc1) were listed. Actins are a fundamental component

of the contractile apparatus and have previously been reported to be involved in various de-

velopmental programs [Tondeleir et al. 2009]. Acta1 has been shown to be associated with

skeletal muscle cell contraction, while Acta2 has been connected to the contraction of smooth

muscle cells and Actc1 has been stated to be involved in the contraction of cardiac muscle

cells [reviewed in Miano et al. 2007]. Given the fact, that these genes are transcribed in the

WT differentiated RF, but lack expression in the RF T-KD cells, the generation of contractile

properties appear to be reduced upon T knockdown. In addition to these actins, cell cyle genes

(Cdc20, Plk1) as well as Car2, Cd248 and Vim were identified in this cluster. Cdc20 and Plk1

were shown to influence the anaphase-promoting complex to ensure proper mitosis [Amador

et al. 2007, Hansen et al. 2004]. Car2 codes for an enzyme (carbonic anhydrase 2) and its

activity is required for maintaining normal pH of blood and other body fluids [Singh et al.

2005]. Cd248 encodes endosialin, a single-pass transmembrane glycoprotein and is predomi-

nantly expressed in cells lining blood vessels [Carson-Walter et al. 2001]. Vim is a well studied

gene that indicates the acquisition of mesenchymal cell fate. Lack of Vim transcripts in the

RF T-KD suggests a delayed epithelial-to-mesenchymal transition in the 96h differentiated RF

T-KD population. This finding could be in part responsible for the previously identified limited

formation of mesodermal derivatives in these cells.
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Jointly, this analysis reveals that under normal Bmp4 differentiation conditions, the RF cells

undergo a mesenchymal transition, coupled with the expression of distinct genes, including

contractile and structural actins. The RF T-KD cells however, do not seem to aquire mesenchy-

mal fate after a differentiation period of 96h and lack transcription of these genes. Furthermore,

the RF T-KD population fails to express cardiac-specific and cholesterol-associated genes

(Cluster D). Instead, increased transcription of apoptotic genes and negative regulators of cell

proliferation was monitored (Cluster C), suggesting increased induction of cell death upon

reduction of T transcripts.
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Figure 2.22: Hierarchical clustering of the DETs within the 96h differentiated populations
Cluster analysis of DETs for the 96h differentiated populations. Depicted are gene expression levels relative to
median expression. Bars in red indicate RF, whereas black markings represent the NF cells. The expression values
are indicated as log2.T-KD: T knockdown; WT: wild-type.
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Discussion

The current study describes the generation of an ESC line that specifically allows to isolate

mesodermal fated cells, through the integration of a T-mCherry reporter BAC into the ESC

genome. Utilizing these ESCs, mesoderm formation was resembled in vitro and the transcrip-

tome of progressive stages in mesoderm development were elucidated in detail.

3.1 In the presence of T, Bmp4-induced in vitro differentia-

tion of ESCs generates lateral mesoderm

During in vivo gastrulation, Bmp4 is expressed in early and mid-streak embryos, when extraem-

bryonic and lateral mesoderm are generated [reviewed in Kishigami and Mishina 2005]. Murine

embryos, lacking Bmp4 activity exhibit aberrant mesoderm differentation and early embryonic

leathality [Winnier et al. 1995]. By use of recombinant Bmp4 in the current in vitro system,

a broad differentiation into all three germ layers was initiated after 48h of culture (Table 2.1).

Cells that were formed at this timepoint expressed epiblast-specific genes at high levels, indi-

cating that an epiblast-like cell population was generated (Figure 2.8, B). Further differentiation

under Bmp4 conditions allowed the establishment of mesendoderm-like cells, followed by dif-

ferentiation into lateral mesoderm (Figure 2.10). This sequential differentiation of ESCs into

the mesodermal lineage has been reported in previous in vitro differentiation studies, where

pluripotent ESCs passed a PS-like state before mesodermal cells were specified [Tada et al.

2005, Chen et al. 2008]. Hence, also in the current survey, a temporal order of gene activity

was achieved, reflecting the situation in vivo. After 96h of in vitro differentiation, increased

transcription of cardiac- and cardiac muscle-specific genes (Myl4, Tpm1, Tnnc1 and Actc1) was

65
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detected (Figure 2.10, C). These findings indicate that Bmp4 in the in vitro method mediated

the generation of lateral mesoderm with a tendency to specify into the cardiac lineage. To fur-

ther assess the development of these cells, it would be interesting to recultivate the T-positive

cells in serum free medium and investigate their differentiation potential. Previous studies have

already demonstrated that Bmp4-induced in vitro differentiation cultures result in the appear-

ance of spontaneously beating cells [Boheler et al. 2002]. If a contractile phenotype can also be

observed after recultivation of the 96h differentiated T-mCherry positive cells, this result would

strongly suggest a specification into the cardiac lineage.

Apart from cardiac development, genes pointing to blood vessel development were also high-

lighted during the in vitro timecourse (Table 2.1). In amniotes, formation of this primary vascu-

lar network occurs in two distinct and independent regions [Gilbert 2003]. First, in the island

of of the yolk sac as extraembryonic vasculogenesis and second within the embryo itself as

intraembryonic vasculogenesis [Gilbert 2003]. Extraembryonic blood vessels derive from ex-

traembryonic mesoderm, whereas intraembryonic blood vessels are created from the lateral

plate mesoderm. Given the microarray results from this study, it is difficult to dissect, which

kind of blood vessels were established in the in vitro culture. It is however likely that the devel-

opment of intraembryonic vasculogenesis was initiated since both cardiac and intraembryonic

vascular mesoderm originate from lateral mesoderm. A specification towards blood vessel de-

velopment could not be investigated for the 96h differentiated T -positive cells, because genes

contributing to vasculature development displayed decreased expression between 72h - 96h of

differentiation (Figure 2.10, B). This observation indicates, that a differentiation stumuli other

than Bmp4 is required to specifiy blood vessel development. In line with this assumption, previ-

ous in vitro studies have demonstrated that the generation of blood vessel progenitors dependent

on Bmp, but also on Fgf, Vegf and Activin A signaling [reviewed in Lacaud et al. 2004]

3.2 The response of signaling pathways during lateral meso-

derm formation

In vivo, the establishment of the PS and mesoderm, are known to be dependent on Bmp, Tgfß,

Wnt, and Fgf signaling [reviewed in Arnold and Robertson 2009]. Although comprehensive

analyses have been performed to dissect this topic, it is not yet fully resolved how these sig-

naling pathways interact to orchestrate the complex regulatory networks required to mediate
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embryonic gastrulation. The signaling pathway analysis conducted in this in vitro study pro-

vides more insights into this topic.

3.2.1 Bmp signaling during lateral mesoderm formation

Bmp signaling plays a fundamental role during early embryogenesis and organogenesis by regu-

lating cell proliferation, differentiation, survival and migration [Hogan 1996]. Relevant for this

survey is that Bmp4 signaling was also shown to regulate early embryonic patterning, which in-

cludes the generation of the mesodermal germ layer [reviewed in Kishigami and Mishina 2005].

Independent studies have reported that Bmp signaling is necessary for the specification of lateral

mesoderm derivatives [Yuasa and Fukuda 2008, Moser and Patterson 2005]. In human venous

endothelial cells, Noggin (an antagonist for Bmp) was shown to inhibit functional vessel forma-

tion in vitro and in vivo [Kang et al. 2009], while application of Bmp2 or Bmp4 to pluripotent

ESCs resulted in cardiac development with a contractile phenotype [Bruce et al. 2007, Doss

et al. 2011]. Additional in vivo experiments in murine embryos unveiled a requirement for Bmp

signaling in the proper establishment of the cardiac crest [Miura et al. 2006]. These mutant em-

bryos have knockdown of Bmpr1a transcripts (the receptor for Bmp2 and Bmp4) in the epiblast

and are unable to form a typical cardiac crest [Miura et al. 2006]. Nevertheless cardiac crest

like cells are still established. This observation points to the possibility that apart from Bmp4,

other factors are able to compensate to some extent for the differentiation process of cardiac

fate progeny. Indeed in vitro, Bmp7 has been employed to drive the differentiation of ESCs

into lateral plate mesoderm [Shiraki et al. 2009]. During the current in vitro differentiation

assay, transcriptional activity of Bmp7 and other Bmp signaling molecules was upregulated.

The signaling pathway analysis revealed upregulation of Bmp1 and Bmp7 across the differen-

tiation timecourse and a temporal activation of Bmp8b mRNA at 72h (Figure 2.12). Bmp1 and

Bmp7 exhibited expression after 48h of differentiation, when mesendoderm and lateral meso-

derm were generated (Figure 2.12). In accordance with previous in vivo studies, expression of

Bmp1 and Bmp7 transcripts have been monitored in the cardiac crest of developing murine em-

bryos [Clark et al. 1999, Solloway and Robertson 1999]. Bmp8b on the other hand, was shown

to indirectly influence Bmp4 activity, thereby contributing to the specification of the germ cell

lineage in mice [Ohinata et al. 2009]. In this paper, Ohinata and collegues reported that Bmp8b

contributes to Bmp4 signaling by restricting the development of the anterior visceral endoderm

(AVE) [Ohinata et al. 2009]. The AVE normally secretes inhibitory signals. It is therefore



CHAPTER 3. DISCUSSION 68

possible that in the current in vitro system, Bmp8b was transiently activiated to repress primi-

tive endoderm formation. By this means, Bmp4 signaling may have been enhanced to support

lateral mesoderm formation.

3.2.2 Fgf signaling during lateral mesoderm formation

The cluster analysis also uncovered regulation of Fgf signaling during the in vitro differentia-

tion timecouse. Fgf4 displayed a steadily decreasing expression profile over the differentiation

timecourse, while Fgf13 and Fgf10 exhibited temporal expression at 48h and 72h, respectively

(Figure 2.12). Coinciding with the transient increase in Fgf10 transcripts at 72h, a temporal

activation of cell proliferation was indicated by the microarray data (Table 2.3), suggesting a

functional correlation between these observations. Indeed, previous studies have already high-

lighted the requirement for Fgf10 signaling in cell proliferation during embryonic development

[Sala et al. 2006, Tao et al. 2005, Bagai et al. 2002, Ramasamy et al. 2007]. These findings

point to the possibility that also in the current in vitro assay, temporal activation of Fgf10 could

have accounted for the transient increase in cell proliferation. Adverse to Fgf13 and Fgf10, fluc-

tuating mRNA levels were identified for Fgf5 and Fgf8 within the microarray dataset (Figure

2.12). Both genes indicated upregulation at 48h, downregulation at 72h and again upregulation

at 96h of differentiation. In vivo, Fgf5 is known to be transcribed in epiblast stage embryos

[Hébert et al. 1991]. This knowledge is used to characterize pluripotent, but Fgf5 expressing

cells as epiblast stem cells. Within the microarray data of this study, Fgf5 expression but also

transcription of pluripotency genes were monitored at 48h of differentiation (Figure 2.8, A and

B), indicating that the temporal upregulation of Fgf5 appears to support the in vitro establish-

ment of epiblast-like cells at this timepoints. As gastulation is initiated in murine embroys, Fgf5

transcripts are monitored in cells that transverse the PS, but as soon as the mesodermal germ

layer is established Fgf5 transcripts are longer detected [Hébert et al. 1991]. At embryonic day

9.5, Fgf5 transcripts are again found in the lateral plate mesoderm [Haub and Goldfarb 1991].

