
TECHNISCHE UNIVERSITÄT MÜNCHEN

Lehrstuhl für Entwicklungsgenetik

Differentiation of the Endoderm Lineage 
In the Murine System

Lena Uetzmann

Vollständiger Abdruck der von der Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, 
Landnutzung und Umwelt der Technischen Universität München zur Erlangung des akademischen 
Grades eines

Doktors der Naturwissenschaften

genehmigten Dissertation.

Vorsitzender:        Univ.-Prof. Dr. A. Gierl  
Prüfer der Dissertation: 
    1.  Univ.-Prof. Dr. W. Wurst
    2.  Priv.-Doz. Dr. J. Beckers  

Die Dissertation wurde am 30.10.08 bei der Technischen Universität München eingereicht und durch die 
Fakultät Wissenschaftszentrum Weihenstephan für Ernährung, Landnutzung und Umwelt am 04.03.09 
angenommen.





Achte auf Deine Gedanken,
denn sie werden Worte.

Achte auf Deine Worte,
denn sie werden Handlungen.

Achte auf Deine Handlungen,
denn sie werden Gewohnheiten.

Achte auf Deine Gewohnheiten,
denn sie werden Dein Charakter.

Achte auf Deinen Charakter,
denn er wird Dein Schicksal.

      
  aus dem Talmud





Danksagung

Mein herzlicher Dank gebührt Dr. Heiko Lickert für die Möglichkeit, meine Promotion als erste Doktorandin in 
seiner jungen Arbeitsgruppe durchführen zu können. Die immerwährende positive Einstellung zu seiner Arbeit, 
der schier unerschöpfl iche Enthusiasmus und die ausgeprägte Begeisterungsfähigkeit können einem nur ein 
Vorbild sein. Vielen Dank für das entgegengebrachte Vertrauen, die Hilfe und Unterstützung, anregende und 
unterhaltsame Diskussionen!

Ich möchte Professor Wolfgang Wurst für die Übernahme der Betreuung der Arbeit und PD Dr. habil. Johannes 
Beckers für die Teilnahme an der Prüfungskommission für diese Arbeit danken. Zudem gilt mein Dank Professor 
Gierl für unkomplizierte und selbstverständliche Übernahme des Vorsitzes der Prüfungskommission.

Mein Dank geht an die gesamte Arbeitsgruppe für die gute Zusammenarbeit über Jahre hinweg und die vielen 
gemeinsamen Unternehmungen; dies gilt insbesondere für meine allerersten Kollegen: vielen Dank an Dr. Ingo 
Burtscher, Wenke Barkey und Daniela Wagner für die Unterstützung und die gute Zusammenarbeit, für viele 
unterhaltsame Stunden und manches Gespräch und Freundschaft, die mir als Norddeutsche das Einleben im 
Süden doch sehr erleichtert haben.
Darüber hinaus möchte ich mich bei allen meinen Mitdoktoranden und -doktorandinnen bedanken, die mich 
mehr oder weniger lange auf die ein oder andere Weise begleitet haben - ein bißchen Ironie kann einem das 
Leben manchmal deutlich erleichtern! Danke für unterstützende Worte, das entgegengebrachte Verständnis und 
die wertvollen zwischenmenschlichen Erfahrungen an (nach zeitlichem Erscheinen - „in order of appearance“) 
Doris Bengel, Sascha Imhof, Moritz Gegg, Marion Vollmer und Perry Liao. Perry sei an dieser Stelle auch für 
etliche gemeinsame Tassen Kaffee und die Korrekturlesearbeiten an dieser Arbeit gedankt! Für ein bißchen 
mehr Internationalität in der Arbeitsgruppe, belgische Schokolade und kritische, hilfreiche Kommentare zu 
verfaßten Texten geht mein Dank an Dr. Claude van Campenhout, für das gewisse italienische Etwas an Patrizia 
Giallonardo.
Vielen Dank auch an Dr. Ursula Gaio für viele sehr nette Abende und vor allem den Einsatz als wandelndes 
PubMed...

Meinen zwei äußerst gut laufenden „Kooperationen“, Dr. Susanne Neschen und Dominik Lutter danke ich herzlich 
für die gute Zusammenarbeit und die vielen interessanten Einblicke in andere Arbeitsbereiche - würden doch nur 
alle Kooperation so gut laufen!

Gute Resultate im Hinblick auf die Mausversuche habe ich auch der Unterstützung der Tierpfl eger zu verdanken 
- vielen Dank für das Umsorgen und Mitbeobachten meiner Mäuse!

Viele Freunde und Bekannte haben mein Leben in den letzten dreieinviertel Jahren gekreuzt und mich durch einen 
Lebensabschnitt begleitet, der durch unglaublich viele Veränderungen und wichtige Erfahrungen gekennzeichnet 
war - sie seien an dieser Stelle nicht unerwähnt, wenn auch nicht alle namentlich aufgeführt.
Ich möchte allerdings an dieser Stelle (stellvertretend) Jennifer Heinke und Philipp Eßer erwähnen, deren 
Freundschaft schon weitaus länger währt und der auch die größer gewordene Entfernung nichts anhaben kann! 
Es ist schön, wenn man einen Menschen kennt, der einen ohne viele Worte verstehen kann.

Lieber Dominik, auch Dir möchte ich an dieser Stelle danken, vor allem für das Verständnis und die unglaubliche 
Ruhe, die Du mir und meiner Arbeit entgegengebracht hast.

„Last but not least“ soll hier der größte Dank an meine Eltern gehen: vielen Dank für die Unterstützung in all 
den Jahren, ob nun für geschickte Schokoladen-Notrationen für die „Endphase“ oder wichtige grundlegende 
statistische Informationen in einer Geschwindigkeit, die Google in den Schatten stellt. Schön, daß es Menschen 
gibt, die immer an mich glauben! Danke!





Contents

Contents

1. Abstract

2. Introduction

2.1. Early embryonic development in the mouse

2.2. Formation of the endoderm and the development of the endodermal organs

2.3. Important transcription factors during endoderm development: Foxa2

2.4. Important transcription factors during endoderm development: Sox17

2.5. Stem cells – a model for embryonic development and an indispensible tool to analyze gene  
 function

2.6. Alterations of the genome

2.7.1. MiRNAs in development and differentiation
2.7.2. The miRNA pathway: from transcription to target interaction

3. Rationale

4. Results

4.1. Cell lineage tracing - Generation and analysis of Cre mouse lines
4.1.1. Targeting of the Sox17 locus

a) Design and generation of the targeting vector for the Sox17 locus
b) Targeting of ES cells for homologous recombination and deletion of the selection cassette    
    for the Sox17 locus

4.1.2. Analysis of the Sox17iCre/+ mouse line
4.1.3. Recombination activity of the Sox17-iCre recombinase at early embryonic stages and after  
 birth
4.1.4. Targeting of the Foxa2 locus

a) Design and generation of the targeting vector for the Foxa2 locus
b) Targeting of ES cells for homologous recombination for the Foxa2 locus

4.1.5. Analysis of the Foxa2iCre/+ mouse line
4.1.6. Recombination activity of the Foxa2-iCre recombinase at early embryonic stages
4.1.7. Recombination activity of the Foxa2-iCre recombinase in embryonic organs

4.2. Characterization of the Foxa2iCre hypomorphic allele

4.3. Analysis of the metabolism of Foxa2iCreΔneo/iCreΔneo mice

4.4. Conditional knock-out analysis
4.4.1. Characterization of the β-catenin knock-out in the Foxa2-positive cell population:   
 Foxa2iCre/+; β-cateninfl ox/fl ox; R26R/+ mice
4.4.2. Analysis of the metabolism of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox; R26R/+ mice
4.4.3. Characterization of the ß-catenin knock-out in the Foxa2-positive cell population:
   Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice

4.5. Differentiation of ES cells into endoderm
4.5.1. Establishment of an in vitro differentiation system from ES cells into endoderm
4.5.2. Characterization of the in vitro differentiation system

I

13

15

15

18

21

22

23

25

26
28

31

33

34
34
34

35
35

37

37
38
38
38
39

41

44

46

46
47

48

51
52
54



ContentsContents

4.5.3. In vitro differentiation – onset of marker expression (FACS analysis)
4.5.4. In vitro differentiation – onset of marker expression (live imaging)

4.6. Using the in vitro differentiation system to screen for micro RNAs infl uencing endoderm   
 development
4.6.1. Generation of the miRNA expression vector
4.6.2. Design of miRNA expression constructs
4.6.3. Fluorescent analysis of the miRNA-transgenic ES cell clones using in vitro differentiation and  
 immunostaining

5. Discussion

5.1. The generation of iCre mouse lines under the control of two endodermally expressed   
 transcription factors

5.2. Sox17iCre/+ mice – a valuable tool for specifi c deletion of genes in arteries and an indication of  
 a second promoter activated in the endoderm

5.3. The Foxa2iCre/+ mouse line – a new tool to analyze gene function in a variety of tissues

5.4. The Foxa2iCre allele, a hypomorph with interesting potential

5.5. Conditional deletion of β-catenin in the domain of Foxa2-iCre recombination activity 

5.6. Establishment and characterization of an in vitro ES cell assay – steps towards an in vitro  
 system for embryonic development

5.7. Fusion proteins as miRNA-sensors – a tool to test micro RNAs in vitro?

6. Material and Methods

6.1. Material
6.1.1.  Equipment
6.1.2. Consumables and kits
6.1.3. Chemicals
6.1.4. Buffers and solutions
6.1.5. Enzymes and enzyme kits
6.1.6. Antibodies and sera
6.1.7. Vectors and BACs
6.1.8. Oligonucleotides
6.1.9. Probes
6.1.10. Molecular weight markers
6.1.11. Bacteria and culture media
6.1.12. Cell lines, culture media and solutions
6.1.13. Mouse lines

6.2. Methods
6.2.1. Methods in molecular biology
6.2.1.1. Preparations of nucleic acids: DNA preparations
 a)  Plasmid and BAC preparations
 I.   Plasmid preparations according to the QIAGEN Plasmid Kits
 II.  BAC mini preparation according to Copeland
 III. BAC maxi preparation according to the NucleoBond BAC Purifi cation Maxi Kit
 b)  Preparation of genomic DNA from cells or tissue
 I.   Isolation of genomic DNA from cells in 96-well plate format

II

54
55

56
57
58

60

67

67

68

70

72

74

76

77

83

83
83
84
85
87
89
90
90
90
92
92
93
93
94

94
94
94
94
94
94
95
95
95



ContentsContents

 II. Isolation of genomic DNA from cells in cell culture dish format
 II. Isolation of genomic DNA from mouse tail biopsy
6.2.1.2. Preparations of nucleic acids: RNA preparations
 a)  Preparation of total RNA according to the QIAGEN RNA Mini Kit
6.2.2. Determination of the concentration of DNA and RNA solutions
6.2.3. Reverse trancription
 a)  DNAse digest of RNA samples
 b)  RNA precipitation with LiCl
 c)  Reverse transcription with oligo dT-primers
 d)  PCR on cDNA
6.2.4. Restriction analysis of DNA
 a)  Analytical or preparative restriction digest of plasmid or BAC DNA
 b)  Restriction digests of genomic DNA
 I.   Restriction digests of genomic DNA from (ES-) cells and tissue for Southern blot analysis
 II.  Restriction digests of genomic DNA from (ES-) cells in 96-well plates for Southern blot  
      analysis
6.2.5. Gelelectrophoresis
 a)  Analytical agarose gelelectrophoresis
 I.   DNA
 II.  RNA
 b)  Preparative agarose gelelectrophoresis
6.2.6. Generation of blunt ends
6.2.7. Dephosphorylation of linearised DNA
6.2.8. Ligation
6.2.9. Cloning of short DNA sequences using complementary DNA oligonucleotides
 a)  Hybridisation
 b)  Phosphorylation
 c)  Ligation of hybridised oligonucleotides
6.2.10. Generation of competent bacteria
 a)  Generation of electro-competent bacteria (E. coli K-12 XL1-Blue)
6.2.11. Transformation of bacteria
 a)  Transformation of bacteria using electroporation
 b)  Transformation of bacteria using heat shock
6.2.12. Bacterial homologous recombination
6.2.13. DNA sequencing
 a)  Sequencing reaction
 b)  DNA preparation for sequencing: ethanol – sodium acetate precipitation
6.2.14. Southern Blot
 a)  Gel electrophoresis
 b)  Blot
 c)  Hybridisation
 I.   Prehybridisation
 II.  Preparation of samples – radioactive labelling of the probe
 III. Hybridisation
 d)  Preparation of samples - radioactive labelling of the probe according to Roche
6.2.15. Detailed description of the generation of the targeting construct for Sox17
6.2.16. Detailed description of the generation of the targeting construct for Foxa2
6.2.17. Detailed description of the generation of the vector for miRNA expression
6.2.18. Generation of miRNA overexpression vectors

III

95
96
96
96
96
97
97
97
97
97
98
98
98
98

99
99
99
98
99
99
99

100
100
100
101
101
101
101
101
102
102
102
102
103
103
103
104
104
104
104
104
104
105
105
105
106
106
106



Contents

6.3. Methods in protein biochemistry
6.3.1 Extraction of proteins
 a)  Protein extraction: whole cell lysat
 b)  Protein extraction: nucleic proteins according to the CelLyticTM NuClearTM Extraction Kit  
      (Sigma NXTRACT)
 I.   Extraction from tissue (Embryo till E9.5)
 II.  Extraction from cells with detergent (ES cells, differentiated)
6.3.2. Determination of protein concentrations
 a)  Determination of protein concentrations using BCA
 b)  Determination of protein concentrations using Bradford
6.3.3. Western Blot
 a)  Denaturing SDS-polyacrylamid gelectrophorese
 b)  Immunoblot: Semi-dry Blot
 c)  Immunostaining
6.3.4. Immunostainings

6.4. Methods in cell biology
6.4.1. (ES) Cell culture
 a) Culture of MEF
 b) Treatment of MEF with mitomycin C (MMC)
 c) Seeding of MEF for ES coculture
 d) Thawing of ES cells
 e) Passaging of ES cells
 f) Cryoconservation of ES cells
6.4.2. Homologous recombination in ES cells
 a) Transformation of ES cells by electroporation
 b) Picking of ES cell clones
 c)  Expansion of ES cell clones
 d) Cryoconservation of ES cell clones in 96-well-plates
 I. Generation of Sox17iCre/+ cells
 II. Generation of Foxa2iCre/+ cells
 III. Generation of miRNA-transgenic ES cell clones
6.4.3. In vitro differentiation of ES cells in Foxa2- and Sox17-positive progenitor cells
6.4.4. Ca/phosphate transfections
6.4.5. Fluorescence activated cell sorting analysis: FACS

6.5. Methods in embryology
6.5.1. Mouse husbandry and -matings
6.5.2. Genotyping of mice and embryos using PCR 
 a) Genotyping of Sox17iCre/+ mice
 b) Genotyping of Foxa2iCre/+ mice
 c) Genotyping of R26R mice
 d) Genotyping of β-cateninfl ox/+ or β-cateninfl oxdel/+ mice
 e) Genotyping of Flp-e mice
6.5.3. Isolation of embryos and organs
6.5.4. X-gal (5-bromo-4-chloro-3-indolyl β-D-galactoside) staining
6.5.5. Clearing of embryos and organs

6.6. Methods in histology
6.6.1. Paraffi n sections
 a) Embedding of embryos and organs for paraffi n sections

IV

107
107
107

107
107
107
107
107
108
108
108
109
109 
109

109
109
110
110
110
110
110
110
111
111
111
111
111
112
112
112
112
112
112

112
112
113
113
113
113
113
114
114
114
114

114
114
114



Contents

 b) Sectioning of paraffi n blocks
 c) Histological staining of paraffi n sections using Nuclear Fast Red (NFR)

7. References

8. Appendix

Publications8.1. 

List of abbreviations8.2. 

Listing of fi gures8.3. 

Listing of tables8.4. 

Listing of charts8.5. 

Curriculum vitae8.6. 

V

114
114

117

133

133

133

135

137

137

138



12



Abstract

1.  Abstract

During gastrulation in the mouse the three principle germ layers form: ectoderm, mesoderm and endoderm. 
The endoderm gives rise to the endoderm-derived organs, such as thyroid, thymus, lung, liver, stomach and 
gastrointestinal tract. However, little is known about the signals and molecules that regulate the fi rst lineage 
decisions in the endoderm. Moreover, the progenitor populations are yet to be identifi ed and it is important to 
identify subpopulations that give rise to specifi c endodermal organs. The forkhead transcription factor Foxa2 and 
the SRY-related HMG box transcription factor Sox17 are among the fi rst marker genes in the endoderm. They 
are indispensible for endoderm formation and development. However, it is still not known to which organs Foxa2 
and/or Sox17 positive progenitor cells contribute to and how this lineage segregation is achieved on a molecular 
level.

As a fi rst step to answer these questions, two Cre mouse lines were generated that express Cre under the control 
of these two transcription factors. They were used to genetically lineage trace these endoderm subpopulations 
and to clarify the involvement of pathways that are essential for the differentiation and specifi cation of cells within 
the endoderm using conditional knock-out analysis.

Unexpectedly, the lineage tracing of Sox17 revealed that the expression of Sox17-iCre is restricted to the 
endothelium of arteries and shows little expression in endoderm-derived organs. These results revealed that 
Sox17 transcription is regulated from independent promoters which drive expression in the vascular endothelium, 
in the blood stem cell system and in the endoderm germ layer. The arterial endothelia and hematopoietic stem 
cell specifi c inactivation of Sox17 might be an useful tool to study gene function in these lineages. Additionally, 
the Sox17-iCre mouse line with specifi c Cre recombination activity in arterial endothelium will be a useful tool for 
studies of embryonic and adult arterial development. It clearly shows differential activation of Sox17 in artery vs. 
vein endothelium.

Genetic lineage analysis for the Foxa2-iCre mouse line revealed that Foxa2-positive cells are the progenitor 
population for all endoderm-derived organs and suggests that Foxa2 is a marker for a very early progenitor 
population, possibly an endodermal stem cell population. Moreover, using an exon 1 knock-in strategy revealed a 
second downstream promoter active in the endoderm lineage. Due to this promoter we generated a hypomorphic 
allele of Foxa2 which is very useful to analyze Foxa2 gene function in metabolism and is most likely useful for the 
analysis of Parkinson’s disease.

Besides the analysis of endoderm differentiation in vivo this exposition also deals with in vitro endoderm 
differentiation. In vitro differentiations of stem cells in regard to cell replacement therapies have made enormous 
progress during the last decade. Since terminally differentiated cells can be dedifferentiated into a pluripotent 
state (iPS cells = induced pluripotent stem cells) one might also be able to circumvent the ethical problem of 
human embryonic stem cells and in vitro differentiation systems will gain more importance.
Here, the establishment and characterization of an effi cient endoderm in vitro differentiation protocol with many 
possible applications is described. In this thesis the robust differentiation technique allowed for the testing of the 
impact of different miRNAs on endoderm formation in vitro. Cooperation of predictive information gained on the 
basis of bioinformatic screens and experimental approaches (based on the differentiation of stable transgenic 
miRNA ES cells clones) could identify two miRNAs, miR335 and miR194, that negatively and positively regulate 
Foxa2 expression, respectively.
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Introduction

2.   Introduction

2.1. Early embryonic development in the mouse

Embryogenesis begins when penetration by the sperm leads to the fertilization of the oocyte at what is then 
termed embryonic day 0 (E0). From this point onwards, the fertilized oocyte is called a zygote (see fi gure 1). 
Immediately after fertilization the zygote that is surrounded by the protecting zona pellucida starts dividing and 
forms the morula. The morula is a spheric cluster of 4-16 cells, called blastomeres, and has the same total 
volume as the original zygote. Subsequently, the cells inside and outside of the morula are determined to undergo 
opposing differentiation processes. Cells of the outer morula form the trophoblast or trophectodermal cells, the 
outer layer of the blastula stage embryo, while the cells from the inside of the morula form the inner cell mass 
(ICM) and the overlying primitive endoderm within the blastocyst. The primitive endoderm forms the border of the 
ICM to the blastocoel cavity (for review see Wang and Dey, 2006). Embryonic stem (ES) cells can be isolated from 
the ICM at this stage (Martin, 1981).

A B C D E

2 cell stagezygote 4 cell stage 16 cell stage blastocyst

blastomereszona pellucida

ICM

trophoblast

blastocoel cavity
primitive

endoderm

morula blastula

prenuclei

fertilization

With the formation of the blastocyst the fi rst embryonic axis is already defi ned (embryonic-abembryonic or 
proximal-distal axis; see fi gure 2). At about E3.5-4.5 the blastocyst fi rst hatches out the zona pellucida and then 
implants into the receptive maternal uterus. Afterwards cells of the trophoblast interact with cells of the uterus 
mucosa, penetrate the luminar epithelium and form a tissue that combines maternal and (extra-) embryonic 
tissue: the placenta (for review see Wang and Dey, 2006).
As the embryo develops further, the ICM elongates into the blastocoel cavity, forming a cup-shaped embryo 
consisting of an extra-embryonic and an embryonic part, the latter will eventually give rise to the embryo proper. 
The embryonic component is comprised of the embryonic epiblast, a one cell layer thick columnar epithelium, 
that is surrounded by the visceral endoderm (VE), a planar epithelium that is part of the extra-embryonic tissues, 
contributing only to the yolk sac (for review see Beddington and Robertson, 1998 and 1999; Ang and Constam, 
2004).
The fi rst morphological changes overall can be detected in the extra-embryonic portion of the embryo, when the 
distal VE (DVE) forms at E5.5 (Beddington and Robertson, 1999) and moves anteriorly. The DVE is a thickening 
in the VE at the distal tip of the embryo that, once moved to the anterior side, is termed anterior VE (AVE formation 
at E6.0, see fi gure 3; Srinivas et al., 2004). The columnar DVE, and later on the AVE, is also molecularly marked 
by the expression of the transcription factor Hex (haematopoetically expressed homeobox gene; Thomas et al., 
1997; Thomas et al., 1998). It was shown, however, that other markers, like Otx2, Lim1, Gsc, Cerl and Nodal, 
Cripto, Wnt3 and Bmp4, in the VE and the extra-embryonic and embryonic epiblast, respectively, are expressed 

Figure 1: The fi rst steps in embryonic development – reaching the blastula stage

Right after fertilization the zygote is surrounded by the protecting zona pellucida (A). Shortly after fertilization the zygote starts dividing 
(B) and forms the morula (C; D).  When the embryo has reached the blastula stage (E) it consists of an outer layer, the trophoblast 
(grey), the ICM (lilac) and the primitive endoderm (orange) that forms the border between the ICM and the blastocoelic cavity (yellow).  
(Abbreviations: ICM = inner cell mass)
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Introduction

asymmetrically earlier than E6.5 (Ang and Rossant, 1994; Belo et al., 1997; Kimura-Yoshida et al., 2007; Shawlot 
et al., 1998) thereby defi ning to anterior-posterior axis.
The next crucial step in early mouse embryonic development is the process of gastrulation (see fi gure 3). 
Generally, during gastrulation in vertebrates and consequently in mice, the three principle germ layers: ectoderm, 
mesoderm and endoderm, are formed by cells coming from the epiblast (from the inside outwards) (for review 
see Beddington and Robertson, 1998 and 1999). Gastrulation in the mouse begins at E6.5 when the cells which 
will give rise to endoderm and mesoderm leave the epiblast and undergo an epithelial-mesenchymal transition at 
the posterior side of the embryo. Within those cells giving rise to the embryo proper the formation of the primitive 
streak (starting at E6.5) is the fi rst visible indication of the second embryonic axis (anterior-posterior axis). These 
differentiation processes do not only result in a change of morphology of the cells involved but also give rise to a 
transient structure, called the primitive streak, which originates at the future posterior side of the embryo along the 
embryonic-extra-embryonic border. It has been shown that one function of the AVE is to repress posterior gene 
expression in the anterior epiblast (Kimura et al., 2000; Perea-Gomez et al., 2001) causing gastrulation to appear 
and the primitive streak to form at the opposite side of the embryo (Perea-Gomez et al., 2002). Dkk1 (Dickkopf 1; 
Glinka et al., 1998), Lefty1/2 (left right determination factor; Perea-Gomez et al., 2002) and Cerl 1 (Cerberus-like 
1; Piccolo et al., 1999) are expressed in the AVE and repress TGFβ and Wnt signals from the posterior side and 
thereby defi ne the anterior side. The posterior epiblast is marked by the expression of Nodal and Wnt3. Mutants 
with deletion of one of both genes do not form a primitive streak (Conlon et al., 1994; Liu et al., 1999).
It has been postulated that a possible intermediate mesendodermal precursor cell population, a cell type that 
forms both mesoderm and endoderm, exists in the mouse due to the fact that a bipotent precursor cell has already 
been identifi ed in zebrafi sh, Caenorhabditis elegans and Xenopus (Rodaway et al., 1999; Kimelman and Griffi n, 
2000; Rodaway

 
and Patient, 2001). Additionally, it has been shown that at least in vitro there is a cell population 

that can give rise to both mesoderm and endoderm (Tada et al., 2005). The next process is the reverse transition 
from mesenchyme to epithelium when the newly formed defi nitive endoderm (DE) replaces the overlying VE, 
while the mesodermal cells stay in their mesenchymal state between the ectoderm (cells that remain in the 
epiblast) and the defi nitive endoderm. 

At the distal end of the primitive streak the node forms (see fi gure 3). The node is one of the cell populations 
having organizer function in the late gastrula stage embryo (Blum et al., 1992; Beddington, 1994). The organizer, 
by defi nition, is a cell population capable of inducing an embryonic axis as shown by Spemann and Mangold from 
transplantation experiments of the blastopore lip in the newt (Spemann organizer; Spemann and Mangold, 1924). 
Later, analogous embryonic signaling centres with organizer function and similar fates of participating cells could 
be identifi ed in other vertebrates like the fi sh (Shih and Fraser, 1996), the chick (Hensen’s node; Hensen, 1876; 
Wetzel, 1925), the rabbit (Waddington, 1933) and the mouse (Kinder et al., 2001; Beddington, 1994; Tam et al., 

E4.5 E5.5 E5.75

vegetal              animal

embryonic

abembryonic

embryonic

abembryonic

anterior              posterior

ICM

     primitive 

trophectoderm

       mural 

trophectoderm

polar 

trophectoderm

polar body

sperm entry

position

blastocoel

cavity

ectoplacental 

      cone

extraembryonic 

    ectoderm

extraembryonic 

          VE

proximal

epiblast

VE

AVE

distal

  VE

trophoblast

modified from Lu et al., 2001

Figure 2: 
Embryonic development of 
the mouse until implantation

At E4.5 the blastocyst 
has hatched out the 
zona pellucida. The polar 
trophectoderm (blue) interacts 
with the maternal uterus and 
implants (E5.5). The distal 
VE (red) can be detected as 
a thickening at the distal tip 
of the epiblast (lilac) that has 
elongated into the blastocoelic 
cavity, formed by the cell of 
the ICM (E4.5; lilac). At E5.75 
the distal VE starts to move to 
the future anterior side, now 
called the  AVE (red). (Abbreviations: AVE = anterior visceral endoderm; E = embryonic day; ICM = inner cell mass; VE = visceral endoderm)
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Introduction

1997). In the mouse Kinder et al. (2001) could show that the organizer consists of a dynamic population of cells 
that have a different fate and varying potential to induce secondary axes, depending on the stage of gastrulation 
(Kinder et al., 2001). They showed that cells with organizer function in the early streak embryo (early streak or 
gastrula organizer; EGO) form a fraction of the most anterior defi nitive endoderm (ADE) and prechordal plate 
(PCP) mesoderm, while the organizer of the mid-gastrula stage embryo (mid gastrula organizer; MGO) gives 
rise to part of the notochord, ADE and axial mesoderm. The late gastrula organizer (LGO), also called the node, 
however, participates in the formation of the notochord and fl oor plate in more posterior parts of the embryo 
(Kinder et al., 2001). 
While gastrulation proceeds, the primitive streak elongates to the distal tip of the embryo. At the end of this 
differentiation process (at E7.5) the mesoderm and the endoderm surround the whole embryo and the DE has 
completely replaced the VE. At this point, the DE is a one cell layer thick sheet of approximately 500 fl attened cells 
(for review see Wells and Melton, 1999).
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Figure 3: 
Gastrulation in the mouse

At E6.0, shortly before 
gastrulation occurs, the 
posterior-anterior axis is 
already defi ned by the AVE 
(red). At E6.5, the primitive 
streak (violet) starts to 
form at the opposite side, 
the posterior side of the 
embryo. Cells of the 
epiblast (light pink) undergo 
an epithelia-mesenchymal 
transition and migrate 
out the primitive streak. 
They become either 

DE (green/yellow) and replace the overlying VE or they become mesoderm and stay between the epiblast, now called ectoderm, and 
the DE. Gastrulation proceeds until E7.5 when the node (the late gastrula organizer) has reached the tip of the gastrulating embryo.
(Abbreviations: AVE = anterior visceral endoderm; DE = defi nitive endoderm; E = embryonic day; VE = visceral endoderm)

After gastrulation the headfolds materialize at the anterior side of the embryo (early headfold ~E7.75; see fi gure 
4). With the formation of the headfolds and the beginning of somitogenesis (the generation of the somites from 
the presomitic mesoderm, further explained below) the anterior intestinal port (AIP) forms, a fold in the anterior 
most DE that moves posteriorly. A similar fold arises later in the most posterior part of the DE from cells moving 
anteriorly which form the caudal intestinal port (CIP). The two folds meet at the stalk of the yolk sac. This way, 
the most anterior and posterior parts of the DE form the ventral gut tube and all organs that will arise from that, 
while the midline endoderm gives rise to the dorsal part of the gut tube and the associated organs, respectively 
(for review see Lewis and Tam, 2006). Around E8.5 to E9.0, while the gut closes completely, the embryo turns so 
that the dorsal side faces the outside and the ventral side lies inside (see fi gure 4). 
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A A PP

Figure 4: Turning of the mouse embryo

After gastrulation the endoderm is facing 
the outside of a mouse embryo (E7.75). 
Migration events during somitogenesis 
from two pockets of endoderm: the 
anterior intestinal port and the caudal 
intestinal port (E8.5). As the gut closes 
completely the embryo is forced to turn 
between E8.5 and E9.5. At E9.5 the gut 
has closed and the endoderm is fully 
ventralized.
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Originating from the embryonic gut tube the endoderm will form all its derived organs during organogenesis from 
E9.0 onwards (for review see Wells and Melton, 1999), namely the thymus, the thyroid, the epithelium of the 
trachea, the pharynx, the lung, the liver, the pancreas, the stomach, the gastrointestinal tract, the epithelial part of 
the ureter and the bladder (see fi gure 5).

After gastrulation the mesoderm can be divided into four major groups: the axial, the paraxial, the intermediate 
and the lateral (plate) mesoderm. The axial mesoderm along the midline will give rise to the chorda dorsalis while 
the paraxial or presomitic mesoderm will segregate into the somites, beginning anteriorly immediately caudal to 
the otic vesicle and proceeding posteriorly on both sides of the neural tube and the notochord to the caudal tip of 
the embryo. The somites can be subdivided into the ventral sclerotome which will later differentiate into cartilage 
and bones and the dorsal dermomyotome (including dermatome and myotome; Hirsinger et al., 2000), which 
gives rise to skeletal muscles, supporting and connective tissues, and the dermis of the back. The connection 
of the somites and the lateral plate mesoderm arises from the intermediate mesoderm that will also form the 
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Figure 5: 
The three principle germ layers and their derivatives

Pluripotent cells of the epiblast are capable of forming cells of all 
three germ layers: ectoderm, mesoderm and endoderm (dark 
boxes). Over the course of development each of the three germ 
layers will give rise to certain tissues in the body (light boxes).
(Abbreviations: CNS = central nervous system; GI = 
gastrointestinal)

the bone marrow (for review see Baron, 2003). (For derivatives of the mesoderm see fi gure 5) 

The ectoderm folds up to build the neural folds fi rst, allowing a cavity in the neural plate. The folds will then move 
dorsally towards each other and their fusion leads to the closure of the cavity and release of the neural tube from 
the rest of the ectoderm. In the course of development the ectoderm gives rise to all neuronal structures (brain, 
spinal cord and nerves in the periphery of the body), sense organs and the skin, as well as the inversions of the 
epithelium at both ends of the gut tube that build the oral cavity and the anus, and every kind of pigmented cells 
(see fi gure 5). 

2.2. Formation of the endoderm and the development of the endodermal organs

At the end of gastrulation and the beginning of the headfold stage at E7.5 the endoderm – in contrast to mesoderm 
and ectoderm – is not determined in regard to its regional fate demonstrated by the fact that the anterior half of 
the endoderm can still be respecifi ed when associated with posterior tissues (Wells and Melton, 2000). However, 
endoderm does become specifi ed due to its localization within the anterior-posterior axis (Lawson et al., 1991; 
Wells and Melton, 2000; Horb and Slack, 2001; see fi gure 6), proven by asymmetric expression of several 
factors, including anterior markers like Cerl (Cerberus like 1; Bouwmeester et al., 1996), Hesx1 (homeobox gene 

urogenital apparatus, including the gonads and defi ned 
nephronal structures (defi ned cells of the kidneys). The lateral 
mesoderm is subdivided into the splanchnic and the somatic 
layer. While the splanchnopleuric mesoderm lies ventrally 
and is associated with the endoderm, the somatopleuric 
mesoderm forms a dorsal layer associated with the ectoderm. 
Both layers take part in the formation of the peritoneum; 
however, the splanchnic mesoderm gives rise to the future 
wall of the gut and the whole circulatory system including 
the heart, while the somatic layer only takes part in the 
establishment of the lateral and ventral walls of the embryo. 
The lymphatic system is also derived from the mesoderm and 
forms by budding from the veins. It is derived from a mixture 
of paraxial and lateral mesoderm (for review see Hong et al., 
2004). Hematopoietic cells are formed by cells coming from 
the posterior mesoderm. The hematopoietic stem cells are 
either formed in the yolk sac (starting at E7.5), in the para-
aortic splanchnopleura (E8.5-9.5) or in the aorta-gonad-
mesonephros (AGM) region (E10.5-11.5) till the production 
fi nally shifts to the embryonic liver and later, around birth, to 
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expressed in ES cells; Thomas and Beddington, 1996), Otx1 (orthodenticle homolog 1; Rhinn et al., 1998) in the 
foregut region and posterior markers IFAB-P (intestinal fatty acid binding protein; Green et al., 1992) and Cdx2 
(caudal type homeo box 2; Beck et al., 1995) in the hindgut region. To establish foregut versus hindgut endoderm 

1. 2. 3. 4.

E7.5

E8.5

according to Lawson et al., 1986

according to Lawson et al., 1991

pre-streak early streak

ectoderm
mesoderm
headprocess/ notochord
endoderm
extraembryonic mesodeerm
amnion ectoderm

Figure 6: 
Anterior-posterior positioning of the endodermal cells and the link to 
their fate according to Lawson et al., 1986 and 1991 (modifi ed)

The fi gure shows schematically where cells at different positions in 
the embryo at E7.5 (upper row) will end up one day later (E8.5, lower 
row). Additionally regions of a pre- and early streak embryo are marked 
according to what tissues they will give rise to in the older embryo (for 
details see legend; Lawson et al., 1991).

a restriction of fi broblast growth factor (Fgf) and Wnt signaling to the posterior side in the gastrula stage embryo is 
necessary and the exclusion of these posteriorizing factors is required for the proper development of the foregut 
(Dessimoz et al., 2006; McLin et al., 2007). 
Adjacent germ layers in close proximity to the endoderm, can also express a variety of signaling molecules, such as 
Fgf from the mesoderm, that have been shown to induce liver and lung development in a dose-dependent manner 
in vitro and in vivo (Serls et al., 2005; Dessimoz et al., 2006). The Wnt and retinoic acid (RA) signaling pathways, 
in addition to the hedgehog pathway have also been implicated in foregut formation and patterning (McLin et al., 
2007; for review see Wodarz and Nusse, 1998; Ross et al., 2000; Niederreither and Dollé, 2008). These factors 
are known to regulate expression of important transcription factors, like Foxa (forkhead box a), ParaHox (para 
homeo box) and Hox (homeo box) genes, mediators of cell fate (Grapin-Botton, 2005). It therefore suggests 
that spatially and temporally limited signals from adjacent tissues pattern and determine the endoderm after 
gastrulation in a concentration-dependent manner and that these signals are instructive rather than permissive 
(Well and Melton, 1999).