In accordance with these in vivo observations, a dynamic expression pattern of Fgf5 was assayed

in vitro, with downregulation at 72h and subsequent upregulation of Fgf5 mRNA after 96h of

Bmp4-induced in vitro culture. The 96h differentiation timepoint has previously been identi-

fied to resemble the expression profile of lateral mesoderm. Hence, the fluctuating expression

pattern of Fgf5 could be explained by an induction of in an epiblast-like state at 48h and a sub-

sequent upregulation to contribute to lateral mesoderm development. Preceding analyses have

also correlated Fgf5 activity with angiogenesis in the developing heart, a physiological process



CHAPTER 3. DISCUSSION 69

that generates blood vessels from preexisting vascular tissues [Vatner 2005]. It is therefore

conceivable that cardiovascular development was induced by Fgf5 in the in vitro differentiation

culture presented here. Apart from Fgf5, Fgf8 was also shown to exhibit an alternating expres-

sion profile, with a temporal peak at 48h and distinct upregulation at 96h. In vivo, Fgf8 signaling

is known to be required for proper gastrulation [Sun et al. 1999]. Prior to gastrulation, at around

6.0dpc, Fgf8 transcripts are monitored in the epiblast, in a restricted area, where PS formation is

about to be initiated [Crossley and Martin 1995]. As gastrulation proceeds, Fgf8 mRNA is also

detected in the PS itself [Crossley and Martin 1995]. Fgf8 is thought to function in these cells

to promote an epithelial-to-mesenchymal transition process, which results in the acquisition of

motile and migratory properties [Sun et al. 1999]. As cells pass through and emerge from the

streak Fgf8 expression is reduced [Crossley and Martin 1995]. Subsequently, Fgf8 transcripts

have been observed in several cell lineages of murine embryos, including cardiac crest cells

and cells of the aterial pole [Watanabe et al. 2010, Kelly et al. 2001]. The second increase in

Fgf8 transcripts could therefore be induced to positively regulate the establishment of lateral

mesoderm cells. Hence, also in the case of Fgf8, the dynamic expression pattern seems to serve

distinct functions during the in vitro differentiation process. Through the implementation of

Bmp4 in the assay, alternating activation of Fgf5 and Fgf8 appear to have occured to support a

consecutive development of the cells from an epiblast to mesodermal state.

3.2.3 Wnt signaling during lateral mesoderm formation

In vivo, Wnt3 signaling is known to be essential for embryonic gastrulation, since homozy-

gous null mutations in this gene result in the defective mesoderm formation [Liu et al. 1999].

Surprisingly, upregulation of Wnt3 transcripts were not observed in the microarray dataset,

although several in vitro studies demonstrated that Bmp-mediated T expression depends on the

activation of Wnt signaling [ten Berge et al. 2008, Nostro et al. 2008]. Thus, it is very unlikely

that Wnt3 activity was not initiated during the in vitro differentiation timecourse presented here.

There are two possibilities for the lack of detection: either Wnt3 was temporally expressed

between the aggregated ESC state and 48h of differentiation, and was thus not able to be

detected at the timepoints analyzed or the expression level fell below the detection limit of the

microarray method. Inspection of the histone 3 methlyation status at the Wnt3 locus revealed

that within pluripotent ESCs, Wnt3 is poised for transcription with bivalent H3K4me3 and

H3K27me3 marks (data not shown). However, in Bmp4-differentiated cells, H3K27me3 marks

were decreased pointing to chromatin opening (data not shown). This observation indicates
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that during the differentiation process, the Wnt3 locus was modified towards an activated state.

Hence, although Wnt3 expression could not be detected by the microarray data, Wnt3 transcrip-

tion is likely to have occured to initiate the gastrulation process in vitro.

Subsequent to gastrulation, inhibition of canonical Wnt signaling in mesoderm is known

to direct the commitment of the cells towards lateral fate [Marvin et al. 2001, Miura et al.

2006]. However in this study, transient expression of Wnt6 and Wnt7b were observed at 72h of

differentiation (Figure 2.12). This finding is not consistent with previous literature and raises

the question of whether transient activation of these signaling members is necessary for the

generation of lateral mesoderm.

In vivo studies in xenopus and mouse have demonstrated that injection of xWnt6 and Wnt6

mRNA in early embryos, results in axis duplication, which provides evidence that Wnt6 and

xWnt6 are cabable of inducing canonical Wnt signaling [Lavery et al. 2008]. Furthermore,

by conducting loss-of-function experiments, Wnt6 signaling was shown to be required for

restricting the size of differentiating heart muscle cells in xenopus embryogenesis [Lavery

et al. 2008, Itaranta et al. 2002]. Thus, Wnt6 appears to function as a negative regulator in

cardiac development. The results of this work indicate Bmp4 driven lateral mesoderm develop-

ment, whereby cardiac fated cells appear to be enriched in the 96h differentiated mesodermal

population (Figure 2.10, C). 24h prior to this timepoint, at 72h, when mesendodermal-like

were generated, temporal transcription of Wnt6, a negative regulator of cardiomyogenesis was

monitored (Figure 2.12). It is therefore imaginable that Wnt6 was transiently upregulated at

this timepoint because a broad differentiation program was induced. However by retaining

Bmp4 as differentiation force, a specification into the lateral mesoderm and especially into

the cardiac lineage was activated and transcription of Wnt6 were lost. By this means, cardiac

mesoderm development is supported. Hence, in accordance to previous reports, loss of Wnt6

signaling seems to enhance lateral mesoderm development. Along with Wnt6, Wnt7b also

exhibited transient expression at 72h. In gastrulating embryos, Wnt7b mRNA has exclusively

been detected in the extraembryonic ectoderm [Yamamoto et al. 2009]. Given the fact that

Wnt7b expression was monitored in the microarray data, this result implicates that the gener-

ation of extraembryonic ectoderm was also induced by Bmp4 in the in vitro culture. In early

murine postimplantation embroys, Bmp4 mRNA is expressed in the extraembryonic ectoderm

(Figure 1.5), pointing to a functional relevence of Bmp4 not only in gastrulation but also in the

development of the extraembryonic lineage. In addition, T transcription was shown to arises

in the extraembryonic ectoderm of pre-gastrulation murine embryos (Figure 1.6, A). Together,
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these findings suggest that Wnt7b transcription at 72h in the T-mCherry reporter positive cells

indicates transient induction of extraembryonic ectoderm formation in the assay. In sum, if the

above stated are true, than Wnt signaling does not appear to correlate with lateral mesoderm

formation, however loss of Wnt activity seems to promote specification into lateral mesoderm.

3.3 Cell migration accompanies lateral mesoderm develop-

ment

In embryogenesis, cellular and molecular processes are spatially and temporally coordinated

to ensure the generation of a complete organism. In the Bmp4-induced in vitro differentiation

survey presented here, a temporal dissection of mesoderm formation was performed. Successive

stages of mesoderm development were resembled, paralleled by induction of molecular and

cellular events.

3.3.1 Active cell migration appears to be blocked by basement membrane
structures

In vivo, a fundamental process that coincides with mesoderm formation is the conversion of

cells from an epithelial-to-mesenchymal phenotype. Epiblast cells, which are organized in

epithelial sheets lose cell-cell contacts and initiate cytoskeletal rearrangements resulting in

migratory characteristics and mesodermal fate [reviewed in Thiery et al. 2009]. In the current

study, genes associated with the organization of the cytoskeleton, including Srf were allocated

to Cluster II, indicating that cytoskeletal rearrangements were induced starting after 48h of

differentiation culture (Table 2.2). However, key mesenchymal marker genes, such as Vim

and Zeb1, could only be detected at 96h (Cluster VII, Figure 2.11), suggesting that during

mesoderm differentiation additional molecular and cellular processes are necessary to fully

render cells mesenchymal.

During the in vitro differentiation culture, cells that resemble an epiblast-like expression

profile were generated after 48h of differentiation, when genes pointing to cytoskeletal re-

arragements started to be transcribed (Table 2.2). Subsequent to this timepoint, at 72h, a

mesendodermal differentiation state was identified, paralled by a temporal activation of distinct

genes (Cluster IV and VI, Figure 2.11). The combined analysis of Cluster IV and Cluster VI



CHAPTER 3. DISCUSSION 72

identified these genes to be involved in processes such as cell migration, proliferation, and

the biosynthesis of cholesterol and lipids (Table 2.3). Within the list of genes implicating

cell migration, positive inducers of cell migration (Arhgap8, Capn2, Id1, Itga5 and Sparc)

and components of the basement membrane (Col4a1, Col4a2, Lama1 and Lamc1) were listed

(Table 2.3). Upregulation of Arhgap8, Capn2, Id1, Itga5 and Sparc have previously been

reported to induce cell migration in vivo and in vitro [Lua and Low 2004, Barbero et al. 2009,

Valdimarsdottir et al. 2002, De et al. 2003], pointing to the fact that cell migration was initiated

at 72h of differentiation. The expression of these genes is however not maintained in 96h

differentiated cells, implicating a temporal induction of cell mobility during the in vitro dif-

ferentiation process. During in vivo gastrulation, connective epiblast cells migrate towards the

PS and adopt a mesenchymal fate to transverse the streak [reviewed in Arnold and Robertson

2009]. The identified transient induction of cell motility during in vitro mesoderm formation

could thus correlate to active migration of cells within gastrulating embryos. This assumption

would include the presupposition that a change in cell fate, from an epithelial to mesenchymal

cell type occured in the in vitro differentiated cells. However, distinct upregulation of the

mesenchymal marker gene Vim was not determined at 72h of in vitro culture, suggesting that

a mesenchymal phenotype was not achieved at this timepoint. It appears therefore that active

cell migration was not initiated in these cells. The cluster analysis further indicated temporal

expression of Col4a1, Col4a2, Lama1 and Lamc1 during the mesendodermal differentiation

state (Figure 2.11, Table 2.2). Type IV collagens and laminins are fundamental structures of

the basement membrane, thin sheets of extracellular matrix that directly interact with various

cell types [Rowe and Weiss 2008]. During early embryogenesis, the basement membrane is

deposited by the primitive endoderm and becomes discontinuous as gastrulation is initiated

[Viebahn et al. 1995]. Hence, indicated by expression of collagens and laminins, primitive

endoderm formation might have been mediated during the in vitro timecourse, inhibiting cell

migration through the generation of basement membrane-like structures. Consistent with this

presumption, in vitro studies have shown that Bmp4 induces primitive endoderm development

in ESCs [Kobayashi et al. 2008]. Furthermore loss of basement membrane structures have been

demonstrated to result in elevated transcription of EMT genes and accelerated differentiation

towards mesoderm [Fujiwara et al. 2007]. In line with this report, mesenchymal (Vim, Zeb1;

Cluster VII, Figure 2.11) and lateral mesoderm genes, were only shown to be transcribed after

expression of basement membrane genes was lost. Together, these findings indicate that loss of

basement membrane structures seem to induce the aquisition of mesenchymal traits, paralled

by an enhanced tendency to generate mesodermal cells.
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In the current in vitro assay, it appears that a series of molecular and cellular events oc-

cured to promote cell migration and subsequent mesoderm formation. At 72h of differentiation,

upregulation of genes enabeling cell motility were noted. However, at the same time, expres-

sion of basement membrane genes were identified, which indicate connective characteristics

and point to the fact that active cell migration did not occur at this timepoint. At 96h, in

turn, transcription of genes that imply formation of basement membrane structures are lost,

accompanied by increased expression of mesenchymal and lateral mesoderm genes. The sum

of these observations suggests that active cell migration is blocked by basement membrane

structures during mesoderm development in vitro.