During organogenesis (starting around E9.0) the anlage of endodermal organs are fi rst formed by buds from the 
primitive gut tube into the mesodermal periphery (for review see Wells and Melton, 1999). The endodermal cells 
therefore migrate out of the tube and invade the mesoderm (see fi gure 7).
Although the later development of the endoderm-derived organs has been well-studied, the signals and signal 
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Figure 7: 
The embryonic gut – 
budding of the organs

The fi gure shows the 
endoderm between E7.5 
and E10.5 (yellow). At 
E7.5 the endoderm covers 
the outside of the mouse 
embryo. Around E8.5 the 

gut tube forms, starting with the two gut pockets at the anterior and posterior ends. At E10.5 the endoderm derived organs bud from the gut 
tube. The endodermal cells (yellow) therefore invade the neighbouring mesoderm (blue) forming the organ anlagen. 
(Abbreviations: Int = intestine; Li = liver; Lu = lung; St = stomach)

transduction pathways that play important roles in the early lineage decisions and steps of differentiation have 
not been well-characterized and still remain unclear. It is already known that the TGFβ family member Nodal is 
necessary to establish the anterior-posterior axis by restricting gastrulation to the posterior side of the embryo 
(Conlon et al., 1994; Varlet et al., 1997; Brennan et al., 2001; Perea-Gomez et al., 2002). A Nodal/TGFβ gradient is 
suffi cient to induce endoderm versus mesoderm in the gastrulating embryo, with high and low levels respectively 
(Zhou et al., 1993; Conlon et al., 1994; Alexander and Stainier, 1999; Tremblay et al., 2000; Lowe et al., 2001; 
Vincent et al., 2003). There is also evidence for a gradient of canonical Wnt-signaling (see fi gure 8) being relevant 
to endoderm and mesoderm determination in the same manner. Embryos lacking a key factor of canonical Wnt-
signaling, β-catenin, in the K19-Cre (Cytokeratin 19) expression domain show the formation of ectopic mesodermal 
cells within the endodermal germ layer (Lickert et al., 2002). β-catenin gets activated when Wnt binds to its cell 
surface receptor of the Frizzled (FRZ) family. Binding to FRZ Wnt leads to the release of Dishevelled (Dsh) from 
the Wnt receptor complex. This activated form of Dsh can block the proteolytic degradation complex of β-catenin 
including axin, GSK-3 (glycogen synthase kinase 3) and APC (adenomatosis polyposis coli). If the degradation 
complex is blocked β-catenin accumulates and shuttles to the nucleus where it can promote transcription of 
specifi c genes in concert with TCF/LEF (T-cell factor/lymphoid enhancer factor) transcription factors (see fi gure 
8).
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Figure 8: Canonical Wnt signaling

In the absence of Wnt (left picture) Dsh (yellow) is bound to Frz (red 
line) and can therefore not block the degradation complex β-catenin 
(red circle) is bound to. When Wnt (light blue-green) binds to its 
surface receptor Frz (right picture) Dsh dissociates and can block the 
degradation of β-catenin. Subsequently β-catenin can accumulate 
and shuttles to the nucleus where it activates gene expression in 
concert with TCF/LEF (grey) transcription factors.
(Abbreviations: APC = adenomatosis polyposis coli; Dsh = 
Dishevelled; Frz = Frizzled; GSK3 = glycogen synthetase kinase 3; 
LRP = LCA-related phosphatise; TCF/LEF = T-cell factor/lymphoid 
enhancer factor; Wnt = Wingless Int)

To determine which signaling pathways play roles in which differentiation processes it is necessary to be able to 
specifi cally eliminate key factors of the pathways of interest in distinct cell populations.
Two transcription factors that are indispensable for early as well as later endoderm development, the forkhead box 
transcription factor a2 (Foxa2) and the SRY-related HMG box transcription factor 17 (Sox17; Ang and Rossant, 
1994; Weinstein et al., 1994; Kanai-Azuma et al., 2002), have not been studied completely regarding their function 
and role. However, Foxa2 and Sox17 are among the fi rst markers that can be detected in the endoderm (Lai et al., 
1991; Kanai-Azuma et al., 1996). Fate mapping studies of different parts of the early DE reveal populations of cells 
that eventually express Foxa2 or Sox17 (Lawson et al., 1991; Tam et al., 2007). Genetic fate mapping marking 

20



Introduction

Foxa2 and Sox17 positive cells exclusively would be the approach of choice to precisely identify derivatives. 
To address the question of which pathways are important for the determination and the pattern of the endoderm 
and what exactly the fate of single cell populations is, mouse lines expressing Cre (causes recombination) under 
the control of the earliest makers known are the preferable tools. These lines would make it possible to analyze 
conditional knock outs of key factors within well-studied signaling pathways in a cell type restrictive manner and 
to fate map the expressing cell populations by crossing these mice to reporter lines more precisely.
Factors of interest in this respect are Foxa2 and Sox17, as mentioned above. The next section will therefore focus 
on the history, the expression of the two transcription factors and their integration into the transcriptional network 
regulating endoderm formation.

2.3. Important transcription factors during endoderm development:  Foxa2

Foxa2 (forkhead box transcription factor a2), formerly known as HNF3β (hepatocyte nuclear factor 3 beta), was 
fi rst identifi ed in 1991 by its ability to bind to regulatory elements of liver-specifi c genes (Lai et al., 1991).
Foxa2 belongs to the family of Fox transcription factors that share a conserved DNA binding domain, the forkhead 
box. The protein family was given a unifi ed nomenclature in 2000, including the subgroups FoxA-FoxS, based on 
sequence conservations (Kaestner et. al., 2000). Members of this family all belong to the helix-turn-helix class 
of proteins. Other FoxA subgroup members that show high similarity to Foxa2 are Foxa1 and Foxa3, formerly 
known as HNF3α and HNF3γ, respectively. The common DNA binding domain can also be found in their homolog: 
the developmentally important homeotic fork head gene of Drosophila melanogaster (Weigel and Jaeckle, 1990; 
Weigel et al., 1989; Lai et al., 1991). Fork head of D. melanogaster is required to correctly form terminal embryonic 
structures that contribute to tissues like the pancreas, the fore- and hindgut (Hartenstein et al., 1985, Jürgens and 
Weigel, 1988, Weigel et al., 1989). It is therefore not surprising that the mammalian homologues are expressed at 
the onset of DE development giving rise to different tissues such as the lung, the pancreas, the liver and the gut 
(Ang et al., 1993, Monaghan et al., 1993, Sasaki and Hogan, 1993). The forkhead box gene Foxa2 is expressed 
throughout development persisting into adulthood (Cockell et al., 1995; Wu et al., 1997), starting at E6.0 in the 
VE at the anterior side of the embryo and a few hours later at E6.5 in the embryonic epiblast at the posterior side 
where gastrulation occurs (Ang et al., 1994). Foxa2 is the fi rst member of the Foxa subgroup to be expressed, 
followed by Foxa1 and then Foxa3 (Ang et al., 1993; Monaghan et al., 1993).
 The expression of Foxa2 in the AVE, where it directly activates Otx2, points to its role in the establishment of the 
anterior-posterior axis (Kimura-Yoshida et al., 2007). Otx2 expression in the AVE is required for fore- and midbrain 
induction (Rhinn et al., 1998). Moreover, Foxa2 is essential for the expression of Dkk1 (Glinka et al., 1998), 
Cerl (Piccolo et al., 1999)  and Lefty (Perea-Gomez et al., 2002) three important Wnt and Nodal antagonists in 
the visceral endoderm at pre- to early streak stages (Kimura-Yoshida et al., 2007). Expression of Foxa2 during 
gastrulation in the extra-embryonic VE has been shown to be essential for the elongation of the primitive streak 
and in the embryonic tissues for the formation of the organizer using tetraploid aggregations (Dufort et al., 1998). 
Using this technique one takes advantage of the fact that in aggregations of tetraploid cells (obtained by fusing 
2-cell stage embryos) and ES cells, tetraploid cells can only give rise to extra-embryonic tissues while the ES 
cells form the embryo proper (Nagy et al., 1990; Kaufman et al., 1990). This allows for the discrimination between 
functions of a single gene in extra-embryonic versus embryonic tissues: phenotypes with an origin in extra-
embryonic tissues that appear earlier and do not allow for further development can be rescued and it becomes 
possible to focus on the phenotype with embryonic origins.
The expression of Foxa2 in the epiblast at this stage overlaps partially with the expression of Goosecoid, a 
mediator of RA signaling (Gsc; Blum et al., 1992), and Chordin, a secreted bone morphogenetic protein (BMP) 
antagonist (Chrd; Piccolo et al., 1996). More precisely, it overlaps at the anterior tip of the primitive streak at 
mid-streak stages and in the node at the late streak stage, always coinciding with the population of cells having 
organizer function (Kinder et al., 2001).
Foxa2, compensatory with Foxa1, is also important for the branching morphogenesis of the lung during 
embryogenesis (Wan et al., 2005) while absence of Foxa2 expression in the lung leads to failure of transition to 
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air breathing at birth due to the fact that it is necessary for the activation of genes mediating surfactant protein 
production and lipid synthesis (Wan et al., 2004). The initiation of liver development is also compensatory 
depending on Foxa1 and Foxa2 expression (Lee et al., 2005a). Pancreatic α-cell differentiation, however, relies 
on Foxa2 expression solely, although specifi cation of the precursors is not affected (Lee et al., 2005b).
Later, in the adult mouse, Foxa2 is mainly expressed in lung, liver (Lai et al., 1991) and in the pancreas (Lantz 
et al., 2004; Sund et al., 2001). In the lung it marks type II pneumocytes, regarded as the “stem cells” of the 
lung (Mason et al., 1997), whereas in liver and pancreas it plays a role in hepatic and pancreatic metabolism 
respectively (Lee et al., 2002; Zhang et al., 2005; Lantz et al., 2004; Sund et al., 2001; Kaestner et al., 1999; 
reviewed by Friedman and Kaestner, 2006). The function of Foxa2 in Parkinson’s disease has yet to be fully 
understood; however, Foxa2 is essential for the generation of dopaminergic neurons in embryogenesis, and has 
also been associated with the progressive loss of these neurons in the adult organism (Kittappa et al., 2007).
It was shown that Foxa2 expression is indispensible for the development and formation of the embryonic gut as 
well as for the axial mesoderm (Ang and Rossant, 1994; Weinstein et al., 1994). Mice lacking Foxa2 expression die 
around E9-E10 due to the fact that they develop neither a notochord nor a distinct node (Ang and Rossant, 1994; 
Weinstein, 1994). The absence of a correctly developed organizer leads to secondary defects in the organisation 
of the somites and the neural tube as well as defects in the fore- and midgut (Ang and Rossant, 1994; Weinstein 
et al., 1994). In contrast, Foxa1-/- mutants die due to abnormal glucagon secretion and hypoglycemia about 10 
days after birth (Kaestner et al., 1999). Foxa3-/- mutants, however, only show defects in glucose homeostasis and 
associated gene expression during prolonged fasting (Shen et al., 2001). The fact that consensus DNA binding 
sequences for all three transcription factors, Foxa1, 2 and 3, overlap suggests that their molecular function may 
be redundant (Lai et al., 1991).

Taken together, Foxa2 has a broad range of activity. In embryonic development, Foxa2 is expressed not only in 
tissues derived from of the endoderm but also in all cell populations with organizer potential and its derivatives. 
This includes extra-embryonic tissues such as the AVE which have organizer function (Rhinn et al., 1998; Kinder 
et al., 2001).

  Exon 1            Exon 2                                Exon 3

Foxa2 locus (chromosome 2: 147,499,860-147,503,906)

Figure 9: The genomic locus of Foxa2
The Foxa2 gene consists of three exons (dark grey 
boxes). The ORF starts within exon 2 and ends in 
exon 3. The gene is located on chromosome 2.
(Abbreviations: ORF = open reading frame)

2.4. Important transcription factors during endoderm development: Sox17

Sox17 (sex determining region Y related HMG (high mobility group) box transcription factor 17), the other 
transcription factor known to be expressed early during endoderm formation, was fi rst identifi ed in a mouse testis 
cDNA screen in 1996 (Kanai et al., 1996).
Sox17 belongs to the diverse group of Sry-related HMG-box transcription factors that contain the HMG box, fi rst 
identifi ed in the sex determination gene, Sry (Nagamine et al., 1987). Approximately 33 Sox genes have been 
currently identifi ed and they are subdivided in 10 different groups, namely A to J, according to their sequence 
conservation in the HMG box and other structural motifs on the one hand and according to functional studies on 
the other hand (Bowles et al., 2000). All members of this group of transcription factors are broadly involved in early 
embryonic development, regulating different aspects of determination, not only in testis development but also 
cardiovascular development, neural development, B cell and endoderm development (for review see Lefebvre et 
al., 2007).
Sox17 belongs to subgroup F, along with Sox7 and Sox18, and is known to be fi rst expressed in the visceral 
endoderm from E6.0 on (Kanai et al., 1996). From E7.0 on it can also be detected in the defi nitive endoderm, 
more precisely the ADE and in the embryonic hindgut. After E9.5, Sox17 expression could no longer be detected 
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in the endoderm but was instead observed in vascular endothelial cells of the dorsal aortae and intersomitic blood 
vessels (Matsui et al., 2006).
In the context of Wnt-signaling Sox17 binds to β-catenin thereby inhibiting transcription of β-catenin target genes 
(Takash et al., 2001). In contrast several transcriptional targets, including Gata4 (GATA binding protein 4), Foxa1 
and Foxa2, playing roles in the development of the early endoderm were identifi ed in Xenopus (Sinner et al., 
2004). 
It was shown that Sox17, redundantly with Sox18, has a pivotal role in the establishment of the early vasculature 
in embryonic development and that it affects cardiac development as well as postnatal angiogenesis (Matsui et al., 
2006; Sakamoto et al., 2007). More recently, Kim et al. also reported the expression of Sox17 in fetal haematopoietic 
stem cells and its requirement for the maintenance of fetal and neonatal but not adult haematopoietic stem cells 
(Kim et al., 2007).
Targeted deletion of the Sox17 gene in mice, however, results in embryonic lethality around E9.5; embryos are 
unable to turn, a morphogenetic process depending on proper endoderm development. Sox17 mutants show a 
reduced foregut, in addition to mid- and hindgut defects (Kanai-Azuma et al., 2002). All these observations point 
to the essential role of Sox17 in the formation and establishment of the endoderm prior to vasculogenesis.

Introduction

       Exon 1            Exon 2              Exon 3  Exon 4            Exon 5

Sox17 locus (chromosome 1: 4,451,318-4,457,744)Figure 10:   The genomic locus of Sox17
The Sox17 gene consists of 5 exons (dark grey boxes; 
yellow box = newly elongated exon 1). The ORF starts 
within exon 4 and ends in exon 5. It is located on chro-
mosome 1.

(Abbreviations: ORF = open reading frame)

2.5. Stem cells – a model for embryonic development and an indispensible tool to analyze gene function

Embryogenesis and stem cell research are closely related topics. Factors important for embryonic development 
of certain lineages are shown to be important for in vitro differentiation of ES cells and vice versa (e.g. retinoic 
acid; for review see Keller, 2005). In vitro differentiation protocols were established on the basis of knowledge 
gained by developmental studies in vivo, e.g. human ES cells were differentiated into endoderm derivatives 
(D’Amour et al., 2006, Kroon et al., 2008).
Research on both sides can therefore profi t from one another and especially early expressed genes marking 
basic lineage decisions, like Foxa2 and Sox17, are of interest in in vitro differentiation systems. The next part will 
therefore concentrate on ES cells and in vitro differentiation systems.

Stem cells are divided into two major groups: embryonic and adult stem cells.
In general all stem cells share certain properties by which they are defi ned as stem cells. Firstly, stem cells 
theoretically have the potential to divide infi nitely. Secondly, while dividing they reproduce, known as self-
maintenance, and thirdly, they are able to differentiate into at least one other more differentiated cell. This cell 
either might be a tissue-specifi c precursor cell, still dividing and differentiating, or a terminally differentiated cell.

ES cells are generated from the ICM of blastula-stage embryos and can give rise to all different tissues derived 
from the three principle germ layers in vivo and in vitro, respectively (Keller, 1995; Rohwedel et al., 1994; Brustle 
et al., 1999; Rossant, 2001; Smith 2001). Therefore they are considered pluripotent. Only cells from the zygote 
up to the 2-cell stage (and with restrictions the 4-cell stage) of a mouse embryo can be called totipotent, because 
a single cell could theoretically build the whole organism (for review see Torres-Padilla, 2008).
The fi rst murine ES cell line was isolated in 1981 (Martin, 1981), followed by the fi rst rhesus and human ES cell 
lines (Thomson et al., 1995; Thomson et al., 1998). Using ES cells that can be kept in an undifferentiated state 
in vitro it became relatively easy to manipulate the mouse genome and establish multiple mouse lines carrying 
genomic alterations as models of human genetic diseases (for review see Bedell et al., 1997). Many pathways 
and factors indispensable for keeping ES cells in culture are still not identifi ed. ES cells from different organisms 
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seem to require different factors to maintain their pluripotency. Mouse ES cells, for instance, need the presence 
of a pleiotropic cytokine, leukaemia inhibitory factor (LIF; Smith, 1991), while human ES cells are cultured using 
BMP4, an inhibitor of the MAP (mitogen-activated protein) kinase transduction pathway (Qi et al., 2004). LIF 
serves as a factor for the preservation of pluripotency and self-renewal via the STAT-3 pathway (Heinrich et al., 
1998; Niwa et al., 1998; Constantinescu, 2003). Oct4 (Octamer-binding transcription factor 4), Sox2 and Nanog 
(Nanog homeobox) are key regulators in the formation and/or maintenance of the epiblast of the ICM and are also 
necessary for self-renewal and maintenance of pluripotency in ES cells (Nichols et al., 1998; Niwa et al., 2000; 
Avilion et al., 2003; Mitsui et al., 2003).
Adult stem cells are tissue-specifi c precursor cells found in the adult organism with a restricted differentiation 
potential (for review see Raff, 2003; Zuk et al., 2002; Alvarez-Buylla et al., 2002). The best investigated 
representative belonging to this type of so-called multipotent stem cells is the adult haematopoietic stem cell, 
resting in the bone marrow (Reya et al., 2001).
Other types of stem cells are embryonic germ (EG) cells and embryonic carcinoma (EC) cells. EG cells are derived 
from the genital ridge of the embryo from pre- and post-migratory as well as from migratory germ cells (Resnick 
et al., 1992; Matsui et al., 1992; Shamblott et al., 1998; Durcova-Hills et al., 2001). They, in vivo, differentiate 
into female and male germ cells. In vitro they are remarkably similar to mouse ES cells lines but have a limited 
proliferation potential (Donovan and de Miguel, 2003; Donovan and Gearhart, 2001; Labosky et al., 1994). EC 
cells were fi rst identifi ed from a cancer called teratocarcinoma. These cells are able to form teratoma, carcinoma, 
consisting of several differentiated tissues. Their unlimited ability to self-renew in vitro and their great similarity 
with cells of the ICM of the blastocyst cleared the way for the culture of ES cells (Kleinsmith and Pierce, 1964).
A more recently generated form of stem cell in human and mouse is the so-called induced pluripotent stem (iPS) 
cell (Takahashi et al., 2007; Takahashi and Yamanaka, 2006; Nakagawa et al., 2008). By retroviral overexpression 
of four important factors that are usually found highly expressed in ES cells, the scientists obtained dedifferentiated 
fi broblast cells with ES cell-like character regarding their expression profi le, their culture, their morphology and 
their potential to differentiate into different lineages derived from the three germ layers, including the germ 
line (Takahashi and Yamanaka, 2006; Takahashi et al., 2007; Okita et al., 2007). The four factors used for the 
dedifferentiation are Oct4, Sox2, Kif4 (kinesin family member 4), and c-Myc (cellular myelocytomatosis oncogene; 
Takahashi and Yamanaka, 2006). The subsequent fi nding that c-Myc overexpression is not necessarily needed 
for this process (Nakagawa et al., 2008) is a clear advancement in light of c-Mycs protooncogenic potential 
development (Okita et al., 2007; Vennstrom et al., 1982). In another study adult human somatic cells were 
reprogrammed to a pluripotent state using Oct4, Sox2, Nanog, and Lin28 (lin-28 homolog; Yu et al., 2007). Most 
recently, Takashi et al. succeeded in dedifferentiating adult mouse hepatocytes and gastric epithelia cells into 
pluripotent cells (Aoi et al., 2008).

ES and iPS cells have a great potential in cell replacement therapies because in principle any amount and any 
cell type could be produced in in vitro differentiation systems.
To be able to differentiate different cell types from ES cells in vitro directed and more effi ciently, a deep knowledge 
about the embryonic development and the single steps of differentiation leading to certain cell types is necessary. 
Indeed, several lines of evidence suggest that in vitro differentiations (IVD) proceed analogously to the in vivo 
development allowing the translation of the in vivo knowledge to directed in vitro differentiation assays. Up to now 
there are different examples of successfully in vitro differentiated ES cells, e.g. pancreatic hormone-expressing 
endocrine cells or glucose-responsive insulin-secreting cells from human ES cells in vivo supporting this hypothesis 
(D’Amour et al., 2006; Kroon et al., 2008). But as mentioned before, there are still many pathways which parts 
have to be unravelled regarding the development into different lineages. Also micro RNAs (miRNAs) e.g., are 
known to play important roles in early development and are capable of inhibiting translation, and consequently 
downregulating protein levels, very fast and effi ciently. Thus miRNA target analysis should also be paid attention 
to.

In order to identify and isolate cells at a certain developmental stage to be able to investigate involved signaling 
pathways and molecules marking ES cells genetically with fl uorescent proteins is an important fi rst step. This 
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isolation and subsequent separation might help investigating single steps in in vitro differentiations of pure 
populations. The results of this analysis could help to optimize the differentiation of certain lineages in vitro in 
regards to usage of in vitro differentiations for cell replacement therapies. ES cells, like EC cells, are capable 
of forming teratoma when not fully differentiated and injected into the organism (Iles, 1977; Choi et al. 2002; 
Wakitani et al., 2003; Nussbaum et al., 2007).
Secondly, genetic marking is a necessary tool to optimize cell culture conditions and study the impact of diverse 
factors more easily. These techniques also allow for the use of high-throughput assays compared to time-consuming 
and indirect molecular characterization via RT-PCR for example (Tada et al., 2005). Furthermore, analyses with 
cellular resolution can be carried out that would not be possible in older methods which are only able to analyze a 
population as a whole. Factors known for marking certain lineages could be fused with fl uorescent proteins then 
used as indicators for miRNA activity and impact in miRNA inhibition assays.
Thirdly, the more fundamental problem of analyzing gene functions in vivo also depends on genetic alterations of 
ES cells that still have the ability to give rise to all cells of the organism.

The different approaches for the genetic marking and the mutation of ES cells and the generation of whole 
organisms carrying those alterations are discussed further in the next chapter.

2.6. Alterations of the genome

Alterations of the genome to analyze gene function might become necessary at any step of a project, especially 
as the genomes of various species are sequenced (Lander et al., 2001; Waterston et al., 2002; Adams et al., 
2000) and much genomic data lacks functional annotation. Mutations are therefore widely used in in vitro and in 
vivo assays to assess gene functions.
Generally there are many different approaches for mutations of a cell or a whole organism. In principle they can 
be subdivided into random versus targeted approaches. Random mutations can be generated by irradiation 
or treatment with chemicals, e.g.; in this case the specifi c mutation or mutations are unknown with regard to 
the affected gene, or the exact kind of alteration. It should also be mentioned that these mutational alterations 
were often done with whole organisms achieving chimeras with many differently modifi ed cells and only those 
mutations that affected germ cells were transferred to the next generation could be analyzed.
Random alterations also incorporate those generated by random integration of a transgene – regardless if the 
transgene is a simple bacterial plasmid or a bacterial artifi cial chromosome (BAC) although the latter method 
is believed to refl ect endogenous expression more precisely; because of its size theoretically all cis-regulatory 
elements should be found on a BAC. Cells or mouse lines generated this way can in principle allow for the 
identifi cation of the integration site (see also the localization of gene trap insertion sites: Gossler et al., 1989; 
Wurst et al., 1995), though this approach opens the possibility of interrupting open reading frames (ORF) of 
important genes or any other regulative sequence, an incidence that is taken advantage of by the gene trap method 
(Gossler et al., 1989). The expression of the transgene, however, can differ in tissues due to the integration sites 
within active or inactive DNA. This is especially true for overexpression using strong eukaryotic promoters driving 
transgenes where toxicity might be a serious issue.
Genetic targeting of ES cells was fi rst performed in 1987 when Mario Capecchi and Kirk Thomas selectively 
inactivated the Hprt (hypoxanthine-guanine phosphoribosyl-transferase) gene in the mouse (Thomas and 
Capecchi, 1987). This method became a standard technique during recent years and resulted in the 2007 Nobel 
Prize for medicine being awarded to Mario Capecchi for the fi rst proof of homologous recombination in mammalian 
cells (Thomas and Capecchi, 1986), Oliver Smithies for homologous recombination in human cells with circular 
DNA at the same time (published a few month earlier: Smithies et al., 1985) and Sir Martin Evans, the discoverer 
of embryonic stem cells (Evans and Kaufman, 1981), for the fi rst injection experiments of embryonic carcinoma 
cells into blastocysts and the generation of chimaeras (Papaioannou et al., 1975). In genetic targeting, the gene 
of interest is modifi ed in ES cells via homologous recombination. As in the case for random integrations, these 
cells can be kept in an undifferentiated state in vitro and can subsequently be injected into donor blastocysts that 
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are transferred into the receptive uterus of a pseudo-pregnant foster mouse. The resulting chimaeras consisting 
of gene targeted cells (originating from the gene targeted ES cells) and wild type cells (derivatives of the donor 
blastocyst cells) are backcrossed to wild type mice. If the germ cells of the chimaeras contain gene-targeted cells 
the alteration can be transmitted through the germline. Thus, mice carrying the alterations of the gene of interest 
in all cells of the body can be produced. The advantage of this procedure is that the genomic alteration is defi ned 
and that the expression of a transgene can be positioned under the control of the natural promoter and all other 
activating or repressing cis-regulatory elements. Expression of fl uorescent proteins or β-galactosidase under the 
specifi c control of any gene allows one to easily and most accurately follow or report its expression. Nevertheless, 
this approach has several limitations. Heterozygous embryonic lethality (VEGF: vascular endothelia growth factor; 
Carmeliet et al., 1996; Ferrara et al., 1996) and compensation effects by redundant genes (Matsui et al., 2006; 
Sakamoto et al., 2007) might occur and do not allow for the analysis of gene function as easily as planned.
With the establishment of the technology of site-specifi c Cre (Sternberg and Hamilton, 1981) loxP (locus of X over 
in PI; Hoess et al., 1982) recombination in vitro (Sauer and Henderson, 1988) and in vivo (Orban et al., 1992; 
Lakso et al. 1992) it became possible to conditionally delete genes in different cell types or to induce deletion 
at different time points (for review see Rajewsky et al., 1996; Kühn and Schwenk, 1997). Cre, a member of the 
λ-integrase family found in the bacteriophage PI, recombines loxP sites, 34bp long target sites, and in doing so it 
cuts out the DNA-sequence fl anked by sites orientated in the same direction (Sauer et al., 1988; Gu et al., 1993) 
or inverts the DNA if the orientation of the loxP sites is opposing (Kano et al., 1998; Lam and Rajewsky, 1998). Cre 
recombination activity does not depend on any cofactors (Abremski and Hoess, 1984; Hoess et al., 1990).
Tracing cells for their fate over the time of development by conditional activation of marker genes like β-galactosidase 
or any fl uorescent protein is only one possibility. LoxP-fl anked stop-codons in front of the open reading frames 
(ORF) of any gene could be used to switch on genes this way. The genetic cell lineage labelling can be regarded 
as the more precise way to track cells compared to cell labelling with dyes (Tam et al., 2007). 
A second approach that can be realized using this technique is the conditional deletion of one or more genes that 
are fl anked by loxP sites by expression and recombination activity of Cre recombinase. As stated before, this 
can be either tissue- or time-specifi c by expressing Cre under the control of a certain promoter. Cre can also be 
fused to a hormone-inducible protein domain, e.g. to the estrogen receptor (ER), that allows one to activate Cre 
by hormone-induced translocation of the protein from the cytoplasm to the nucleus (Metzger et al., 1995). Using 
a mutated version of the estrogen receptor, ERT2 (estrogen receptor type 2), in combination with exogenous 
tamoxifen as the inducer one avoids cross-activation of the Cre by the organism’s own hormones (Feil et al., 
1996; Feil et al., 1997). Timely induction, especially during embryonic development, and leakiness can complicate 
the handling of this system.
Deletion of genes using Cre recombinase is one approach to analyze gene function in vivo. Because the alteration 
takes place on the genomic level it totally abolishes the protein production and therefore does not perfectly mimic 
the situation in most mutations just resulting in partial protein dysfunction. Usually the natural effect of mutations 
can be mimicked by down-regulating the protein expression using RNA interference (RNAi; Lewis et al., 2002; 
McCaffrey et al., 2002; Sorensen et al., 2003; Brummelkamp et al., 2002; Lee et al., 2002; McManus et al., 2002; 
Miyagishi and Taira, 2002; Paddison et al., 2002; Paul et al., 2002; Sui et al., 2002; Yu et al., 2002; Kawasaki and 
Taira, 2003). SiRNA (small interfering RNA) models can be used to study mutations on a more natural state, but 
one should be aware of possible pleiotropic effects. Exerting infl uence on differentiation processes of the natural 
miRNAs (micro RNAs), knock-downs for specifi c miRNAs or transgenics over-expressing miRNAs could be a tool 
used in in vitro experiments. Later on the obtained knowledge could also be transferred by transient expression 
of an organism’s own miRNAs to prevent or to force certain lineage decisions.

2.7.1. MiRNAs in development and differentiation

MiRNAs are small non-coding RNAs, approximately 21 nucleotides long and have been shown to regulate gene 
expression. They impact signaling networks by regulating alternative splicing, inhibiting mRNA translation or 
forcing mRNA degradation (Makeyev et al., 2007; Lee et al., 1993; Olsen and Ambros, 1999; Dugas and Bartel, 
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2004). MiRNAs are highly conserved compared to endogenous small interfering RNAs (siRNAs; Ambros et al., 
2003; for review see Bartel, 2004) and might be evolutionarily older than fi rst assumed based on the recent 
identifi cation of miRNAs in the unicellular algae Chlamydomonas reinhardtii (Molnar et al., 2007; Zhao et al., 
2007).
MiRNAs are known to play important roles in cancer, maintenance of mature cell function, regeneration, embryonic 
development and stem cell self-renewal, maintenance and differentiation (Houbaviy et al., 2003; Suh et al., 2004; 
Bernstein et al., 2003; Wienholds et al., 2003; Ota et al., 2004; Calin et al., 2004; He and Hannon, 2004; Joglekar 
et al., 2007; for review see Hwang and Mendell, 2006; Stefani and Slack, 2008). 
In Xenopus laevis recent studies show that miRNAs play a role in early development through the inhibition of 
Nodal signaling by reducing the expression of one of its receptors (Martello et al., 2007). In addition, the blockage 
of the two miRNAs miR15 and miR16 could rescue dorsal mesoderm induction in embryos with suppressed Wnt/
β-catenin signaling. The observation that gradients of the miRNAs and Wnt/β-catenin are reciprocal suggests 
that suppression of miRNAs might be one mechanism by which Wnt promotes Nodal signaling. Interestingly, 
the targeting sites for miRNAs regulating the Nodal receptor are conserved in mammals, but not in zebrafi sh 
(Martello et al., 2007). Indeed the Nodal signaling pathway is also controlled by miRNA-mediated modulation in 
zebrafi sh. MiR430 directly decreases the expression of Squint, a member of the Nodal family, and interestingly 
also regulates Lefty, an antagonist of Nodal (Choi et al., 2007). MiR430 seems to be relevant for the fi ne-tuning of 
Nodal activity by infl uencing agonist and antagonists, further supported by the fact that overexpression of either 
Squint or Lefty does only result in a phenotype and that the mutation of miR430 complementary sites leads to a 
disruption of early development (Choi et al., 2007).
In addition to their role in early development which has yet to be shown in mammals, distinct miRNAs have other 
functions in later development of several organs. In the mouse brain miR124 regulates the switch to neuronal 
differentiation by inhibition of a regulator of alternative splicing (PTB = polypyrimidine tract binding protein; 
Makeyev et al., 2007). MiR1, e.g., a miRNA highly expressed in skeletal muscle and heart evolutionary conserved 
across different species from fl y to human (Lagos-Quintana et al., 2002; Kwon et al., 2005; Sokol et al., 2005), 
was shown to play an important role in the proper establishment and maintenance of cardiac tissue (Zhao et al., 
2005, Zhao et al., 2007). In in vitro assays miR1 was shown to regulate differentiation versus proliferation with 
high and low levels, respectively (Chen et al., 2006), in line with in vivo overexpression which resulted in a thinner 
ventricular wall in the mouse (Zhao et al., 2005). More recent work has demonstrated that selective ablation of 
miR1-2 (second copy of miR1) leads to hyperplasia and consequently to prenatal or early postnatal death (Zhao 
et al., 2007). Increased miR1 levels are also observed in and associated with heart ischemia animal models and 
human coronary artery disease (Yang et al., 2007). Interestingly, the two copies of miR1 (miR1-1 and miR1-2) 
are expressed in a similar, but not identical, spatial and temporal pattern and, as shown by the distinct phenotype 
caused by removal of miR1-2 alone, do not have perfectly redundant actions. MiR133 is transcribed along with both 
miR1-1 and miR1-2 copies but in contrast to miR1 it increases proliferation and decreases myocyte differentiation 
(Chen et al., 2006). As in the case for miR1, its reduction is associated with human cardiac hypertrophy (Sayed 
et al., 2007, Care et al., 2007). These data also suggest a role in fi ne-tuning of the two miRNAs during muscle 
differentiation, but also show a cooperative function in repression of heart hypertrophy.
Upregulation of another miRNA, miR155, is associated with different lymphomas, breast cancer and a poor 
prognosis in lung cancer (Eis et al., 2005; van den Berg et al., 2003; Kluiver et al., 2005; Iorio et al., 2005; 
Yanaihara et al., 2006). Altered distributions of different types of immune cells show its complex role in the 
adaptive immune response (Rodriguez et al., 2007). Interestingly, miR155 is part of the BIC (B-cell integration 
cluster) gene, originally identifi ed as a site of frequent integration of an avian virus leading to B-cell lymphoma 
induction (Clurman et al., 1989). BIC itself codes for a 1700 nucleotide long polyadenylated RNA that is spliced 
but lacks an ORF. Except for the 100 nucleotide long sequence that encodes for miR155 (precursor) the BIC gene 
is poorly conserved, suggesting that the major role of BIC is miR155 expression (Tam et al., 1997).
In addition to their roles during development and differentiation miRNAs are very likely regulators of stem cell 
self-renewal, since loss of Dicer, an important actor of the miRNA pathway (discussed in the following section) 
leads to the loss of stem cell populations (Bernstein et al., 2003; Wienholds et al., 2003). Certain miRNAs – some 
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of which are evolutionary conserved between mouse and human – are specifi cally expressed in pluripotent ES 
cells and not in differentiated cells or adult tissues, thus also pointing to a role of miRNAs in stem cell self-renewal 
(Houbaviy et al., 2003; Suh et al., 2004). 
Fast downregulation of stem cell maintenance and activation of lineage-specifi c genes is necessary for stem cell 
differentiation. MiRNAs are most likely involved in this rapid switch of gene expression since Dicer1 knock-out 
ES cells that lack mature miRNAs fail to differentiate into ectoderm, mesoderm or endoderm (Kanellopoulou et 
al., 2005). Later in vitro differentiation is also infl uenced by miRNAs, shown for miR181 where ectopic expression 
causes an increase of the B-cell fraction in vivo and in vitro (Chen et al., 2004).