3.3.2 Passive cell migration seems to be a consequence of proliferation

Coinciding with the transient increase in cell migration, temporal activation of proliferation-

specific genes were monitored at 72h, implicating that these mechanisms influence each other.

Proliferation describes a molecular process that results in rapid cell division and growth. This

process is essential for early embryonic development and generally functions adverse to differ-

entiation. As soon as differentiation is induced, proliferating properties are decreased in ESCs.

In this assay however, following a preliminary reduction in proliferation (Figure 2.11, Cluster I),

a second transient activity was identified after 72h of in vitro culture (Table 2.3). As discussed

in the the preceding section, the mesendodermal-like cells at 72h, also temporally transcribe

genes that point to cell motility. Active cell migration did however not seem to have occured in

these cells, due to concomitant expression of structural basement genes and lack of Vim expres-

sion. Passive cell migration, in turn, appears to have taken place and cell proliferation could

be a possible explanation for the cellular movement of the connective cells at this timepoint.

Newly generated cells require space, and might therefore push surrounding cells away to indi-

rectly induce cell motility. By this means, passive cell migration would be induced. To test, if

this correlation between proliferation and cell migration is true, it would be interesting to test

if cell cycle inhibition with, for instance mitomycin C, is able to alter the Bmp4-induced dif-

ferentiation program. If the above stated is true, than a temporal expression of migratory genes

should no longer be monitored under these cultvation conditions.
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3.3.3 Cholesterol and lipids might promote cell migration

Lipids and cholesterol are the principal components of the plasma membrane [Gilbert 2003].

Within a cell, cholesterol levels are increased either by endogenous biosynthesis or by extracel-

lular supply via receptor-mediated endocytosis [Gilbert 2003]. The enzymes listed in Cluster

IV and Cluster VI point to increased activity of cholesterol and lipid biosynthesis, respectively

(Table 2.3). This finding suggests that the quantities of cholesterol and lipids were increased

during the in vitro differentiation process to fulfill a biological function.

A possible explanation for elevated generation of lipids and cholesterol might be their contri-

bution to the proliferation process. When proliferation is initiated, cells increase in size and

duplicate, requiring increased quantities of plasma membrane. As described above, lipids and

cholesterol are the main components of the plasma membrane and enhanced biosynthesis of

these structural elements could therefore contribute to cell proliferation, supporting passive cell

migration.

Elevated levels of cholesterol and lipids have, however, also been reported to impact cell

migration directly. In adult organisms cholesterol is distributed among cells and tissues via

lipoproteins, which are transporter aggregates composed of phospholipids and apolipoproteins

[Gilbert 2003]. Temporal expression of genes suggesting elevated levels of lipids, cholesterol

and apolipoproteins were detected at 72h (Table 2.3), indicating an enhanced transport of

cholesterol. Recently, cholesterol has been implicated in cellular processes that regulate signal

transduction, cytoskeletal organization, and EMT [reviewed in Munro 2003]. Epithelial HaCaT

cells have been shown to convert to mesenchymal fate when stimulated by Tgfß in a manner

that is entirely dependent on cholesterol levels, since concomitant treatment with cholesterol

sequestering agents (either nystatin or filipin) completely blocked the EMT process [Zuo and

Chen 2009]. Studies with murine osteoblast and osteosarcoma cells also demonstrated a de-

pendence of Bmp-stimulated cell motility on cholesterol levels [Sotobori et al. 2006], pointing

to the necessity of cholesterol in cell migration. In the current study, and hence during early

mesoderm formation, cholesterol might have the same effect. It is known that cholesterin

is highly enriched in “lipid rafts”, microdomains that enclose membrane spanning receptors.

These lipid rafts are able to move laterally within the plasma membrane to locate receptors in

close proximity to downstream substrates to mediate signal transduction and subsequent cellu-

lar responses [reviewed in Munro 2003]. Zuo and colleagues showed, that Tgfß-driven EMT

requires an intact cholesterol-rich lipid raft [Zuo and Chen 2009]. Furthermore, independent
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reports identified that cell motility is mediated through changes in lipid raft composition. De-

pendent on the location of receptors, either inside lipid raft or outside lipid raft domains, signal

transduction is altered [Zuo and Chen 2009]. Thus, not only the presence of lipid rafts but also

the assembly of the lipid rafts can influence cell migration. The temporal transcription of genes,

suggesting cholesterol metabolism in this survey, point to the possibility that elevated quantities

of lipid rafts were promoted at 72h of differentiation. These increased numbers of lipid rafts

could then conceivably enhance signal transduction and thus induce cell migration. The results

of this study cannot specify which signaling networks are connected to this phenomenon and

whether the process is essential during the in vitro differentiation process. It is however imag-

inable that Bmp signaling may be enhanced in the survey, due to the coutinuous stimulation of

this transduction pathway by recombinant Bmp4. Application of cholesterol antagonists and

trying to detect increased lipid raft formation in culture could provide more insight. Additional

studies are necessary to fully understand the function of enhanced cholesterol production in

Bmp4-mediated mesoderm development.

3.4 Histone modifications of growth factors during lateral

mesoderm development

Histone modifications can provide insight into the expression state of genes. H3K4 and H3K27

modifications, for instance, localize to the transcriptional start site of genes and imply steric

information of the chromatin at the genomic locus. H3K4me3 marks represent open chromatin

and potential transcription, whereas H3K27me3 illustrates closed chromatin and gene silencing

[reviewed in Ho and Crabtree 2010]. In the current study, H3K4 and H3K27 marks of pluripo-

tent and in vitro differentiated ESCs were investigated and combined with the corresponding

transcriptome data. In general, a correlation between increased transcription and chromatin

opening could be observed (Section 2.6). Interestingly, the chromatin modifications were pre-

dominantly identified as changes in H3K27me3 marks, whereas H3K4 trimethylation did not

alter markedly during the differentiation course (Section 2.5). Fgf4 was shown to contain a

single H3K4me3 peak in undifferentiated cells but actively increased H3K27me3 levels upon

differentiation (Figure 2.16, D), suggesting an acquirement of bivalent properties to be poised

for later activity in development. Additional genes, including Bmp1, Bmp7, Fgf5, and especially

Fgf8, were shown to switch from a bivalent state in ESCs to an opposed ratio of H3K4 to H3K27
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trimethylation during differentiation (Figure 2.17 and Figure 2.18). H3K27me3 marks were dis-

tinctly reduced, illustrating that even minor changes in H3K27 trimethylations can affect gene

transcription. On the contrary, at the Nodal locus, changes in the H3K27me3 status could not

be observed although transcripts were no longer detectable in the microarray dataset (Figure

2.16, A and B). There are several possible explanations for this observation. One is founded

on the inherent experimental differences between the microarray and the ChIP-seq techniques.

Microarrays enable the elucidation of gene expression, but only on a comparative level. Genes

that are commonly deregulated in all cells will be recognized as well as genes that are markedly

deregulated in a subset of cells. So if Nodal would be expressed at low levels in the analyzed

samples, this information would be lost within the microarray data. Furthermore, although sev-

eral studies have reported that H3K4me3 marks correlate with gene transcription, this result is

generalized and variable within indicated expression ranges [Pan et al. 2007]. Hence, chromatin

opening does not always result in gene transcription. Transcriptional repressors could, for in-

stance, bind to regulatory elements of H3K4 trimethylated genes and thus repress transcription.

In addition, methylation at other histone lysine tails, as well as histone acetylation and DNA

methylation are also able to modulate gene expression. The role of epigenetic modifications on

transcription is an area of research that has just begun to be elucidated and many open questions

remain to be answered.

3.5 Bmp4-induced in vitro differentiation of ESCs under con-

ditions of reduced T

Experiments in mouse, xenopus, and zebrafish, identified T as a fundamental gene during the

development of the mesodermal germ layer [Herrmann 1991, Liu et al. 1999, Smith et al. 1991,

Cunliffe and Smith 1992, Schulte-Merker et al. 1994, Martin and Kimelman 2008]. In this study,

a doxycycline inducable RNA interference system was utilized to study mesoderm formation

on a transcriptome-wide scale under T-reduced differentiation.

3.5.1 T knockdown decreases the amount of reporter-positive cells

The first significant difference between normal and T knockdown differentiation was already

apparent before the genomic analysis was performed. By differentiating the TmCherry KD4-T

reporter ESCs in vitro, it was possible to define the quantities of T-mCherry positive cells by
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means of FAC sorting. The Dox-free differentiation protocol generated about 50% T-positive

cells, whereas the Dox-treated culture produced only about 20% reporter postive cells after 96h

of differentiation (Figure 2.6, B). One explanation for this observation may be that T has au-

toregulatory properties and activates its own transcription. In this case, knockdown of T mRNA

would lead to decreased transcription of T and mCherry, resulting in reduced protein levels of T

and mCherry in the RNAi induced cells. Another explanation for the occurrance could be that

Dox itself has an effect on the differentiation process and thereby delays T expression in the

knockdown culture. Indeed, evidence for a Dox effect could be determined in this study when

hierarchical clustering was performed to identify expressional differences between the 96h RF

WT and 96h RF T-KD cells (Figure 2.22). In this analysis, several genes were determined to

display altered transcription in the Dox-treated culture, irrespective of affiliation to the RF (and

therefore T-positive) or NF population (Clusters A and B). Furthermore, we have some evi-

dence to suggest that Dox application may correlate with a delay in differentiation. Utilizing

the same Bmp4-driven in vitro assay, wildtype ESCs were differentiated for four days either in

the presence of absence of Dox. The cells were collected every 24 hours to extract the RNA and

perform qRT-PCR analysis. This experiment unveiled that T expression was delayed for about

24h in cells that were treated with Dox (data not shown, Lisette Lange). However, unlike the

experiments performed in this study, the differentiated cells were considered as one population

and were not separated into T -positive and T -negative cells. Here, RF T -positive, and thus

mesodermal cells, were actively isolated from the total pool of differentiated cells, allowing

comparison between the Dox-treated and untreated cells. Jointly, these findings suggest that

Dox itself seems to affect the in vitro differentiation process. This Dox-effect should be consid-

ered in future studies and raises the question, if the employment of a Dox-inducable knockdown

system, was advantageous as opposed to using wildtype ESCs in combination with ESCs that

comprise a standard T-knockdown system for the scope of this survey. Here, T knockdown was

induced from the beginning of the experiment, pointing to the fact that temporal inducibility and

thus the benefit of inducable knockdown, in monitoring developmental influences subsequent

to developmental lethal stages, was not required. If the above stated is true, than analyzing in

vitro mesoderm formation in inducable T knockdown ESCs would rather be unfavorably, due to

the Dox-effect, while comparing differentiation between wildtype and standard T knockdown

ESCs would be more convenient. A disadvantage of later approach would however be, that the

TmCherry reporter BAC is randomly integrated into the ESC genome. When random integation

is individually performed for the WT and T knockdown ESCs, integration sites and integration

numbers will vary, possibly also leading to a biased result. In this case, assaying the in vivo
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performance of the reporter BAC would be crucial. A targeted integration, on the other hand,

would result in comparable conditions and hence, appears to be the most qualified approach to

elucidate the aim of this study.

3.5.2 Does T have repressive functions?

When T was downregulated during the in vitro differentiation course, a significantly greater

quantity of deregulated transcripts was found in the T-KD populations, as compared to the WT

differentiated cells (Figure 2.19, A). Subsequent hierarchical cluster analysis revealed a group

of 51 genes, exhibiting increased expression within the RF T-KD cells, while the remaining

populations lack transcription of these genes (Figure 2.22, Cluster C). These genes included

positive regulators of apoptosis, negative regulators of cell proliferation and several metabolic

genes (section 2.7.5). The distinct upregulation of these genes can be explained by two possible

circumstances. First, since T codes for a transcription factor, it might directly influence gene

transcription and act as a transcriptional repressor. In this case, T could for instance, inhibit the

transcription of metabolic genes, which would normally direct differentiation into mesoderm.

A second explanation for this observation may be that T knockdown can cause activation of

genes, however in a indirect manner. In case of T-KD, mesoderm development is misregulated

in vivo and in vitro (Figure 2.5 and Table 2.4) and could therefore lead to the transcription of

apoptotic and proliferation inhibiting genes. Furthermore, among the 51 upregulated genes of

the RF T-KD population, gene expression might also be induced in order to balance the lack

of T. Using the transcriptome data as the only source it is difficult to dissect the true biological

function of these genes.

3.5.3 Vasculogenesis seems to be initiated regardless of T knockdown

In this work, the WT differentiated RF cells were shown to adopt mesodermal fate. Develop-

ment into blood vessels, muscles, heart, lymphocytes and skeleton could be ascertained (Table

2.1). Explicit increased transcription for genes between 72h to 96h of in vitro culture could how-

ever, only be monitored for genes pointing to generation of cardiac cells, indicating that cardiac

fated cells were enriched in the 96h Bmp4-differentiated RF WT cells (Figure 2.10, C). The

genomic analysis of the 96h differentiated T-KD cells in turn, indicated a biased developmental

program (Table 2.4). Based on the transcriptome data, the only developmental category that

was listed for the RF T -KD and RF WT population was blood vessel development. Analysis

of the WT differentiated RF cells, unvailed peak transcription at 72h but decreased expression
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of blood vessel-specific genes at 96h (Figure 2.10, B). This observation points to the fact that

the monitored expression levels at 96h of WT differentiation are caused by declining mRNA

levels. However, when a more precise inspection into the genes implying vascular development

was performed, the majority of blood vessel associated genes were transcribed in comparable

levels in both, the WT and T-KD population after 96h of differentiation (Figure 2.20, A). This

observation suggests two things: either that vasculogenesis is initiated in both populations in the

same manner, so that the developmental potential to specify into this particular lineage is high-

est at 72h, but through continuous Bmp4 induction both WT and T-KD cells loose transcription

of blood cell-specific genes, resulting in comparable decreased mRNA levels of these genes at

96h or, that vasculogenesis is initiated in both populations, but temporally shifted. In this case,

the WT cells would initiate the transcription of blood cell-specific genes first, but decrease ex-

pression again at 96h, while the T-KD cells initiate transcription of these genes delayed and

increase expression until 96h, approximately to the same level as the WT differentiated cells.

For the T-KD approach, microarray analysis were only performed for the 96h differentiation

timepoint, hence it cannot be eluciated if the the first or second proposed expression behavior

occurs during T-reduced differentiation conditions. However, both assumptions have in com-

mon that T appears to be dispensable for the initiation of vascular development in vitro. The

microarray data of this survey clearly demonstrates upregulation of blood vessel related genes

in the presence of T and in the case of T knockdown, pointing to the fact that T is not fun-

damental during early differentiation steps of vasculogenesis. The results of this study do not

elucidate, if T may be necessary for later vascular differentiation steps, such as the progression

of the capillary network. Evidence for the significance of T in later development is supported by

in vivo studies, in which T was shown to be required for vasculogenesis of the murine allantois

[Inman and Downs 2006a].

3.5.4 Cardiac development appears to be decreased upon T knockdown

Previous gene ablation experiments proved the importance of T during embryonic development,

especially for the generation of paraxial and trunk mesoderm [Herrmann 1991]. During the in

vitro culture, genes pointing to paraxial mesoderm development were identified in the WT dif-

ferentiated cells, whereas in the T-KD population this developmental category was not listed

(Table 2.4). This observation supports the in vivo data and implicates the necessity of T in

paraxial mesoderm formation. However, only 15 genes were shown to be associated, suggest-

ing only a partial specification into the paraxial lineage by differentiation with Bmp4. Genes
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pointing to axial mesoderm formation (notochord development) were also identified to be reg-

ulated upon 96h of Bmp4-mediated differentiation, however, a controversal result regarding the

expression pattern of these positive regulators was obained (Figure 2.20, E). This observation

did not lead to a defensable conclusion. Several genes connected to cardiac development were

shown to be upregulated in the WT differentiated cells after 96h of culture (Figure 2.20, B and

C). Transcription of genes related to cardiac fate were shown to be affected by T knockdown,

pointing towards the necessity of T in heart development (Figure 2.20). When T expression

was reduced during in vitro mesoderm formation, altered transcription or decreased expression

of cardiac-specific genes was observed (Figure 2.20, B and C). This observation suggests a

functional dependence for T in cardiac mesoderm development. Consistent with this finding,

T mRNA has been monitored in the developing heart of mouse embryos [Inman and Downs

2006b]. To date, the significance of T in cardiac development has not yet been elucidated and

tissue-specific gene ablation studies would enable further insight into this topic. In this respect,

it would be interesting to test if heart-specific abrogation of T activity would result in cardiac

malformations.

Based on these findings, one would expect that T-reduced development would lead to cardiac

malformations in vivo. However, at 9.25dpc, the depictions of the T-KD embryos clearly show

a proper establishment of cardiac tissue (Figure 2.5 C and D). This observation raises the ques-

tion, why this is the case, when T activity appears to influence the development of the heart. An

in depth look should be performed to obtain further insights. In this study, the hierarchical clus-

ter analysis of the 96h differentiated cells revealed that the cardiac specific genes Actc1, Ddah,

Tcfap2a and Myl4 were not expressed in the RF T knockdown cells (Figure 2.22, Clusters D and

E). For the majority of these genes, homozygous-null mutations result in a cardiac phenotype.

Embryos null for Actc1 display embryonic or postnatal death (within two weeks of birth) due

to the disorganized development of actin-myosin filaments in the cardiomyocytes, resulting in

apoptosis of cardiac cells at 17dpc [Abdelwahid et al. 2004]. Mice that are homozygous-null for

Ddah1 or Tcfap2a exhibit cardiac defects that lead to embryonic lethality after birth [Brecken-

ridge et al. 2010, Brewer et al. 2002]. Hence, ablation of these genes does not appear to impact

cardiac development by 9.25dpc, it is not surprising that an overt phenotype cannot be seen at

this embryonic stage.
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3.5.5 Blood cell development might be enhanced by T knockdown

The results of this survey, identified transcription of genes implying blood cell development

in the 96h differentiated T-KD cells, whereas expression of these genes was monitored in de-

creased expression levels within the 96h WT differentiated cells (Table 2.4 and Figure 2.20, F).

This finding suggests that blood cell development is enhanced upon T knockdown. In vivo, the

first hematopoietic cells commence from extraembryonic mesoderm and differentiate to form

the blood island in the yolk sac [Moore and Metcalf 1970], while during later stages of em-

bryogenesis, lateral mesoderm is the origin for hematopoetic development [Gilbert 2003]. In

this assay, early stages of mesoderm development were resembled, leading to the hypothesis

that in case of T-KD, Bmp4 induced the generation of yolk sac blood cells, which would in-

dicate extraembryonic mesoderm formation in the in vitro culture. Hematopoietic cells derive

from a progenitor population, termed the hemangioblasts, which are also believed to give rise

to the vascular lineage [Wagner 1980]. Apart from blood cell development, blood vessel de-

velopment was also indicated for the T-KD population, as previously discussed (section 3.3.3).

Hence, it seems likely that hemangioblasts or precursor cells of hemangioblasts developed unter

T-reduced differentiation conditions. To test, if hemangioblasts were formed within the T-KD

population, additional experiments could be conducted. Previous studies have reported that pro-

genitors of hemangioblasts generate blast-forming cells (BL-CFC) in response to VEGF [Choi

et al. 1998]. These BL-CFC possess hematopoietic but also vascular potential. Thus, the 96h

differentiated RF T-KD cells could be recultivated with VEGF to elucidate their developmental

potential in more detail. A positive result would support the postulated, in that T knockdown

results in biased mesoderm development, enhancing the generation of extraembryonic heman-

gioblasts.

3.5.6 Signaling in T-reduced mesoderm development

In the first part of this study, Bmp and Fgf signaling were shown to be activated during the

course of the in vitro differentiation to induce cardiac development (Figure 2.12). In this analy-

sis, Bmp4 transcripts displayed initial expression, but subseqeunt downregulation before being

upregulated again (Figure 2.12), which might correlate to previously identified functions of

Bmp4 in ESCs to maintain pluripotency and in embryos to mediate gastrulation. When, the

Bmp4 mRNA level in the 96h RF WT cells was illustrated in comparison the expression level

in ESCs, a 1.5fold reduction in gene transcription was monitored (Figure 2.12, A). However,

in the 96h RF T-KD counterpopulation, an about 2fold reduction in Bmp4 transcription was
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noted, implaying that a later upregulation of this gene did not seem to have occured in the same

manner as in the WT cells. Hence, the RF T-KD cells partially lack the proposed influence of

Bmp4 to support in vitro gastrulation, implaying that mesoderm formation might be delayed or

inhibited in these cells. Bmp7 on the other hand displayed increased transcription levels in the

T -KD cells. In accordance with this finding, Bmp7 has been reported to be able to maintain

the expression of vascular smooth muscle genes [Dorai et al. 2000]. Thus, increased Bmp7

signaling is likely to support vascular development as it was seen in the in vitro differentia-

tion. Within the Fgf signaling pathway, strong expression of Fgf5 signaling was monitored in

the WT-differentiated mesodermal cells at 96h, however only about half of the expression level

was detected in the RF T knockdown counterpart (Figure 2.21, B). As it was already discussed

previously, Fgf5 might serve multiple functions during mesoderm formation. In case of T-KD

however, Fgf5 signaling did not seem to be induced in the same manner as in the WT differenti-

ated cells, possibly pointing the necessity of Fgf5 signaling for mesoderm specification. Mutant

mice, homozygous null for Fgf5 are viable and do not display any defects in mesoderm forma-

tion [Hébert et al. 1994], suggesting that lack of Fgf5 activity can be compansated. Hence,

given the results form this in vitro assay it is difficult to elucidate the biological function of

Fgf5.