2.7.2. The miRNA pathway: from transcription to target interaction

MiRNAs were fi rst identifi ed in C. elegans as short double-stranded RNAs that repress their targets translationally 
by binding to specifi c sites in the 3’ UTR (untranslated region) of the mRNA (Lee et al., 1993; Olsen and Ambros, 
1999). Originally shown for for siRNA in RNAi experiments (Elbashir et al., 2001), perfectly basepairing of miRNAs, 
as it is common in plants, leads to cleavage of the target RNA:miRNA duplex between position 10 and 11 (Dugas 
and Bartel, 2004). MiRNAs are coded in the genome and are transcribed by polymerase type II into RNA as long 
precursors of the mature miRNA, the so-called pri-miRNAs (see fi gure 11).
Pri-miRNAs have a complex secondary structure and parts of this structure that carry the miRNA, the hairpins, 
are recognized by Drosha, a RNAse III that cleaves pri-miRNA into the shorter, ~60-70bp long single hairpins, 
known as pre-miRNA.
Pre-miRNAs interact with Exportin 5 (exp5), a protein that triggers the nuclear export of miRNAs in cooperation 
with its co-factor Ran GTP dependently (Yi et al., 2003; Bohnsack et al., 2004; Lund et al., 2004; Lei and Silver, 
2002). Cullen et al. showed that the loop seems to have only little infl uence on the export to the cytoplasm but 
that binding to the double-stranded pri-miRNA is supported by 2nt (nucleotides) 3’ overhang, compared to blunt 
ends, and inhibited by 5’ overhangs (Cullen et al., 2004).
Several observations suggest that Exp5 might be the bottle-neck within the RNAi pathway (Yi et al., 2005; 
Grimm et al., 2006). In the cytoplasm, Exp5 releases the pre-miRNA followig the hydrolysis of Ran-GTP to -GDP. 
Subsequently, Dicer binds the pre-miRNA initially recognizing it by the characteristic 2nt 3’ overhang. Dicer then 
aligns itself along the RNA double-strand and leaves dsRNAs with a ~19-23bp stem, a 5’ mono-phosphate and 
two 2nt 3’ overhangs. After Dicer cleavage the miRNA duplex is incorporated into the RNA-induced silencing 
complex (RISC; Hammond et al., 2000). The fi rst component of the RISC that could be identifi ed is Argonoute2 
(Ago2; Hammond et al., 2001; Martinez et al., 2002). Ago2 is the catalytic compartment of RISC that is responsible 
for target cleavage. It could also be shown that all Ago proteins known so far co-immunoprecipitate with Dicer, 
suggesting that Ago binding to the miRNA duplex is initialized during binding of Dicer (Sasaki et al., 2003). The 
RISC was shown to favour the strand of the RNA duplex with less stability at the 5’ end for fi nal incorporation, 
although both strands are initially incorporated into RISC (Matranga et al., 2005; Rand et al., 2005; Leuschner et 
al., 2006). This strand will then serve as the miRNA.
Data suggest that siRNA and miRNA at this point are completely interchangeable and that the following action 
of RISC solely depends on the level complementarity regarding the target mRNA (Hutvagner and Zamore, 2002; 
Doench et al., 2003; Zeng et al., 2003). 
Target cleavage is one possible RISC action. The guide strand (siRNA strand within the RISC) complementary 
binds to the sites of the target mRNA which is cleaved by the endonuclease activity of Ago2. With high specifi city 
the target is cleaved between the 10th and 11th nucleotide pairing to the guide strand, counting from the 5’ end of a 
21mer siRNA (Rand et al., 2005; Leuschner et al., 2006).The guide strand thereby remains intact and can serve 
as target recognition site for multiple rounds. Released fragments of the target mRNA are presumably degraded 
by cellular exonucleases.
Translational repression is the other possibility of RISC action. MiRNAs show only partial complementarity towards 
their target mRNAs which for this reason are hard to predict (Brennecke et al., 2005). 
The base-pairing at the 5’ proximal “seed” region (position 2-8) of the miRNA to the mRNA target sequence 
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fi rst seemed especially crucial for recognition (Lewis et al., 2005; Brennecke et al., 2005). Later studies could 
show that base pairing in the seed region is not as important as fi rst assumed (Didiano and Hobert, 2006). 
MiRNAs were shown to cause translational inhibition of their targets in C. elegans (Lee et al., 1993; Wightman 
et al., 1993), D. melanogaster (Brennecke et al., 2003) and human (Zeng et al., 2003), a mechanism, which 
is far from being understood. A possible explanation for this phenomenon could be inhibition of translational 
initiation because targeted mRNAs are less often associated with ribosomes (Pillai et al., 2005; Moss et al., 1997). 
Although miRNAs were thought to only inhibit translation of the target mRNA more recent data suggest that RISC 
also causes decrease of mRNA levels by cleavage (Bagga et al., 2005; Jing et al., 2005; Lim et al., 2005; Liu et 
al., 2005; Rehwinkel et al., 2006; Wu et al., 2006). 
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Rationale

3.   Rationale

Part I – Endoderm differentiation in vivo

The signals and signal transduction pathways that are crucial for the fi rst important differentiation processes 
in the endoderm have yet to be fully understood. Two transcription factors, Foxa2 and Sox17, are known to 
play essential roles in early endoderm development but they have not been studied completely regarding their 
function. Foxa2 as well as Sox17 are among the fi rst markers that can be detected in the endoderm (Kanai et 
al., 1996; Ang and Rossant, 1994; Weinstein et al., 1994) but it remains unclear as to what organs, tissues and 
cell types Foxa2- and/or Sox17-positive progenitor cells give rise to. Identifying their progeny, unravelling their 
interactions and integrating them more accurately into the transcriptional network would help and support the 
progress and understanding of in vitro differentiation systems for stem cells and therefore could eventually result 
in therapeutic applications. In this context the analysis of intrinsic and extrinsic signals and pathways that regulate 
endoderm differentiation is also an important step. The aim of this thesis was to establish mouse lines expressing 
Cre recombinase under the transcriptional control of all Foxa2 and Sox17 regulatory elements to trace the lineage 
of cells in the mouse embryo that express these two earliest genes known to mark the endoderm, in order to 
answer the question of what organs these cells will give rise to. 
In addition, the Foxa2iCre/+ mouse line was used to investigate the specifi c role of Wnt signaling in the differentiation 
of cells expressing Foxa2iCre by conditional deletion of the β-catenin alleles in those cells with the help of a mouse 
line with conditional alleles for β-catenin.

Part II – Endoderm differentiation in vitro

The goal in stem cell research is to understand how stem cells keep the ability to self-renew, how they are 
maintained into adulthood and what signals are necessary to accomplish the generation of specifi c cell types in 
in vitro differentiations of pluripotent (embryonic) stem cells.
Non-coding RNAs (ncRNAs) play important roles in embryonic development by coordinating cell-fate (for review 
see Cheng et al., 2005) and in ES cells by regulating stem cell maintenance and asymmetric cell division (Hatfi eld 
et al., 2005) in a post-transcriptional manner. Micro RNAs (miRNAs), a class of ncRNAs, can inhibit mRNA from 
being translated into protein or can lead to mRNA degradation. They are involved in cell proliferation, cell death, 
carcinogenesis, self-renewal and differentiation (for review see Hwang and Mendell, 2006; Stefani and Slack, 
2008). 
It is important to identify targets of miRNAs to understand their individual roles in the regulation of transcriptional 
and signaling networks. Computational algorithms allow for the prediction of up to 300 target mRNAs per miRNA 
(Brennecke et al., 2005; Bartel, 2004). A systematic combination of both predictive and experimental approaches 
is necessary to identify, verify and classify miRNAs.
In order to identify miRNAs that regulate endoderm development an experimental test system for miRNAs was 
built up – thereby also obtaining a deeper understanding about the differentiation of ES cells into endoderm 
– another aim of this thesis was to establish an in vitro system for endoderm differentiation. In principle this 
would allow for the ability to compare in vivo and in vitro data and having an easily accessible model system for 
endoderm differentiation.
With the help of ES cell clones that carry fl uorescent fusions of the two transcription factors that have important 
functions in endoderm development (Foxa2 and Sox17) the differentiation system was established and tested 
regarding its use as a miRNA test system. The fusion proteins and their endogenous counterparts of the 
transcription factors do not only share all transcriptional regulatory elements but also have the endogenous 3’-
UTR as a common feature. Because mRNAs are targeted by miRNAs through binding of specifi c sequences 
within the 3’-UTR und because this binding subsequently leads to translational blockage, less protein is expected 
for both the endogenous protein and its fl uorescent fusion, latter of which will result in lower fl uorescence. 
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4.   Results

For the analysis of the fate of specifi c subpopulations of cells in the embryonic endoderm, knock-ins of recombinases 
under the control of all transcriptional elements of a specifi cally expressed marker gene is the approach of choice 
in mice, because they refl ect the endogenous expression of the gene as accurately as possible (see fi gure 
12). This is due to the fact that the knock-in, here the recombinase, is in a genetically non-altered environment, 
compared to transgenic vectors or bacterial artifi cial chromosomes (BAC) based lines in which the recombinase 
is randomly integrated into the genome, potentially interrupting open reading frames of important genes. BACs 
should basically (compared to other plasmid vectors) carry all cis-regulatory elements important for the expression, 
but due to the specifi c site and number of integrations the expression intensity can vary (Gong et al., 2002). 
Mouse lines with a knock-in of a recombinase at a specifi c genetic locus can be used as tools for cell lineage 
tracing as well as for the creation of cell population specifi c knock-outs that can result in a better understanding of 
signaling processes (see fi gure 12; Anderson et al., 2008). Crossing Cre lines to reporter lines that conditionally 
express fl uorescent markers or β-galactosidase allow for the lineage tracing of cells that at one stage express Cre 
because the cells expressing Cre as well as their entire progeny will express the reporter gene (see fi gure 12b). 
The investigation of pathways and networks involved in a specifi c cell population that is marked by the expression 
of Cre can be carried out using conditional mouse lines in which one important gene for a certain pathway is 
irreversibly deleted in cells that express Cre (see fi gure 12c).
With this approach two Cre lines were generated as knock-ins of the ORF of Cre into the genetic locus of Sox17 
and Foxa2 in order to express Cre most accurately within Sox17- and Foxa2-positive cell populations in the 
endoderm. These mouse lines were analyzed by crossing them to a ROSA reporter mouse line that expresses 
β-galactosidase from the ROSA locus whenever Cre recombination has occured. β-galactosidase is expressed 
under the control of an ubiquitously active promoter when the Stop-codon fl anked by loxP sites is eliminated by 
recombination.
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Figure 12: 
Lineage tracing – identifying the progeny of progenitor
cells – and studying the impact of signaling pathways
– conditional knock-out analysis

The fi gure illustrates that there is a progenitor population 
of Foxa2- and/or Sox17-positive progenitor cells that 
gives rise to a certain portion of the endoderm-derived 
organs (thyroid, thymus, lung liver, pancreas stomach, 
gastro-intestinal tract) along the anterior-posterior axis 
while underlying different unknown differentiation signals 
(a). To investigate to what organs these cells will give 
rise to in the adult organism genetic cell lineage tracing 
is the most accurate approach that can be performed (a, 
b). Irreversible conditional activation of a reporter gene 
marks all cells expressing the recombinase under the 
transcriptional control of Foxa2 or Sox17 (Foxa2-Cre and 
Sox17-Cre lines) and their progeny (b). To functionally 
analyse the signals necessary for proper development 
of certain lineages that express either Foxa2 or Sox17, 
genes can be conditionally deleted within these 
populations using the same Cre lines (carrying the 
Cre-allele = Cre is expressed under the transcriptional 
control of a certain gene – illustrated as a blue box; 
c). The same mechanism that activates reporter gene 

expression (by deletion of a Stop-codon placed right after the transcriptional start; b) can be used to eliminate one (heterozygous) or both 
alleles (knock-out) of a certain gene of interest (light blue) whose sequence is fl anked by loxP sites (red arrowheads). Cre recombinase 
(orange octagons) recognizes loxP sites and cuts out sequences in between by leaving a single loxP site in the genome if the loxP sites have 
the same orientation (c).
(Abbreviations: GI tract = gastro-intestinal tract, loxP = locus of X over in PI)
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4.1.      Cell lineage tracing - Generation and analysis of Cre mouse lines

4.1.1.   Targeting of the Sox17 locus

Sox17 is one of the fi rst genes known to be expressed in the endoderm of the early mouse embryo (Kanai et 
al., 1996). However it is not known to what cell types and organs Sox17-positive cells give rise to in the adult 
organism.
To address this question a Cre mouse line under the transcriptional control elements of Sox17 was generated. 
Targeted mutagenesis in embryonic stem (ES) cells was used to introduce a codon-improved Cre recombinase 
(improved Cre = iCre; Shimshek et al., 2002) into exon 1 of the Sox17 gene (see fi gure 13).

4.1.1. a) Design and generation of the targeting vector for the Sox17 locus

The targeting vector was designed as shown in fi gure 13. It contains a mini gene locus, which consists of the iCre 
cDNA with a translational stop codon (see fi gure 13; red arrow), followed by a splice-donor site, an artifi cial intron 
and an exon encoding for the SV40 (simian virus 40) polyadenylation signal sequence (see fi gure 13; yellow and 
orange arrows, respectively). An FRT-fl anked PGK (phospho-glycerate kinase) promoter-driven neomycin (neo) 
resistance gene was then placed after the polyadenylation signal in the opposite orientation (see fi gure 13; white 
arrow plus grey boxes marking FRT sites). The detailed generation of the targeting vector is described in the 
“Material and Methods” section (see Material and Methods, 6.2.14.).
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Figure 13:   Targeting strategy of the Sox17iCre allele

A targeting vector was used to introduce iCre into exon 1 of the Sox17 gene and the selection cassette was removed by Flp-mediated 
excision. Sox17 exons (black boxes) are numbered. Primers used for genotyping are designated EP418, EP419, EP421 and EP510. 
The external 5’ probe and the internal Cre probe for Southern analysis are as indicated on the fi gure. Restriction enzyme sites for EcoRV 
are shown. Homology regions to generate the targeting constructs are indicated as 5’ and 3’ retrieval. 
(Abbreviations: FRT = sites of Flp-recombination; iCre = improved Cre; neo = neomycin resistance gene; SV40pA = Simian Virus 40 
polyadenylation signal)

4.1.1. b) Targeting of ES cells for homologous recombination and deletion of the selection cassette for the 
               Sox17 locus

TBV-2 ES cells (Wiles et al., 2000) were electroporated with an AscI-linearized pL254 Sox17-iCre targeting 
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vector and neomycin resistant clones were selected using 300µg/ml G418 (Invitrogen, 50mg/ml). Homologous 
recombination at the Sox17 locus was confi rmed by Southern blot analysis of EcoRV-digested genomic DNA using 
the Sox17 5´-probe (744bp; see fi gure 13 and Material and Methods, 6.2.13.) located outside of the targeting 
vector testing for locus-specifi c integration of the targeting vector (Sox17 5’-probe forward primer, including HindIII 
site; Sox17 5’-probe reverse primer, including AgeI site). An internal probe was used to test for random or multiple 
integrations (restriction digest of the iCre sequence subcloned in pBSK- using XmaI and NcoI; for sequence etc. 
see Material and Methods). 2 out of 453 homologously recombined ES cell clones could be confi rmed and were 
injected into recipient blastocysts (C57Bl/6) and chimeras and germline transmission of the Sox17iCre allele were 
obtained for both clones.
The Sox17iCre/+ mice were mated to Flp-e deleter mice (Dymecki, 1996) on C57Bl/6 background to excise the 
neomycin selection cassette fl anked by FRT sites using Flip recombination activity in the germline (for Southern 
blot verifi cation see fi gure 14). The offspring were genotyped for both, the Cre and the Flp-e allele (see Material 
and Methods), and mice heterozygous for both alleles were backcrossed to C57Bl/6. Only mice that were negative 
for the Flp-e allele but that carried the Cre knock-in with the neomycin deletion were used for further analysis.

10.1kb (WT)

11.7kb 

(iCre ∆neo)

(WT)

Sox17iCre/+ Sox17iCre/+ Sox17iCre Δneo/+ 

13.5kb (iCre)

Sox17+/+

(ES)

EcoRV, 5’ probe

(tail tip) (tail tip)
Figure 14:
Southern Blot on Sox17 targeted ES cells and mice
- Verifi cation of homologously recombined clones

Southern blot of ES cell (lane 1 and 2) and mouse 
tail DNA (lane 3 and 4) digested with EcoRV and 
hybridized with the external 5’ probe, showing the 
wild type allele (10.1kb), recombined allele (13.5kb) 
and neomycin deleted allele (11.7kb).

4.1.2.   Analysis of the Sox17iCre/+ mouse line

4.1.3.   Recombination activity of the Sox17-iCre recombinase at early embryonic stages and after birth

For determination of the spatial and temporal pattern of the recombination activity of the iCre of Sox17iCre/+ mice 
the mice were crossed to R26R/R (Soriano, 1999), a reporter line conditionally expressing β-galactosidase from 
the ROSA locus, to obtain mice heterozygous for both alleles (see fi gure 12b). In R26R/R mice β-galactosidase 
is expressed under the control of an ubiquitously active promoter when the Stop-codon fl anked by loxP sites is 
irreversibly eliminated by Cre recombination (see fi gure 12b, for the principle of Cre-mediated recombination 
also see fi gure 12c). In a mouse that carries both the Cre and the ROSA reporter alleles all cells in which Cre 
recombination occurred and all their daughter cells can therefore be stained for β-galactosidase (see fi gure 
12b). 
Embryos and newborn pups of the R26R/R reporter mice were analyzed by β-galactosidase staining for the Cre 
recombination activity (see Material and Methods).

In embryos at E9.5 hardly any staining was detected in the endoderm. A very spotty staining that cannot be 
localized to a specifi c organ is spread all over the embryo and no more staining could be found using even the 
most stringent staining protocol (37°C, ON; see fi gure 15). The single stained cells that result in a spotty staining 
cover the head region, the heart, branchial arches and the region of the dorsal aorta (see fi gure 15).
The results for analysis of β-galactosidase activity obtained from organs (namely lung, stomach and heart) of 
young born mice (P1 = postnatal day 1) were in line with those obtained from early embryos. There was a strong 
staining detectable in the coronary vessels of the heart (see fi gure 16a and 16a’, green and red arrows), the 
pulmonary artery and the aorta (see fi gure 16a and 16a’’, green and red arrows), in the pulmonary vessels (see 
fi gure 16b and 16b’, green and red arrows) in the vessels lining the stomach and the bladder (see fi gure 16c, 16c’ 
and 16d, green and red arrows). There was hardly any staining found in the endoderm derived organs except a 
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chimaeric expression of β-galactosidase in the stomach (see fi gure 16c, 16c’ and 16c’’, green and red arrows). 
Paraffi n sections of the heart, lung and stomach (see fi gure 16a, 16a’, 16b’, 16c’, 16c’’ and 16c’’’) revealed that 
the endothelium lining the vessels is positive for staining of β-galactosidase (see fi gure 16a, 16a’, 16b’ and 16c’, 
green arrows) and, in the case of the stomach, also the epithelium lining the stomach cavity (see fi gure 16c’’ and 
16c’’’).
The detailed expression analysis was further carried out by Perry Liao as part of his PhD thesis (“Generation of 
a Mouse Line Expressing Sox17-driven Cre Recombinase with Specifi c Activity in Arteries”, Liao et al., genesis, 
under revision).
Summarizing the expression data obtained with the Sox17iCre/+ mouse line, strong Cre expression can be detected 
in the endothelium of the arteries and is therefore a valuable tool for recombination in theses cells but not in the 
endodermally derived organs. 

a a'
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b
b'

c c'

c'' c'''

d

P1 - heart

P1 - lung

P1 - stomach

P1 - bladder

coronary vessels

PA, Ao

Figure 16:
β-galactosidase activity in organs of Sox17iCre/+; R26R/+ 
mice at P1

β-galactosidase activity in the heart (a; red arrows) can 
only be detected in the epithelium lining the arteries 
(a’: pulmonary artery and aorta; a’’: coronary vessels; 
green arrows). In the lung recombination activity can 
also be detected in the vessels (b, b’; red and green 
arrows). In the stomach staining for β-galactosidase 
is apparent in the epithelium of the vessels (c, c‘; red 
and green arrows) as well as in the epithelium lining 
the stomach cavity (yellow arrows; c’’, c’’’) and in the 
vessels along the bladder (d).
(Abbreviations: Ao = dorsal aorta; PA = pulmonary 
aorta; P1 = postnatal day 1)

E9.5

h

ba

li

hg

Figure 15: 
Recombination activity of Sox17iCre in the ROSA 
locus at E9.5
The β-galactosidase activity at E9.5 shows a 
very spotty scattered staining covering the whole 
embryo, especially in heart regions (h) and along 
the anterior-posterior axis in the dorsal aorta (red 
arrows).
(Abbreviations: ba = branchial arch; h = heart; hg 
= hindgut; li = liver)
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4.1.4.   Targeting of the Foxa2 locus

Foxa2 is a transcription factor specifi cially expressed in the early endoderm, the fl oorplate, the node and the 
notochord (Ang and Rossant, 1994; Weinstein et al., 1994). Its deletion causes severe abnormalities and failure 
in gastrulation, defects in neural tube patterning and gut morphogenesis that result embryonic lethality. Theses 
wide-spread effects are mainly due to the fact that Foxa2 expression is indispensible for the formation of organizer 
cell populations throughout gastrulation. Fate mapping studies revealed that the dynamic cell population of the 
gastrula organizer mainly contributes to prechordal mesoderm, midline and fl oorplate, cranial mesenchyme, the 
heart and the anterior endoderm as well as to somites, lateral mesoderm and notochord in a stage-dependent 
manner (Kinder et al., 2001). 
However it is still unknown to what organs and cell types Foxa2-positive cells of the early embryo give rise to in 
the adult mouse. To be able to exactly lineage trace these cells and to have a valuable tool to conditionally delete 
genes in the expression domain of Foxa2 (see fi gure 12c) a second Cre mouse line under the transcriptional 
control elements of the Foxa2 gene was generated. Targeted mutagenesis in embryonic stem (ES) cells was 
again used to introduce a codon-improved Cre recombinase (iCre; Shimshek et al., 2002) into exon 1 of the 
Foxa2 gene, analogous to the Sox17iCre/+ mouse line (see fi gure 17, Uetzmann et al., 2008).

4.1.4. a) Design and generation of the targeting vector for the Foxa2 locus

The targeting vector used for recombination in ES cells was designed as demonstrated in fi gure 17, according to 
the knock-in construct for Sox17.
It also contains a mini gene locus, consisting of the iCre cDNA with a translational stop codon (see fi gure 17; red 
arrow), followed by a splice-donor site, an artifi cial intron and an exon encoding for the SV40 polyadenylation 
signal sequence (see fi gure 17; yellow and orange arrows, respectively). The FRT-fl anked PGK promoter-driven 
neo resistance gene follows the polyadenylation signal in the opposite orientation (see fi gure 17; white arrow 
plus grey boxes marking FRT sites). The detailed generation of the targeting vector for Foxa2 is described in the 
“Material and Methods” section (see Material and Methods, 6.2.15.).
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Figure 17:   Targeting strategy of the Foxa2iCre allele
A targeting vector was used to introduce Cre into exon 1 of the Foxa2 gene and the selection cassette was removed by Flp-mediated 
excisions. Foxa2 exons (black boxes) are numbered. The alternative exon 2 (hatched box) and the two transcriptional starts (arrows) are 
indicated. Primers used for genotyping are designated EP418, EP420, EP421 and EP511. The external 3’ probe and the internal probe 
are indicated. Restriction enzyme sites for EcoRV are shown. Homology regions to generate the targeting constructs are indicated as 
5’ and 3’ retrieval.
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4.1.4. b) Targeting of ES cells for homologous recombination for the Foxa2 locus

To accomplish homologous recombination in mouse ES cells the NotI-linearized pL253 Foxa2-iCre targeting 
vector was transferred into TBV2 ES cells (Wiles et al., 2000) via electroporation. Neomycin resistant clones were 
selected using 300µg/ml G418 (Invitrogen, 50mg/ml). Homologous recombination specifi cally at the Foxa2 locus 
was confi rmed by Southern blot analysis of EcoRV-digested genomic DNA using the Foxa2 3´-probe (744bp; 
generated by PCR; for sequence see Material and Methods) located outside of the targeting vector and the 
same internal probe used for the Sox17iCre knock-in to exclude random and multiple integrations (for generation 
see above; for sequence see Material and Methods). This way 2 out of 153 neomycin (neo) resistant clones 
were isolated as homologous recombinants and confi rmed (see fi gure 18, lane 1 and 2). Two independent ES 
cell clones were injected into recipient blastocysts (C57Bl/6) to obtain chimeras and germline transmission of 
the Foxa2iCre allele. The FRT-fl anked neo selection cassette was deleted in the germline by Flip recombinase-
mediated excision using Flp-e mice on a C57Bl/6 background (see fi gure 18, lane 3 and 4; Dymecki, 1996). After 
deletion mice were backcrossed to C57Bl/6 to eliminate the Flp-e allele. Only those mice negative for the Flp-e 
allele were used for backcrossings to C57Bl/6 and further analyses were carried out with Foxa2iCreΔneo/+ mice 
backcrossed to C57Bl/6 for fi ve generations.
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Figure 18: 
Southern Blot on Foxa2 targeted ES cells and mice
- Verifi cation of homologously recombined clones

Southern blot of ES cell (lane 1 and 2) and mouse 
tail DNA (lane 3 and 4) digested with EcoRV and 
hybridized with the external 3’ probe, showing wild 
type allele (8.0kb), recombined allele (11.4kb) and 
neomycin deleted allele (9.6kb).

4.1.5.   Analysis of the Foxa2iCre/+ mouse line

4.1.6.   Recombination activity of the Foxa2-iCre recombinase at early embryonic stages

To determine the spatial and temporal patterns of Foxa2-iCre-mediated recombination of the ROSA26 reporter 
(R26R) locus, we crossed our iCre mouse line to R26R mice (Soriano, 1999) to generate embryos heterozygous 
for both alleles. The expression of Cre under the transcriptional control of Foxa2 results in recombination of 
the ROSA reporter allele leading to β-galactosidase expression driven by a ubiquitiously active promoter. The 
expression of β-galactosidase is then detected by its enzymatic reaction (using the LacZ-staining method).
This way recombination of the R26R allele in the visceral endoderm between E6.5 and E7.0 could not be observed 
(data not shown); as compared to the endogenous mRNA expression (Monaghan et al., 1993; Sasaki and Hogan, 
1993; Ang and Rossant, 1994). 
At E7.5 β-galactosidase activity was detected in cells anterior to the node and in the anterior endoderm (see fi gure 
19a). At E8.5 (7-8 somites) Foxa2-iCre-mediated recombination was clearly detected in cells of the foregut and 
hindgut pocket as well as strongly in cells of the regressing node (see fi gure 19b). At E9.5, the β-galactosidase 
activity faithfully refl ected the mRNA expression pattern of Foxa2 in the fl oorplate, notochord, fore-, mid- and 
hindgut endoderm, as well as in the liver primordium (see fi gure 19c). Cre-mediated recombination of the R26R 
could also be shown in the fi rst branchial pouch as well as in the developing pharynx.
At E10.5, β-galactosidase activity was detected in the anterior foregut, in the region of the forming lung and 
liver primordium, and continuously along the anteroposterior axis in the fl oorplate of the neural tube and in 
the notochord (see fi gure 19d). Foxa2-iCre-mediated recombination of the R26R was also detected in the fi rst 
branchial pouch giving rise to the auditory tube. Histological sections confi rmed Cre activity in the gut, liver and 
lung epithelium, as well as in the fl oorplate and notochord at different positions along the anteroposterior axis (see 
fi gure 19e and 19f).
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Taken together, β-galactosidase activity in embryonic tissues faithfully refl ected the expression of endogenous 
mRNA (Monaghan et al., 1993; Sasaki and Hogan, 1993; Ang and Rossant, 1994).
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Figure 19: 
Foxa2-iCre recombination activity at 
embryonic stages

Embryonic expression of Foxa2iCre∆neo 
allele monitored by the R26 reporter 
activity. (a) At E7.5 (80x), β-galactosidase 
activity is detectable in cells anterior 
to the node (n) and in the anterior 
defi nitive endoderm (de). At E8.5 (80x), 
iCre recombination is confi ned to the 
anterior foregut (fg) pocket, hindgut 
(hg) pocket, and the regressing node 
(n). (c) At E9.5 (20,8x), β-galactosidase 
activity is detected in the fl oorplate (fp), 
notochord (nc) and gut tube along the 
anteroposterior axis, as well as in the liver 
primordium (li), the branchial pouch (bp) 
and in the pharyngeal arches (pa). (d) At 
E10.5 (13x), β-galactosidase activity is 
detected in the same regions as at stage 
E9.5. (e and f) Histological sections level 
indicated in (d) showing β-galactosidase 
activity in the fl oorplate, notochord, 
and lung (lu) primordium (e) and in the 
fl oorplate, notochord, gut epithelium (g) 
and liver (f).

4.1.7.   Recombination activity of the Foxa2-iCre recombinase in embryonic organs

Between E9.5 and E12.5 different organs form along the anteroposterior axis of the primitive gut tube and to 
fi gure out to what extent Foxa2 positive precursor cells contribute to these organs and whether it was possible 
to detect Foxa2-iCre-mediated recombination in these endoderm-derived lineages, organs at different stages of 
development were analysed. 
To detect Cre-reporter activity in these endoderm-derived organs, organs from Foxa2iCre/+; R26R/+ E12.5, E14.5, 
and E16.5 embryos were dissected and stained for β-galactosidase activity.

At E12.5, the liver, pancreas and GI tract show uniform β-galactosidase activity in the endodermal epithelium of 
these organs, while the expression of β-galactosidase in the epithelium of the lung appears to be slightly mosaic 
(see fi gure 20a). At E14.5 and E16.5, liver, stomach, and pancreas continue to show high β-galactosidase activity, 
whereas the lung shows clear mosaic expression of the β-galactosidase reporter (see fi gure 20a-d). Interestingly, 
the heart also shows reporter activity at E16.5 in over 50% (4 out of 7) of all animals (see fi gure 21a-c). 

Histological sections were generated to investigate the β-galactosidase activity on a cellular level in the endoderm-
derived organs between E12.5-16.5. 
The analysis revealed that the Foxa2-iCre recombination activity can be detected in all precursors and differentiated 
cells of the liver, pancreas and the gut epithelium and almost all cells of the epithelium lining the stomach cavity 
(see fi gure 22). Picture 22c clearly demonstrates that the pancreatic mesenchyme of the E14.5 embryo is negative 
for β-galactosidase staining and that the expression is restricted to endoderm-derived cells, progenitors of the 
exocrine and endocrine pancreas. 
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It is also interesting to note that the β-galactosidase seems strongly activated in the crypt stem cell compartment 
as well as in all differentiated cell types of the gut epithelium at E16.5 (see fi gure 22d’). In contrast, the lung 
epithelium from E12.5 onwards shows mosaic staining for β-galactosidase (see fi gure 22e and 22e’). 
Histological sections of the heart revealed that the cardiac epithelia of both ventricles and atria are positive for 
β-galactosidase activity and confi rmed the observed whole mount staining (see fi gure 21a’).
In summary, theses results strongly indicate that Foxa2-iCre marks an early progenitor cell population of the 
endoderm that gives rise to a majority of the endoderm-derived organs and partially to the cardiac mesoderm, in 
which Foxa2 mRNA expression cannot be detected.
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Figure 20: 
Recombination activity of Foxa2-
iCre in embryonic organs

Cre recombination activity of 
Foxa2iCre∆neo/+ mice monitored by 
the R26R in whole-mount organs. 
(a) Liver, (b) lung, and (c) stomach 
show high β-galactosidase 
activity from E12.5 to E16.5. (d) 
The lung epithelium shows a 
mosaic β-galactosidase activity 
in the epithelium from E12.5 to 
E16.5.
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cFigure 21:   Recombination activity of Foxa2-iCre in the embryonic heart

Cre recombination activity in heart of Foxa2iCreΔneo/+ mice reported by the expression 
of β-galactosidase from the ROSA locus. (a) E16.5 heart, lung and thymus show 
chimaeric activity of β-galactosidase. (a’) Section through a heart of an E16.5 
embryo. The epithelium lining the ventricle(s) and the atria shows Cre recombination 
activity monitored by the R26R. (b) E14.5 heart with starting β-galactosidase 
activity, (c) E15.5 heart with clearly positive atria for β-galactosidase activity.
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4.2.     Characterization of the Foxa2iCre hypomorphic allele

Foxa2iCre/+ mice were mated to either Foxa2iCre/+ or to C57Bl/6 to verify the anticipated null mutation (embryonic 
lethality around E10-11) as reported for Foxa2 knock-out mice (Ang and Rossant, 1994; Weinstein et al., 1994) 
and the predicted heterozygous phenotype (jaw malloclusions etc.; Ang and Rossant, 1994). Neither of the 
expected results could be found regardless of how many generations of backcrossings to C57Bl/6 background 
were made. In addition to that homozygous mice were born and had no striking phenotype (in respect to behaviour, 
appearance, size and arrangement of organs etc.). 72 animals were genotyped 3 weeks after birth. Only 11 
carried two Foxa2iCre alleles, 19 had only wild type alleles inherited and 42 were heterozygous (see chart 1 for 
results of Mendelian distribution). The Fisher’s test (a Χ²-square-test for independence vs. negative association 
with low numbers) for [11, 21, 21, 19] results in a left p value of p ≈ 0.097 (Fisher, 1922 and 1954). The left p value 
is used as a confi rmation of the probability of the parameters to have negative infl uence on each other. From 
this it follows that the distribution does not follow a Mendelian distribution, but is lower, with an error probability 
of ~10%. This implies that mice homozygous for the iCre allele die before P30, either due to embryonic or early 
postnatal lethality.
To analyse the level of Foxa2 protein and determine its concentration in Foxa2 wild type versus Foxa2iCre/+ and 
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Figure 22:   
Histological sections for β-galactosidase activity of organs of 
Foxa2iCre/+; R26R/+ mice

The liver shows strong β-galactosidase activity at E12.5 (a) and 
E16.5 (a’). In the stomach Cre recombination activity is restricted 
to the stomach epithelium at E12.5 (b) and E16.5 (b’). The 
pancreatic epithelium shows uniform β-galactosidase activity 
at E12.5 (c) and E16.5 (c’), but not in the mesenchyme. In the 
gut epithelium all cells are positive for β-galactosidase activity at 
E12.5 (d) and E16.5 (d’). Endogenous β-galactosidase activity at 
E16.5 is shown in a wild type control (d’’). In the lung epithelium at 
E12.5 (e) most cells are β-galactosidase positive, but show clear 
mosaic β-galactosidase expression at E16.5 (e’).
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Mendelian distribution of Foxa2iCre/iCre mice
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19 ≈ 26,4%

42 ≈ 58,3%

11 ≈ 15,3%

n = 72
p ≈ 0.097 

Chart 1:   
Results of Mendelian distribution of Foxa2iCre/iCre mice

The chart shows numbers for Foxa2+/+, Foxa2iCre/+ and 
Foxa2iCre/iCre mice from 11 different litters. The total numbers 
of mice of all litter is indicated (n = 72) as well as the 
corresponding p-value for the distribution (p ≈ 0.097); total 
numbers of each genotype are specifi ed each column (lilac 
= Foxa2+/+; purple = Foxa2iCre/+; light yellow = Foxa2iCre/iCre). 
Calculated percentages are indicated within each column.