3.5.7 Functions of T during EMT

EMT is a fundamental process that occurs throughout the entire period of embryonic develop-

ment [Acloque et al. 2009]. In adult organisms, misregulation of this process has been shown

to lead to tumor progression and metastasis, which involves the acquisition of motility and

invasiveness by the tumor cells [reviewed in Kalluri and Weinberg 2009]. Recently, indepen-

dent reports have connected T activity with in vivo and in vitro EMT. Studies using carcinoma

cells unveiled distinct transcription of T in a subpopulation of cells that resemble invasive front

mesenchymal-like cells [Sarkar et al. 2011]. In vivo, T expression has been dectected in mul-

tiple human carcinoma tissues [Palena et al. 2007]. Furthermore, overexpression of T in ep-

ithelial cancer cells was shown to cause transformation into mesenchymal fate [Fernando et al.

2010]. In the current study, pluripotent ESCs were differentiated towards lateral mesoderm,

thereby resembling in vivo gastrulation (Figure 2.8). After 96h of differentiation, transcription

of well-studied mesenchymal marker genes, including Vim and Zeb1, were identified in the

T-positive RF cells (Cluster VII, Table 2.2), indicating that the differentiated cells adopted mes-

enchymal fate. In turn, when the differentiation process was performed under T knockdown,
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neither Vim nor Zeb1 activity were detected. This observation indicates that in this in vitro sys-

tem, T also affects the process of EMT. Interestingly, Fgf8 transcripts were detected in the RF

cells with T and T-KD (Figure 2.21, B), although Fgf8 expression has been demonstrated to

be required for in vivo EMT at gastrulation [Sun et al. 1999]. It is therefore preceivable that

T can support or has a role in EMT, but is not essential for the process. Further support for

this assumption comes from in vivo data. T knock-out mice display defects in mesoderm de-

velopment but nevertheless gastrulate and initate mesoderm formation [Kispert and Herrmann

1993]. Hence, also in vivo EMT appears to function independet of T activity.

3.5.8 Srf as a potential target of T in mesoderm development

Srf is a well-studied transciption factor and has been shown to regulate the expression of target

genes in conjunction with various co-factors. In particular, structural and regulatory effectors

of the actin cytoskeleton are activated by Srf, thereby promoting alterations in cellular shape

and cell motility [reviewed in Olson and Nordheim 2010]. In addition, Srf has been reported to

drive cardiac differentiation by regulating the transcription of contractile actins, myosins, and

tropomyosins [Miano et al. 2007]. In the current analysis, Srf was found to be upregulated

during the normal in vitro differentiation timecourse when lateral mesoderm and cardiac fated

cells were established (Figure 2.20, C). Genes that are directly regulated by Srf activity include

Acta1, Acta2, and Actc1. Expression of these genes was identified in the WT differentiated cells,

however the RF and T-negative cells lack transcription of these genes (Figure 2.22, Cluster E).

Interesting in this respect is that T was also grouped in this cluster, suggesting that there is a

functional correlation between T expression and active transcription of actins. Srf may be the

mediator of this correlation. Srf-null mice fail to gastrulate and do not form a PS or mesodermal

tissue [Arkell and Beddington 1997]. Srf is therefore essential in embryonic development and

T may be required to support Srf expression during gastrulation in order to enable contractile

dynamics and subsequent lateral mesoderm formation.

3.5.9 Model for in vitro mesoderm formation in T-positive and T knock-
down cells

To summerize the above findings, a representative model is shown in Figure 3.1.
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Figure 3.1: Differentiation model for normal and T-reduced mesoderm development
Schematic representing the in vitro mesodermal differentiation system in response to Bmp4 induction. (A) In vitro
mesoderm formation in the presence of T . (B) In vitro mesoderm formation under conditions of reduced T .

In the presence of T, differentiation of pluripotent ESCs with recombinant Bmp4 resulted

in the generation of mesodermal cells (Figure 3.1, A). Especially genes connected to cardiac

mesoderm development were shown to be upregulated (Actc1, Myl4, Tnnc1). The T-positive

cells additionally exhibited transcription of genes associated with smooth muscle (Acta2) and

blood vessel development (B2m, Sgpl1). These mesodermal lineages can either be derived from

lateral or extraembryonic mesoderm. Given the microarray data, it is difficult to dissect, which

mesodermal origin these cells have. However, since a concomitant development of cardiac

fated cells could be determined, it seems likely, that lateral mesoderm formation was induced

by Bmp4 in the in vitro differentiation culture. Within the 96h differentiated T -KD cells a dif-

ferent scenario was determined (Figure 3.1, B). In these cells, T mRNA levels were actively

reduced by Dox-inducable RNA interference. Hence, T as a transcription factor was not able to

act during the in vitro differentiation process. Nevertheless, expression of genes implying blood

cell development (Anxa2, Anxa3) could be ascertained. In addition expression of genes, imply-

ing mesoderm differentiation into the hematopoetic lineage were detected (Bm2, Irf1). Tran-

scription of cardiac- or smooth muscle-specific genes were reduced in the T-KD population,

implying biased mesoderm development upon T knockdown. In particular, the establishment

of lateral mesoderm appeared to be affected. This observation lead to the speculation that ex-

traembryonic hemangioblasts were generated by Bmp4 under T-reduced in vitro differentiation

conditions.
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3.6 Medical applications of Bmp4 mediated in vitro differen-

tiation

Utilizing Bmp4 as the driving force in the in vitro assay, lateral mesoderm with a tendency to

specify into the cardiac lineage were generated in relatively large quantities. Pluripotent ESCs

were thereby directed into the mesodermal lineage, repressing the development of ectodermal

and endodermal cells (Table 2.1). These results were obtained by differentiating murine ESCs,

but insights govered by this experiment can serve as a basis for further in vitro studies with hu-

man ESCs to open up possibilities in regenerative medicine. Vast amounts of cardiac-fated cells

could be produced for the treatment of heart diseases. By these means, surgeries and bottlenecks

in transplantation may have the potential to be overcome. Recent advances in the derivation of

induced pluripotent stem (iPS) cells offer additional possibilites in cardiovascular therapies [re-

viewed in Narsinh et al. 2011]. Through dedifferentiation of somatic cells, reprogramming is

initiated resulting in cellular and molecular transformations and adoption of pluripotent stem

cell properties. Utilizing this method to reprogram adult cells of diseased individuals enables

the generation of genetically identical and therefore immunocompatible iPS cells. These iPS

cells can then be expanded in culture to be in vitro differentiated into cardiac fate for medical

applications. Although promising, many problems still need to be addressed. It is, for instance,

still difficult to generate fully homogeneous populations of the desired cell lineages. A mixture

of different cells could induce ectopic development or even result in cancer. In addition, it has

not yet been resolved at which differentiation state the cells might be implanted to the destina-

tion site. It is not clear if fully differentiated cells are able to adopt to a given host condition or

if translocation of progenitor cells is beneficial, because further differentiation in the new envi-

roment is necessary to ensure correct functioning. Extensive studies still need to be performed

to take advantage of tissue engineering approaches using ESCs and induced iPS cells.



Chapter 4

Materials and Methods

All standard methods were performed according to Sambrook 2006. These molecular methods

include the cultivation and storage of E.coli bacteria, generation of chemical competent cells,

digestion of DNA with restriction enzymes, transformation of E.coli bacteria and separation of

nucleic acids in agarose gels. Alterations are indicated in the text.

Following techniques were performed according to manufacturer’s instructions: plasmid

DNA preparation of bacterial cultures with QIAprep spin (Qiagen), extraction of DNA from

agarose gels with QIAquick spin (Qiagen) and preparation of BAC DNA with the Nucleobond

BAC 100 kit (Macherey-Nagel). Radioactive labeling of Southern blot probes was performed

with the random prime labeling system (Rediprime, GE healthcare). Radioactive samples were

purified with G-25 MicroSpin columns (illustra ProbeQuant, GE Healthcare). DNA and RNA

concentrations were measured with the Qubit Fluorometer (Invitrogen). Standard primers were

ordered from Invitrogen. Primers for recombineering were ordered from Biospring. Sequencing

of DNA was done by Agowa (Berlin).

4.1 Organisms

4.1.1 Bacteria

BAC DNA was cultivated and modified in the E.coli DH10B strain.

86
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4.1.2 Embryonic stem cells (ESCs)

Murine ESCs are from a mixed background between the inbred strain 129xC57 F1 and G4.

Courtesy of Dr. Andras Nagy, from the Samuel Lunenfeld Research Institute, Toronto, Canada.

4.2 Standard solutions

0.2% gelatine: 2% gelatine was diluted under sterile conditions to 0.2% in dH2O and stored in

50ml aliquots at 4°C

LB-media: for 1liter: 10g Bacto-trypton, 5g Bacto-yeast extract and 10g NaCl in dH2O,

pH7; autoclaved

LS-media: for 1liter: 10g Bacto-trypton, 5g Bacto-yeast extract and 5g NaCl in dH2O,

pH7; autoclaved

4.3 DNA work

4.3.1 Polymerase chain reaction (PCR) [Saiki et al. 1988]

For standard PCRs the PrimeSTAR HS DNA polymerase (TaKaRa, 2.5u/µl) and the provided

5x PrimeSTAR Buffer were used. 5-20ng template DNA were utilized for a 50 µl PCR reaction

and 1µl of a 10µM primer solution was added per oligonucleotid.

The PCR reactions were performed in a Mastercycler Epigradient S machine (Eppendorf)

according to manufacturer’s instructions.

Primer Sequence

Neo to hygro fwd 5’ cggcatagtatatcggcatagtataatacgacaaggtgaggaactaaaccatgaaaaagcctgaactcac 3’

Neo to hygro rev 5’ gaaggcacagtcgaggctgatcagcgagctctagagaattgatcccctcattcctttgccctcggacgag 3’

4.3.2 RED/ET Recombination [Muyrers et al. 1999]

Red/ET Recombination permits engineering of DNA in E. coli baceria by use of phage proteins.

To allow homologous recombination mediated by phage proteins, the pSC101-BAD-gbaA(tet)
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plasmid needed to be introduced into DH10B cells, which already comprised the neo resis-

tant T-BAC clone (RP24-530D23 Imagenes, modified by Dr. Schröder). For this, the DH10B

cells were made competent as indicated below before 100ng of pSC101-BD-gbaA(tet) plas-

mid were electroporated into the cells. Successful incorporation was checked by double selec-

tion (10µg/ml chloramphenicol and 4µg/ml tetracyclin) in LS medium and incubation at 30°C!

(pSC101-BD-gbaA(tet) is a low copy plasmid. Replication only takes place at 30°C. Incubation

at 37°C destroys the plasmid!).