Foxa2iCre/iCre western blot analysis on P1 liver was performed. Protein lysates from P1 homozygous mutant showed 
that 10-15% of the Foxa2 protein remained in comparison to wild type. The Foxa2 gene expression in Foxa2iCre/+ 
liver at P1 is also reduced to 40-50% compared to the wild type sample (see fi gure 23).
As revealed by Western blot analysis, Foxa2iCre/iCre mice still express Foxa2 mRNA which is translated into the 
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Figure 23:   
Analysis of Foxa2 protein levels in wild type versus Foxa2iCre/+ and 
Foxa2iCre/iCre liver extracts at P1 using Western blot

(a) PCR genotyping of Foxa2iCre/+ mice using primers EP511, EP421 
and EP418 to distinguish between the wild type allele (636bp) and 
Foxa2iCre∆neo allele (415bp). Asterisk indicates a non-specifi c PCR 
product of approximately 500bp. (b) Western blot analysis of P1 
mouse liver lysates. Foxa2 protein is reduced in Foxa2iCre∆neo/+ 
samples and almost not detectable in Foxa2iCre∆neo/iCre∆neo liver 
lysates. The two protein bands indicated by asterisks most likely 
correspond to Foxa2 unmodifi ed and post-translationally modifi ed 
Foxa2 protein. E-cadherin was used as a loading control.

full length protein, although at reduced levels. To understand why the targeting strategy failed to generate a null 
mutation the regulation of the Foxa2 gene expression was further investigated using the predictive Genomatix 
software package (Eldorado Release 4.5, Genomatix Software GmbH). 
The software predicted a second promoter downstream of the known Foxa2 promoter located in intron 1, 
supported by 30 CAGE (Cap Analysis Gene Expression; Shiraki et al., 2003) tags (see fi gure 24). From the 
alternative transcriptional start site upstream of exon 2 a mRNA encoding the complete open reading frame of 
Foxa2 is transcribed and is also supported by the prediction of the Human And Vertebrate Analysis and Annotation 
(HAVANA) group of the Sanger Institute (see fi gure 24 and ENSEMBL). In summary, Foxa2 protein expression is 
based on the translation of two transcripts that only differ in the 5’ UTR driven by two promoters.
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Genomatix promotor prediction
Figure 24:
Genomatix promoter prediction for 
Foxa2

Promoter regions (yellow boxes) are 
predicted for two different transcripts as 
also indicated in fi gure 17 (arrows for 
transcriptional start sites). Exons and 
UTR are shown in green, transcriptional 
start regions (TSR) are designated as 
red arrows in pink boxes. Conserved 
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region between different species are depicted in purple boxes. Grey boxes show the primary transcript.
(Abbreviations: TSR: transcriptional start region; UTR: untranslated region)

Since the mice homozygous for the iCre allele are viable and since they show a chimaeric expression of 
β-galactosidase in several tissues (e.g. the lung; see fi gure 20a) when crossed to the R26 reporter line, lungs 
and livers of adult mice were analysed by RT-PCR and Western blot, in regard to their expression of the iCre and 
Foxa2 mRNA and protein (see fi gure 26 and 27) as a refl ection of the activity of the two promoters identifi ed.
The RT-PCR was performed on cDNA of DNase-treated total mRNA samples from lung and liver (see fi gure 26). 
The primers were designed as shown in fi gure 25 to qualitatively proof the transcription of all possible transcripts 
in the different tissues.

exon 3exon 2exon 1

exon 3altern. exon 2

exon 3exon 2

exon 1

a) wild type allele, all 3 exons transcribed

b) wild type allele, alternative exon 2 and exon 3 transcribed

c) transgenic allele, all 3 exons transcribed

 
iCre

artifical
 intron pA

293bp

EP083 EP084

EP084EP547

353bp

293bp

EP083 EP084

EP084EP567

386bp

293bp

EP083 EP084

EP546EP568

490bp / 752bp

EP548EP568

465bp / 726bp

Figure 25:
Primers for RT-PCR on RNA samples from different
tissues of Foxa2iCreΔneo/iCreΔneo, Foxa2iCre/+ and Foxa2+/+

mice

Different primer combinations will prove the existence 
of different transcripts. The primers are designed as 
indicated in the fi gure. Localization of the primers 
are pointed out by arrowheads. Possible transcripts 
of the wild type allele are amplifi ed using EP547 
and EP084 (transcript of all three exons driven by 
promoter 1, 353bp), EP567 and EP084 (transcript 
driven by promoter 2 consisting of 5’ elongated 
exon 2 and exon 3, 386bp) and EP083 and EP084 
(amplifi cation of both possible transcripts, 293bp). 
Possible transcript of the iCre allele are amplifi ed 
using EP568 and EP548 (combination of primers 
amplifi es the iCre allele only: 726bp with artifi cal 
intron – no correct splicing; 465bp without the 
artifi cial intron – correct splicing), EP568 and EP546 
(for the amplifi cation of fusions of the iCre to exon 2: 
752bp with artifi cal intron; 490bp without the artifi cial 
intron+/- part 2 of exon 1).

The quality and quantity of the RNA and cDNA were tested by PCR on β-actin (amplifi ed with EP142 and EP143; 
see fi gure 26, lane 6) that also served as a semi-quantitative loading control. The controls show that the ORF 
of Foxa2 is transcribed in every sample (amplifi ed with EP083 and EP084; see fi gure 26, lane 5). The exon 1 
transcript was not detectable in the lung or in the homozygous sample of the liver; however it was detected in liver 
samples of heterozygous and wild-type mice (EP547 and EP084; see fi gure 26, lane 1).
The iCre transcript (amplifi ed with EP568 and EP548; see fi gure 26, lane 2) could only be seen in the liver but 
not in the lung. The artifi cial intron was spliced out correctly because only the smaller amplifi ed fragment could 
be detected. In line with this result, the alternative transcript driven by the second promoter downstream could 
be found in the lung for all genotypes. In liver, wild-type and heterozygous samples also show expression of that 
alternative transcript, but it could not be detected in the homozygote (amplifi ed with EP567 and EP084; see fi gure 
26, lane 3). A fusion of the iCre transcript to exon 2 could not be detected in any of the samples (amplifi ed with 
EP568 and EP546; see fi gure 26, lane 4).  
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EP547 + EP084: 
    exon 1+2+3 wild type transcript

EP568 + EP548:
    iCre transcript

EP083 + EP084:
    exon 2+3 wild type transcript

EP142 + EP143:
    β-actin control

Foxa2+
/+

Foxa2i
Cre/iC

re

Foxa2i
Cre/+

Liver

EP568 + EP546:
    fusion of iCre to exon 2

Foxa2+
/+

Foxa2i
Cre/iC

re

Foxa2i
Cre/+

Lung

EP567 + EP084:
    alternative exon 2 transcript

Figure 26:
Analysis of RNA samples from lung and liver of 
Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+ mice 
regarding different possible transcripts using RT-PCR

RT-PCR on lung (left) and liver (right) samples of Foxa2+/+ 
(fi rst and fourth column) Foxa2iCreΔneo/+ (second and fi fth 
column) and Foxa2iCreΔneo/iCreΔneo (third and sixth column) 
was performed. β-actin was used as control for the 
integrity of the RNA and cDNA and as a semi-quantitative 
loading control (last row). Primer combination EP547 
and EP084 amplifi es the wild type exon 1 transcript (row 
1; also see fi gure 25a), EP568 and EP548 amplify the 

iCre transcript (row 2; also see fi gure 25c), EP567 and EP084 the alternative exon 2 transcript (row 3; also see fi gure 25b), EP568 and EP546 
the fusion of the iCre transcript to exon 2 and EP083 and EP084 the transcript of the ORF of Foxa2 (see fi gure 25c).
(Abbreviations: ORF = open reading frame)

To analyse the Foxa2 protein levels in brain, lung and pancreas in wild type versus Foxa2iCre/+ and Foxa2iCre/

iCre adult (≥8 weeks) mice Western blot was performed. The results show a clear difference in the expression 
of Foxa2 in the pancreas, with less expression in animals which are heterozygous and homozygous for the 
iCre allele (see fi gure 27b). There is also a severe decrease of expression in the lung in wild type compared to 
heterozygous and homozygous animals (see fi gure 27a). Quantifi cation using the gel analyzer tool of the “Image 
J” software revealed that the expression of Foxa2 in the lung in animals that are homozygous for the iCre allele 
is about 2/3 of the amount of Foxa2 protein concentration in wild type animals (1.23  0.85; see fi gure 27a). In 
the pancreas the decrease of Foxa2 protein in homozygous animals is about 1/2 compared to the wild type level 
(1.50  0.73; see fi gure 27b). Regarding the brain, protein levels were too low to detect any expression. The 
expression of Foxa2 in the adult brain seems to be restricted to a relatively small cell population in the ventral 
midbrain (Kittappa et al., 2007). 
Determinations of the levels of mRNA expression and protein synthesis strongly indicate that the two promoters 
predicted by the Genomatix software are regulated in a tissue specifi c manner.  
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Figure 27:
Analysis of the Foxa2 protein concentration
in samples from lung and pancreas of 
Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and
Foxa2+/+ mice using Western blot

In the lung (a) like in the liver of P1 mice 
(see fi gure 23) a decrease in Foxa2 protein 
expression can be detected between wild 
type (fi rst lane) and heterozygous (second 
lane) and homozygous (third lane). 
E-cadherin serves as loading control. 
The decrease of Foxa2 expression in the 
pancreas (b) is as severe as in lung (a) 
and liver (see fi gure 23). The fi rst lane 
shows expression of Foxa2 in the wild type 
pancreas, in the second and third lane 
heterozygous and homozygous samples are shown, respectively. Again, E-cadherin is used as a loading control. The corresponding charts 
in a and b show the quantifi cation of the Foxa2 protein expression levels normalized to E-Cadherin for Foxa2+/+, Foxa2iCre/+ and Foxa2iCre/iCre 
using the “Image J” gel analysis method. Exact relative values are indicated in the columns.
(Abbreviations: kDa = kilo Dalton; P = postnatal day)

4.3.      Analysis of the metabolism of Foxa2iCreΔneo/iCreΔneo mice

The Foxa family of transcription factors has been shown to be involved in early embronic development (Ang and 
Rossant, 1994; Weinstein et al., 1994) and only recently its function in liver metabolism has begun to be described 
(Wolfrum et al., 2004; Wolfrum and Stoffel, 2006; Wolfrum et al., 2008). Foxa2 in particular is involved in insulin 
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responsive liver gene expression, fatty acid metabolism and bile duct homeostasis (Wolfrum et al., 2004; Wolfrum 
and Stoffel, 2006; Wolfrum et al., 2008; Wederell et al., 2008, Bochkis et al., 2008). Even Foxa2 heterozygous 
mice show alterations in liver metabolite concentrations, e.g. high density lipoprotein (HDL; Wolfrum et al., 2008), 
in line with the observation that Foxa2 heterozygotes show increased adiposity on a high-fat diet (Wolfrum et al., 
2003).
The high levels of recombination activity of the iCre observed in Foxa2iCreΔneo/+ mice in liver and pancreas led to 
the consideration of a possible metabolic defect in mice homozygous for the iCre allele, the effects of which would 
eventually appear in adulthood only.
Therefore littermates of heterozygous intercrosses (Foxa2iCreΔneo/iCreΔneo; Foxa2iCreΔneo/+ and Foxa2+/+; generation 
5 backcrossed to C57Bl/6 background) were analysed for evidence of metabolic issues approximately 8 weeks 
after birth in cooperation with Dr. Susanne Neschen (Helmholtz Zentrum München, Institute for Experimental 
Genetics). Mice were anaesthetized with isofl urane and blood from the vena cava was taken for plasma and blood 
analysis. Markers for liver metabolism were examined in a plasma analysis (plasma lipids, glucose etc.). For 
comparison of the plasma data, liver and body weight (BW) were measured and the liver weight was calculated 
in relation to the body weight (% BW). There was no signifi cant variability in the liver size or weight compared to 
the body weight (see table 2, column 4).
The analysis of the blood showed a decrease in the hemoglobin concentration and the hematocrit in heterozygous 
and homozygous vs. wild type mice (see table 1, column 5 and 6), although the number of red blood cells was 
indiscernably lower.

Genotype White blood 
cells

Red blood 
cells Platelets Hemoglobin

concentration Hematocrit

1.000/µl 1.000.000/µl 1.000/µl mg/dl %

Foxa2 +/+ 6,20 10,60 971 16,50 50,95
Foxa2 iCre/+ 4,45 8,68 1003 13,16 41,13
Foxa2 iCre/iCre 6,12 9,03 1023 13,76 43,37

Table 1: 
Blood analysis of Foxa2iCreΔneo/iCreΔneo, 
Foxa2iCreΔneo/+ and Foxa2+/+ mice

The table shows the results of the 
blood analysis of Foxa2iCre mice. Row 
1 refers to the wild type mouse row two 

and three refer to heterozygous and homozygous mice, respectively. Parameters measured are concentrations of white and red blood cells, 
of the platelets, of the hemoglobin and the hematocrit (column 2-6). Slight differences in the blood analysis from wild type vs. heterozygous 
and homozygous can already be detected. Heterozygous and homozygous samples show a decreased hemoglobin concentration and a lower 
hematocrit (column 5 and 6). The numbers of white and red blood cells as well as the platelet number do not differ signifi cantly (column 2-4).

The plasma analysis revealed, that for all parameters measured Foxa2iCreΔneo/+ and Foxa2iCreΔneo/iCreΔneo mice show 
a signifi cant decrease compared to the wild type control mouse (cholesterol, triacylglycerol, glucose, HDL (high 
density lipoprotein), LDL (low density lipoprotein), non-esterifi ed fatty acids; see table 2, column 5-10) while the 
percentage of the liver weight compared to the whole body weight, the body weight itself or the weight of the liver 
do not differ in wild type vs. heterozygous and homozygous mice (see table 2; column 2-4).
These results indicate that the Foxa2 hypomorphic mice suffer from liver metabolic defects and suggest that 
these mice can be used to study signaling pathways involved in liver metabolism and associated defects.

Genotype BW (g) Liver
weight (g)

Liver
(% BW) Cholesterol Triacyl-

glycerol Glucose LDL HDL Non-esterified
fatty acids

Foxa2 +/+ 21,2 1,2 5,7 132,8 204,2 107,2 22,4 90,4 2,3
Foxa2 iCre/+ 21,7 1,2 5,5 94,8 124,6 100,6 16,2 65,6 1,3
Foxa2 iCre/iCre 20,6 1,2 5,8 84,4 129,8 81,4 18,3 55,4 1,4

Table 2:   Plasma analysis of Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+ mice

The table shows the results of the plasma analysis for Foxa2iCre mice. Row 1 refers to the wild type mouse row two and three refer to 
heterozygous and homozygous mice, respectively. Parameters measured are cholesterol, triacylglycerol, glucose, LDL, HDL and non-
esterifi ed fatty acids (column 5-10). Heterozygous and homozygous mice show a decrease for all liver metabolic parameters in the analysis 
(cholesterol, triacylglycerol, glucose, HDL, LDL, non-esterifi ed fatty acids; column 5-10, row 2 and 3). Column 2-4 show liver and body 
weight and the calculated liver weight in relation to the body weight in %. The body weight as well as the liver weight does not differ 
signifi cantly between wild type, heterozygous and homozygous mice (column 2-4).
(Abbreviations: BW = body weight; HDL = high density lipoprotein; LDL = low density lipoprotein)
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4.4.      Conditional knock-out analysis

Conditional deletion of genes that would usually lead to early embryonic lethality in the complete knock-out 
situation provides the chance to study the function of those genes at later stages or in specifi c tissues. Necessary 
tools for approaches like this are recombinases, either temporally restricted (inducible) and/or tissue-specifi c. The 
generated mouse lines, Foxa2iCre and Sox17iCre, expressing Cre in a specifi c subset of cells could therefore be 
used as tools for conditional knock-out analysis. 
To understand how endoderm progenitors become lineage-specifi ed and how they give rise to different cell types 
and organs and, in particular, what signals are involved in these lineage decisions it is necessary to knock out key 
factors of the different pathways that should be tested for involvement (see fi gure 12a and 12c).
The impact of the canonical Wnt pathway, e. g., on any differentiation processes can be studied by elimination of 
its downstream effector β-catenin (see fi gure 8).

4.4.1.   Characterization of the β-catenin knock-out in the Foxa2-positive cell population:
            Foxa2iCre/+; β-cateninfl ox/fl ox; R26R/+ mice

The Nodal/TGFβ as well as the Wnt/β-catenin pathways are indispensible for the induction of mesoderm and 
endoderm; for both pathways knock-out models exist that fail to gastrulate and fail to form mesoderm and endoderm 
(Conlon et al., 1994; Zhou et al., 1993; Haegel et al., 1995; Liu et al., 1999; Huelsken et al., 2000). A gradient of 
Nodal signaling is suffi cient to pattern mesoderm versus endoderm with high and low levels, respectively (Zhou 
et al., 1993; Conlon et al., 1994; Alexander and Stainier, 1999; Tremblay et al., 2000; Lowe et al., 2001; Vincent 
et al., 2003). The Wnt/β-catenin pathway plays a role in the separation of endoderm versus mesoderm (Lickert et 
al., 2002). β-catenin mutants, knock-out models for canonical Wnt signaling, in the domain of Cytokeratin 19 Cre 
(K19-Cre) expression show an accumulation of mesoderm in the expense of endoderm, or more precisely ectopic 
cardiac mesoderm is formed (Lickert et al., 2002).

To investigate the infl uence of β-catenin, in terms of canonical Wnt signaling, in the Foxa2-positive cell population 
in the early embryo, β-catenin was conditionally deleted under the control of the Foxa2iCre allele. Thus, deletion 
should occur in mesendodermal progenitor cells giving rise to mesoderm and endoderm. Therefore Foxa2iCre/+ 
mice were mated to conditional β-catenin knock out mice, carrying the ROSA lacZ reporter gene (β-cateninfl ox/

fl ox; R26R/R; Brault et al., 2001; Soriano, 1999), to obtain mice heterozygous for all three alleles (see fi gure 28; 
Foxa2iCre/+; β-cateninfl ox/+; R26R/+). The reporter allele thereby allows for the sensitive detection of cells, cell 
populations and tissues with Cre recombination activity, most likely overlapping with the conditional deletion of 
β-catenin (see fi gure 12b and 12c).

Foxa2iCre/+           x          β-cateninflox/flox; R26R/R

Foxa2iCre/+; β-cateninflox/+; R26R/+          x          β-cateninflox/flox; R26R/R

Foxa2iCre/+; β-cateninflox/flox; R26R/+

P

F1

F2

Figure 28:   Crossing scheme conditional β-catenin knock out A

Foxa2iCreΔneo/+ mice were crossed to β-cateninfl ox/fl ox; R26R/R mice to 
obtain Foxa2iCreΔneo/+; β-cateninfl ox/+; R26R/+ mice (F1). These mice 
were used for plug matings with β-cateninfl ox/fl ox; R26R/R mice to 
analyze Foxa2iCreΔneo/+; β-cateninfl ox/fl ox; R26R/+ mice (F2).

As expected, deletion of just one allele of β-catenin 
resulted in viable mice that had neither an obvious 
phenotype nor any difference in β-galactosidase 
expression compared to wild type mice.

To completely knock out β-catenin in the Foxa2iCre expression domain Foxa2iCre/+; β-cateninfl ox/+ mice were crossed 
to β-cateninfl ox/fl ox; R26R/R and the offspring was genotyped for mice carrying the iCre allele and two fl oxed β-catenin 
alleles (see fi gure 28).
No developmental defects or embryonic lethality could be observed between E6.5 and E18.5. Moreover, it was 
shown that the mice with two conditional alleles of β-catenin and the Foxa2iCre allele are viable and are born in an 
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expected Mendelian ration of ~25% (28,5%, n=70, see chart 2).
The unexpected result that conditional deletion of β-catenin in the domain of Foxa2-iCre recombination activity does 
not lead to embryonic lethality suggests that the Cre recombination is not suffi cient. At early stages recombination 
might occur too late, or the expression could be not strong enough for complete recombination, generating a 
genetic mosaic of wild type and conditional mutant cells.
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Chart 2:   Preliminary data of Mendelian distribution of Foxa2iCre/+; β-cateninfl ox/fl ox mice

The chart shows the distribution of the different alleles within a mouse colony with 21 members. The Foxa2iCreΔneo allele is inherited with 66%, 
the β-cateninfl ox allele with 33% (a). Mendelian distribution would be 50% for each (red line). However, together they are inherited with 28,5% 
(b), while the expected distribution is 25% (red line).

4.4.2.   Analysis of the metabolism of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox; R26R/+ mice

Due to the fact that the mutation of β-catenin in Foxa2iCreΔneo/+; β-cateninfl ox/fl ox; R26R/+ mice is not embryonic 
lethal the mice were analysed for a later metabolic phenotype. It was known from the data achieved by crossing 
Foxa2iCreΔneo/+ to R26R/R β-galactosidase reporter mice that the Cre recombination activity is high in all cells of the 
liver and the pancreas. If canonical Wnt signaling has an infl uence on the metabolism of pancreas or liver it is 
most likely that the mutant mice exhibit a metabolic phenotype that can be revealed by measurement of blood 
plasma parameters.
Therefore eight week old litter mates (note: n=1 for each genotype) were anesthetized and blood was taken from 
the vena cava to obtain data from blood and plasma analysis. Again, to be able to compare the data, the body 
weight (BW) and the liver weight were measured. The liver weight was then calculated in relation to the body 
weight (“% body weight”). No differences could be found for the size or the weight of the liver (see table 4, column 
4).
The results of the blood and plasma analysis revealed that there is no signifi cant difference detectable regarding 
blood or plasma samples. Blood cell types are present in the expected distribution, number and concentration 
with higher variability for the Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mouse (see table 3, column 2-6). Also liver metabolism 
specifi c parameters are within the normal range and do not differ signifi cantly between “wild type” (Foxa2+/+; 
β-cateninfl ox/+), heterozygotes (Foxa2iCreΔneo/+; β-cateninfl ox/+) and homozygotes (Foxa2iCreΔneo/+; β-cateninfl ox/fl ox): 
cholesterol, triacylglycerol, glucose, HDL (high density lipoprotein), LDL (low density lipoprotein), non-esterifi ed 
fatty acids; see table 4, column 5-10). Only two HDL and non-esterifi ed fatty acids showed a lower concentration 
in the Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mouse. 
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Genotype White blood 
cells

Red blood 
cells Platelets Hemoglobin

concentration Hematocrit
1.000/µl 1.000.000/µl 1.000/µl mg/dl %

Foxa2 +/+ ;
-catenin flox/+ 2,71 9,33 1332 13,92 43,02
Foxa2 iCre/+ ;
-catenin flox/+ 1,81 9,11 1248 13,3 42,55
Foxa2 iCre/+ ;
-catenin flox/flox 4,54 7,67 994 11,6 36,6

Table 3:   
Blood analysis of Foxa2iCreΔneo/+; 
β-cateninfl ox/fl ox mice

The table shows the results of the blood 
analysis of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox 
mouse in comparison to  Foxa2iCreΔneo/+; 
β-cateninfl ox/+ and  Foxa2+/+; β-cateninfl ox/+ 
mice. Parameters measured are 
concentrations of white and red blood cells, 

of the platelets, of hemoglobin and the hematocrit (column 2-6). Only the Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mouse shows slight differences in the 
concentrations of all parameters measured (last row).

Genotype BW (g) Liver
weight (g)

Liver
(% BW) Cholesterol Triacyl-

glycerol Glucose LDL HDL Non-esterified
fatty acids

Foxa2 +/+ ;
-catenin flox/+ 21,8 1,0 4,6 112,2 128,0 116,2 19,1 77,0 1,9
Foxa2 iCre/+ ;
-catenin flox/+ 21,9 1,1 5,0 95,8 106,6 103,0 16,6 60,4 1,9

Foxa2 iCre/+ ;
-catenin flox/flox 24,1 1,1 4,6 100,4 132,0 88,2 19,3 55,8 1,2

Table 4:   Plasma analysis of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mice

The table shows the results of the plasma analysis of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mouse in comparison to Foxa2iCreΔneo/+;  β-cateninfl ox/+ and  
Foxa2+/+; β-cateninfl ox/+ mice. Parameters measured are cholesterol, triacylglycerol, glucose, LDL, HDL and non-esterifi ed fatty acids (column 
5-10). Only the Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mouse shows slight differences in the concentrations of especially HDL and non-esterifi ed fatty 
acids (last row). Column 2-4 show liver and body weight and the calculated liver weight in relation to the body weight in %. The body weight 
as well as the liver weight do not differ signifi cantly between Foxa2+/+; β-cateninfl ox/+, Foxa2iCreΔneo/+; β-cateninfl ox/+ and Foxa2iCreΔneo/+; β-cateninfl ox/

fl ox mice (column 2-4).
(Abbreviations: BW = body weight; HDL = high density lipoprotein; LDL = low density lipoprotein)

4.4.3.   Characterization of the ß-catenin knock-out in the Foxa2-positive cell population:
            Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice

Because mice carrying two fl oxed β-catenin and the Foxa2iCre/+ alleles were viable and had no obvious phenotype, 
contrary to the predictions made on the basis of former published observations (Lickert et al., 2002), the number of 
alleles to be recombined was reduced, assuming that this way the deletion of β-catenin would be more complete 
and less of a genetic mosaic would be generated.
To achieve a reduction of the number of alleles for recombination, mice heterozygous for the β-catenin allele 
(β-cateninfl oxdel/+; Brault et al., 2001) were mated to Foxa2iCre/+ mice to obtain mice positive for both alleles (Foxa2iCre/+; 
β-cateninfl oxdel/+). These mice were than mated to β-cateninfl ox/fl ox; R26R/R to completely delete β-catenin in the 
domain of Foxa2-iCre recombination activity by only one recombination step that in parallel could be visualized 
using the reporter activity of the R26R/+ allele (see fi gure 12b, 12c and 29).

Foxa2iCre/+           x          β-cateninfloxdel/+

Foxa2iCre/+; β-cateninfloxdel/+          x          β-cateninflox/flox; R26R/R

Foxa2iCre/+; β-cateninfloxdel/flox; R26R/+

Figure 29:   Crossing scheme conditional β-catenin knock out B

Foxa2iCreΔneo/+ mice were crossed to β-cateninfl oxdel/+ mice to obtain Foxa2iCreΔneo/+; 
β-cateninfl oxdel/+ mice (F1). These mice were used for plug matings with 
β-cateninfl ox/fl ox; R26R/R mice to analyze Foxa2iCreΔneo/+; β-cateninfl oxdel/fl ox; R26R/+ 
mice (F2).
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At P5 mice were dissected and genotyped (for distribution see chart 3). There was no obvious phenotype regarding 
organ organization or relative size. The staining pattern for β-galactosidase showed no obvious abnormalities 
either (see fi gure 31). But the mice indeed appeared a bit smaller than their littermates, yet this is also true for 
mice carrying the β-cateninfl oxdel allele alone. There is evidence that the Mendelian distribution is not fulfi lled (see 
chart 3b, red asterisk) as it is also the case for the β-cateninfl oxdel allele alone (see chart 3a, red asterisk).
These results suggest that a deletion of one allele of β-catenin already leads to a disruption of the expected 
Mendelian ration and that this effect is amplifi ed if the second allele is also deleted under the control of Foxa2-
iCre recombinase. 

Foxa2iCre/+; β-cateninfloxdel/+  x  β-cateninflox/flox; R26R/R

Foxa2iCre/+ ; β-cateninflox/+; R26R/+ Foxa2iCre/+ ; β-cateninfloxdel/flox; R26R/+

 E10.5

h

li

lb

pa

fb

s
g

Figure 30:
E10.5 Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ 
mice

The fi gure shows 5 embryos dissected at 
E10.5. Yolk sacs were used for genotyping. 
Mice show activity of β-galactosidase in the 
expected tissues (e.g.: liver, pharyngeal 
arches, notochord and fl oorplate). Genotypes 
from left to right: Foxa2iCreΔneo/+, β-cateninfl ox/+, 
R26R/+; Foxa2iCreΔneo/+, β-cateninfl ox/+, R26R/+;
Foxa2iCreΔneo/+, β-cateninfl oxdel/fl ox, R26R/+;
Foxa2iCreΔneo/+, β-cateninfl oxdel/fl ox, R26R/+;
Foxa2iCreΔneo/+, β-cateninfl oxdel/fl ox; R26R/+.

(Abbreviations: h: heart; li: liver; lb: limb buds, pa: pharyngeal arches; fb: forebrain; s: somites; g: gut)
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Chart 3:   Mendelian distribution of Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice

The chart shows preliminary data of the Mendelian distribution of Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice. Because of the design of the 
mating all mice carry one β-cateninfl ox and one R26R allele. (n = 32) 

Specifi ed are the total number of mice carrying the Foxa2iCre versus the wild type alleles (a; left column), the β-cateninfl oxdel versus the wild 
type alleles (a; right column), and both alleles together versus all possible other genotypes (b). Percentages are designated within the 
columns and the expected ratio (calculated mendalian distribution) is marked with a red line in both a and b. Asterisks in a and b point out 
the differences of actual distribution of genotypes compared to the expected Mendelian distribution.

Embryos dissected at E10.5 had no obvious phenotype. They had neither size abnormalities, regarding whole 
embryos or their organs, nor issues regarding the arrangement of the organs. There was no observable difference 
in their staining pattern for β-galactosidase activity as compared to control embryos (see fi gure 30). The mice 
were therefore mated to produce live offspring.
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Figure 31:   Organs of Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice at P5
 

The fi gure shows organs of P5 old mice, namely liver (a), stomach (b), pancreas (c), lung (d) 
and heart (e). Both mice carry the Foxa2iCre and the β-cateninfl ox alleles. The β-cateninfl oxdel 
allele is inherited like indicated in the fi gure. The mouse carrying the both the β-cateninfl ox 
allele and the β-cateninfl oxdel allele was in general a bit smaller than the one with only the 
β-cateninfl ox allele and consequently all its organ.
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4.5.      Differentiation of ES cells into endoderm

The obvious discrepancy between supply and demand of donor organs for transplantation clearly demonstrates 
that there is an increasing need for alternatives. One alternative holding many advantages (e.g. regarding 
immune reactions, availability of transplantable material etc.) could be the cell replacement therapy using in vitro 
differentiated (embryonic) stem cells. Suitable for cell replacement therapies are organs like liver and pancreas, 
or more precisely, pancreatic islet cells which are composed of mainly insulin-producing β-cells. At the current 
time, these organs are more promising for cell therapies than complex organs like the heart or the kidneys, where 
transplantation of single cells may not lead to suffi cient therapeutic effects. 
The fi rst steps in the direction of cell replacement therapies are already made. There is one example where 
human ES cells were successfully differentiated in vitro into β-cells that had the ability to cure insulin insuffi cient 
mice after transplantation (Kroon et al., 2008; D’Amour et al., 2006) by blood sugar dependent production of 
insulin (for differentiation protocol see fi gure 32). These two different protocols available for the differentiation of 
ES cells into pancreatic endoderm precursors notably start with the same condition: Wnt and activin A conditioned 
medium without serum. However, one should be aware of the fact that the insulin-producing cells generated in 
this in vitro approach are clearly not comparable to adult β-cells, but rather have embryonic characteristics. After 
transplantation into a recipient mouse the human cells that were generated in vitro differentiated and matured for 
30 days to three months until they reached their maximum of insulin secretion and showed glucose sensitivity 
(Kroon et al., 2008).
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ES in vitro differentiation into hormone expressing endocrine cells

Figure 32:   Protocol for differentiation of ES cells into blood sugar dependent insulin-producing cells

In vitro differentiation according to D’Amour et al. (2006) and Kroon et al. (2008). Specifi ed are the factors added to the medium the time of 
differentiation under each single condition and the stages of pancreatic development that were achieved (Stage 1-5).
(Abbreviations: CYC = KAAD-cyclopamine; Cer = Cerberus 1 homolog; Cxcr4 = Chemokine (C-X-C motif) receptor 4; DAPT = γ-secretase 
inhibitor; DE = defi nitive endoderm; Ecad = E-cadherin; EN = hormone-expressing endocrine cells; ES = hES cell; Ex4 = exendin-4; Fgf4 = Fi-
broblast growth factor 4; Foxa2 = Forkhead box protein a2; Ghrl = ghrelin/obestatin prepropeptide; Hlxb9 = Homeobox gene HB9; Hnf1β/ 6/ 4α 
= Hepatocyte nuclear factor 1β/ 6/ 4α; Ins = Insulin; ME = mesendoderm; Ncad = N-cadherin; Ngn3 = Neurogenin 3; Nkx2.2/ 6.1 = Homeobox 
protein Nkx-2.2/ 6.1; Oct4 = Octamer-binding transcription factor 4; Pax4 = paired box gene 4; Pdx1 = Pancreas/duodenum homeobox 1; PE 
= pancreatic endoderm and endocrine precursor; PF = posterior foregut endoderm; PG = primitive gut tube; Ppy = pancreatic polypeptide; RA 
= all-trans retinoic acid; Sox2/ 17= SRY-related HMG-box transcription factor 2/ 17; Sst = Somatostatin; T = Brachyury)
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Regarding cell replacement therapies, the creation of iPS cells led to a new era in stem cell research (Takahashi 
et al., 2007; Takahashi and Yamanaka, 2006; Nakagawa et al., 2008). Induced stem cells could make it possible 
to obtain autologous differentiation systems where donor and recipient are the same person. It could be possible 
to fi rst de-differentiate someone’s cells to an ES cell-like state and then to differentiate those in a directed manner 
to the specifi c cells needed. These cells could than be transferred back to the donor (now operating as the 
receptor) and should not lead to any immune reaction because of the autologous nature of the tissue (especially 
in respect to identical major histocompatibility complexes I and II).
Taken together, establishing and optimizing in vitro differentiation systems is a fundamental goal to generate 
suffi cient enough transplantable cell types in culture from ES or iPS cells.

4.5.1.   Establishment of an in vitro differentiation system from ES cells into endoderm

For the study of the differentiation of ES cells into endoderm a protocol published by Tada et al. (2005) was adopted 
in the lab (also see Yasunaga et al., 2005). Different knock-in ES cells were therefore differentiated on collagen IV 
coated dishes in SFO3 medium supplemented with 10ng/ml human activin A and 0.1mM β-mercaptoethanol (see 
fi gure 33 and Material and Methods).
For differentiation T::GFP cells (Fehling et al., 2003) and Foxa2-Venus-fusion and Sox17-Venus- or Cherry-
fusion cells were used. T::GFP cells express GFP under the transcriptional control of the mesendodermal 
and mesodermal marker gene Brachyury (T). The expression of the fl uorescent protein therefore marks cells 
differentiated into mesendoderm and mesoderm (Fehling et al., 2003). Foxa2- and Sox17-fusion ES cell lines 
express the fl uorescent proteins Venus (yellow) and or or Cherry (red) as fusions to the natural proteins and were 
generated by Dr. Ingo Burtscher by exchanging the translational stop-codon with the open reading frame of one of 
the fl uorescent proteins. The complete 3’-untranslated region (UTR) is preserved this way and the transcriptional 
and translational regulation should therefore be as physiological as possible. The expression of the fl uorescent 
protein in those cell lines can be used as an indicator for endodermal differentiation. 
On protein level, neither Brachyury, nor Foxa2 or Sox17 are expressed in ES cells.
With the published protocol (Tada et al., 2005) a differentiation of all three cells lines was achieved, and was 
monitored by the expression of the fl uorescent proteins (see fi gure 33).

ES cell

Endoderm

Mesoderm

Mesendoderm

SFO3

serum free

Activin A

Gsc

Foxa2

Gsc

Foxa2

Sox17

Gsc

according to Tada et al., 2005

Figure 33:   ES differentiation according to Tada et al. (2005)

The fi gure schematically shows the in vitro differentiation of ES cells into endoderm 
according to a protocol from Tada et al. (2005). ES cells (green) are treated with 
(human) activin A under serum-free conditions in SFO3 medium. They then start 
differentiating into mesoderm (red) and endoderm (yellow) proven by the expression 
of different makers (Foxa2, Sox17, Gsc) via a mesendodermal state (orange).
(Abbreviations: Foxa2 = Forkheadbox transcription factor a2; Gsc = Goosecoid; 
Sox17 = Sry-box related HMG box transcription factor 17)

To further optimize the differentiation of ES cells into Foxa2 and Sox17 expressing cells different co-culture systems 
were tested for effi ciency and were microscopically compared to the differentiation on plain collagen IV coated 
dishes (for schematic protocol see 34a). Cell lines used for co-cultures were NIH3T3 either stably transfected with 
a vector expressing β-galactosidase (control system), Wnt1 or Wnt3a (Wnt1-NIH3T3, Wnt3a-NIH3T3). Figure 34b 
shows representative recordings of the differentiation effi ciency. Already at day 1 of differentiation one can clearly 
observe that the differentiation using NIH3T3 cells expressing Wnt3a in co-culture is the most effi cient, followed 
by Wnt1 expressing NIH3T3 (d1-2), control cells (d2) and the collagen coated plate without any co-culture (d3). 
Furthermore, to show the difference in differentiation effi ciency using Wnt3a over-expressing NIH3T3 compared 
to those, expressing β-galactosidase FACS analysis on Foxa2-Venus fusion differentiated cells was carried out 
over time. To be able to distinguish between ES cells and NIH3T3 cells even after differentiation, when the 
former ES cells cannot be as easily identifi ed by their size and granularity (forward and side scatter), NIH3T3 
cells were stably transfected with either a pCAGGS-Kozak-Tomato (ubiquitous red fl uorescence driven by the 
chicken β-actin promoter) or a pCAGGS-H2B-Venus (nuclear yellow fl uorescence driven by the same promoter) 
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construct. With the help of these constructs NIH3T3 cells became easily distinguishable due to their fl uorescence 
no matter when or what fl uorescence the ES cells would start to express during differentiation (for an example of 
Venus expressing differentiated ES cells cocultured on Wnt3a and Kozak-Tomato over-expressing NIH3T3 cells 
see fi gure 34d).
Figure 34c shows the expression of fl uorescent fusion proteins in differentiating cells dependent on the coculture 
(+/- Wnt3a) used. The control FACS data for undifferentiated ES cells and Tomato over-expressing NIH3T3 cells 
are shown in fi gure 34c, right box. The onset of Venus expression is visualized on the x-axis, the number of cells 
on the y-axis. As can clearly be seen the graphs for ES cells differentiated on Wnt3a over-expressing NIH3T3 
cells (middle box in 34c) show a second Venus positive peak after 3 days of differentiation that grows over time 
(d3-d6), while the ES cells differentiated on β-galactosidase expressing NIH3T3 do not show any fl uorescence in 
the period of differentiation that was focused on (left box in 34c).
Examples of what Foxa2-Venus fusion ES cells look like after differentiation on Wnt3a-NIH3T3 are shown in 
fi gure 34e-g’. The cells form networks (e and e’) of tube-like structures (f and f’) with thickenings and “holes” of 
fl uorescence expression (g and g’). 
These results indicate that Wnt3a is necessary for an effi cient differentiation of ES cells into endoderm and that 
also the feeder cells provide an enviroment with a positive impact on the differentiation.
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Figure 34:   
Optimization of 
differentiation using a 
co-culture system with 
NIH3T3 cells over-
expressing Wnt3a

The fi gure schematically 
shows the protocol 
(a) for the optimized 
differentiation using a 
co-culture system with 
NIH3T3 Wnt3a over-
expressing feeder cells 
(orange) in SFO3 medium 
(green) plus activin A 
(red). ES cells (light blue) 
differentiate into Foxa2 
and Sox17 expressing 
endodermal precursor 
cells (orange and yellow).
The table in b shows 
a comparison of the 
differentiations of Foxa2 
and Sox17-Venus fusion 
ES cells on Wnt3a (yellow 
box), Wnt1 (pink box) and 
LacZ (blue box) over-
expressing NIH3T3 cells 

and on collagen IV (green box) over time (day 0 to 6). Graphics in c show the data of 
FACS analysis of Foxa2-Venus fusion and Sox17-Venus fusion ES cells on Wnt3a (middle 
box) and β-galactosidase (left box) over-expressing NIH3T3 cells. Venus fl uorescence is 
displayed on the x-axis while the number of cells is displayed on the y-axis at day 1 to 6 

(d1-6) of differentiation. Fluorescent controls of NIH3T3 and undifferentiated ES cells are shown in the right upper box of c. As an example a 
Foxa2-Venus expressing colony of differentiated ES cells on Tomato and Wnt3a over-expressing NIH3T3 after 2-3 days is shown in d as an 
overlay of the two fl uorescent pictures. In e-g examples of differentiations of Foxa2-Venus fusion ES cells for 5-7 days are shown in brightfi eld. 
The corresponding fl uorescent pictures (Venus) are numbered e’-g’.
(Abbreviations: d = day; ES cells = embryonic stem cells; FACS = fl uorescence activated cell sorting)
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4.5.2.   Characterization of the in vitro differentiation system

To characterize the in vitro differentiated cells on a molecular level RT-PCR was performed on three independent 
ES cell clones with different differentiation status. RNA was then extracted at different time points of differentiation 
(d5 and d9) and the expression of marker genes was analysed. Differentiation effi ciency could be monitored by 
the expression of fl uorescent proteins under the control of the three early markers T (Brachyury, mes(end)oderm; 
T::GFP cells; Fehling et al., 2003) Foxa2 (mesendoderm; Foxa2-Venus fusion cells) and Sox17 (endoderm; 
Sox17-Venus fusion cells).
Different primer sets were used in the semi-quantitative PCR to detect the expression of several markers (for 
primer sequences see Material and Methods), namely Foxa2, Sox17, Pdx1 (Pancreas/ duodenum homeobox 
gene 1), IFAB-P (intestinal fatty acid binding protein), Cerl (Cerberus like), Hex (Haematopoetically expressed 
homeobox gene) and Nkx2.1 (NK2 homeobox 1). Foxa2 and Sox17 were used as controls of the differentiation 
into endoderm, as well as Pdx1 as the fi rst gene known to be expressed in the pancreas. IFAB-P marks the 
posterior gut endoderm, Cerl, as a Wnt inhibitor, is a marker for the more anterior endoderm, Hex marks the 
AVE as well as the earliest liver progenitors and Nkx2.1 the early progenitor of the lung. β-actin (not shown) was 
used as a control for the integrity and semi-quantitative concentration of the cDNA and reverse transcribed RNA 
extracted from an E9.5 embryo was used as a positive control for all markers. Wnt3a feeder cDNA and ES cell 
cDNA served as controls for the basic level of expression that can already be detected without differentiation. 
RNA of many chosen markers is expressed in ES cells: Foxa2, Sox17, Pdx1, Cerl and Hex.  Sox17 and Foxa2 
were not detected in ES cells that carry a knock-in at the Sox17 or Foxa2 locus that replaces the Stop-codon 
with a fl uorescent marker (unpublished observation). Additionally, the two factors could not be detected in 
immunostainings, suggesting that most of the transcription detected here is due to transcriptional noise in ES 
cells. Hex, however, seems to be expressed on a protein level since a BAC reporter line also shows an expression 
in the undifferentiated ES cell state (unpublished observation). The expression of the posterior marker Sox17 
seems to be upregulated between d5 and d9 of differentiation in T::GFP and Foxa2-Venus fusion cells or at least 
stays the same in Sox17-Venus fusion cells. The expression of Foxa2 stays the same level in all three clones. The 
expression of the more anterior markers Pdx1 (fi rst pancreas marker), Cerl (Wnt inhibitor), Hex (fi rst liver marker) 
and Nkx2.1 (fi rst lung marker) are downregulated in this semi-quantitative assay (see fi gure 35). 
The expression of the different markers, as measured by RT-PCR analysis, suggests that posterior endoderm is 
generated by using the in vitro differentiation assay.

Foxa2

Sox17

Pdx1

IFAB-P

Cerl

Hex

Nkx2.1

T5      T9       F5      F9       S5      S9     Wnt     ES     E9.5   H2O Figure 35:
RT-PCR on RNA samples of 
in vitro differentiated ES cells

The fi gure shows RT-PCRs 
for different markers (row 1-7: 
Foxa2, Sox17, Pdx1, IFAB-P, 
Cerl, Hex and Nkx2.1) on 
three different knock in ES cell 
lines (column 1-6: T = T::GFP, 
F = Foxa2-Venus fusion, S = 
Sox17-Venus fusion) under 
differentiation conditions 
after 5 (column 1, 3 and 5) 
and 9 (column 2, 4 and 6) 
days. Columns 7-10 show the 
controls: cDNA from Wnt3a 

NIH3T3 feeder cells (Wnt), undifferentiated ES cells (ES), an Embryo at E9.5 (E9.5) and the water control (H2O).

4.5.3.   In vitro differentiation – onset of marker expression (FACS analysis)

For differentiation of defi nitive endoderm in vivo the expression of Foxa2 can be detected fi rst (E6.5; Ang et al., 
1993), followed by the expression of Sox17 (E7.0; Kanai-Azuma et al., 2002). Resolution of static fl uorescent 
microscopy and RNA expression analysis do not allow for a precise determination of the onset of marker gene 
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expression in vitro for comparison. Other approaches allow for a more accurate detection of the fl uorescence to 
distinguish the relative beginning of expression of the two markers.
To focus more precisely on the onset of marker expression and to be able to compare these data with what 
is known from the in vivo expression FACS analysis was used. In contrast to fl uorescence microscopy FACS 
analysis is about 10-fold more sensitive. It is therefore possible to detect the onset of expression of fl uorescent 
markers much earlier. In vitro differentiated ES cells either carrying knock-ins for T (GFP), Foxa2 (Venus) or Sox17 
(Venus) – as mentioned above – were differentiated on Tomato-labelled Wnt3a overexpressing NIH3T3 cells. The 
FACS data of this differentiation over time clearly showed that the expression of GFP under the control of the 
Brachyury promoter can be detected fi rst, followed by the expression of Venus under the control of the Foxa2 
promoter and Venus under the control of the Sox17 promoter. While T::GFP expression is downregulated after 5 
days of differentiation, Venus expression (under both – either or – regulatory elements of Foxa2 and Sox17) stays 
constant (see chart 4). These data are in keeping with observations using fl uorescent microscopy.
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Chart 4:
FACS analysis of the onset of marker gene 
expression

The chart shows the expression 
of fl uorescent markers under the 
transcriptional control of Brachyury (T; 
green), Sox17 (red) and Foxa2 (yellow) 
and their development over time (d3-d7). 
Stated are percentages of the cells that 
become fl uorescent positive (y-axis) in 
relation to the differentiation time (x-axis). 
The grey line represents the negative 
control (undifferentiated ES cells without a 
fl uorescent maker).

4.5.4.   In vitro differentiation – onset of marker expression (live imaging)

To understand the kinetics and dynamics of Foxa2 and Sox17 expression in the in vitro assay, to identify potential 
endodermal subpopulations and to narrow down the time window of the onset of fl uorescent fusion expression 
with cellular resolution, an ES cell line expressing both fl uorescent proteins (Foxa2-Venus fusion and Sox17-
Cherry fusion) was differentiated in vitro on unlabelled Wnt3a over-expressing NIH3T3 cells and live-imaged 
using a Leica confocal.
The movie was started after one day of differentiation when the fi rst Venus positive cells were observable. The 
focus was put on different colonies that already showed some fl uorescent positive cells and the movie was 
performed overnight. Cells of eight different colonies were counted for the onset of expression of the two fl uorescent 
markers. Foxa2-Venus expression can be detected after 14.0h (+/-4.3h) while Sox17-Cherry expression visible 
after 24h (+/-4.7h). The results demonstrate that Sox17-Cherry can be detected about 9.6h +/-4.2h after the 
expression of Foxa2-Venus is detectable (see fi gure 36). It could never be detected before the onset of Foxa2-
Venus fl uorescence.
Taken together, in the in vitro differentiation assay Foxa2 is expressed before Sox17. No subpopulation that is 
only Sox17-positive can be identifi ed; Foxa2 and Sox17 are sequentially active in the same cells in a possible 
endoderm-specifi c molecular cascade with Foxa2 as a potential pioneering factor.
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Figure 36:   Live imaging of the onset of marker gene expression

The fi gure shows data from live imaging of an in vitro differentiation. In the fi rst row pictures of the increasing Foxa2-Venus fl uorescence 
of the cells over time are displayed (from left to right). The second row of pictures shows increasing Sox17-Cherry fl uorescence over time 
in parallel to Foxa2-Venus fl uorescence with a delay of several 9.6h (+/-4.2h). The third row shows brightfi eld pictures and the fourth row 
overlays from both fl uorescent markers and brightfi eld.
Underneath the microscopic pictures a diagram elucidates the delay between Foxa2-Venus and Sox17-Cherry expression. The number of 
fl uorescent cells is displayed on the y-axis, while the time of differentiation is displayed on the x-axis (not standardized).

4.6.      Using the in vitro differentiation system to screen for micro RNAs infl uencing endoderm development

Micro RNAs (miRNAs) play important roles during embryonic development and in stem cell biology (for review 
see Cheng et al., 2005; Hatfi eld et al., 2005). Many of their functions have remained unravelled up until now. It 
is known that miRNAs regulate translation by binding to the 3’-UTR of their target mRNA thereby inhibiting its 
translation (Lee et al., 1993; Reinhart et al., 2000). Still it is unknown how target sites can be identifi ed due to the 
fact that miRNAs do not show a 100% complementary sequence to their targets and also the “seed” region whose 
sequence was thought to have a high impact on binding to target mRNAs is not 100% complementary in several 
miRNAs (Didiano and Hobert, 2006). Bioinformatics have designed several tools for target prediction of miRNAs 
with about 300 target mRNAs for each miRNA (Brennecke et al., 2005; Bartel, 2004). Experimental approaches 
will be necessary to identify the real targets from a pool of computational predictions and to investigate their role 
in development, stem cell biology, metabolism and cancer. 
With the knowledge about how miRNAs post-transcriptionally regulate expression and the tool generated with 
the fl uorescent fusion ES cell lines the idea came up to use the in vitro differentiation system as a test system for 
miRNAs. 
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The in vitro differentiation allows for the induction of Foxa2 and Sox17 monitored by their fl uorescent fusions 
knock-ins. The fl uorescent fusions were thought to be useful as a read out for miRNAs. In principle, the prediction 
was that the fl uorescent fusion protein is down-regulated in the same manner the wild type protein is when a 
miRNA that targets either Foxa2 or Sox17 mRNA or both is (over-) expressed, because the fusion and wild 
type mRNAs share an identical 3’-UTR and therefore should be controlled by the same regulatory mechanisms 
regarding miRNA activity (see fi gure 37). 

gene - ORF FP

gene - ORF

a) mRNA - wild type allele

b) mRNA - targeted allele

5‘-CAP

5‘-CAP

pA

pA

3‘ UTR

3‘ UTR

miRNA

specific binding

translational blocking:

           less protein

translational blocking:

           less protein
           less fluorescence

specific binding

Flourescent fusion proteins as miRNA sensors
Figure 37:   
Fluorescent fusion proteins as a read out of miRNA 
activity

The fi gure illustrates the prediction how the mRNA 
of the gene of interest (a) and its corresponding 
fl uorescent fusion counterpart (b) are targeted by 
a specifi c miRNA. The miRNA specifi cally binds 
to the identical 3’ UTRs of the two mRNAs and 
thereby leads to transcriptional inhibition of both. 
Inhibition of the translation consequently leads 
to less protein and therefore to less fl uorescent 
protein and signal.
(Abbreviations: CAP = post-translational structure of 
mRNAs needed for the initiation of the translational 
complex; structure FP = fl uorescent protein; miRNA 
= micro RNA; ORF = open reading frame, protein 
coding sequence; pA = polyadenylation signal; 
UTR = untranslated region)

4.6.1.   Generation of the miRNA expression vector

The investigate the role of miRNAs during stem cell differentiation and their infl uence on the regulatory networks 
that are involved in that the combination of fl uorescent fusion proteins and the in vitro differentiation system 
should be tested for its usability to unravel miRNA function in the molecular program of endoderm differentiation 
in vitro.
For this purpose naturally existing miRNAs were subcloned into a published expression vector, pUI4-SIBR 
(modifi ed from Chung et al., 2006). In this case a ubiquitously expressed polymerase II promoter (human ubiquitin 
C promoter) drives the expression of an artifi cially composed gene that combines an expression cassette for 
miRNAs (SIBR cassette = synthetic inhibitory BIC-derived RNA) and the open reading frame (ORF) of either GFP 
or puromycin resistance (see fi gure 38a). The expression of miRNAs using a RNA polymerase type II promoter 
has many advantages compared to the polymerase III promoter expression used for many shRNA expression 
vectors. Using a type III promoter does not allow for the expression of a marker gene with the same transcript. 
Additionally, polymerase III promoters do not allow for the expression of multiple RNAs. That means that multiple 
promoters or vectors would be required to knock down different genes (Yu et al., 2003; Jazag et al., 2005) or to 
express marker genes in parallel. Thus, miRNAs and marker genes might not be expressed at similar levels even 
if they are transferred by the same plasmid. 
In the pUI4-SIBR plasmid the transcription of the SIBR-cassette containing the miRNA and a marker gene (either 
GFP or puromycin resistence) is driven by the same promoter. The expression of the marker gene is therefore 
directly correlated to the miRNA expression. The SIBR cassette is part of the gene BIC, a non-protein coding 
gene that carries an evolutionary conserved non-coding RNA involved in lymphoma and other types of cancer 
(for detailed information see Introduction, 2.5.1.; Clurman et al., 1989; Eis et al., 2005; van den Berg et al., 2003; 
Kluiver et al., 2005; Iorio et al., 2005; Yanaihara et al., 2006). Its third exon has been shown to code for miR155 
(Lagos-Quintana et al., 2002). BIC can be expressed from a heterologous RNA polymerase II promoter in a 
retroviral vector (Tam et al., 2002). The smallest unit needed for the effi cient expression of an artifi cial miRNA with 
the miR155 loop from the BIC locus is the SIBR cassette (Chung et al., 2006). In the case of the pUI4 vector the 
expression unit (SIBR) is located within an intron allowing for the coupled expression of the miRNA and a marker 
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gene (GFP or puromycin resistance; Chung et al., 2006).
Before the designed miRNAs were cloned into the pUI4 vector it was modifi ed to have a resistance gene for 
selection in ES cells and a fl uorescent marker as an indicator of different levels of expression of miRNA in different 
transgenic clones. The ORF of GFP was exchanged with the ORF of H2B-CFP (cyan fl uorescent protein with 
a histone 2B nuclear localization signal) followed by an internal ribosomal entry site (IRES) and a puromycin 
resistance gene (see fi gure 38a). After confi rmation the vector was transfected into HEK293T cells to ensure 
functionality of the inserted cassette. Fluorescence with the correct localization and expression of the resistence 
gene were confi rmed by fl uorescent microscopy and the supplementation of the culture medium with puromycin, 
respectively (see Material and Methods). 

4.6.2.   Design of miRNA expression constructs

Using the generated vector for cloning of the miRNAs allows for the selection of clones in ES cells as well 
as for the qualitative detection of the expression of the miRNA and the transcriptional level of the miRNA as 
indicated by the fl uorescent protein production. The miRNAs were designed as oligos according to the published 
protocol using the single site BglII within the SIBR cassette for cloning (see fi gure 38b, green letters; Chung et 
al., 2006). To allow for the determination of the orientation of miRNA integration, restriction sites were introduced 
with oligonucleotides: an EcoRI site 5’ of the miRNA and a BamHI site 3’. These restriction sites are similar but 
not identical and allow for a not perfect binding within the miRNA stem after transcription as in natural miRNAs 
(see fi gure 38b, orange and turquoise letters). The natural loop of the miRNAs was exchanged with the loop of 
the miR155 used in the publication, because the loop is known to allow for the effi cient processing of miRNAs 
(see fi gure 38b, red). Because it is also known that the distance between the fi rst base pairing after the loop and 
the cleavage site is important for the cleavage activity of Drosha – and therefore the processing of the miRNA 
–, the sequence where Drosha is supposed to cleave within the natural miR155 was preserved (see fi gure 38, 
black letters; Chung et al., 2006; Zeng et al., 2005; Zeng and Cullen, 2005). The miRNAs were analyzed for 
predictive folding using the software “RNAshapes” that is available online. According to the predicted folding 
the complementary strand of the miRNA (see fi gure 38b, light blue) was altered if necessary for correct folding 
predictions, resulting in the presented miRNAs (see fi gure 39; Chung et al., 2006).

5‘ – GATCT– GGATCC – GCTG – miRNA – mir155 loop – miRNA complementary strand – CA – GAATTC – A – 3‘

BamHI
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   mimicked 3‘

restriction end 

      of BglI

   mimicked 5‘

restriction end 

      of BglI

additional nucleotides for preservation 

          of the sequence within the 

      predicted Drosha cleavage site

     (complementary strand of the miRNA 

eventually altered to fulfill folding predictions)

     similar, but not complementary!

b       miRNA oligo design

a       miRNA expression vector

Chung et al., 2006

pUI4-SIBR - GFP/Puro

pUI4-SIBR - H2B-CFP - IRES Puro

modification

(not to scale)

GFP or puromycin resistence

human ubiquitin C promotor

exon 1 exon 2 exon 3

human ubiquitin C promotor

SIBR cassetteexon 1 exon 2 exon 3

miRNA
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1. deletion of the GFP ORF

2. insertion of the H2B-CFP IRES Puro ORF

completed vector

H2B-CFP IRES Puro

H2B-CFP IRES Puro

SIBR cassette

Figure 38:
Alteration of the expression vector 
for miRNAs and miRNA design

(a) The fi gure shows the modifi ed 
miRNA expression vector. The 
ORF of GFP (green box) was 
exchanged with the ORF of H2B-
CFP (blue box) plus a puromycin 
resistance attached to it using an 
IRES sequence (liliac box). For 
cloning of miRNA oligos into the 
SIBR cassette (red box) the BglII 
site can be used. The expression is 
driven by the polymerase II human 
ubiquitin C promoter (yellow box). 
The SIBR cassette is embedded 
into an artifi cial exon-intron structure 
(exons indicated as grey boxes).
(b) miRNAs oligos were designed 
to mimick a BglII overhang after 
cleavage at both 3’ and 5’ end (light 
green) when sense and antisense 
oligo bind complementary to each 
other. Furthermore they carry a 
EcoRI site 5’ (orange) and a BamHI 
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site 3’ (dark green) as indicated. The miR155 loop (red) is plotted and the additional nucleotides (black) used to preserve the cleavage site of 
Drosha are marked. Whenever required, the complementary strand of the miRNA was altered according to RNAshapes folding predictions.
(Abbreviations: GFP = green fl uorescent protein; H2B-CFP: cyan fl uorescent protein linked to the histon 2B localization sequence; IRES: 
internal ribosomal entry site; miRNA: micro RNA; ORF: open reading frame; Puro = puromycin resistence gene; SIBR: synthetic inhibitory 
BIC-derived RNA)

miR26a-1
5’-GATCT-GGATCC-GCTG-TTCAAGTAATCCAGGATAGGCT-TTTTGGCCTCTGACTGA-GGCCTATTCTTGGTTACTTGCA-CA-GAATTC-A-3’

miR192
5’-GATCT-GGATCC-GCTG-CTGACCTATGAATTGACAGC-TTTTGGCCTCTGACTGA-GTCTGTCAATTC-ATATTGTCAG-CA-GAATTC-A-3’

miR194-1
5’-GATCT-GGATCC-GCTG-TGTAACAGCAACTCCATGTGGA-TTTTGGCCTCTGACTGA-TCCAGTGGAGCTGCTGTTACA-CA-GAATTC-A-3’

miR215
5’-GATCT-GGATCC-GCTG-ATGACCTATGATTTGACAGAC -TTTTGGCCTCTGACTGA-GTCTGTCATTCTGTAGGCCAT-CA-GAATTC-A-3’

miR335
5’-GATCT-GGATCC-GCTG-TCAAGAGCAATAACGAAAAATGT-TTTTGGCCTCTGACTGA-GCGTTTTTCATTATTGCTCCTGA-CA-GAATTC-A-3’

miR335 optimized seed for Foxa2
5’-GATCT-GGATCC-GCTG-TAGAGAACAATAACGAAAAATGT-TTTTGGCCTCTGACTGA-GCGTTTTTCATTATTGTTCCCTA-CA-GAATTC-A-3’

miR335 optimized seed for Sox17
5’-GATCT-GGATCC-GCTG-TCAAG-GCAAAAACAAAAAATGT-TTTTGGCCTCTGACTGA-GCGTTTTTTATTTTTGC-CCTGA-CA-GAATTC-A-3’

miR350
5’-GATCT-GGATCC-GCTG-TTCACAAAGCCCATACACTTTC-TTTTGGCCTCTGACTGA-GAAAGTGCATGCGCTTTGGGA-CA-GAATTC-A-3’

miR465a
5’-GATCT-GGATCC-GCTG-TATTTAGAATGGCACTGATGTGA-TTTTGGCCTCTGACTGA-TTGCATCAGGGCCTTTCTAAGTA-CA-GAATTC-A-3’

Figure 39:   List of miRNAs used including folding predictions

Different miRNAs (1-9) and their predicted foldings according to the RNAshapes software. Alterations of the complementary miRNA 
strand that were made to preserve the miR155 loop structure according to RNAshapes are indicated in red. The loop is indicated in green, 
mimicked BglII, EcoRV and BamHI sites in blue, miRNA in grey.
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MiRNAs were selected for predicted impact on infl uencing the endoderm lineage. The general idea is that 
miRNAs and their target mRNAs are expressed exclusively, because miRNAs inhibit their target mRNAs from 
being translated into protein they downregulate the general noise of expression and thereby specifi cally suppress 
pathways (Stark et al., 2005; Farh et al., 2005). MiRNAs expressed in the endoderm should not suppress 
endodermal genes, but genes in other lineages (e.g. mesodermal genes) and vice versa. 
Taking this aspect in account miR194, miR192 and miR215 were of special interest because they are known to 
be expressed exclusively in the endoderm in the developing Zebrafi sh and therefore likely support endoderm 
differentiation while suppressing other lineages (Wienholds et al., 2003).
MiR335 was predicted to affect Foxa2 and Sox17 mRNA using several tools for the bioinformatic target analysis 
by Dominik Lutter (unpublished data). Additional information revealed that miR335 is coded within the gene 
Mest, a mesoderm specifi cally expressed factor, which further validates it as a candidate for the miRNA assay. 
As control experiments miR335 was additionally altered twice to optimize its sequence to the predicted target 
sequences of Foxa2 and Sox17 (see fi gure 39; Sox17- and Foxa2-optimized). MiR26a, miR465 and miR350 
are miRNAs that were predicted to target Sox17 (miR26a) and Foxa2 (miR465a and miR350) using the same 
bioinformatic tools and that were used as controls for single knock downs of either Foxa2 or Sox17. MiR26a and 
miR350 were already shown to be expressed in embryonic development at the same time the two endoderm 
differentiation factors, Foxa2 and Sox17, are expressed.

20x

CFP

Figure 40:   miRNA transgenic ES cell clone (example)

An undifferentiated ES cell clone that is transgenic for the pUI4-SIBR-H2B-
CFP IRES-Puro miR26a. Expression of the genomic locus is visualized using 
CFP-fl uorescence analysis. The pictures shows the overlay of brightfi eld 
and CFP channel.
(Abbreviations: CFP = cyan fl uorescent protein; miRNA = micro RNA)

4.6.3.   Fluorescent analysis of the miRNA-transgenic ES cell clones using in vitro differentiation and 
            immunostaining

Stable ES cell clones were generated (see fi gure 40 and Material and Methods, 6.4.3. III.) and those with the highest 
expression of CFP, and consequently of miRNA, were differentiated using the established in vitro differentiation 
system. 24-well glass-bottom plates were used for differentiation to be able to differentiate 24 independent clones 
transgenic for the 9 different miRNAs. Fluorescence was checked every day under the same conditions for the 
control of the differentiation effi ciency at the Zeiss inverse fl uorescence microscope (AxioVert 200M, Zeiss). 
Thereby no effect on Sox17-Cherry fl uorescence could be detected (see fi gure 41), except for miR335 Sox17-
optimized. As shown in fi gure 41 a few colonies could be found that did not show any detectable nuclear CFP 
fl uorescence. These colonies were positive for Sox17-Cherry. Additionally, most of the colonies showed a high 
CFP expression, but did not show any or only low Sox17-Cherry expression (see fi gure 41).
The analysis of fl uorescence with the inverted fl uorescent microscope showed no alteration in Sox17-Cherry 
expression for most of the clones.
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Figure 41:
In vitro differentiation of miRNA transgenic ES cell 
clones

Examples of Sox17-Cherry expression in miRNA 
transgenic Sox17-Cherry fusion ES cell clones at 
d4 of differentiation (20x). The fi rst row shows the 
brightfi eld images, the second row the expression 
of the miRNA measured by the fl uorescence 
intensity of H2B-CFP (blue), the third row shows 
Sox17-Cherry expression (red). The last two rows 
show the overlays of the two fl uorescent channels 
and all three channels. Pictures in column 1 
refer to miR335 clone 5, those in column 2 refer 
to miR192 clone 3, and in the last column the 
pictures refer to miR335 Sox17-optimized clone 
6 transgenic Sox17-Cherry fusion differentiated 
ES cells.
(Abbreviations: BF = brightfi eld; CFP = cyan 
fl uorescent protein; miR = micro RNA)

To analyse the effect of miRNA overexpression on endogenous Foxa2 expression the cells were fi xed after 6 days 
of differentiation and stained for Foxa2 protein (see fi gure 42a and 42b). Pictures were taken at the fl uorescent 
microscope to compare differences in fl uorescent levels. Therefore settings were kept constant for all pictures 
taken for each miRNA clone at each position (inverted fl uorescent microscope AxioVert 200M, Zeiss). 
For miRNA 192, 26a, 215, 350, 465a, 335 Sox17-optimized and 335 Foxa2-optimized, no alteration in the 
fl uorescence intensity could be detected (see fi gure 42a and 42b). For miR335 a decrease of Foxa2 could be 
visually detected in two independent clones relatively to miR335 Sox17-optimized. MiR194 on the other hand 
showed a very strong and intensive expression of Foxa2 for two independent miR194 transgenic ES cell clones 
in comparison to miR335 Sox17-optimized ES cell clones. Consequently, the difference of the Foxa2 expression 
on a fl uorescence level between miR194 and miR335 was even higher.
In none of the other miRNAs an effect could be detected with the sensitivity of the fl uorescent analysis at the 
inverted microscope, indicating that the effects that miR194 and miR335 show are specifi c and that they are not 
a result of clonal variation as also indicated by the two independent clones showing the same result.
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Figure 42a:   Foxa2 immunostaining on differentiated miRNA transgenic ES cell clones at d6 of differentiation

(for fi gure legend see fi gure 42b)
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Figure 42b:   Foxa2 immunostaining on differentiated miRNA transgenic ES cell clones at d6 of differentiation

For all different miRNAs constructs 1-3 different ES cell clones were differentiated in vitro and stained for Foxa2 (see 
right column for miRNA construct and clone number). In the fi rst column the expression of the miRNA is shown measured 
by the fl uorescence of H2B-CFP. In the second column the Foxa2 staining is displayed (Cy3 fl uorescence) and in the 
third column the overlays of both CFP-fl uorescence and Cy3-staining are presented. All pictures are taken with 20x 
magnifi cation.
(Abbreviations: CFP = cyan fl uorescent protein; ES cell = embryonic stem cell; H2B = histon 2B; miRNA = micro RNA)
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Statistical analysis with the help of binary pictures could verify the difference with statistical signifi cance (for 
examples of binary pictures see fi gure 43). To achieve binary pictures a threshold of fl uorescence intensity was 
determined using Otsu’s method (Otsu, 1979). Fluorescence signals higher than the threshold count as 1, those 
signals that are lower than the threshold count as 0. This way each of the pictures can be translated into a matrix. 
Adding all matrices for one miRNA clone results in a number that is a value for the number of cells that have a 
high signal for both the miRNA (CFP fl uorescence) and Foxa2 (Cy3 immuno-labelling). The higher the value is, 
the closer is the relation between high miRNA expression and high Foxa2 expression. Consequently, a miRNA 
that negatively regulates Foxa2 would result in a relatively low value. 
Calculating the fl uorescence for fi ve different positions for each miRNA clone resulted in 24161 on average for 
miR335 (relatively low value compared to miR335 Sox17-optimized and miR194), 34396 for miR335 Sox17-
optimized (median value compared to miR335 and miR194) and 92592 for miR194 (relatively high value compared 
to miR335 Sox17-optimized and miR335). The relation between the values is as expected: valuemiR335 < valuemiR335 

Results
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Sox17-optimized < valuemiR194. A low value is achieved with 
the mesoderm-specifi c miR335, showing that Foxa2 is 
negatively regulated when miR335 is overexpressed. 
A high value for miR194 shows that Foxa2 expression 
and the differentiation into cells expressing Foxa2 are 
even supported by expression of this miRNA.
The statistical signifi cance was checked using the 
Wilcoxon rank-sum test (Wilcoxon, 1945). The p-value 
estimated for miR335 vs. miR194 is 6.3880x10-04, for 
miR335 vs. miR335 Sox17-optimized = 0.0265 and 
for miR194 vs. miR335 Sox17-optimized = 0.0011. 
Taken together, all p-values are between 6.3880x10-04 
and 0.0265 and therefore below p=0.05 and statistically 
relevant.