One day in advance to the actual recombination experiment, a bacterial culture comprising the

pSC101-BAD-gbaA(tet) plasmid and the neo-resistent T-BAC target clone was inoculated and

cultured overnight. The next day, two 2ml Eppendorf tubes (sample and control) containing

1.4ml LS medium were inoculated with 30µl of fresh overnight culture and shaken for 2h at

1000rpm in a 30°C heating block until OD600 ~0.2 was reached. The sample tube was induced

with 30µl of 10% L-arabinose solution (Sigma) and both tubes (sample and control) were trans-

ferred to 37°C and shaken for additional 45-60min until OD600 0.35 to 0.4 was measured. The

cells were spun at 4°C for 30sec and 10.000rpm. The supernatant was discarded by inversion

of the tubes and the pellet was resuspended on ice with 1ml precooled cell culture dH2O. The

cell suspension was again centrifuged at 4°C for 30sec and 10.000rpm. The washing step was

repeated once, before ~300ng of purified DNA (PCR amplified hygromycin sequence flanked

by 40bp recombination arms) was added to each cell suspension (max. 10µl). The suspensions

were carefully mixed, transferred to a 10mm precooled Gene Pulser cuvette (Bio-RAD) and

electroporated with the BioRad gene pulser at 200Ohm, 1800V, 25µF. 500µl of fresh LB media

were added cautiously to each reaction and shaken for another hour in a 37°C heating block and

were subsequently plated on LS-LB plates supplemented with 40µg/ml Hygromycin-B (Invit-

rogen). The plates were incubated overnight at 37°C.

4.3.3 Mini preparation of BAC DNA and precipitation

One day in advance, DH10B cultures were inoculated in 2ml LS-LB medium supplemented

with 40µg/ml Hygromycin-B (Invitrogen) and cultured overnight. The next day, the cell sus-

pensions were centrifuged at 13.000rpm for 3min. The supernatants were discarded by pipetting

and the pellet was dissolved in 200µl Eppendorf P1 buffer containing RNAse (Qiagen). 220µl

of Eppendorf P2 buffer were added to each tube and mixed with a few gentle inversions. The

tubes were incubated for max. 5min at room temperature before 220µl Eppendorf P3 buffer

were added and mixed by inverting the tubes 5 times. The tubes were subsequently incubated
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for 5min on ice, before being centrifuged at max. speed for 10min. The clear supernantant (ap-

proximately 800µl) was transferred to fresh clean 1.5ml Eppendorf tubes to precipitate the BAC

DNA with 550µl isopropanol. The tubes were again centrifuged at highest speed for 10min.

The isopropanol was carefully discarded by pipetting and the pellets were washed with 550µl

70% EtOH and spun at max. speed for 10min. The EtOH was discarded by inverting the tubes

upside down on a clean paper towel. Excess EtOH was removed by drying the pellets for about

10min at room temperature. The BAC DNA pellets were then cautiuously resuspended in 15µl

dH2O by pipetting.

4.4 Generation of modified ESCs

All experimental procedures were based on the protocols described in Nagy et al. 2003. All

cell culture work has been performed in a laminar flow hood (Hera safe clean bench, Heraus).

Before use, unsteril materials were autoclaved and desinfected with 70% ethanol.

4.4.1 Electroporation of ESCs

2 x 106 ESCs were seeded onto a monolayer of mitotically inactivated primary embryonic

fibroblasts, i.e. feeder cells (1 x 106/plate), in a gelatin-coated 6cm cell culture dish (Corning)

and cultivated at 37°C in a humified 7.5% CO2 incubator (Hera safe incubator; Heraus). The

cells were grown in ESC medium. The ESC medium was exchanged daily until round colonies

were visible. Before trypsinization, ESCs were grown in fresh medium for at least 2 h. The

medium was aspirated and the cells were carefully washed twice with cell culture grade PBS

(Lonza). 1ml Trypsin-EDTA solution (Gibco) was added and the cells were incubated at 37°C

for 10min in order to disrupt cell-cell contacts. The enzyme was inactivated by the addition of

2ml ESC medium before pipetting vigorously up and down to produce a single cell suspension.

The cell density was determined with a hemocytometer (Neubauer; Roth). 0.5 to 1 x 107 ESCs

were collected for each electroporation by centrifugation for 5min at 1000rpm. The ESC pellet

was resuspended in 800µl PBS and tansferred to a 4mm electroporation cuvette (Gene Pulser

Cuvette). The linearized BAC DNA (8µg dissolved in 25µl sterile PBS) was added and mixed

with the ESCs. The cells were electroporated with a GenePulser (Bio-Rad) using 240V and

500mF. After electroporation, the cell suspension was immediately transferred to a 15ml tube

containing 10ml ESC medium. The cells were collected by centrifugation as described above,

and resuspended in 10ml ESC medium. Subsequently, electroporated cells were divided into
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fractions (1
3 , 2

3 and 1
2 ), seeded on a monolayer of hygromycin-resistant feeder cells in 6cm cell

culture dishes and incubated at 37°C in ESC medium. Selection for clones that had integrated

the respective DNA was started 48h after electroporation with selection medium containing

125 mg/ml Hygromycin-B (Invitrogen). The medium was exchanged daily until ESC colonies

became visible (approximately 1 week after electroporation).

4.4.2 Picking ESC colonies

A gelatinized, flat-bottomed 96-well plate (Corning) containing a monolayer of feeder cells (1 x

106 feeder cells/plate) was prepared a day before use. Fresh ESC medium was added to the cells

3 - 4h prior to picking. Individual colonies were picked using disposable 10ml pipette tips under

a stereo microscope (MZ8; Leica) and transferred to wells of a round-bottomed 96-well plate

(Corning) prefilled with 20ml Trypsion-EDTA solution. After finishing the plate, the cells were

placed for 10min in the 37°C incubator. The reaction was stopped with 100µl ESC medium per

well and disaggregated by pipetting the suspension with a multi-channel pipette (Eppendorf).

The picked ESC colonies were transfered to the feedered 96-well plate and grown at 37°C and

7.5% CO2 fumigation.

4.4.3 Split and freez of ESCs in 96-well plate

After the cells had grown for 2 days, the 96-well plate was washed twice with 200µl PBS

before 50µl Trypsin-EDTA were added per well and incubated at 37°C for 10min. Meanwhile

50µl ESC freez medium were prepared in a round-bottomed 96-well plate and in parallel 200µl

ESC medium were transfered into a gelatinized flat-bottomed 96-well plate. Trypsinization in

the original 96-well plate was stopped by adding 100ml resuspension medium to each well and

mixed by pipetting. 50µl cell-suspension were transfered to the prepared round-bottom 96-well

plate containing 50µl ESC freez medium, sealed with parafilm and kept in a storofoam box

at -80°C. 50µl cellsuspension were transfered to the prepared gelatinized flat-bottomed 96-well

plate, containing 200µl ESC medium, and grown at 37°C for DNA (first expansion plate). 200µl

ESC media were added to the remaining 50µl cellsuspension of the original plate and grown at

37°C for DNA (second expansion plate). Both expansion plates were grown to confluency at

37°C and cultivated for 3 - 4days. DNA was isolated and subsequently used for Southern blot

analysis (see section 4.5).
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4.4.4 ESC medium
Medium Composition for 500ml (Company)

Feeder media 440ml DMEM; 4.5mg/glucose (Gibco)

50ml Fetal Bovine Serum (Gibco)

5ml 200mM L-glutamine (Lonza)

5ml Penicillin/Streptomycin (5K/5K) (Lonza)

ESC media 400ml DMEM kockout (Gibco)

75ml PANSera ES (PAN Biotech GmbH)

5ml 200mM L-glutamine (Lonza)

5ml Nucleosides (100x) (Speciality media)

5ml Non-Essential Amino Acids (100x) (Gibco)

4µl 2-Mercaptoethanol (Sigma)

50µl LIF (107u/ml) (Chemicon)

5ml Penicillin/Streptomycin (5K/5K) (Lonza)

Resuspension media 400ml bicarbonate free DMEM (Sigma)

supplemented with 10mM Hepes (Gibco)

75ml Fetal Bovine Serum ( Gibco)

5ml 200mM L-glutamine (Lonza)

5ml Nucleosides (100x) (Speciality media)

5ml Non-Essential Amino Acids (100x) (Gibco)

5ml fresh 2-Mercaptoethanol (Sigma)

5ml Penicillin/Streptomycin (5K/5K) (Lonza)

Freez media 300ml bicarbonate free DMEM (Sigma)

supplemented with 10mM Hepes (Gibco)

100ml Fetal Bovine Serum (Gibco)

100ml DMSO (Sigma)

4.5 Screening of ESC clones by Southern blot

4.5.1 Genomic DNA isolation

Southern blot analysis was performed in order to identify ESC clones that had successfully

integrated in the T-mCherry reporter BAC. The procedure followed the protocol described in

Ramirez-Solis et al. 1993. ESCs were grown to confluency in the wells of a 96-well expansion
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plate (see section 4.4.3). The plates were washed twice with 200µl PBS before 50µl room

temperature lysis buffer containing 1mg/ml proteinase K (Sigma) was pipetted to the wells.

The plates were incubated overnight at 37°C in a humid chamber (closed tupperware with wet

paper towels). The next day, 100µl ice-cold 75mM NaCl/100% EtOH mix were added per well

without mixing. The plates were left on the bench for 30min at room temperature to precipitate

the DNA as a filamentous network on the bottom of the wells. The plates were then carefully

inverted to discard the solution and excess liquid was blotted on paper towels. The wells were

rinsed three times by adding 200µl 70% EtOH per well. After the final wash, the precipitated

DNA was dried on the bench. The first expansion plate was sealed with parafilm and stored at

-20°C. The second expansion plate was used for restriction enzyme digestion.

4.5.2 DNA digestion and electropohoresis

A restriction digest master mix was prepared containing 1x Buffer E (Promega), 1mM sper-

midine (Promega), 100mg/ml BSA (Promega), 100µg/ml RNase A (Fermentas) and 30-50u of

HindIII HC (Promega). 30µl of the master mix were added per well without mixing and in-

cubated in a humified chamber at 37°C for 4h. After incubation, the content of the wells was

mixed by pipetting before incubation was continued overnight in the humified chamber. The

next day, 6µl gel loading buffer were added to each well for electrophroesis. The DNA was sep-

arated in a 0.7% and about 12mm thick 1x TAE agarose gel in 1x TAE electrophoresis buffer for

12-18h at 30V. DNA fragments was subsequently documented with the GelDoc 2000 system

(Bio-Rad).

4.5.3 DNA blotting

After electrophoretic size separation, the gel was pretreated in order to facilitate the transfer of

large DNA fragments. The agarose gel was washed for 30min in denaturation buffer, 30min

in neutralization buffer and 30min in 20x SSC. DNA was transfered onto a blotting membrane

(Amersham Hybond-N, GE healthcare) utilizing the Whatman TurboBlotter. The assembly was

stacked according to manufacturer’s instructions and incubated overnight at room temperature.

The next day, agarose wells were marked with a pencil before DNA was UV-crosslinked to the

membrane using 500µJ/cm2 radiation (UV Stratalinker 2400, Stratagene). The membrane was

either air-dried and stored at -20°C in a sealed plastic bag or directly employed for hybridization.
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4.5.4 Probe labeling and hybridization

For the generation of radioactively labeled probes, 25ng of the template DNA fragment (hy-

gromycin) were diluted in 45ml TE buffer and denatured for 5min at 95°C in a heating block.