Figure 43:
Comparison of miR335, miR335 Sox17-optimized and miR194

At d6 of in vitro differentiation differentiated miRNA transgenic 
ES cells were stained for Foxa2 expression (displayed in green, 
Cy3 fl uorescence). Fluorescent pictures were taken with the same 
settings for all positions. In a) Cy3 (left picture, Foxa2 staining, 
green) and H2B-CFP fl uorescence (right picture, miRNA, red) of 
one position of the differentiated miR335 clone 8 is displayed. Below 
each fl uorescent picture the translated binary picture is shown. 
Pictures for miR335 Sox17-optimized clone 6 (b) and for miR194 
clone 3 are arranged in the same manner. Magnifi cation is 20x.
(Abbreviations: CFP = cyan fl uorescent protein; ES cell = embryonic 
stem cell; H2B = histon 2B; miRNA = micro RNA)
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In summary, it could be proven experimentally that miR335, coded within a mesoderm-specifi cally expressed gene, 
inhibits Foxa2 expression (see fi gure 44), whereas the endoderm-specifi c miR194 supports Foxa2 expression 
for independent ES cell clones in the in vitro differentiation system. Both miRNAs might play important roles in 
embryonic development in the separation of mesoderm and endoderm (for expanded model of the differentiation 
of ES cells into endoderm see fi gure 44).
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Figure 44:   
Expanded model of endoderm differentiation in vitro: 
A model of the suppression and support of the establishment of endoderm 
versus mesoderm by miR335

The fi gure illustrates a new expanded model of the in vitro differentiation of ES 
(green) cells into endoderm (yellow). MiR335 is most likely expressed in the 
mesoderm (red) where it directly suppresses Foxa2 expression and possibly 
other factors necessary for endoderm development. MiR194 is expressed in 
the endoderm and positively regulates endoderm differentiation in an indirect 
manner by possible negative regulation of other lineages.
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5.   Discussion

5.1. The generation of iCre mouse lines under the control of two endodermally expressed transcription factors

In the mouse the endoderm forms during gastrulation between E6.5 and E7.5. The two earliest marker genes 
known for the developing endoderm are the forkhead transcription factor Foxa2 and the SRY-related HMG box 
transcription factor Sox17 (Monaghan et al., 1993; Sasaki et al., 1993). Deletion of either one leads to early 
embryonic lethality due to severe endodermal defects. Foxa2 defi cient embryos do not develop a distinct node or 
notochord; they have secondary defects in the organisation of the somites and the neural tube and do not form 
fore- and midgut, while Sox17 knock-out embryos do not form mid- and hindgut (Kanai-Azuma et al., 2002; Ang 
and Rossant, 1994; Weinstein et al., 1994). The expression of Foxa2 in the embryonic portion of the developing 
embryo starts at E6.5 at the posterior side in the region of the primitive streak. It is not only expressed in cells that 
form the endoderm but also in cell populations with important organizer function in the gastrula embryo, including 
the node, and in the notochord the organizer of the neural tube as well as in the fl oorplate. Sox17 expression 
in the embryo proper starts briefl y after Foxa2 at E7.0 in the region of the primitive streak where the endoderm 
forms. It is still not known what potential Foxa2- and Sox17-positive progenitors have, what lineages they are 
able to generate and to what cell types and organs these cells will give rise to in the adult organism. Moreover, 
only little is known about the signals, factors and pathways involved in the specifi cation of certain lineages in the 
endoderm.
The aim of this thesis was to generate two Cre mouse lines which express Cre in endoderm progenitors under 
the control of Foxa2 and Sox17, transcription factors that are essential for endoderm development. One intention 
was to lineage trace cells expressing the two transcriptions factors in the early embryo in order to identify the 
endodermal organs derived from cells that at one stage of development express one of the two transcription 
factors. Moreover, it should also allow for the identifi cation of different populations that are positive for both or 
only one of these markers.
Gaining knowledge on the progenitor cells and characterizing those in more detail would support a better 
understanding of endoderm formation and the formation of its derivatives.
To elucidate the developmental mechanisms, the signals and factors that trigger endoderm specifi cation and 
differentiation was the second intention for the generation of Cre lines expressed in a spatial and temporal manner 
matching the expression of Foxa2 and Sox17. These Cre lines are the basis for the analysis of pathways that 
might be involved in endoderm development. They allow for the conditional deletion of key factors within signaling 
pathways in the particular subpopulations that express Cre. This way signals and pathways necessary for the 
development of cell populations and individual organs can be unravelled and the knowledge will benefi t the 
understanding of pathological failure and diseases and is crucial for progress in regenerative medicine.

The knock-in strategy for both Cre lines was planned to maintain all cis-regulatory elements, to avoid nonsense-
mediated decay and reduced expression levels due to alternative splicing. Moreover, knocking in the Cre should 
generate null alleles to be able to analyze their function in early development.
Deletion of the complete ORF which is the usual way to produce null alleles was not possible for both genes 
because they both had exon-intron spanning protein-coding sequences that, referenced from Mouse Genome 
Informatics (http://www.informatics.jax.org/) and Ensembl Genome Browser (http://www.ensembl.org/index.
html), contained highly conserved regions suggesting that these might be regulatory elements that should not be 
destroyed.
In the case of Foxa2 which has three exons the ORF starts within exon 2 and continues in exon 3, the full length 
transcript was verifi ed by 5’-RACE (Lai et al., 1991). The structure of Sox17 regarding exons and introns and the 
ORF is comparable to Foxa2: The ORF of the 5 exon long gene starts in exon 4 and proceeds in exon 5. 
Several splice variants with biological evidence based on cDNA clones were indicated checking the Ensembl 
Genome Browser. Therefore it was impossible to use any downstream exon of exon 1 for the knock-in without 
interfering with possible alternative splicing. The last exon in both cases was not considered a possibility, because 
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a fusion-protein would have been made due to the fact that the ORF starts one exon before. 
However, the decision to knock the Cre into exon 1 had another consequence. It is known that a eukaryotic 
control mechanism that inhibits the translation of mutated mRNAs into defective proteins can lead to mRNA 
decay. Protein complexes that mark mRNA exon-exon boundaries after splicing are the basis for the so-called 
nonsense-mediated mRNA decay (NMD). The mediators of NMD recognize premature stop-codons that appear 
more than 50-55bp upstream of the 3’ most splicing protein complex marking the exon-exon junction. It was 
shown that mRNAs whose translations terminate less than 50-55bp upstream of this junction are immune to NMD 
(Maquat, 2002). To avoid the possibility of nonsense-mediated decay by alteration of the sequence of the fi rst 
exon a minigene approach was used. The ORF of the Cre in exon 1 terminates directly in front of an artifi cial intron 
to accurately follow the requirement of a stop-codon placed within the 50-55bp range before the fi rst exon-exon 
junction.
Additionally, it was decided to use an improved Cre for both knock-ins instead of the commonly used Cre. The 
Cre (Sternberg and Hamilton, 1981; Sternberg et al., 1981), as a protein whose DNA sequence was derived 
from a bacteriophage, does not employ optimal codon-usage for eukaryotes and can be epigenetically silenced 
during development due to a variety of CpG islands that are sensitive to methylation and consequently mutations 
and epigenetic inactivation (Cohen-Tannoudji et al., 2000). Therefore a codon-improved Cre (iCre) that has the 
same sequence of amino acids, but a different genetic code was used to guarantee optimal conditions for Cre 
expression regarding the level of Cre and its consistency over generations (Shimshek et al., 2002). The iCre is 
improved for use in mammals regarding codon-usage preferences (Haas et al., 1996) with the help of silent base 
mutations. Additionally it is upgraded for translational effi ciency with a perfect Kozak consensus sequence at its 
5’-end (Kozak, 1997) and following the N-end rule for potentially increased protein stability it is advanced with an 
additional valine codon in front of the simian virus 40 large T nuclear localization signal (Varshavsky, 1997).

5.2. Sox17iCre/+ mice – a valuable tool for specifi c deletion of genes in arteries and an indication of a second 
promoter activated in the endoderm

After generating the Sox17iCre/+ mouse line the fi rst questions to be answered were if the Cre activity would refl ect 
the previously documented expression of Sox17,  what organs the Sox17-positive progenitors will give rise to, and 
if a mouse homozygous for the Cre allele would be embryonic lethal as predicted.
For Cre expression analysis, Sox17iCre/+ mice were crossed to ROSA LacZ reporter mice (R26R/R) to visualize Cre 
recombination activity by X-Gal staining. Recombination activity of Cre leads to irreversible ubiquitous expression 
of β-galactosidase wherever Cre is expressed or was expressed, in other words, all Cre expressing cells and their 
progeny will stain because of β-galactosidase expression from the ROSA locus.
Unexpectedly, Sox17iCre/+ mice hardly showed any recombination activity in the anterior defi nitive endoderm and 
the hindgut or derivatives of these tissues at E9.5 or at P1 as described (Kanai-Azuma et al., 2002). There was 
no staining detectable in the lung or in the gut, although Sox17 is known to be expressed in the lung (Wan et al., 
2004) and in the progenitors of the gut (Kanai-Azuma et al., 2002).
In concert with different publications (Matsui et al., 2006; Sakamoto et al., 2007) from E9.5 onwards expression 
could be detected in vessels, or more precisely in the endothelium lining the vessels and its progenitors. As it was 
later shown by Perry Liao (Liao et al., 2008, genesis, under revision), the expression in the vessel endothelium 
is restricted to arteries with one exception: the umbilical vein. This vein is the temporal connection between the 
embryo and the placenta and transports oxygen-rich blood, like arteries. Additionally, Perry Liao could show that 
mice homozygous for the iCre knock-in are viable. 

Using the Genomatix Software package a previously unknown fourth promoter region could be identifi ed that 
is located in intron 3 (see fi gure 13), predicted by the ElDorado and Gene2Promotor annotation software 
(“PromotorInspector”, Eldorado/ Gene2Promotor Release 4.6, Genomatix Software GmbH). It is supported by 
71 Cap Analysis Gene Expression (CAGE) tags in comparison to the fi rst three promoters identifi ed with 5 and 
69 CAGE tags, respectively (Shiraki et al., 2003). The CAGE method allows for the identifi cation of sequence 
tags corresponding to 5’ ends of mRNAs at the cap sites and the identifi cation of start points of transcription. The 
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CAGE tags identifi ed an mRNA that completely covered the coding sequence of Sox17. From the alternative 
transcriptional start site in intron 3 upstream of the ORF starting in exon 4 an alternative mRNA of Sox17 is 
transcribed as also predicted by the Human And Vertebrate Analysis and Annotation (HAVANA) group of the 
Sanger Institute. Of course, the 5’ UTR of the formerly known transcript and the one identifi ed by CAGE and 
HAVANA differ in length and part of the sequence (see fi gure 13). 
The most upstream promoters of an elongated exon 1 were also identifi ed – although both of the fi rst promoters 
should drive the expression of the iCre knocked into exon 1 (see fi gure 13). The third promoter region within exon 
2 only has associated transcripts that are not overlapping with the ORF of Sox17.
The results from the Cre expression studies clearly show that the fourth promoter downstream of the previously 
identifi ed two promoter regions around exon 1 drives the expression of a transcript that obviously leads to the 
production of the same protein in the endoderm. The functional proof for this is that homozygous Sox17iCre/iCre mice 
are viable and do not recapitulate the knock-out phenotype as one might expect (Kanai-Azuma et al., 2002). The 
fact that homozygous mice are viable although they show strong Cre activity restrictive to the arterial endothelium 
can be explained by the redundancy of Sox17 and Sox18 in the developing vasculature (Sakamoto et al., 2007); 
another possibility that, of course, cannot be excluded at this stage is that the fourth promoter is additionally 
active in these domains. A Sox17 immunostaining on homozygous Cre mutants could elucidate this unsolved 
question.
A closer look at the fourth promoter may be warranted to fi gure out if its activity is restricted to the endoderm or if 
it drives Sox17 expression in the endoderm as well as in the endothelium of the veins and possibly of the arteries. 
Although there was no detailed discrimination made in former publications (Matsui et al., 2006; Sakamoto et al., 
2007), a recently generated mouse line allows for the conclusion that Sox17 is generally expressed all over the 
vasculature (Sox17-2A-iCre; unpublished observation). It is therefore likely that the expression in vein endothelial 
cells is driven by the downstream promoter. Transgenic mouse lines in which Cre is only driven by the fourth 
promoter might be interesting to generate and to study. It may be possible to create an endoderm-specifi c Sox17-
Cre with this approach. These Cre lines would have the advantage that their restricted expression would make it 
possible to study conditional knock-outs only within the endodermal Sox17 expression domain which are not due 
to deletion of genes within the endothelium of the vasculature that could have an impact at later stages when the 
vasculature is established (E9.5 onwards). On the other hand it might also be interesting to see if the knock-out 
phenotype can be replicated by deletion of intron 3, the domain of the fourth promoter. With the knowledge of 
tissue-specifi cally active promoters it is possible to also identify tissue-specifi c transcriptional regulatory elements 
to unravel the signaling pathways upstream of Sox17 in the different lineages.
The analysis so far also suggests that the expression of Sox17 in arteries versus veins is regulated at least partially 
via different pathways. Because the endothelium of arteries and veins has to fulfi l different tasks regarding its 
resistance towards blood pressure and composition (oxygen-rich vs. oxygen-poor blood) it could be interesting 
to have a closer look at the different regulative mechanisms to identify more artery or vein specifi c marker genes. 
Additionally, for studies of cancer growth and angiogenesis, it might be interesting to follow Sox17 expression or 
specifi cally delete genes in the Sox17iCre expression domain, those cells that give rise to arteries, to analyze the 
underlying interactions and downstream pathways. Transferring the knowledge gained from developing arteries 
in the embryo to cancer research might help to fi nd ways to inhibit the connection of the tumor to the circulatory 
system and thereby its growth and metastasis. Moreover, anticipating the most likely situation that artery outgrowth 
is based on the same mechanisms in development and cancer, inducible Sox17-Cre lines that are generated 
using the same knock-in strategy could be a useful tool for cancer models. Being able to induce the recombination 
activity of the Cre at a certain time point would make it possible to use it at later stages when tumors arise.
At this point it should be mentioned that new data supplied by the ElDorado annotation software (Eldorado Release 
4.5, Genomatix Software GmbH) identify a gene encoded on the complementary strand. The transcriptional start 
site is located within the elongated exon 1, so the knock-in of the iCre should not interfere with the ORF of the 
gene itself, although the promoter overlaps with our knock-in. A blast search of the genomic sequence identifi ed 
it as a part an unknown gene (RIKEN clone: BB656573) with expression in E12 embryos in the spinal ganglion. 
To counter the argument that the alteration within the promoter of the non-annotated gene has infl uence on 
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necessary pathways it should be mentioned again that mice homozygous for the knock-in are viable and fertile 
and have no striking phenotype. 
In summary, the Sox17iCre/+ mouse line may be a useful tool for studying angiogenesis, possibly not only during 
embryonic development, but also in clinical cancer studies. Additionally the mouse line provides functional proof 
for another promoter active in the endoderm. The results of the expression analysis and the genomic predictions 
unravel new aspects of the differential genetic regulation of Sox17 in the endoderm and the endothelium of 
arteries and veins.

5.3. The Foxa2iCre/+ mouse line – a new tool to analyze gene function in a variety of tissues

For the lineage tracing of Foxa2 positive progenitor cells to investigate what these cells give rise to in the adult 
organism the generated Foxa2-iCre mouse line was crossed to R26R/R. This way Cre recombination activity can 
be visualized by X-gal staining for the enzymatic reaction of β-galactosidase conditionally expressed from the 
ROSA locus.
As shown for another Foxa2 Cre line (Frank et al., 2007) recombination in the visceral endoderm and the 
early epiblast could not be observed although in situ data clearly demonstrate that (at E6.5-7.0) Foxa2 mRNA 
expression can be detected in the extraembryonic visceral endoderm and the embryonic posterior epiblast, cells 
which are fate mapped to give rise to the anterior mesendoderm (Perea-Gomez et al., 1999; Kinder et al., 2001). 
A possible explanation for this phenomenon is that working with Cre can lead to a time shift of about 12 hours due 
to delays associated with the transcription, translation, and accumulation of the Cre, followed by recombination, 
transcription, translation and accumulation of β-galactosidase. The concentration of Cre might be to low to be 
detectable.
However, the recombination activity faithfully refl ected the reported expression of Foxa2 in the node, notochord 
and fl oorplate, tissues with organizer function, as well as all analyzed endoderm derived organs in line with in 
situ expression data (Monaghan et al., 1993; Sasaki and Hogan, 1993; Ang and Rossant, 1994), suggesting that 
Foxa2 marks an early progenitor population of the endoderm lineage. The expression data from early embryonic 
stages until E9.5 are consistent with the results obtained from another Foxa2 Cre mouse line, Foxa2ITA (IRES 
tetracycline transactivator; Frank et al., 2007) and the Foxa2mem (a tetracycline inducible Foxa2 Cre mouse line; 
Park et al., 2008).
However, using the Foxa2iCre/+ mouse line is clearly easier in respect to the accomplishment of the cell lineage 
tracing as timed and renewed tetracycline injections are not necessary for the activation of the Cre. Also the 
Foxa2iCre/+ mouse line shows a broader expression domain than that reported for the Foxa2 NFP-Cre mouse 
line (Foxa2 notochord-fl oorplate enhancer-Cre; Kumar et al., 2007). The Foxa2 NFP-Cre mouse line only shows 
Cre recombination activity in the notochord, fl oorplate and in the hindgut. However, one must note that in this 
transgenic line the expression of the Cre recombinase is only driven by the notochord-fl oorplate enhancer (Sasaki 
and Hogan, 1996; Nishizaki et al., 2001; Kumar et al., 2007) and the weak basal heat shock promoter Hspa1 
(Hsp68/70; Kothary et al., 1989). Inducible Cre lines like Foxa2ITA are interesting tool for conditional deletion of 
genes at later stages to study their impact on development at different points of lineage restriction, determination 
and differentiation (Frank et al., 2007). Transgenic Cre lines whose expression covers only part of the endogenous 
expression (Foxa2 NFP-Cre) can be also interesting in this respect. They allow for deletion of genes within distinct 
subpopulations of the endogenous expression domain (Kumar et al., 2007).

In the organs of Foxa2iCreΔneo/+ mice at later stages (from E12.5 onwards) the staining was consistently high in 
pancreas and liver as well as in the epithelium of the stomach and throughout the gut. Lung, thyroid and thymus, 
however, showed consistent chimaeric expression, unexpectedly. Reported mRNA expression in the lung even 
at later stages (E14.5 onwards; Wan et al., 2004; unpublished in situ data from Moritz Gegg, Institute of Stem 
Cell Research, Helmholtz Zentrum München) should have led to full recombination in the lung epithelium at one 
point. Even after birth, although Foxa2 expression is necessary for the transition to air-breathing after birth by 
genetically controlling a pulmonary program necessary for lung epithelia cell maturation (Wan et al., 2004), the 
lung still showed a chimeric expression. 
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Expression in the epithelium lining the heart was not expected from the reported in situ data either and showed 
only low penetrance. However, in the Foxa2mem mouse line (Park et al., 2008) and in a newly generated Foxa2-
iCre mouse line (Foxa2-2A-iCre, unpublished observation, Moritz Gegg) expression in the heart is shown even 
earlier, at E9.5. The cells that are positive for Cre activity in both cases might give rise to the cardiac epithelium 
at later embryonic stages and in the adult heart as in the case of Foxa2iCre/+ mice.
Because of the chimaeric expression in several tissues and the fact that the Foxa2iCre/iCre mice were viable and 
did not show the predicted null mutation, further analysis of the genetic locus were carried out. These analyses 
revealed that there is a second promoter within the fi rst intron downstream of the previously identifi ed. The 
second promoter was predicted based on expression data of the Human And Vertebrate Analysis and Annotation 
(HAVANA) group of the Sanger Institute (see fi gure 24 and ENSEMBL) and the Genomatix software package 
(Eldorado Release 4.5, Genomatix Software GmbH). The promoter prediction is supported by 30 CAGE (Cap 
Analysis Gene Expression; Shiraki et al., 2003) tags, in other words based on 30 full-length cDNA clones (as 
explained before, see Sox17iCre allele).
The second promoter does not only explain why the mutation in exon 1 does not refl ect the knock-out situation, 
but could also be an explanation for the chimaeric recombination at E7.5 and later stages in tissues like the lung, 
the thymus and the thyroid. The delay that emerges because the Cre has to be transcribed, translated and reach 
a certain threshold to be active can only partially explain how the chimaerism arises. Even at E14.5, when there 
is strong expression of Foxa2 detected in the lung (based on in situ data produced by Moritz Gegg), no further 
recombination could be observed. The second promoter might drive the expression of Foxa2 in these tissues at a 
higher level than the fi rst promoter does. Because a certain threshold in copy number has to be obtained to induce 
recombination activity of the Cre, organs like the lung might still show a chimaeric pattern (discussed later).
In conclusion, a Foxa2iCre/+ mouse line was developed, which is useful to analyze gene function in endoderm 
precursor cells as well as in cells of the endoderm-derived organs namely, liver, pancreas and GI tract. Interestingly, 
it could be shown that all analyzed endoderm-derived organs faithfully express β-galactosidase from the R26 
locus suggesting that Foxa2 marks an early progenitor population of the endoderm lineage.

The data presented in this work support the idea that the hypothetical endodermal stem cell expresses Foxa2. 
Besides the fact that the lineage tracing of Foxa2-positive cells described here marks all analyzed endoderm-
derived organs, Foxa2 is known as a pioneering factor in a higher regulative order opening the chromatin for 
other transcription factors (Shim et al., 1998; Chaya et al., 2001; Cirillo et al., 2002). The knock-out of Foxa2 that 
is not capable of developing any endoderm-derived organs (Ang and Rossant, 1994; Weinstein et al., 1994) is 
also evidence for the endoderm stem cell theory as well as the expression in the adult gut. The gut endothelium is 
replaced by self-renewal and differentiation of the crypt cells, an adult stem cell population. This turn-over of the 
receptive gut endothelium is illustrated in fi gure 45. Crypt cells are cells located at the bases of the crypts; they 
divide and give rise to more differentiated cells that replace the crypt endothelium continuously from the bottom 
to the tip of the crypts (for review see Crosnier et al., 2006). The lineage tracing revealed that all cells in the gut 
epithelium are Foxa2iCre positive, suggesting that the crypt cells themselves are already expressing Foxa2iCre. This 
hypothesis is also supported by fi rst observations of the localization of fl uorescence in the murine gut with the 
help of a mouse line expressing a fl uorescent marker under the control of Foxa2 (unpublished observation, Dr. 
Ingo Burtscher).
However, the fi nal proof that the Foxa2-positive progenitor cells have stem cell potential can only be addressed 
by clonal analysis, showing that one Foxa2-positive cell is in principle capable of forming all endoderm-derived 
cell types (Rossi et al., 2006; Lawson et al., 1991). The fact that single cell labelling and tracking in the embryo 
is diffi cult compared to in vitro systems, this goal can be accomplished with live imaging of in vitro differentiations 
or a combination of both: in vitro differentiation of ubiquitously marked ES cells to Foxa2-positive progenitor 
cells followed by injections of these cells into blastula-stage mouse embryos to fi nd out what cell types they can 
differentiate into. Besides, based on the defi nition of a stem cell, the requirement of self-maintenance in vitro 
would have to be shown.

Taken together, the Foxa2iCre/+ mouse line is also a valuable tool which can be used to analyze gene function in 
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the node, notochord and fl oorplate of the neural tube: cell types with important organizer activity. Moreover, if the 
hypothesis of Foxa2 expression in the crypt cells, the adult stem cells of the gut, holds true it is also possible to 
study conditional deletion of genes in the gut stem cell compartment and thereby unravel mechanisms, pathways 
and factors involved in their maintenance and differentiation.
The expression analysis presented here strongly supports the hypothesis that Foxa2 might be a marker for the 
endodermal stem cell. 
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Crypts and villi in the adult

small intestine

modified after Crosnier et al., 2008

Figure 45:   Villus cell replacement in the adult small intestine
The fi gure shows a villus with one of the crypts that contribute to renewal of the villus epithelium. 
Black small arrows and the red arrow indicate the upwards fl ow of cells out of the crypts. Stem cells 
lie near the crypt base; it is uncertain whether they are mixed with, or just above, the terminally 
differentiated Paneth cells which secrete antibacterial proteins. Above the stem cells are so-
called transit-amplifying cells (dividing progenitors, some of them already partially differentiated); 
and above these, in the neck of the crypt and on the villus, lie post-mitotic differentiated cells 
(absorptive cells, goblet cells for mucus secretion and enteroendocrine cells for secretion of 
different gut hormons). In the colon there are no villi, but the organization is otherwise similar; 
cells are discarded into the gut lumen after they emerge onto the exposed fl at surfaces around the 
mouths of the crypts. (Modifi ed after Crosnier et al., 2008)

5.4. The Foxa2iCre allele, a hypomorph with interesting potential

As Foxa2iCre/iCre mice were viable, a closer analysis of the mutant mice was undertaken.
Western blot experiment showed that there is indeed less Foxa2 protein produced in heterozygous and homozygous 
animals in the liver and in the pancreas (see fi gure 23 and 26b). Only minor differences of expression level could 
be found in the adult lung (see fi gure 26a). It is conceivable that a compensatory mechanism allows for a rise in 
the expression driven by the second promoter in order to normalize the Foxa2 protein level. Another possibility 
is that the fi rst promoter under whose control the iCre is transcribed is only active during certain periods of 
development and within certain tissues (e.g. the liver) and that the other promoter is responsible for Foxa2 
expression the rest of the time.
Using RT-PCR, it could also be shown that iCre is not expressed in all tissues analyzed. At least at later stages the 
activation of the fi rst and the second promoter is obviously tissue specifi c. E.g. the fi rst promoter might be active in 
the lung precursor cells but the expression is either too low or is only there for a short period during development 
and therefore iCre cannot accumulate, leading to chimeric recombination. At later stages the second promoter 
may preferentially drive Foxa2 expression. The fact that the alternative transcript, whose expression is driven by 
the second promoter, is not detected in the liver of the Foxa2iCre/iCre sample is likely due to detection levels. With 
the proof of the Foxa2 ORF being transcribed and the fact that fusions of the iCre transcript to the second exon 
cannot be detected, this is the most plausible explanation.

These results show that a hypomorph with differential expression was generated. Taking in account that the 
Foxa2iCre allele is highly expressed in liver and pancreas (Uetzmann et al., 2008), that Foxa2 was already known 
to play an important role in insulin metabolism in the liver (Wolfrum et al., 2004) and that deletion of one Foxa2 
allele is already suffi cient to interfere with the fat metabolism, blood and plasma analyses were undertaken in 
cooperation with Dr. Susanne Neschen (Institute of Developmental Genetics, Helmholtz Zentrum München).
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The analysis of blood and plasma samples taken from Foxa2iCre/iCre and Foxa2iCre/+ mice compared to Foxa2+/+ mice 
revealed evidence that the generated hypomorphic allele behaves like the Foxa2 knock-out allele in regard to liver 
metabolism (Wolfrum et al., 2008). Homozygous Foxa2iCre mice starved over night showed a signifi cantly decreased 
high-density lipoprotein (HDL) level. It was shown that deletion of a single Foxa2 allele leads to decrease of Foxa2 
expression in the liver and as a consequence to a lower HDL blood level under starving conditions (Wolfrum et al., 
2008). The HDL level in the plasma is directly correlated to the Foxa2 expression level in the liver (Wolfrum et al., 
2008). Foxa2 activation in the liver mediated via an insulin-dependent mechanism leads to increased oxidation 
and release of fatty acids (in form of triacylglycerols) (Wolfrum et al., 2004; Wolfrum and Stoffel, 2006; Wolfrum 
et al., 2008). Insulin in the blood plasma causes phosphorylation of Foxa2 protein which causes exclusion from 
the nucleus and thereby inhibits Foxa2 activity (Wolfrum et al., 2004; Wederell et al., 2008). A low level of Foxa2 
protein in the liver of Foxa2iCre/iCre mice under starving conditions – and consequently under low plasma insulin 
levels – should therefore not lead to the same expression levels of Foxa2 target genes and subsequently to 
relatively low levels of liver lipid metabolites compared to wild-type mice. Additionally, deletion of Foxa2 in the liver 
leads to alterations of the bile acid homeostasis that can result in stress of the endoplasmatic reticulum and liver 
injury (Bochkis et al., 2008). It could be interesting to have a closer look at Foxa2iCre/+ mice and Foxa2iCre/iCre mice 
under a cholic acid diet as these mice should be sensitized due to an expected salt accumulation in the bile ducts 
(Bochkis et al., 2008). This accumulation of salt could lead to gallstones: aggregates of insoluble metabolites. 
Furthermore, an increased salt concentration in the periphery can lead to higher uptake of salt in the kidneys 
where it causes oxidative stress and increases urinary albumin excretion preferentially in obese patients (Verhave 
et al., 2004). Foxa2iCre/iCre mice could therefore also be tested for higher urinary albumin excretion.

Taking together all aspects of the recently published results – increased adiposity on a high fat diet, altered HDL 
and triglycerides plasma levels – it is possible that Foxa2 is a key factor in the metabolic syndrome. The metabolic 
syndrome involves a combination of several disorders that increases the risk for diabetes or cardiovascular 
disease. The prevalence for this disease is estimated at 25% in the USA and is thought to be similar in most 
industrial nations (Ford et al., 2002). The Foxa2iCre/+ mouse line could help to investigate the genetic background 
up- and downstream of Foxa2 and the different pathways infl uencing metabolism.
One fi rst step could be the comparison of expression data in wild type, Foxa2iCre/+ and Foxa2iCre/iCre mice.
Although the data of the plasma analysis are only preliminary because of the low number of mice that were 
analysed so far the results are in line with what was expected based on the Western expression data (see results) 
and former fi ndings (Wolfrum et al., 2008).

Recently it was shown that Foxa2 plays an important role in the generation of dopaminergic neurons during 
embryogenesis and has been associated with the progressive loss of these neurons in the substantia nigra of the 
adult organism in Parkinson’s disease (Kittappa et al., 2007). 
Overexpression of Foxa2 in tissue culture triggered the generation of six times as many dopamine-producing nerve 
cells as is normally present (Kittappa et al., 2007). In vivo, precursor cells of dopaminergic neurons are found in 
the fl oorplate of the neural tube, a cell population with organizer potential and high Foxa2 expression. Also Foxa2-
iCre expression could be detected on high levels within the fl oorplate even before the onset of neurogenesis at 
E10.5 (see fi gure 19c-f; Robinson and Dreher, 1990). 
Kittappa et al. showed that mice heterozygous for Foxa2 develop Parkinson’s disease when they become 18 
month old which is akin to the age at which humans are most often affected (Kittappa et al., 2007). Up until now 
Foxa2+/- mice are the best experimental model systems for Parkinson’s disease refl ecting the loss of dopaminergic 
neurons in human patients. There is also striking evidence that the generated Foxa2iCre mouse line develops 
Parkinson’s disease: a 14 month old heterozygous male mouse backcrossed to C57Bl/6 for four generations 
occasionally showed circling behaviour and had trouble to keep balance but rather fell aside (observation). An 
alteration in Foxa2 protein concentration in Foxa2iCre/+ or Foxa2iCre/iCre mice in dopaminergic neurons has not yet 
been determined. Regarding the aspect that the Cre shows high activity in the fl oorplate, the source of these 
specialized neurons, a severe decrease of Foxa2 protein in this cell population is most likely (comparing it to the 
expression of Foxa2 protein in the liver, an organ with high Cre activity; see fi gure 20b). Due to the fact that the 
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Foxa2iCre/+ mouse showed Parkinsons-like behaviour at only 14 months old and was only crossed back to C57Bl/6 
for four generations one would expect a more penetrant and severe phenotypic behaviour after 18 months and a 
pure C57Bl/6 background.
If Parkinson’s disease in this mouse line can be verifi ed it will be a second good model system. As a hypomorphic 
allele it might refl ect the natural situation more accurately. Furthermore, it can be used as a tool to analyze factors 
and pathways that are involved in the development of Parkinson’s disease. One can take advantage of the Cre 
recombination activity of this mouse line in the fl oorplate that allows for conditional deletion of different genes to 
be tested for their infl uence on this disease. Additionally, the fact that Cre is only expressed under the control of 
the fi rst Foxa2 promoter and that the two promoters are regulated in a different manner might help to elucidate 
the genetic pathways that act upstream of Foxa2 in Parkinson’s disease.
For the reasons listed here the Foxa2iCreΔneo/+ mouse line would not only be a useful tool to study embryonic 
development but also the impact of Foxa2 on metabolism and Parkinson’s disease.

5.5. Conditional deletion of β-catenin in the domain of Foxa2-iCre recombination activity 

Ubiquitous deletion of a gene can lead to embryonic lethality. To circumvent this problem and to be able to 
analyze its function in distinct tissues or cell populations genes can be deleted conditionally. Conditional alleles 
in which the open reading frame is fl anked by loxP sites in the same orientation that can be recombined by Cre 
are the basis for these approaches. Necessary additional tools are recombinases, either temporally restricted 
(inducible) and/or tissue-specifi c. Crossing Cre mouse lines to conditional knock-out lines allow for the deletion of 
the conditional alleles only within the Cre expression domain. This way the function of the conditional genes can 
be analyzed in a distinct population.
To understand how the endoderm forms including the questions of how endoderm progenitors become lineage-
specifi ed, how they give rise to different cell types and organs and what signals are involved in these lineage 
decisions it is necessary to analyze the knock-out of key factors of the different pathways in specifi c cell populations 
(see fi gure 12).
It is known that Nodal/TGFβ as well as Wnt/β-catenin signaling is necessary for the induction of mesoderm 
and endoderm; knock-out models exist for both pathways that fail to gastrulate and fail to form mesoderm and 
endoderm (Conlon et al., 1994; Zhou et al., 1993; Haegel et al., 1995; Liu et al., 1999; Huelsken et al., 2000). In 
Xenopus laevis overexpression of Wnt1 leads to axis duplication and it is also true for exaggerated Wnt signaling 
in zebrafi sh (McMahon and Moon, 1989; He et al., 1997). To pattern mesoderm versus endoderm a gradient of 
Nodal signaling is suffi cient with high and low levels, respectively (Zhou et al., 1993; Conlon et al., 1994; Alexander 
and Stainier, 1999; Tremblay et al., 2000; Lowe et al., 2001; Vincent et al., 2003). The Wnt/β-catenin pathway 
plays a role in the separation of endoderm and mesoderm (Lickert et al., 2002). β-catenin mutants, as knock-out 
models for the canonical Wnt signaling cascade, in the domain of Cytokeratin 19 Cre (K19-Cre) expression exhibit 
an accumulation of cardiac mesoderm at the expense of the generation of endoderm (Lickert et al., 2002). This 
pathway and its function during endoderm development seems to be highly evolutionary conserved, as canonical 
Wnt signaling is known to be necessary for endoderm formation in Caenorhabditis elegans. In C. elegans an EMS 
cell, the founder cell of mesoderm and endoderm, undergoes an unequal division and forms an MS cell, which 
in turn gives rise to mesoderm and an E cell that is the progenitor cell of the complete gut lineage. Balanced Wnt 
signaling is necessary for this step of differentiation: while loss of Wnt signaling leads to an equal division of the 
EMS cell giving rise to two MS-like daughter cells that will from mesoderm but no gut, an overexpression of Wnt 
leads to the production of two daughter cells with an E cell fate that exclusively form gut (Lin et al., 1995; for 
review see Han et al., 1997).
To specifi cally address the question of what infl uence the canonical Wnt pathway has on any differentiation 
processes in Foxa2 positive progenitor cells in the early embryo, the Wnt downstream effector β-catenin was 
eliminated in the Foxa2iCre expression domain by crossing Foxa2iCre/+ mice to β-cateninfl oxdel/+ and β-cateninfl ox/fl ox 
mice that additionally carry a ROSA lacZ reporter gene (β-cateninfl ox/fl ox; R26R/R; Brault et al., 2001; Soriano, 1999; 
see fi gure 8; see fi gure 28). The reporter allele thereby allows for the sensitive detection of cells, cell populations 
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and tissues with Cre recombination activity, most likely overlapping with the conditional deletion of β-catenin (see 
fi gure 12b and 12c).
Thus, deletion should occur in mesendodermal progenitor cells giving rise to mesoderm and endoderm. 
As expected, deletion of just one allele of β-catenin (Foxa2iCre/+; β-cateninfl ox/+ or Foxa2iCre/+; β-cateninfl oxdel/+) resulted 
in viable mice that had neither an obvious phenotype nor any difference in β-galactosidase expression compared 
to wild type mice (Foxa2iCre/+; R26R/+).
Following a model in which the deletion of β-catenin in the early embryo leads to an accumulation of mesoderm 
to the disadvantage of endoderm, the aim was to completely delete β-catenin in the domain of Foxa2-iCre 
recombination activity (Lickert et al., 2002).
Crossing Foxa2iCre/+; β-cateninfl ox/+ or Foxa2iCre/+; β-cateninfl oxdel/+ mice to conditional β-cateninfl ox/fl ox mice did not 
result in embryonic lethality, as fi rst expected, or in the case Foxa2iCre/+; β-cateninfl ox/fl ox of adult lethality up to 
approximately 6 months.
Taking into account that the iCre allele is relatively weak at early stages (E6.5-E8.5), possibly due to a discrepancy 
between Cre expression and recombination or to the chimaeric expression of the iCre under the control of only 
one of the two Foxa2 promoters – one could argue that β-catenin is simply deleted too late and too ineffi ciently. 
This ineffi ciency could lead to chimaeric deletion and followed by selection for wild-type β-catenin or heterozygous 
cells. Either wild-type cells are responsible for the formation of tissues where canonical Wnt signaling is necessary 
or β-cateninfl oxdel/fl oxdel cells undergo apoptosis as in the case of β-catenin deletion in the Foxa3 expression domain 
(unpublished observation, Grapin-Botton A.).
Another aspect that supports this consideration is the fact that at least three alleles are there that would have to be 
recombined: two β-cateninfl ox alleles and one R26R allele. Of course, the effi ciency of full recombination decreases 
with a rising number of alleles to be recombined, especially in situations with suboptimal levels of Cre expression 
driven by one of two possible promoters (see fi gure 17).
To fi nd out if recombination takes place and/or if the cells undergo apoptosis immunostaining against β-catenin 
and a tunel assay would be the fi rst experiments that one would have to accomplish. 
As no embryonic phenotype could be found and adult mice do not show a metabolic phenotype as investigated 
up until now, phenotypes concerning stem cells that reside in the in the gut could be analyzed.
It has been shown for the crypt cells in the gut that canonical Wnt signaling has an impact on keeping stem 
cells in an undifferentiated state (Korinek et al., 1998; for review see Duncan et al., 2005), mutational activation 
initiates colon carcinoma (Korinek et al., 1997; Morini et al., 1997). Paneth cell maturation and the activation of 
their expression profi le in the crypts depend on Wnt signaling (van Es et al., 2005). One can conclude from the 
data achieved with the ROSA reporter mice that the iCre in Foxa2iCre/+ mice is highly expressed in the progenitors 
of these stem cells. Chimeric loss of β-catenin might lead to a decrease in the number of cells in the stem cell 
population. This decrease in stem cells might not have an early phenotype in the gut, especially if the deletion of 
β-catenin is chimeric. Due to a lower number of stem cells these mice might not be as sensitive to colon cancer 
(Korinek et al., 1997; Morini et al., 1997). 
Since Wnt/β-catenin signaling has been implicated in self-renewal and maintenance of stem cell in various tissues 
(skin, blood and gut: for review see Duncan et al., 2005 and Beachy et al., 2004) it is likely that stem cells that 
reside in the liver might be effected. Here a loss of β-catenin could probably only lead to observable abnormalities 
in recovery from liver hepatectomy assays as there is not continuous substitution of cell like in the epithelium of 
the gut.
Focussing on defects that could possibly arise in metabolism when Wnt signaling is inhibited Foxa2iCreΔneo/+; 
β-cateninfl ox/fl ox mice were examined regarding their blood plasma composition to draw conclusions about 
possible metabolic diseases. Initial experiments show no signifi cant alteration in the metabolism of Foxa2iCreΔneo/+; 
β-cateninfl ox/fl ox mice. One has to admit that fi nal conclusions cannot be drawn due to the fact that the number of 
mice was too low (one mouse for the knock-out model and one for the heterozygous state and wild type).
To achieve an early deletion by reducing the number of alleles to be recombined Foxa2iCreΔneo/+ mice were crossed 
to β-cateninfl oxdel/+ mice. The offspring were then mated to β-cateninfl ox/fl ox; R26R/R mice in order to have Foxa2iCreΔneo/+; 
β-cateninfl oxdel/fl ox; R26R/+ mice for further analysis. These mice then have the advantage in that they only carry two 
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alleles for recombination, allowing for more effi cient and fast recombination at early stages.
Also these mice are viable until at least day P5. They are not found in a Mendelian ratio, but this can be due to 
the β-cateninfl oxdel allele alone, as it also does not seem to follow the Mendelian rule (see chart 3). The organs of 
the mice look normal and there is also no difference in the staining for β-galactosidase. To further analyze these 
results a staining for β-catenin in combination with β-galactosidase would be the fi rst step to prove complete 
deletion of β-catenin in those organs that are expressing or that have expressed iCre.
A stronger Cre line under the transcriptional control of the Foxa2 promoter, like the newly established Foxa2-2A-
iCre mouse line (unpublished observations; Moritz Gegg and Dr. Ingo Burtscher; Institute of Stem Cell Research, 
Helmholtz Zentrum München), and its regulators would be interesting to compare the results to those achieved 
with the Foxa2iCreΔneo/+ line. Possibly a stronger phenotype might be observed, if the recombination activity of the 
Cre starts earlier and is less chimeric. This way the phenotype occurring with the deletion of β-catenin in the K19-
Cre expression domain might be recapitulated more accurately (Lickert et al., 2002).
However, it is possible that the chimeric and late deletion of β-catenin by using the Foxa2iCre/+ mouse line allows 
for analyzing later phenotypes due to deletion of β-catenin in other tissues. E.g., experiments in zebrafi sh show 
that inhibition of the Wnt/β-catenin pathway promotes the ventral midline to differentiate with hypothalamic identity 
rather than fl oorplate (Kapsimali et al., 2004). Ventral midline cells in the neural tube usually form fl oorplate 
throughout most of the central nervous system. In the anterior forebrain they differentiate with hypothalamic 
cell identity in the normal situation. Expression and recombination activity of Foxa2-iCre in the fl oorplate and 
deletion of β-catenin in these cells could also lead to an increase of hypothalamic fate of fl oorplate cells in mice. 
This might subsequently have infl uence on the number of cells in those cell types arising from the fl oorplate, e.g. 
dopaminergic neurons. A decrease in the number of these specialized cells could lead to Parkinson’s disease 
later during adulthood.
More investigation will be necessary to fi nd out if the deletion of β-catenin is suffi cient and has a phenotype in 
adult mice.

5.6. Establishment and characterization of an in vitro ES cell assay – steps towards an in vitro system for embryonic 
development

The basic questions in stem cell research are how stem cells keep the ability to self-renew, how they are 
maintained into adulthood and what signals are necessary to accomplish the generation of specifi c cell types in 
in vitro differentiations of pluripotent (embryonic) stem cells. It is necessary to have model systems to be able to 
address these questions.
Especially in vitro differentiations have gained importance during the last decade in regard to cell replacement 
therapies. One reason for this obviously is that they offer the chance to produce a large amount of cells could 
solve the problem of the discrepancy of supply and demand of donor organs one day. Since pluripotency was 
successfully induced in terminally differentiated cells (induced pluripotent stem cells = iPS cells) showing that it 
is – in principle – possible to use a patient’s own cells for replacement therapies by inducing pluripotency and 
subsequently differentiating these pluripotent cells into any cell type that is needed (Takahashi et al., 2007; 
Takahashi and Yamanaka, 2006; Nakagawa et al., 2008).
To understand the differentiation of endoderm cells and to be able to analyze the impact of different factors on 
endoderm development in a model system, an in vitro differentiation system for endoderm was successfully 
established. The basis of this differentiation system is the adherent co-culture with Wnt3a-expressing feeder cells 
in a serum-free medium supplemented with human activin A.
As previously published from other groups (Kroon et al., 2008; D’Amour et al., 2006) the adherent differentiation 
of ES cells into endoderm under serum-free conditions using activin A, a Nodal/TGFβ-signal (Tada et al., 2005; 
Yasunaga et al., 2005), can be optimized by supplementing the growth medium with Wnt3a, an activator of the 
canonical Wnt-signaling, as shown by comparative results of the differentiation on Wnt3a and β-galactosidase 
expressing feeder cells (see fi gure 35b). In fact, this member of the Wnt family as well as Nodal are expressed in 
the early embryo at the posterior side, where the endoderm arises during gastrulation (Conlon et al., 1994; Liu et 
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al., 1999). This correlation between in vivo and in vitro data is an example of the strong connection between the 
two differentiation processes. It clearly displays that the knowledge gained in one of the systems can be directly 
transferred to the other and vice versa. The close relation between in vivo and in vitro differentiation has already 
been shown for pancreatic endoderm and holds true for hepatocytes as well (Kroon et al., 2008; D’Amour et al., 
2006; Agarwal et al., 2008).
There are other factors important for an effi cient differentiation into the endodermal lineage that have yet to be 
identifi ed. The best indication for this is that both the differentiation on Wnt3a overexpressing NIH3T3 cells as a 
coculture system as on β-galactosidase expressing NIH3T3 cells is more effi cient when compared to differentiation 
on collagen IV coated dishes. These data are supported by fi ndings in in vitro differentiations of human ES cells 
into endoderm; also in this case an increase in the effi ciency of endoderm differentiation using feeder co-cultures 
could be observed (Zhou et al., 2008). The coculture conditions might mimic the in vivo situation better than 
collagen IV which is only one component of the extracellular matrix. 

Using Wnt3a overexpressing NIH3T3 cells for differentiation inherits the consequence that the Wnt signal always 
stays the same. In vivo, only the posterior endoderm is exposed to continuously high Wnt3a signals, while the 
anterior endoderm (hepatic/ pancreatic endoderm), due to its movements rather has contact with Wnt inhibitors 
(Dessimoz et al., 2005; McLin et al., 2007). In line with these thoughts, the semi-quantitative RT-PCR showed 
upregulation of posterior markers (e.g. IFAB-P and Cerl; see fi gure 34) and downregulation of anterior markers 
(e.g. Pdx1 and Nkx2.1, see fi gure 34). Although real-time PCR would be the method of choice to validate these 
preliminary results, they do serve as evidence for the differentiation of posterior endoderm. Also the fact that 
differentiating cells fi rst upregulate T, Foxa2 and Sox17, but subsequently downregulate T again while the 
expression of Sox17 and Foxa2 stays at the same level (see chart 4), indicates that the established system is 
comparable to the differentiation of posterior structures in vivo (Takada et al., 1994; Kanai-Azuma et al., 2002; 
Ang and Rossant, 1994; Weinstein et al., 1994). Even the spatial resolution of the expression start of Foxa2 
versus Sox17 at a single cell level using live imaging techniques supports this model (see fi gure 36) and can also 
be used as an argument against the theory that it might be visceral endoderm differentiated with this method. 
Sox17 expression is turned on after Foxa2 has already been expressed for 10h (see fi gure 36), a similar time 
delay of expression that is also true for the defi nitive endoderm in vivo. Observations made on long-term cultures 
showed that the cells in vitro even seem to build up tube- (gut-) like structures (fi gure 35e-g’) that have already 
been observed by other groups (Torihashi et al., 2006; Matsuura et al., 2006; Yamada et al., 2002).
Summarizing the results, the differentiation system is a useful tool for testing different aspects of development in 
vitro. New cell lines can easily be tested before undergoing laborious effort to produce a mouse line. Additionally, 
chemicals and signaling proteins can easily be tested in vitro on a large scale (e.g. 384-well) regarding their 
potential to inhibit or sustain the differentiation of ES cells into Foxa2 and Sox17 positive cells.   

5.7. Fusion proteins as miRNA-sensors – a tool to test micro RNAs in vitro?

MiRNAs are known to play important roles during embryonic development (for review see Cheng et al., 2005). 
The current model of miRNAs action is the inhibition of translation of the target mRNA by binding to its 3’-UTR 
(see fi gure 11 and 37; Lee et al., 1993; Olsen and Ambros, 1999; Dugas and Bartel, 2004). There is also evidence 
that miRNAs destabilize their target mRNAs by binding to the 3’-UTR and that some of the miRNAs are able to 
infl uence mRNA levels by using the siRNA pathway. They can directly bind to the ORF of the mRNA and lead to 
its degradation (see fi gure 11; Makeyev et al., 2007).
It is important to identify the target genes of single miRNAs to unravel their function and role during development 
or in the adult organism and to understand how miRNAs regulate different pathways. Today, there are many 
predictive software tools for miRNA target mRNAs available. However, these computational prediction algorithms 
allow for the estimation of up to 300 target mRNAs per miRNA (Brennecke et al., 2005; Bartel, 2004). This number 
impressively demonstrates why experimental approaches will be necessary to identify and verify single miRNAs 
and their targets.
One approach to test the miRNAs and their predicted target could be the use of knock-ins of fl uorescent fusion 
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proteins to certain genes that should be tested as possible targets. Fluorescent fusion proteins in general still have 
the same ORF as their non-targeted counterpart with, of course, additional nucleotides coding for the fl uorescent 
protein. Another shared feature of both the fusion and native proteins is the 3’-UTR. In principle, fusion proteins 
carry exactly the same target sequences for miRNAs as the original (not targeted) mRNA. Theoretically, miRNAs 
that target a special mRNA should also target the fl uorescent fusion-mRNA and therefore lead to its degradation 
or blocking of its translation into protein (see fi gure 37). No matter how the miRNA acts, the concentration of 
protein produced should decrease for both mRNAs. In the case of the fl uorescent fusion a decrease of the 
fl uorescence should be directly observable using fl uorescent microscopy unless the fusion protein has a different 
secondary structure that could lead to masking of the miRNA target sites and therefore leave the mRNA translation 
unaffected.
In the work presented here, the impact of different miRNAs on the endoderm in vitro differentiation was tested. 
Therefore stable miRNA ES cell clones were differentiated in vitro according to the established protocol and 
analyzed for protein expression.

Using different software and tools, Dominik Lutter (Institute for Bioinformatics) predicted that miR335 targets 
Sox17 and Foxa2 mRNA. Additionally he found out that the genomic location of miR335 overlaps with the gene 
Mest (mesoderm specifi c transcript), a gene expressed predominantly in the mesoderm (Kaneko-Ishino et al., 
1995, Lefebvre et al., 1998). In the cardiac mesoderm before looping, Mest, also known as Peg1 (paternally 
expressed gene 1), is expressed uniformly throughout the heart tube. While the looping process proceeds 
expression becomes restricted to the ventricular myocardium and can also be detected in the endocard of the 
ventricles (King et al., 2002). At E10 the expression of Mest starts in the myocardium of the future right appendage 
and is expressed in both the left and the right at E11, but is still stronger in the right (King et al., 2002). Endocardial 
cells continue to show expression throughout the heart (King et al., 2002). Mest might have a function in the 
compaction of the left ventricle (King et al., 2002). Another, more recent study shows that Mest has an impact on 
fat mass expansion and suggests that Mest is an enzymatic component of a mechanism in the endoplasmatic 
reticulum that facilitates the uptake of fat into adipocytes for storage (Nikonova et al., 2008). This function of 
Mest could also explain why Mest knock-out mice that are viable suffer from growth retardation (Lefebvre et al., 
1998).
An evaluation of expression levels of genes and the expression of the corresponding intronic miRNA could identify 
a signifi cant correlation between the expression of the gene Mest and its corresponding miRNA, miR335 in 
multiple myeloma (Ronchetti et al., 2008). Predictions and transcriptional profi les associate Mest/miR335 with 
plasma cell homing and/or interaction with the bone marrow microenviroment in this study. In human, miRNA335 
along with miR126 were only recently identifi ed as suppressors of metastasis in breast cancer (Tavazoie et al., 
2008). MiR335 was shown to target Sox4, a hematopoietic progenitor cell transcription factor and an extracellular 
matrix component in this aspect thereby suppressing metastasis and migration (Tavazoie et al., 2008). 
This coincidence of reported Mest expression in the mesoderm (Lefebvre et al., 1998; King et al., 2002) and miR335 
targeting predictions for Foxa2 points to a Mest-correlated expression of miR335 in the mesoderm (compared to 
multiple myeloma; Ronchetti et al., 2008) where it targets and subsequently negatively regulates activators of the 
endodermal pathway (Foxa2) and thereby suppresses endoderm differentiation in the mesoderm.
To test the miRNA target prediction an expression vector was used that allowed for the expression of miRNA 
and a reporter protein at the same time. This vector was generated by Chung et al. (2006) as a vector for 
effi cient overexpression and processing of miRNAs. Driven by a ubiquitous polymerase type II promoter the 
coupled expression of a miRNA and a protein with the same transcript is possible. Additionally, the promoter 
would allow for the expression of multiple miRNAs compared to commonly used polymerase III promoter-driven 
shRNA expression vectors that are only able to express a single miRNA from one promoter (Yu et al., 2003; Jazag 
et al., 2005). MiRNAs and proteins, even if their sequence is transferred with the same vector, might not have 
the identical expression level if their expression is driven by different promoters. In the pUI4-vector generated 
by Chung et al. (2006) the miRNA is located within an intron of an artifi cial gene (sequence with exon-intron 
structure), imbedded in a sequence called SIBR (synthetic inhibitory BIC-derived RNA) cassette. This cassette is 
part of the BIC gene, a non-protein coding gene that carries an evolutionary conserved non-coding RNA involved 
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in lymphoma and other types of cancer (for detailed information see Introduction, 2.5.1.; Clurman et al., 1989; 
Eis et al., 2005; van den Berg et al., 2003; Kluiver et al., 2005; Iorio et al., 2005; Yanaihara et al., 2006). The 
SIBR cassette was shown to be the minimal sequence for effi cient production of miRNAs (Chung et al., 2006). 
For overexpression miRNAs are cloned into the SIBR cassette by exchanging their loop with the loop of miR155, 
known to be processed effi ciently in the miRNA pathway. The last exon of the artifi cial gene of the pUI4 vector 
comprises the open reading frame of either GFP (green fl uorescent protein) or puromycin N-acetyl-transferase 
(which confers puromycin resistance). Therefore, it can either indicate the level of expression of the miRNA, 
because it is directly related to the level of fl uorescent protein expression in the fi rst case, or it can be used to 
obtain stable clones using the vector confers puromycin resistance. 
In order to have both, the indication for the miRNA expression level on a fl uorescent basis and a resistance 
marker to be able to select for stable integrations, the vector was altered by exchanging the ORF of GFP with the 
ORF of H2B-CFP-IRES-Puro (see fi gure 38a).

For functional analysis miR335 was subcloned into the altered expression vector and stably overexpressed in 
Sox17-Cherry fusion ES cells. Along with miR335, eight other miRNAs were subcloned into the same vector: 
miR26a, miR192, miR194-1, miR215, miR335 Sox17-optimized, miR335 Foxa2-optimized, miR350, and miR465a. 
MiR26a was predicted to target Sox17, miR350 and miR465a to target Foxa2 using the same tools used for 
the miR335 target prediction. miR192, miR194 and miR215 are miRNAs expressed in the endoderm. Logically, 
miRNAs that are expressed in certain tissues should support their specifi c lineage differentiation and suppress 
differentiation markers and activators of other tissues, therefore these miRNAs should not interfere with Sox17 
and Foxa2 expression.  
Interestingly, the Foxa2 optimized miRNA335 did not alter the expression of Foxa2 protein level while the natural 
miR335 did. In two independent clones miR335 overexpression resulted in a decrease of fl uorescence after 
immunostaining for Foxa2. With the help of statistical tools (like the translation of pictures into a binary form) the 
interpretation of the results is more objective compared to cell counting. In this way, many pictures with information 
about fl uorescence A can be analyzed as a whole and compared to the same number of pictures of fl uorescence 
B in a shorter period of time. Although the fi nal proof of the correct processing of miR335 is missing, the results of 
the comparison of binary pictures of Foxa2 staining and miRNA/H2B-CFP expression already show an infl uence 
on Foxa2 expression and differentiation. It will be interesting to see what these cells are able to give rise to in the 
embryo in completely ES cell derived embryos by tetraploid complementation. The negative regulation of Foxa2 
expression would only have an impact on the embryonic portion but would not infl uence the extraembryonic 
regions. This way it would be possible to study the effect on the tissues that give rise to the embryo proper. The 
decrease in Foxa2 protein level could possibly lead to a phenotype in the endoderm, in one of the organizer 
tissues (node or notochord) or both (see also Foxa2-/-). Since miRNA overexpression, equitable with a knock-
down, does most likely not refl ect the complete knock-out another possibility is that only minor effects and defects 
would be found later in development or adulthood, analogous to the Foxa2+/- or Foxa2iCre/iCre phenotype (Wolfrum 
et al., 2004, see results and discussion of the hypomorphic Foxa2iCre allele). Regarding the fact that miR335, 
besides Foxa2 expression, might also infl uence the expression of different other genes that are not identifi ed 
it might repress endoderm formation and support mesodermal development. Increased expression of factors 
forcing cells to differentiate into the mesodermal lineage could lead to a decrease in the size of the somites or as 
in the case of miR1 overexpression to decreased mass of cardiac tissue (Chen et al., 2006; Zhao et al., 2005). 
Of course, it cannot be excluded that miR335 overexpression leads to increase of these tissues; but a decrease 
of Foxa2 protein in a model system in which Foxa2 is an endodermal stem cell marker should rather support 
differentiation than proliferation and self-renewal. Taking in account that Mest is expressed in the endocard of the 
developing heart (King et al., 2002) and that miR335 expression is most likely correlated with Mest expression. 
Expression in the endocard could be important for the suppression of Foxa2 in endocardial cells during later heart 
development from E9.0 on. As known from the lineage tracing performed with Foxa2iCre/+ mice (see fi gure 21) and 
other other Cre lines (Foxa2-2A-iCre mice, Moritz Gegg, unpublished observations; Foxa2mem mouse line, Park et 
al., 2008) Foxa2 is expressed in the progenitors of the endocard, the secondary heart fi eld, and might have to be 
downregulated in this cell population during further development. Regarding this aspect embryos overexpressing 
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miR335 might have a level of Foxa2 expression in endocardial progenitors that is too low to specify them. They 
might suffer from severe defects in the inner lining of the heart and exhibit a mesodermal (muscular) phenotype 
rather than an epithelial one or at least may not be capable of fulfi lling all their functions properly.
It might be also interesting to see if miR335 overexpressing mice are viable and whether they exhibit less 
metastasis in cancer, since miR335 is shown to have an anti-metastatic and anti-migrating effect (Tavazoie et al., 
2008). This anti-migrating effect might also have impact in the developing embryo and in overexpression assays, 
not only in the heart where certain cell populations have to migrate to allow for turning but also during gastrulation 
and the formation of the three germ layers and the elongation of the antero-posterior axis. Migration defects could 
additionally be analyzed on a cellular level in in vitro systems using live imaging. Comparing data from in vitro 
studies of different miRNA transgenic ES cell lines might help to give more sophisticated predictions.
Recent fi ndings additionally lead to the conclusion that Foxa2, Mest and miR335 are most likely components of a 
self-regulating feedback loop (see fi gure 46). First, the Mest promoter region has several putative Foxa2 binding 
sites predicted by the Genomatix software tool. Second, Mest appears to be downregulated in Foxa2 knock-out 
embryos based on an expression screen that compared Foxa2 wild type and Foxa2-/- mouse embryos at E7.5 
(Tamplin et al., 2008, in press). In the secondary heart fi eld Foxa2 might be necessary to induce Mest while it has 
to be downregulated for later development in the endocard by miR335. This is supported by the lineage tracing 
of Foxa2iCre/+ mice compared to in situ data (see fi gure 21; Monaghan et al., 1993; Sasaki and Hogan, 1993; Ang 
and Rossant, 1994). Foxa2 is expressed in the progenitors of the endocard but is absent in the heart at later 
stages. Mest, due to its enzymatic function in fat metabolism, could be important for the enormous growth of the 
heart at these early stages, while the function of miRNA335 is predominantly to downregulate Foxa2 to allow for 
the further differentiation of the cells in the endocard.
In light of  the enzymatic function of Mest and its involvement in fat metabolism, as well as the fi nding that 
Mest knock-out mice show growth retardation (Lefebvre et al., 1998) and the fact that Foxa2+/- mice exhibit fat 
metabolism defects and that Foxa2, directly or indirectly, activates Mest (Genomatix predictions and Tamplin et 
al., 2008, in press) it would be interesting to investigate (using RT-PCR, in situ analysis and immunostainings) 
if Mest and miR335 are expressed in the liver along with Foxa2 at the same time. Due to the fact that Foxa2 
regulates fat metabolism and that Mest is also involved, the same regulative mechanisms (activation of Mest by 
Foxa2 and subsequent downregulation of Foxa2 by miR335) might be conserved in the liver. Conditional deletion 
of one Mest allele in Foxa2iCre mice could lead to a compound phenotype similar to that of the Mest-/- mice if Foxa2 
and Mest are components of the same pathway.
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Figure 46: Model of a feedback loop of Foxa2 and miR335
Figure 46 illustrates how Foxa2 fi rst activates Mest and thereby miR335 and is then consequently 
inhibited by miR335. Only in certain cell types where Foxa2 and Mest are both expressed this 
feedback loop can serve as a model. In other cell types Mest expression might be activated by 
other transcription factors, possibly T or Fgf (indicated by grey arrow). 

It is also interesting to note that the level of Sox17 expression (although it was also a predicted target) did not 
seem to be effected. This can be due to sensitivity levels of the fl uorescence intensity and missing resolution at 
the Axiovert microscope compared to a confocal microscope. Another possible explanation is that the prediction 
is only partially true. One indication for this alternative is that another combination of bioinformatic tools now lead 
to the exclusion of Sox17 from the predicted target gene pool of miR335 (software tool “Targetspy”, Martin Sturm, 
unpublished fi nding).
None of the other miRNAs predicted to target Foxa2 or Sox17 seemed to negatively regulate Foxa2 or Sox17 
expression. Of course, one explanation for the missing effect could be that the miRNAs have simply no infl uence 
on the mRNA translation or degradation of these two genes. As mentioned before, it can also be due to sensitivity 
levels that cannot be resolved with the technique used (fl uorescence microscopy). The miRNAs might simply not be 
processed correctly within the miRNA pathway or target sites of the mRNA that could be masked in the fl uorescent 
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fusion variant of the mRNA. Only Northern blot and real-time PCR analysis of Foxa2 mRNA concentrations could 
give an answer to that question, in the case of Sox17 immunostainings against the fl uorescent fusion protein of 
the wild type protein might help to increase the fl uorescent signal and allow for a conclusion.

Foxa2 expression seemed to be increased by miR194 overexpression. Since miR194 is expressed in the 
endoderm (Landgraf et al., 2007) and should therefore support its formation, the prediction was that it either 
positively infl uences Foxa2 expression or has no effect at all. Compared to other miRNAs that are also expressed 
in the endoderm, miR215 and miR192, Foxa2-Venus expression was upregulated. There are different possibilities 
for this phenomenon. Clonal variation can always be used as an argument in in vitro assays, especially if only 
one clone is tested. For miR194-overexpression two independent clones (see Results) show the same effect. 
In this case the proof of the miRNA processing and activity cannot be measured by the regulation of the mRNA 
levels of its targets, because the infl uence on Foxa2 is only indirect and the real target mRNAs are not known. 
Using the bioinformatic tools for prediction could give some hints as to what mRNAs are necessary to focus on. 
The targeting of these mRNAs could be tested in vitro by expressing fl uorescent fusion proteins and miRNAs 
in HEK293 cells in parallel. FACS analysis or Northern blot would be assays for the examination. Additionally, 
in tetraploid aggregation assays more information about the impact on in vivo differentiation and development 
could be gathered using the stable ES cell clones generated in this thesis. Once a phenotype is found, it might be 
possible to identify pathways that are involved and mRNAs that are eventually targeted by miR194.
Regardless what targets miR194 might have, since it indirectly upregulates Foxa2 it is possible that its 
overexpression will have an opposing effect to miR335 in vivo using the tetraploid aggregation assay. Formation 
of endoderm to a greater extent due to a support of endoderm to the disadvantage of the mesodermal lineage or 
overgrowth in certain subpopulations of the endoderm could be possible effects. Especially in the anterior part 
of the embryo, where the liver differentiates under the infl uence of the cardiac mesoderm (Deutsch et al., 2001; 
Gualdi et al., 1996) and where Foxa2 knock-out mutants show a severe defect in endoderm formation (Ang and 
Rossant, 1994; Weinstein et al., 1994) one might expect to see clear differences under miR194 overexpression. 
E. g., if it represses (cardiac) mesoderm formation it might support the formation of the liver and other more 
anterior endodermal structures indirectly by repressing Fgf signaling from the adjacent mesoderm (Dessimoz et 
al., 2006); and if it supports the expression of genes that force endoderm proliferation and differentiation it might 
also support e. g. liver or pancreas formation directly (Zaret, 2008).

In the next step the miRNA constructs should be introduced into double targeted Foxa2-Venus fusion and Sox17-
Cherry fusion (and vice versa: Foxa2-Cherry fusion and Sox17-Venus fusion) knock-in ES cells because these 
will allow for an even easier and faster read-out in vitro and in vivo. Foxa2 and Sox17 protein decrease can 
be visualized directly and immediately correlated to miRNA expression without further immunostainings in vivo 
using live-imaging techniques. As published recently, supplementing the differentiation medium with a drug called 
enoxacin could enhance the knock-down effect by promoting the biogenesis of miRNAs (Shan et al., 2008). 
An even stronger effect of miR335 or miR194 expression might be detectable but should be controlled tightly 
because it is not known what other endogenous miRNAs might be upregulated using enoxacin.
The results show that the in vitro differentiation system can be used as a test system for miRNAs and that it is a 
fast tool to analyze miRNAs in vitro in an environment that mimics the in vivo situation as closely as possible. They 
further clear the way for subsequent tests in vivo in tetraploid aggregation assays. 
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6. Material and Methods

6.1.       Material

6.1.1.    Equipment

 Centifuges    5417 R (Eppendorf AG, Hamburg)
      5417 C (Eppendorf AG, Hamburg)
      5804 R (Eppendorf AG, Hamburg)

 Haereus Rotanta 460R (Thermo Fisher Scientifi c Inc.,   
 Waltham)
 Hettich Universal 30F (Andreas Hettich GmbH & Co. KG,  
 Tuttlingen)

      1-14 (Sigma Laborzentrifugen GmbH, Osterode am Harz)
      Galaxy Mini (VWR International GmbH, Darmstadt)
 Incubation systems/ovens  Shaking incubator; 37°C bacteria (Shel Lab, Sheldon 

 Manufacturing, Cornelius)
      TH-30 and SM-30; 32°C bacteria (Edmund Bühler GmbH,  
      Hechingen)
      65°C Southern Blot
      Thermomixer comfort (Eppendorf AG, Hamburg)

     Shake’n’Stack (ThermoHybaid, (Thermo Fisher Scientifi c Inc.,  
    Waltham)

 Electroporation system   BioRad Gene Pulser Xcell (BioRad Laboratories, München)
 Power suppliers    Power Pack Basic (BioRad Laboratories, München)

 Agarose gel chamber   Midi 450 (Harnischmacher, Kassel)
 Gel documentation system  UV-Transilluminator (Biorad, München)
      Gene Flash (Syngene Bio Imaging, Synoptics Ltd, Cambridge)
 Pipettes    1000µl/ 100µl/ 20µl/ 10µl Eppendorf Research    
      (Eppendorf AG, Hamburg)
      Pipettboy accu-jet and accu-jet® pro (Brand GmbH & Co. KG,  
      Wertheim)
 Photometer    BioPhotometer (Eppendorf)

 ND-1000 Spectrophotometer (NanoDrop, (Thermo Fisher  
 Scientifi c Inc., Waltham)

 Polyacrylamid gel preparation  (BioRad)
 Polyacrylamid gel chamber  Mini Trans-Blot® Cell (BioRad GmbH, Heidelberg)
 Western Blot semi-dry system  Trans-Blot® SD, Semi-Dry Transfer cell (Biorad, Heidelberg)

PCR machines     Px2 ThermoHybaid (Thermo Fisher Scientifi c Inc., Waltham)
     PXE0.2 Thermo Cycler (Thermo Fisher Scientifi c Inc.Waltham)
 FACS     FACS Calibur (Becton and Dickinson and Company, Franklin  

      Lakes)
 Balances    ScoutTM Pro (OHAUS)
      (Sartorius)
 Vortexer    Vortexer (VWR international GmbH, Darmstadt)
 Rotator/tumbler    VSR 23 (Grant BOEKEL, VWR international GmbH,Darmstadt)
      Roller Mixer SRT1 (Bibby Scientifi c (Stuart), Staffordshire, GB)
 Water bath    VWR
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 pH meter    pH211 Microprocessor pH Meter (HANNA instruments   
      Deutschland GmbH, Kehl am Rhein)
 Pumps     LABOPORT ® (neoLab Migge Laborbedarf-Vertriebs GmbH,  
      Heidelberg)

Hybridisation tubes   Hybridizer HB 100 (ThermoHybaid, (Thermo Fisher Scientifi c  
  Inc., Waltham)

Film cassettes    Hypercassette (Amersham, GE Healthcare GmbH, München)
Developing machine   AGFA Curix 60 developing machine (AGFA HealthCare GmbH,  

      Bonn) 
Radiation monitor   Berthold LB122 radiation monitor 

 (BERTHOLD TECHNOLOGIES GmbH & Co. KG, Bad   
 Wildbach)

 Microscopes    Axiovert 200M (Carl Zeiss AG, Göttingen)
      Lumar.V12 (Carl Zeiss AG, Göttingen)
      MS5 (Leica Microsystems GmbH, Wetzlar)
      TCS SP5 (Leica Microsystems GmbH, Wetzlar)
 Cameras    AxioCam MRc5 (Carl Zeiss AG, Göttingen)
      AxioCam HRm (Carl Zeiss AG, Göttingen)
 Microwave    700W (Severin Elektrogeräte GmbH, Sundern) 
 Stirrer     STIR (VWR international GmbH, Darmstadt) 
 Cross-linker    UV Stratalinker 1800 (Stratagene)

Microtome     Microm HM 355 S rotation microtome (Thermo Fisher   
    Scientifi c Inc., Waltham)

 Glassware    Schott-Duran (Schott, Mainz)
 Plastic ware    (VITLAB GmbH, Großostheim)
 Counting chamber (cells)  Neubauer (LO - Laboroptik GmbH, Friedrichsdorf)

 Freezer     20°C (Liebherr Hausgeräte Ochsenhausen GmbH,   
      Ochsenhausen)
 Fridge     4°C (Liebherr Hausgeräte Ochsenhausen GmbH,   
      Ochsenhausen)
 

6.1.2.    Consumables and kits

Consumables
50ml/ 15ml tubes   (Becton and Dickinson and Company, Franklin Lakes;    

      Sarstedt, Nürnbrecht)
14ml tubes    BD Labware (Becton Dickinson GmbH, Heidelberg)
2ml/ 1,5ml safe-lock reaction tubes (Eppendorf AG, Hamburg)
0,2ml tubes    (Eppendorf AG, Hamburg)
15cm/ 10cm/ 6cm dishes  nunc (Thermo Scientifi c Fisher, Wiesbaden)
6-well/ 12-well/ 24-well/ 
48-well plates/ 96-well plates 
(straight/conical)   nunc (Thermo Scientifi c Fisher, Wiesbaden)
10cm bacterial plates   BD FalconTM (Becton Dickinson GmbH, Heidelberg)
Embedding cassettes   (Carl Roth GmbH & Co. KG, Karlsruhe)
Embedding moulds   (Carl Roth GmbH & Co. KG, Karlsruhe)
50ml/ 25ml/ 10ml/ 
5ml/ 2ml/ 1ml plastic pipettes  (Greiner bio-one, Frickenhausen)
Pasteur pipettes, plastic   transfer pipettes (Carl Roth GmbH & Co. KG, Karlsruhe)
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Pasteur pipettes, glass   15cm/ 23cm (L A B O R - B R A N D , Gießen;    
      Hirschmann Laborgeräte GmbH & Co. KG, Eberstadt)

Parafi lm    Parafi lm (Pechiney Plastic Packaging, Menasha)
PVDF membrane   Immun-Blot PVDF-Membrane (BioRad Laboratories, Hercules)
Nitrocellulose membrane  (GE Healthcare Buchler GmbH & Co. KG, München)
Blotting paper    Whatman paper (GE Healthcare Buchler GmbH & Co. KG,  

      München)
Scalpels    surgical disposable scalpels B/Braun (Aesculap AG & Co. KG  

      Tuttlingen)
Films     Kodak BioMax MS (Sigma-Aldrich GmbH, Hamburg),   

      Amersham Hyperfi lm ECL (GE Healthcare Buchler GmbH &  
      Co. KG, München)