The solution was cooled on ice and pipetted into a reaction tube containing a dried mix of

dATP, dGTP, dTTP, Klenow enzyme, and random primers (Rediprime, Random Prime Label-

ing System, GE healthcare). The components were mixed by pipetting before 5ml of a-32P

dCTP (Redivue, Amersham) with a specific activity of 3000Ci/mmol were added. The radioac-

tive sample was incubated for 30min - 1h at 37°C to allow for the Klenow catalyzed labeling

reaction. Meanwhile the blotted membrane (see section 4.5.3) was transfered to a glas tube

and incubated with 15ml ExpressHyb Hybridization Solution (Clontech) under continuous ro-

tation at 62°C for 1h. The radioactive sample were purified with a G-25 MicroSpin Column

(illustra ProbeQuant, GE Healthcare) according to manufacturer’s instructions, to separate the

labeled probe from unincorporated radioactive nucleotides. After purification, the labeled DNA

probe was denatured for 5min at 95°C. The probe was then directly pipetted into the glas tube

containing the preincubated membrane and hybridized overnight at 62°C with constant rotation.

4.5.5 Washing and development

On the next day, prewarmed 2x SSC (62°C) was poured into the glas tube (about half full) and

incubated for 10min at 62°C with continuous rotation. The waste was poured into a glas bot-

tle. The glas tube was filled again with prewarmed 2x SSC and incubated for another 10min at

62°C with constant rotation. The solution was again discarded before the membrane was trans-

fered to a plastic box containing prewarmed 0.2% SSC (62°C) and incubated for 20min with

continuous rocking. The radioactivity of the membrane was controlled with a geiger counter

and if higher stringency was required (> 30Bq), additionally washed with 0.1% SSC for 30min.

The membrane was sealed in a plastic bag. The radioactively labeled DNA was exposed in a

phosphoimager (Amersham) for 24h before detection.

4.5.6 Southern blot buffers

Lysis Buffer: for 1 liter: 100ml 1M Tris (pH8.3), 10ml 0.5M EDTA, 10ml 20% SDS, 5M NaCl

in dH2O

Denaturation Buffer: for 1 liter: 300ml 1.5M NaCl, 100ml 0.5M NaOH in dH2O
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Neutralization Buffer: for 1 liter: 300ml 1.5M NaCl, 500ml 0.5M Tris (pH 8) in dH2O

20x SSC: for 1 liter: 88.23g Sodimcitrate, 175.32g NaCl in dH2O

4.6 In vitro differentiation

4.6.1 Feeder free culture

ESCs were grown in a 6cm cell culture dish with ESC medium before being feeder depleted.

For feeder depletion, ESCs were trypsinized with Trypsin-EDTA (Gibco) and replated with

ESC media für 30min on a freshly gelatinized 6cm cell culture dish. Feeder cells attach faster

to the gelatine surface while the ESCs remain in suspension. After repeating this step several

times, the ESC/media suspension was transfered to a new pregelatinized plate and cultured at

37°C and 7.5% CO2 fumigation. About 1 million ESCs were seeded per 3.5mm dish. The

feeder free ESCs were cultivated in ESC media and split every second day to avoid preliminary

differentiation.

4.6.2 Serum free medium (SFM)

Medium Composition for 210ml (Company)

SFM 100ml DMEM/F-12 media (Gibco)

100ml Neurobasal media (Gibco)

2ml 200mM L-glutamine (Lonza)

2ml B-27 supplement minus vitamin A (50x) (Invitrogen)

2ml N-2 supplement (100x) (Invitrogen)

1,33ml Albumin, bovine Fraction V solution (7.5%) (Sigma)

2,6µl 1-Thioglycerol (Sigma)

2ml Penicillin/Streptomycin (5K/5K) (Lonza)



CHAPTER 4. MATERIALS AND METHODS 95

4.6.3 Growth factors
Growth factor Final conc. Company

Recombinant Mouse Wnt-3a 50ng/ml (R&D Biosystems)

Recombinant Mouse Noggin 500ng/ml (R&D Biosystems)

Recombinant Mouse FGF-8 b Isoform 100ng/ml (R&D Biosystems)

Recombinant Human/Mouse/Rat Activin A 100ng/ml (R&D Biosystems)

Recombinant Mouse Bmp-4 20ng/ml (R&D Biosystems)

4.6.4 In vitro differentiation of ESCs into T-expressing cells

To differentiate the feeder depleted ESCs into mesodermal fated cells, the ESCs were singu-

larized with Trypsin-EDTA and counted with a hematocytometer. The ESC/media suspension

was diluted to 40.000 cells/ml to produce 5µl drops containing approximately 200 ESCs. The

drops were generated with a research pro multichannel pipet (5-100µl, Eppendorf) and directly

pipetted into square petri dishes (120x120x17 with vents, Greiner Bio-one). The dishes were

inverted and incubated overnight at 37°C and 7.5% fumigation. In parallel, fibronectin coated

dishes were prepared. For this purpose, fibronectin (Calbiochem #341631) was diluted 1:100

with cell culture grade PBS (Lonza) and incubated overnight at 4°C in 6cm cell culture dishes

The following day, the ESC aggregates were collected with DMEM medium (Gibco, Invitro-

gen) and centrifuged in a 50ml falcon tube (Corning) at 1.000rpm for 5min. The supernantant

was carefully aspirated to repeat the washing step with fresh DMEM medium (to remove as

much LIF as possible). Meanwhile the prepared fibronectin coated 6cm cell culture dishes were

washed once with PBS and left PBS covered on the bench until further use. After centrifugation,

the ESC aggregates were plated on the fibronectin precoated dishes with SFM supplemented

with fresh recombinant growth factors and incubated at 37°C and 7.5% fumigation. The serum

free differentiation media was daily renewed. The cultivation was continued until the cells were

harvested on the desired differentation day. Recombinant protein was freshly added to the SFM

before use. In case of RNAi induction with Doxycycline (Sigma), 2µg/ml were added to the

serum free differentiation medium.
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Figure 4.1: Schematic overview of ESC differentiation into mesoderm in vitro
Illustration representing the in vitro method to differentiate ESC into mesoderm in serum free culture conditions.
ESCs were feeder depleted and cultivated for at least one passage on gelatinized dishes. Feeder free ESCs were then
harvested and counted to generate ESCs aggregates of defined cell size (200cells). The derived ESC aggregates
were collected after 18h of incubation and plated on fibronectin coated dishes. To further induce differentiation,
serum free medium (SFM) was supplemented with selected growth factors in defined concentrations. ESC ag-
glomeration was performed with ESC medium containing serum and LIF. The serum free culture was conducted
over a timeperiod of maximal 120h [Schröder 2011].

4.7 Fluorescence-activated cell sorting (FACS)

4.7.1 Preparation of cells for FACS

The differentiated ESCs were trypsinized (TrypLE Express, Invitrogen) for 5min at 37°C, dis-

sociated by pipetting, and suspended in 5ml feeder medium. After centrifugation at 1.000rpm

for 5min and careful aspiration of the supernatant, ESCs were resuspended with 500µl ESC

medium and kept on ice until cell sorted. To minimize the amount of cell clumps, the ESC

were filtered through a 5ml polystyrene round-bottom tube with a cell-strainer cap (35µM, BD

Falcon).

4.7.2 Cell sorting

FACS analysis were performed with the BD FACS ARIA II cell sorter (BD Biosciences). Differ-

entiated cells were sorted using the 85µm nozzle. Cells assigned for microarray evaluation were

directly sorted into DNA LoBind tubes (Eppendorf), prefilled with 700µl 2-mercaptoethanol

supplemented RLT buffer (1%, according to manufacturer’s instructions, RNeasy Micro Kit,

Qiagen). 50,000 cells were collected for RNA isolation. Samples were stored at -20°C un-

til further use. For ChIP analysis, the FACS flow solution was exchanged with steril filtered

PBS to increase the amount of vital cells. The cell populations were directly sorted into a 5ml
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collection tube (BD Biosciences) prefilled with 2ml of an albumin/medium solution (1
3 7.5%

Bovine Fraction V solution (Sigma) and 2
3 Feeder medium), supplemented with 135µl 37%

formaldehyde (Invitrogen). Formaldehyde starts the crosslink reaction of protein to DNA. Due

to volume restrictions, max. 500,000 cells could be collected in one 5ml tube. Samples were

directly crosslinked before being stored at -80°C until further use.

4.8 Chromatin immunoprecipitation (ChIP)

4.8.1 Crosslink of cells

Depending on the timespan of the sorting process, crosslinking of the sorted cells was contin-

ued at 4°C for 15 - 20min so that the optimal incubation time (23min at 4°C or 12min at room

temperature) was ensured. Crosslinking was stopped by adding 100µl 1.25M glycin/PBS per

1ml cell solution and incubation at 4°C (or room temperature) for 5min. The cells were cen-

trifuged at 4.000rpm for 1min and washed twice with ice-cold PBS in an 1.5ml DNA LoBind

tube (Eppendorf). After removing as much PBS as possible, the cell pellets were shock frozen

with liquid N2 and stored at -80°C until further use.

4.8.2 Fragmentation of cells

All following steps were performed at 4°C. The cell pellets were pooled in a 1.5ml DNA LoBind

tube, resuspended with 200µl upstate lysis buffer, pipetted up and down and incubated at 4°C

for 10min. Subsequently, the cells were sonificated with 5 pulses of 10sec with 10% power

and 50sec break by use of a Branson 450 sonifier (to avoid contamination the tip was stored in

DNAway solution and cleaned with cold dH2O and PBS with two short pulses just before use).

After this step, the lysates could be snap frozen in liquid N2 to be stored at -80°C until further

use.

To examine the fagmentation quality a sample test was performed. For this purpose, the sam-

ple was centrifuged for 5min at full speed, before 10µl of the supernatant were pipetted to

a new DNA LoBind tube containing 390µl upstate lysis buffer (without cØmplete), reversed

crossliked, phenol/chloroform extracted, and precipiated as described below. The purified DNA

was resuspended in 10µl dH2O and fragmentation was analyzed by Gel-electrophoresis in a 2%

agarose gel.
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4.8.3 The actual ChIP

To get rid of cell debris, the lysate was centrifuged for 5min at full speed. For each immuno-

precipitation 20µl + 20µl protein A/G beads (Invitrogen) were washed twice with ChIP dilution

buffer utilizing a magnetic wreck (DYNAL, Invitrogen). 80µl centrifuged lysate and 720µl

cØmplete supplemented ChIP dilution buffer were pipetted into a 1.5ml DNA LoBind tube.

1µg antibody was added per ChIP reaction. The antibody against H3K4me3 was a courtesy of

Thomas Jenuwein (MPI Immunobiology and Epigenetics, Freiburg) and the antibody against

H3K27me3 was obtained from Abcam (ab8580). Tubes were sealed with parafilm and incu-

bated with continuous rotation overnight at 4°C .

4.8.4 Washing, elution and reverse crosslink of ChIP DNA

All folowing steps were performed in 1.5ml DNA LoBind tubes. The tubes were spun at low-

est speed for 2sec before the excess chromatin was separated from the beads with a magnetic

wrack. The supernatant was discarded by pipetting and beads were washed in 8min steps: two

times with 1ml low salt wash buffer, once with high salt wash buffer and finally once with 1ml

LiCl wash buffer. The TE buffer was subsequently used to rinse the cells (added and directly

removed). The DNA/Protein/Antibody complex was eluted from the beads with 100µl elution

buffer (including fresh DTT) at 30°C in a heating block and continuous shaking for 15min.

The elution step was repeated once. The eluates of both eluation processes were combined to

200µl and added to 200µl TE and 12µl 5M NaCl. The diluted eluate was incubated at 95°C

for 15min and subsequently cooled to 37°C to add 5µl RnaseA (10mg/ml, Fermentas). After

incubation for 15min at 37°C, 10µl Proteinase K (23mg/ml, Sigma) were pipettet to the DNA

sample before being incubated at 65°C for at least 4h (to overnight).

4.8.5 Phenol/Chloroform extraction

The sample was cooled to room temperature. 200µl of Phenol and 200µl of Cholroform were

added to the sample, mixed and spun at full speed for 10min to extract the protein. The aque-

ous phase was transfered to a new DNA LoBind tube. Another 200µl of CHCl3was added to

the transfered sample and spun for 5min at full speed. The aqueous phase (200µl) was again

pipetted to a new DNA LoBind tube.
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4.8.6 Precipitation

200µl sample

40µl 3M NaAc, pH5.2 (Sigma)

1µl Polyacryl Carrier (Molecular Research Center, Inc.)

400µl Isopropanol (Merck)

Listed components were pipetted to the purified sample and centrifuged at 4°C and full

speed for 30min. The supernatant was carefully removed by pipetting. 500µl 70% EtOH were

added and spun for 5min at 4°C and full speed. The pellet was air dried and resuspended in

10µl dH2O.

4.8.7 ChIP buffers
Buffer Composition for 50ml (Company)

Upstate lysis buffer 2.5ml 1M TrisHCl (pH 8.1) (Merck)

1ml 0.5M EDTA (Sigma)

2.5ml 20% SDS (Roth)

fill up with dH2O to 50ml

(cØmplete fresh 1
4 per 5ml) (Roche)

ChIP dilution buffer 250µl 1M TrisHCl (pH 8.1) (Merck)

1550µl 5M NaCl (Sigma)

2750µl 20% Triton X-100 (Sigma)

120µl 0.5M EDTA (Sigma)

25µl 20% SDS (Roth)

fill up with dH2O to 50ml

(cØmplete fresh 1
4 per 5ml) (Roche)

Low salt wash buffer 1ml 1M TrisHCl (pH 8.1) (Merck)

1.4ml 5M NaCl (Sigma)

2.5ml 20% Triton X-100 (Sigma)

200µl 0.5M EDTA (Sigma)

250µl 20% SDS (Roth)

5ml 10% Na deoxycholat (Sigma)

fill up with dH2O to 50ml
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Buffer Composition for 50ml (Company)

High salt wash buffer 1ml 1M TrisHCl (pH 8.1) (Merck)

5ml 5M NaCl (Sigma)

2.5ml 20% Triton X-100 (Sigma)

200µl 0.5M EDTA (Sigma)

250µl 20% SDS (Roth)

5ml 10% Na deoxycholat (Sigma)

fill up with dH2O to 50ml

LiCl wash buffer 1ml 1M TrisHCl (pH 8.1) (Merck)

2.5ml 5M LiCl (Sigma)

2.5ml 10% Igepal CA-630 (Sigma)

200µl 0.5M EDTA (Sigma)

2.5ml 10% Na deoxycholat (Sigma)

fill up with dH2O to 50ml

TE buffer 500µl 1M TrisHCl (pH 8.1) (Merck)

100µl 0.5M EDTA (Sigma)

fill up with dH2O to 50ml

ChIP elution buffer 500µl 1M TrisHCl (pH 8.1) (Merck)

1.4ml 5M NaCl (Sigma)

100µl 0.5M EDTA (Sigma)

5ml 20% SDS (Sigma)

FRESH! 5µl per 1ml 1M DTT (Invitrogen)

fill up with dH2O to 50ml

4.8.8 Massive parallel sequencing

Massive parallel sequencing was performed by single read analysis with the Illumina/Solexa

Genome Analyzer. Library preparation and sequencing was performed by the group of Bernd

Timmerman (Sequencing facility, Max-Planck Institute for Molecular Genetics, Berlin) accord-

ing to the illumina protocol. After sequencing, the data were analyzed as described in 4.10.4.
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4.9 RNA work

4.9.1 RNA isolation

1 volume of 70% EtOH was added to the FAC sorted samples and mixed by pipetting. The

whole volume was pipettet into an RNeasy micro column (Qiagen) and centrifuged for 15sec at

10.000rpm. The flow through was discarded. 350µl Buffer RW1 were pipetted into the RNeasy

mini-column and centrifuged for 15sec at 10.000rpm. The flow through was again discarded.

DNase 1 (Invitrogen) was prepared by adding 10µl DNase 1 stock solution to 70µl Buffer RDD

(Invitrogen) and mixed by gentle inversions of the tube. The DNase 1 mix (80µl) was pipetted

onto the RNeasy silica-gel membrane and incubated at room temperature for 15min. 350µl

Buffer RW1 (Qiagen) were subsequently pipetted to the RNeasy mini column and centrifuged

for 15sec at 10.000rpm. The flow through was discarded and 350µl Buffer RW1 were added

to the column followed by another centrifugation step. The RNeasy column was transfered to

a new 2ml collection tube and washed with 500µl RPE buffer (Qiagen), the flow through was

discarded. The RNeasy column was additionally dried by a 1min centrifugation step at full

speed. The RNeasy column was transfered to a new 1.5ml DNA LoBind collection tube. 16µl

of prewarmed elution solution (42°C) were pipetted onto the RNeasy silica gel membrane and

centrifuged for 1min at 10.000rpm to obtain purified RNA.

4.9.2 First-strand complementary DNA synthesis

First-strand cDNA syntheses were performed using the Superscript II reverse Trancriptase (In-

vitrogen) and random hexamer primer according to manufacture’s instructions.

4.9.3 Gene expression analysis (qRT-PCR)

The GoTaq qPCR Master Mix (Promega) was utilized and assayed with the StepOne qRT-

machine (Applied Biosystems). The data was analysed with the StepOne Software v2.1.

Primer organism sequence

Hbms fwd mouse 5’ cctgggcggagtcatgtc 3’

Hbms rev mouse 5’ actcgaatcaccctcatctttga

T fwd mouse 5’ cagctgtctgggagcctgg 3’

T rev mouse 5’ tgctgcctgtgagtcataac 3’
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The reaction volume was reduced to 10µl.

10µl

5µl GoTaq qPCR Master Mix (2x)

1ng genomic DNA

filled up with dH2O to 9.5µl

0.5µl 5µM primer mixture (fwd/rev)

qRT-PCR setup

1. Denaturation 95°C 2min

2. Cyle 40x Denaturation 95°C 15sec

Annealing/Extension 60°C 30sec

1x Denaturation 95°C 15sec

Annealing/Extension 60°C 15sec

3. Final Denaturation 95°C 15min

4.9.4 Gene expression profiling (Illumina microarray)

In general three independent biological repilicates of undifferentiated or Bmp4 differentiated

TmCherryKD4-T ESC were prepared for gene expression profiling. RNA islation from ESCs

was performed using Mini RNAeasy columns (Qiagen) as described above. RNA was labeled

using the Illumina TotalPrep RNA Amplification Kit (Ambion) and probes were hybridized to

Illumina Sentrix BeadChip Array for gene Expression MouseRef-8 V2 microarrays, according

to manufacturer’s instructions. The labeling and hybridization were performed by Claudia Vo-

gelgesang (Service Department, Max-Planck Institute for Molecular Genetics, Berlin). Results

were scanned with the Illumina BeadArray Reader.

4.10 Bioinformatic data analysis

The bioinfomatic analyses of the microarray data were performed by Daniele Yumi Sunaga.

The bioinformatic analyses of the ChIP-seq data were performed by Dr. Martin Werber.
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4.10.1 Transcriptome analysis

Expression data was processed by use of the lumi R/Bioconductor package [Du et al. 2008],

utilizing the quantile normalization method, background substraction (bgAdjust), and logarith-

mical transformation for variance stabilization (vst). Additionally, a variance based filter was

applied to identify the percentage of highest standard deviation genes. By this means, genes

exhibiting low expression variation over the loaded samples were removed. Different percent-

ages were tested and finally adopted to 20%. This percentage, combined with test statistics

enabled the identification of differentially expressed transcripts (DETs). Biases in the multi-

ple testing correction were minimized adopting a second filter based on fold change (unlogged

>1.5). The Significance Analysis of Microarray method (SAM) [Tusher et al. 2001], was per-

formed for the selection of DETs following two-class unpaired design, ignoring the intrinsic

time dependence of gene expression measurements of the same gene at different timepoints.

The SAM method was implemented in the MEV program of the TM4 microarray data analysis

suite (http://TM4.org). The p-value cut-off was set at 0.05 and adjusted for False Discovery

Rate (FDR) [Benjamini and Hochberg 1995].

4.10.2 Functional analysis

The functional analysis of the DETs was performed with the Ingenuity Pathway Analysis tool

(IPA, http://www.ingenuity.com). We considered the data from all species, tissues and all data

sources available, including the “Ingenuity Expert Information”, in which the information has

been manually reviewed and curated from full-text scientific publications.

4.10.3 Clustering analysis

The CLICK cluster analysis was performed with the differentially expressed transcripts result-

ing from the sum of the all comparisons. The method was used with default homogeneity

available in the Expander tool [Shamir et al. 2005]. The algorithm utilizes graph-theoretic and

statistical techniques to identify groups of highly similar elements (kernels), then heuristic pro-

cedures are used to expand the kernels into the full clusters [Sharan et al. 2003].

The HIERARCHICAL cluster analysis was performed with the differentially expressed tran-

scripts resulting from the comparision of the RF WT versus the RF T-KD population. The

method was used with default homogeneity available in the Expander tool [Shamir et al. 2005].
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4.10.4 ChIP-seq analysis

Treatment of the raw sequence data, including the removal of artifacts, mapping with

bowtie, removal of duplicate starting reads, and conversion to a bed file was done follow-

ing standard procedures. Subsequent peak finding was performed with the SICER software

(http://home.gwu.edu/~wpeng/Software.htm). For quantification, validated reads within a cov-

erage of 2kb to the transcriptional start site of Ensembl annotated transcripts were utilized.

Value normalization was done with quantile normalization for H3K4me3 and H3K27me3 indi-

vidually. Furthermore, median normalization was performed for each transcript (seperately for

H3K4 and H3K27 trimethylations). By this means, fold enrichments could be obtained.
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Supplementary material

The supplementary material is provided as a separate electronic document on an Appendix-CD.

This Appendix-CD can be found attached to the inside of the back cover .

Content of the Appendix-CD:

S1: Clustering of genes involved in lateral mesoderm formation

S2: DETs in the 96h differentiated RF populations

S3: Developmental categories of the 96h differentiated RF cells

S4: Hierarchical clustering of the DETs within the 96h differentiated populations
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