Kits
QIAquick PCR Purifi cation Kit (Qiagen Holding, Hilden) 
QIAquick Gel Extraction Kit (Qiagen Holding, Hilden)
QIAgen Maxi Kit (Qiagen Holding, Hilden)
QIAgen Mini Kit (Qiagen Holding, Hilden) 
RNeasy Mini Kit (Qiagen Holding, Hilden)
Labelling Kit (Roche Holding GmbH, Applied Science, Mannheim)
Nextract (Sigma-Aldrich GmbH, Hamburg)
ECL Detection Kit (Millipore Cooperation, Billerica, MA)

6.1.3.    Chemicals 

 (Sigma-Aldrich GmbH, Hamburg, Merck KGaA, Darmstadt, Carl Roth GmbH & Co. KG, Karlsruhe)

 A Acetic acid
  Activin A, human (R&D Systems, Minneapolis)

 Acrylamide/bisacrylamide
 Agarose (Biozym Scientifi c GmbH, Hess. Oldendorf)

  Ampicillin
  APS
 B BCA

 BSA
  Bradford reagent
  bromine phenol blue
 C Calcium chloride

 Chloroform, 99+%
 CI (Chloroform-Isoamylalcohol: 24:1)

 D Diethylpyrocarbonate (DEPC), approx. 97%
 Dimethylsulfoxide (DMSO), >99,9%
 Dithiothreitol (DTT)
 dNTPs (Fermentas GmbH, St. Leon-Rot)

 E EDTA
 Ethanol, 96%
 Ethidiumbromide

 F Formaldehyde
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  F Formamide
 G Gelatine
  Glutamine
  Glutaraldehyde
  Glycerol
  G418 (Geneticin, 50mg/ml, Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
 H HEPES (200mM, Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
  HEPES (powder)
  HCl
 I Isopropanol, 100%
 K Kanamycin
 L L-glutamine (200mM, Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
 M Magnesium chloride

 Methanol, 100%
 MEMs non essential amino acids (100x, Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
 Milk powder (Becton Dickinson GmbH, Heidelberg )
 Mitomycin C
 Mounting medium

  MOPS
 β-mercaptoethanol (50mM, Gibco, InvitrogenTM Cooperation, Carlsbad, CA)

 N Nitrogen(l) (Linde AG, München)
  Nuclear Fast Red
 O Oligo-dT-primer (Promega GmbH, Mannheim)
 P Paraformaldehyde

 PBS (Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
 PCI (Phenol-Chloroform-Isoamylalcohol: 25:24:1; Carl Roth GmbH + Co. KG, 
 Karlsruhe)
 Penicillin/Streptomycin (Gibco, InvitrogenTM Cooperation, Carlsbad, CA)
 Polyacrylamide
 Potassium acetate

  Puromycin
 Q Q-Solution (Qiagen Holding, Hilden)
 R RNaseZAP
  Rotihistol
 S Sodium chloride
  Sodiumdodecylsulphate (SDS)
  Sodium hydrogenic phosphate (Na2HPO4)
  Sodium hydroxide
 T TEMED
  TWEEN20
  Tris
  Triton X-100
  Trizol Reagent (Gibco, InvitrogenTM Cooperation, Karlsruhe)
 X X-Gal

 Xylene
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6.1.4.    Buffers and solutions

 Isolation of genomic DNA
 Proteinase K lysis buffer: 100mM  Tris, pH8.0-8.5
              5mM  EDTA, pH8.0
              2%  SDS
                                200mM  Sodium chloride

 Plasmid preparation
 P1 buffer:    50mM  Tris HCl, pH 8.0

 10mM  EDTA
           100μg/ml RNase A

P2 buffer:   200mM  Sodium hydroxide
 1%  SDS

P3 buffer   3M  Potassium acetate, pH 5.5

QBT buffer   750mM  Sodium chloride
 50mM  MOPS, pH 7.0
 15%  Isopropanol (v/v)
 0.15%  Triton X-100 (v/v)

QC buffer:   1M  Sodium chloride
 50mM  MOPS, pH 7.0
 15%  Isopropanol (v/v)

QF buffer:   1,25M  Sodium chloride
 50mM  Tris HCl, pH 8.5
 15%  Isopropanol

TE buffer:   10mM  Tris HCl, pH 8.0
 0.1mM  EDTA

EB buffer:   10mM  Tris HCl, pH 8.0

 DNA/ RNA agarose gels
 TAE buffer (50x stock):  2M  Tris

 50mM  Glacial acetic acid
 50mM  EDTA

 Loading buffer DNA:  100mM  EDTA
 2%  SDS
 60%  Glycerol
 0.2%  Bromine phenol blue

 Loading buffer RNA (2x): 95%  Formamide
     0.025%  SDS
     0.025%  Bromine phenol blue 
     0.025%  Xylene cyanol FF
     0.025%  Ethidium bromide
     0.5mM  EDTA

 Southern blot
 Depurination 
 (fragments >=10kb):  1.1%  HCl
       in H2O

 Denaturation (all gels):  87.66g  Sodium chloride
     20.00g  NaOH 
     1000ml  H2O (fi nal volume)
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 Neutralization (all gels):  87.66g  Sodium chloride
     60.50g  Tris
     1000ml   H2O (fi nal volume)
     pH7.5   with HCl conc. (approx. 11ml)

 Transfer, 20x SSC (all gels): 88.23g  Tri-sodium-citrat
     175.32g  Sodium chloride      
     1000ml  H2O (fi nal volume)
     pH7-8
      
 Hybridisation buffer:  1M  Sodium chloride

     50mM  Tris, pH7.5 (at 37°C)
     10%  Dextransulfate 
     1%  SDS 
     250µg/ml Salmon Sperm DNA sonifi cated  
      store aliquots à 30ml at -20°C

 Washing buffers:  a)   2x SSC / 0.5% SDS 
     b)   1x SSC / 0.5% SDS 
     c)   0.1% SSC / 0.5% SDS 

 stock solutions:   a)   20x SSC 175.3g Sodium chloride
       88.2g sodium citrate
       pH7.0
     b)   20% SDS 200g SDS
       1000ml H2O (fi nal volume)

 Western blot
 Lysispuffer:   50mM  Tris/HCl, pH7.4
     150mM  Sodium chloride 
     2mM  EDTA, pH8
     1%  Nonidet P-40
     fi ltrate sterile

 APS:    10%  APS (in dest. H2O)   

 4x Tris/SDS pH8.8:  1.5M  Tris (  pH8.8)
     0.4%  SDS

 4x Tris/SDS pH6.8:  0.5M  Tris (  pH6.8)
     0.4%  SDS

 10x Tris-Glycine
 (Running buffer):  1.0%  SDS
     0.25M  Tris
     1.92M  Glycine

 4x SDS-loading dye:  (2M DTT add freshly: 40µl to 160µl buffer)
     200mM  Tris/HCl, pH6.8
     8%  SDS
     40%  Glycerol
     0.4%  bromine phenol blue

 Buffer cathode:   25mM  Tris/HCl, pH9.4
     40mM  Glycine
     10%  Methanol

 Buffer anode I:   300mM  Tris/HCl, pH10.4
     10%  Methanol

 Buffer anode II:   25mM  Tris/HCl, pH10.4
     10%  Methanol
  
 Ponceau-Lösung:  0.2%  PonceauS
     3%  TCA
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 10x TBST:   (washing buffer, add Tween20 freshly)
     100mM  Tris-HCl, pH7.4
     1.5M  Sodium chloride      
     1.0%  Tween20

 Blocking solution:  1:10 (v/v) milk powder 
     1g  BSA 
       in 1x TBST

 ECL-Lösung:   mix directly before usage
     Solution A and B mix: 1:1

 FACS analysis 
 FACS buffer:   20%  FCS
       in PBS

 LacZ-staining
 Fixation buffer:   0.02%  NP-40
     5Mm  EGTA, pH8.0
     2mM  MgCl2 x 6H2O
     1%  Formaldehyde
     0.2%  Glutaraldehyde
       in PBS

 Washing buffer:   0.02%  NP-40
       in PBS

 Staining buffer:   0.02%  NP-40
     2mM  MgCl2 x 6H2O
     5mM  K3[Fe(CN)6]
     5mM  K4[Fe(CN)6] x 6H2O
     0.01%  Natriumdesoxycholat
     1mg/ml  X-Gal
       in PBS

 Transfections
 2x HBS buffer:   0.27M  Sodium chloride

 0.054M  HEPES
 0.001  Sodium hydrogenic phosphate (Na2HPO4)
 pH 7.05

 Immunostainings
 TBS buffer (10x):  0.5M  Tris(hydroxymethyl)aminomethane

 1.625M  Sodium chloride
 adjust to pH 7.6 with conc. HCl

6.1.5.    Enzymes and enzyme kits

 Proteinase inhibitors (Sigma-Aldrich GmbH, Seelze)
 Superscript II  (Fermentas GmbH, St. Leon-Rot)
 RNase inhibitors (Fermentas GmbH, St. Leon-Rot)
 Restriction enzymes (NEB GmbH, Frankfurt a. M.; Fermentas GmbH, St. Leon-Rot)
 DNA-Polymerases (DNA Polymerase I, Large (Klenow) Fragment, NEB GmbH, Frankfurt a. M.;  
    M0210; Taq DNA Polymerase recombinant, Fermentas GmbH, 

 St. Leon-Rot, EP0402; Taq DNA Polymerase; Qiagen, Hilden; 201203; Pfu  
 DNA Polymerase, Stratagene, La Jolla)
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 RNase   (Promega GmbH, Mannheim)
 RNase-free Dnase I (Promega GmbH, Mannheim)
 Ligase   (T4 DNA ligase; NEB GmbH, Frankfurt a. M.; M0202)
 Phosphatase  (T4 Polynucleotide Kinase, NEB GmbH, Frankfurt a. M.; Antarctic   

    phosphatase NEB GmbH, Frankfurt a. M.)
 

6.1.6.    Antibodies and sera

 Primary antibodies
  Polyclonal goat α-Foxa2 antibody M-20 (Santa Cruz Biotechnology, Inc., Santa Cruz)

Secondary antibodies
  rabbit  α-goat IgG HRP-conjugated (Dianova GmbH, Hamburg)
  rabbit anti-goat IgG 488 (Invitrogen GmbH, Karlsruhe)

Sera
  Sheep serum (Sigma-Aldrich GmbH, Hamburg)

6.1.7.    Vectors and BACs

 Vectors
 pBluescript

  pL451-loxP (Lee et al., 2001; Liu et al., 2003; modifi ed)
  pUI4-SIBR-GFP (Chung et al., 2006)
  pUI4-SIBR-H2B-CFP-IRES-Puro (Chung et al., 2006 ; modifi ed)

 BACs
RPCI22-254-G2 (RZPD; 129Sv Foxa2-BAC; Osoegawa et al., 2000) 

  RPCI22-46-A17  (RZPD; 129Sv Sox17-BAC; Osoegawa et al., 2000)

6.1.8.    Oligonucleotides

Application Name Sequence

Genotyping EP176 Flp-e  sense 5'-CTAATGTTGTGGGAAATTGGAGC-3'
EP177 Flp-e  reverse 5'-CTCGAGGATAACTTGTTTATTGC-3'
EP308 R26R  1 5'-AAAGTCGCTCTGAGTTGTTAT-3'
EP309 R26R  2 5'-GCGAAGAGTTTGTCCTCAACC-3'
EP310 R26R  3 5'-GGAGCGGGAGAAATGGATATG-3'
EP418 Foxa2/Sox17  genotyping 1 5’-AGCCATACCACATTTGTAGAGG-3’
EP419 Sox17  genotyping 2 5 -CTGCTGACCATTCTCTTGATAG-3
EP420 Foxa2/Sox17  neo genotyping 1 5’-ATTGCATCGCATTGTCTGAGTAG-3’
EP421 Foxa2  genotyping 2 5’-CAAAACAACAAGCAGGTGACAG-3’
EP482 -catenin  1 5’-AAGGTAGAGTGATGAAAGTTGTT-3’
EP483 -catenin  2 5’-CACCATGTCCTCTGTCTATTC-3’
EP484 -catenin  3 5’-TACACTATTGAATCACAGGGACTT-3’
EP510 Sox17  genotyping 3 5’-CTGTGCAATTGGACTTGAATG-3’
EP511 Foxa2  genotyping 3 5’-GGGAGACAAGGTTTCTCTCTG-3’

Table 5: Oligonucleotides - Part I
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Application Name Sequence

Cloning EP002 NotI Foxa2  Exon 1A reverse 5’-NNNgcggccgcGGTCGTCAGTTACCTCAGTCCTCTTTC-3’
EP004 NotI Sox17  Exon 1A reverse 5’- NNNgcggccgcCGCCAGCAGTGTGAGAGGGCCATATTTCAG-3’
EP005 SacI-NsiI Foxa2  Exon 1A sense 5’-NNNgagctcatgcatTGTAGCCCGGATGTCTTGAAACTCACTC-3’
EP006 SacII Sox17  Exon 1A sense 5’- NNNccgcggGATCTGCTTGAGTGCCCACGGATCCTGTGC-3’
EP007 EcoRI Foxa2  Exon 1B sense 5’-NNNgaattcCAGCGGCCAGCGAGTTAAAGGTG-3’
EP008 HindIII Foxa2  Exon 1B reverse 5’-NNNaagcttCGGGCAGCCCATTTGAATAATCAGC-3’
EP009 EcoRI Sox17  Exon 1B sense 5’- NNNgaattcCACTCCTCCCAAAGTATCTATCAAGAGAATG-3’
EP010 HindIII Sox17  Exon 1B reverse 5’- NNNaaggttGCATTTTCTCTGTCTTCCCTGTCTTGGTTG-3’
EP011 SpeI Intron-pA fwd 5’-NNNactagtAGGTAAGTGTACCCAATTCGCCCTATAG-3’
EP012 BamHI  Intron-pA reverse 5’-NNNggatccACGCGTTAAGATACATTGATGAGTTTGGAC-3’
EP015 NotI Kozak-iCre  sense 5’-NNNgcggccgcGCCACCATGGTGCCCAAGAAGAAGAGGAAAG-3’
EP016 SpeI Kozak-iCre  reverse 5’-NNNactagtTCAGTCCCCATCCTCGAGCAGCCTCAC-3’
EP108 PL253-NotI -Oligo fwd 5'-GGCCGTTTAAACTTAATTAAGCTTGGCGCGCCATGCATTTAAAT-3'
EP109 PL253-NotI -Oligo rev 5'-GGCCATTTAAATGCATGGCGCGCCAAGCTTAATTAAGTTTAAAC-3'
Foxa2  3’-pobe reverse primer 5’-CCATGGGAATGGCCTAT-3’
Foxa2  3’-probe forward primer 5’-CTGGATATGCTCTAGAAAGGC-3’
Foxa2  fwd 3’ HR HindIII 5’-GGGaagcttTGCTCACACAACAACATTGCTCATGGTC-3’
Foxa2  fwd 5’ HR NotI 5’-GGGgcggccgcACTTCGACATGTAAGATCTCTAGACAGAAC-3’
Foxa2  rev 3’ HR SpeI 5’-GGGactagtCTCGAGAACCCAAGGGGCCTCAACATCAG-3’
Foxa2  rev 5’ HR HindIII-NdeI 5’-GGGaagcttcatatgATGCAGAGCACGAGTCCCTCAAAGGCAAC-3’
loxP  deletion antisense oligo 5’-gatcccgggaagttcctatactttctagagaataggaacttctt-3’
loxP  deletion sense oligo 5’-cgaagaagttcctattctctagaaagtataggaacttcccgg-3’
Sox17  5’-pobe reverse primer 5’-NNNaccggtCGGGAATGTTTC-3’
Sox17  5’-probe forward primer 5’-NNNaagcttTGGAAGCTAAATTAGGTTC-3’
Sox17  fwd 3’ HR HindIII 5’- GGGaagcttATTTGTGTGTGGTGTGCTTTACGCAGG-3’
Sox17  fwd 5’ HR NotI-AgeI 5’-GGGgcggccgcaccggtTACTGAGCTGGGAAG-3’
Sox17  rev 3’ HR SpeI 5’- GGGactagtGAATTCTAGTGCCCACCTATGCCCCCTAC-3’
Sox17  rev 5’ HR HindIII-NdeI 5’-GGGaagcttcatatgAGTGGGTCGGAGGTGGAGATGGAAATTC-3’

Sequencing EP604 miR sequencing sense 5'-CTACTCTGTTGACAACCATTG-3'
EP605 miR sequencing reverse 5'-GATGAGACAGCACAATAAC-3'

RT-PCR EP083 Foxa2  sense 5'-GACTGGAGCAGCTACTACGCG-3'
EP084 Foxa2  reverse 5'-GCTCAGACTCGGACTCAGGT-3'
EP085 Hex  sense 5'-AGTGGCTTCGGAGGCCCTCTGTAC-3'
EP086 Hex  reverse 5'-GCCCGGATCCTGACTGTCATCCAGCATTAA-3'
EP087 Pdx1  sense 5'-CCACCCCAGTTTACAAGCTC-3'
EP088 Pdx1  reverse 5'-TGTAGGCAGTACGGGTCCTC-3'
EP093 Sox17  sense 5'-GCGAGGTGGTGGCGAGTAG-3'
EP094 Sox17  reverse 5'-TCTGCCAAGGTCAACGCC-3'
EP095 Nkx2.1  sense 5'-CCTGGAGGAAAGCTACAAGAAA-3'
EP096 Nkx2.1  reverse 5'-GGTTCTGGAACCAGATCTTGAC-3'
EP142 -actin  sense 5'-GACGAGGCCCAGAGCAAGAG-3'
EP143 -actin  reverse 5'-ATCTCCTTCTGCATCCTGTC-3'
EP232 Cer1  sense 5'-GGAAGAAACCTGAGACCGAAT-3'
EP233 Cer1  reverse 5'-AGTCCAGGGATGAAGGAACC-3'
EP262 IFAB-P  sense 5'-GACCGGAACGAGAACTATG-3'
EP263 IFAB-P  reverse 5'-CAGGCTCTGAGAAGTTGAC-3'
EP546 Foxa2-iCre  expression 1 5'-CTTCCATCTTCACGGCTCCCAGC-3'
EP547 Foxa2-iCre  expression 2 5'-CAGCGGCCAGCGAGTTAAAG-3'
EP548 Foxa2-iCre  expression 3 5'-CTTTAACTCGCTGGCCGCTG-3'
EP567 Foxa2-iCre  expression 4 5'-GGTCGTTTGTTGTGGCTG-3'
EP568 Foxa2-iCre  expression 5 5'-GCTGGTGGCTGGACCAATGTG-3'

Table 5: Oligonucleotides  - Part II
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6.1.9. Probes

 Foxa2 3’ probe Southern blot, length: 744bp
 Primer for amplifi cation: see table 5

 Sequence: 
 5’-CTCGAGCTGGATATGCTCTAGAAAGGCAGAAGTTTACAGTTTTTTTAATATCAGGCCTCCTTTC 

 TAGTCAGTGAACTTAGACTGGGTTTACCAATTTTGGTGCATGGCTCTTCCAGCTACTTGAAG  
 CATTGCCCCCCCTAGACCTTCCTGTGCCATTGAGACTACCTGGCTCTAGGTTGTGCCGGGAGGG 
 CAGCCTGTCTCAGTCTCACAGGTGTTATCCAGGTATTGGGAAACCTTGCTAGGCTAGGAACGAT 
 GAGCCACCTAATCTGGGGAAACATTTTAACATTGGGAATTGGGTATAATTGCATAGTTAAGGGTAAC 
 CCCCAAATCTTTTATTAAGAAGTTATTCTGTGGGTGGGGAGATAGGGAGGGATGGAAGGGTG  
 CCCTGAGCAGCTTAGCAAATGACTCCCAAAGTAGTGAAATCCCAGTGTCTCAGGAATGGTGTCTC 
 CCTTCTACCAGCCAGGGCAAAGCTGTTTGTTAGCTTAGGAAGCTCCTATAGGCAAACCACACTT 
 GAGGCCCAGGGACTGAATGGGTATTTTGTGAGCCTCCAGGAAAATACAAAGACCCCAAATAAAAC 
 CTCACCAATCATTTCCACCACTCTGCAGATTTTCCAAATTGACGGGTAACTGTAGAGGAGGT  
 CGTGTTTTGCAAAAGGAGCCTCCTCACGCTGACCTGCATCTCCTGCCCTTGAAGCTGTCCCTCC 
 CGCCCGCCCCCAGTCTGACTTTCCATAGGCCATTCCCATGG-3’

 Sox17 5’ probe Southern blot, length: 744bp
 Primer for amplifi cation: see table 5

 Sequence:
 5’-AAGCTTTGGAAGCTAAATTAGGTTCAGGTTAGAAATCTGTTATGCTTGAAGCGCATACAG  

 GAGGTAATGAGTGCTGTCAGGAGTGGCAAGTCCTATTTAACTTTGATCATTTCCATGATCACA  
 GAGCACATACCTTGCCCTAACCAACAATCTGGCGCCATGCAGTTAATCCTGATAGGGGATCTTGG 
 GAGCAGAGTTTTCTGGATGGAAAGGCACCTATTGCCTCTGCTACAAAACCAAAGCAAACTCAACG 
 AAACAACTCAATGTGCTTGACCCACTGTGTAGTCATCATCACTTTCACAGTCCAGGAACGGAGTAT 
 TACAGGATCATAGACTGAGCTGGATATTAATAAATCAGAGAAGAAGACTAAGGATGCCACACTGGG 
 CATCCTGGGAAGCAGTCCTACCCAGTTTGCTCTCTGGAGAGAGTGCAAGTGCTCTGCTCA 
CAGTGACAGGCCAGACTGCAAGGCGAGGATTGCCTTTCTCCAAGGAAGCCCGTCTTCCC 
TAGGGTGTGGTACTACTAGGCTACAGCAGCCATCACCTTTATAAAAACCCAAGCCATATTTG 
AATTGTCTTTAAATTTCAAGGAAGAGGACAAAGAAATGTGAGCAAGGCTTCATTCCTAGCTCT 
CAGACTACCGTCCCAAGAGAACCTGAGGTTCCATGGAGCAGGAATAAAGAGGAGTCCTTACTT 
CGTCTGGGGAACACAGATGGGGTATGGGTTCTAAGAAACATTCCCGACCGGT-3’

iCre internal probe Southern blot, length: 798bp
Restriction sites used: XmaI and NcoI

Sequence:
5’-GTGCCCAAGAAGAAGAGGAAAGTCTCCAACCTGCTGACTGTGCACCAAAACCTGCCTGCC 
CTCCCTGTGGATGCCACCTCTGATGAAGTCAGGAAGAACCTGATGGACATGTTCAGGGACAGG 
CAGGCCTTCTCTGAACACACCTGGAAGATGCTCCTGTCTGTGTGCAGATCCTGGGCTGCCTGG 
CAAGCTGAACAACAGGAAATGGTTCCCTGCTGAACCTGAGGATGTGAGGGACTACCTCCTG 
TACCTGCAAGCCAGAGGCCTGGCTGTGAAGACCATCCAACAGCACCTGGGCCAGCTCAACATG 
CTGCACAGGAGATCTGGCCTGCCTCGCCCTTCTGACTCCAATGCTGTGTCCCTGGTGATGAG 
GAGAATCAGAAAGGAGAATGTGGATGCTGGGGAGAGAGCCAAGCAGGCCCTGGCCTTTGAACG 
CACTGACTTTGACCAAGTCAGATCCCTGATGGAGAACTCTGACAGATGCCAGGACATCAGG 
AACCTGGCCTTCCTGGGCATTGCCTACAACACCCTGCTGCGCATTGCCGAAATTGCCAGAATCA 
GAGTGAAGGACATCTCCCGCACCGATGGTGGGAGAATGCTGATCCACATTGGCAGGACCAAGAC 
CCTGGTGTCCACAGCTGGTGTGGAGAAGGCCCTGTCCCTGGGGGTTACCAAGCTGGTGGAGA 
GATGGATCTCTGTGTCTGGTGTGGCTGATGACCCCAACAACTACCTGTTCTGCCGGGTCAGAAAG 
AATGGTGTGGCTGCCCCTTCTGCCACCTCCCAACTGTCCACCCGG-3’

6.1.10. Molecular weight markers

DNA ladder: 100bp ladder; 1kb ladder (NEB GmbH, Frankfurt a. M.)
Protein ladder: SeeBlueR Plus2 Pre-Stained Standard (Gibco, Invitrogen™ Cooperation,   
   Carlsbad, CA)
RNA ladder: RNA ladder high range (Fermentas GmbH, St. Leon-Rot)
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6.1.11. Bacteria and culture media
 
 Bacteria
 E. coli K12 EL350 (Lee et al., 2001)
 E. coli K12 EL250 (Lee et al., 2001)
 E. coli K12 XL-1 Blue endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F‘[ ::Tn10 proAB+ lacIq  

    Δ(lacZ)M15] hsdR17(rK- mK+)
     (Stratagene, La Jolla)
  E. coli K12 DH5α: F-. lacI- recA1, endA1, D(lacZY A-argF), U169, F80dlacZDM15, supE44, thi-1,  

    gyrA96, relA1 
     (Hanahan et al., 1985)

 Culture media
  LB medium  (lysogeny broth; Bertani, 1951)
  LB agar   (lysogeny broth; Bertani, 1951)
  supplemented with 100µg/ml  ampicillin
     25µg/ml     kanamycin
     12.5µg/ml chloramphenicol

6.1.12. Cell lines, culture media and solutions

 Cell lines
 HEK293T human embryonic kidney cell line, derivative of HEK293 that stably express the T-large  

   antigen of SV40 (Simian Virus 40)
    (Graham et al., 1977)

 NIH3T3  murine embryonic fi broblast cell line (Todaro and Green, 1963)

 IDG3.2  murine ES cell line (F1); background: 129Sv/C57Bl/6

 TBV2  murine ES cell line; background: 129Sv (Wiles et al., 2000)

 MEF  primary murine embryonic fi broblasts, isolated E13.0

 Culture media
 HEK293T/NIH3T3 DMEM (Gibco, Invitrogen™ Cooperation, Carlsbad, CA), supplemented with  

    2mM L-glutamine (200mM Gibco, Invitrogen™ Cooperation, Carlsbad, CA),  
    10% FCS (PAA Laboratories Gesellschaft mbH, Pasching, Österreich)

 MEF   DMEM (Gibco, Invitrogen™ Cooperation, Carlsbad, CA), supplemented with  
    2mM L-glutamine (200mM Gibco, Invitrogen™ Cooperation, Carlsbad, CA),  
    15% FCS (PAN Biotech GmbH,  Aidenbach), 0.1mM β-mercaptoethanol   
    (50mM, Gibco, Invitrogen™ Cooperation, Carlsbad, CA), 1x MEM (non-essen- 
    tiell amino acids, 100x; Gibco, Invitrogen™ Cooperation, Carlsbad, CA)

 TBV2   DMEM (Gibco, Invitrogen™ Cooperation, Carlsbad, CA), supplemented with  
    2mM L-glutamine (200mM Gibco, Invitrogen™ Cooperation, Carlsbad, CA),

     15% FCS (PAN, Biotech GmbH, Aidenbach), 0.1mM β-mercaptoethanol 
     (50mM, Gibco, Invitrogen™ Cooperation, Carlsbad, CA), ESGRO® (LIF)   

    (107U/ml; Chemicon, Millipore, Schwalbach), 1x MEM (non-essentiell amino  
    acids, 100x; Gibco, Invitrogen™ Cooperation, Carlsbad, CA)

 IDG3.2   DMEM (Gibco, Invitrogen™ Cooperation, Carlsbad, CA), supplemented with  
    2mM L-glutamine (200x, Gibco, Invitrogen™ Cooperation, Carlsbad, CA),  
    15% FCS (PAN Biotech GmbH, Aidenbach), 0.1mM β-mercaptoethanol

     (50mM, Gibco, Invitrogen™ Cooperation, Carlsbad, CA), ESGRO® (LIF)   
    (107U/ml; Chemicon, Millipore, Schwalbach), 1x MEM (non-essential amino  
    acids, 100x; Gibco, Invitrogen™ Cooperation, Carlsbad, CA), 2mM HEPES 

     (200mM, Gibco, Invitrogen™ Cooperation, Carlsbad, CA)
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  Differentiation medium SFO3 supplemented with 10ng/ml human activin A (0.05mM; R&D   
    Systems GmbH, Wiesbaden-Nordenstadt) 50µl β-mercaptoethanol per 50ml  
    medium (50mM; Gibco, Invitrogen™ Cooperation, Carlsbad, CA)  

 

 for selection supplemented with 1-2µg/ml  puromycin
      300µg/ml G418 (50mg/ml Geneticin; Gibco, Invitrogen™ Cooperation,  

       Carlsbad, CA)

 Solutions for cell culture

 1x PBS without Mg2+/Ca2+ (Gibco, Invitrogen™ Cooperation, Carlsbad, CA)
  
 1x trypsin-EDTA   (0.05 % Trypsin, 0.53 mM EDTA•4Na, Gibco, Invitrogen™ Coopera- 

     tion, Carlsbad, CA)

6.1.13.  Mouse lines

 C57Bl/6 N   inbred strain
 CD1    outbred strain
 Foxa2iCreΔneo/+   (Uetzmann et al., 2008)
 Sox17iCreΔneo/+   (Liao et al., under revision)
 Flp-e    (Dymecki, 1996)
 R26R/R    (Soriano, 1999)
 β-cateninfl ox/fl ox; R26R/R  (Brault et al., 2001; Soriano, 1999)
 β-cateninfl oxdel/+   (Brault et al., 2001)

6.2.       Methods

6.2.1.    Methods in molecular biology

6.2.1.1. Preparations of nucleic acids: DNA preparations

a) Plasmid and BAC preparations

A plasmid preparation,refers to the isolation of plasmid DNA from a bacterial suspension. The bacterial cells have 
to be separated from the medium fi rst and be solubilized by addition of lysis buffers.
A higher osmolarity of the medium outside and the presence of chelating agents which bind metal ions from the 
cell wall make the cells porous. Detergents for the lysis of the cell membrane and DNA denaturing solutions are 
then added. Afterwards the whole medium is neutralized, allowing for the activity of added RNases and the rena-
turing of the DNA. One is thereby taking advantage of the fact that plasmid DNA renatures quicker than chromo-
somal DNA due to the plasmids’ smaller size. The plasmid DNA stays in solution, while everything else is pelleted 
by centrifugation. Afterwards plasmid DNA can be precipitated by adding isopropanol, washed with 70% ethanol 
and resuspended in water.
For longer storage the DNA can be resuspended in TE buffer and stored at -20°C.

I. Plasmid preparations according to the QIAGEN Plasmid Kits
Plasmid preparations were carried out using the QIAGEN Mini Kit and the DNA pellet was resuspended in up 
to 50µl dist. H2O, TE buffer or EB buffer. For larger amounts of DNA the QIAGEN Maxi Kit was used and the 
DNA was resuspended in 150-300µl TE buffer.

II. BAC mini preparation according to Copeland
 The preparation of BAC DNA is similar to the preparation of plasmid DNA. The protocol was adopted from an 

existing protocol (Warming et al., 2005). The obtained yield of BAC DNA lies around 1-1.5µg.

 5ml of a bacterial ON culture (LB medium supplemented with 25µg/ml chloramphenicol) were centrifuged at 
5000rpm in a 15ml Falcon tube for 5min (centrifuge: 5804 R; Eppendorf). The supernatant was discarded.

 The pellet was resuspended in 250µl P1 buffer and transferred to an Eppendorf reaction tube. 250µl of P2 
buffer were added and the reaction tube was carefully inverted. Afterwards an incubation at RT for a maximum 
of 5min was performed.

 After the incubation, 250µl of P3 buffer were added and the tube was subsequently incubated on ice for 5min. 
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The protein precipitate was collected by centrifugation at 13.500rpm for 5min (centrifuge: 5417 R; Eppendorf) 
and the DNA containing supernatant was transferred to a new Eppendorf reaction tube. This procedure was 
repeated to eliminate the precipitate completely.

 To precipitate the BAC DNA 750µl of isopropanol were added to the clean supernatant, mixed and incubated 
on ice for 10min. After the incubation the DNA was pelleted at 13.000rpm for 10min (centrifuge: 5417 R; Ep-
pendorf), the supernatant was removed and the DNA pellet was washed using 1ml 70% ethanol. Following this 
step, the DNA was centrifuged again at 13.200rpm for 5min.

 The ethanol was removed carefully and the pellet was air-dried up to 10min and then dissolved in 50µl TE by 
incubation at 37°C and 500rpm (Thermomixer comfort; Eppendorf) for 1h.

 Subsequent restriction digests were carried out in a volume of at least 60µl.

III. BAC maxi preparation according to the NucleoBond BAC Purifi cation Maxi Kit
 Maxi preparations of BAC DNA were done according to the NucleoBond BAC Purifi cation Maxi Kit. The BAC 

DNA pellet was resuspended in a suitable volume of TE buffer.

b) Preparation of genomic DNA from cells or tissue

The preparation of genomic DNA from cells or tissue, in principle, consists of three steps: the complete lysis of the 
cells, the precipitation of the DNA and its subsequent purifi cation.
The lysis is carried out using SDS-containing buffers, which is freshly supplemented with proteinase K to remove 
proteins, especially DNA associated proteins. The incubation is done at 55°C, the optimal temperature for the 
proteinase activity.
By adding salt and ethanol to the solution after complete lysis the DNA is precipitated.
Afterwards the DNA is washed with ethanol, dissolved in water or buffer and, if necessary, purifi ed by an additional 
phenol-chloroform extraction. This last cleaning step is only necessary if following restriction digests with espe-
cially sensitive restriction enzymes are needed.

I. Isolation of genomic DNA from cells in 96-well plate format

 Comment:
 The purifi cation of DNA with phenol-chloroform can be disregarded in 96-well format because of the effort. 

Therefore the following restriction digests should be tested with DNA prepared according to the same protocol. 
To obtain enough material the extraction of DNA from cells in 96-well format should be started when the cells 
are confl uent and the medium (100µl/well) turns yellow or orange within one day.

 Directly before starting the preparation the lysis buffer was supplemented with proteinase K in a concentration 
of 100µg/ml, because the proteinase will digest itself over time.

 The cells were washed twice with PBS–Mg2+/Ca2+ to completely get rid of the medium. The PBS was removed 
and 50µl of lysis buffer were added to each well. The plate was sealed with parafi lm and incubated at 55°C in 
a humid chamber ON.

 The next day 150µl 5M sodium chloride were mixed with 10ml 100% ice-cold ethanol and 100µl of this mixture 
was added to each well for precipitation. The plate was incubated at RT for 30min without moving.

 To decant the liquid, the plate was inverted carefully and slowly (in about one minute). Rests of the liquid were 
removed by putting it on a paper towel upside-down.

 Subsequently, the DNA was washed three times using 150µl 70% ice-cold ethanol per well. For each wash, 
the plate was inverted as previously described. At this point the DNA can be stored in 70% ethanol at -20°C.

 After the last washing step the DNA was dried at RT for 10-15min. Then 25µl TE buffer or water were added 
to the pellet and the DNA was dissolved at 4°C ON or at 37°C, shaking, for 1h in a humid chamber.

II. Isolation of genomic DNA from cells in cell culture dish format
 To identify transgenic ES cell clones, these clones were expanded to one 10cm dish and DNA was isolated yet 

again, independently from the fi rst results obtained with DNA from 96-wells.

 First the medium was removed from the cells and they were washed once with PBS (-Mg2+/Ca2+).
 The lysis buffer was supplemented freshly with proteinase K to a fi nal concentration of 100µg/ml. 5ml of this 

solution were used for lysis per 10cm dish.
 For this purpose the lysis buffer was pipetted onto the cells, the cells picked from the dish using a cell scraper 

and transferred to a 50ml Falcon tube. Afterwards the reaction took place at 55°C ON.
    Phenol-chloroform-isoamylalcohol (25:24:1, PCI) was added 1:1 to the cell solution that was incubated ON 

and mixed well by vortexing.
 After that the phases were separated by centrifugation for 10min at 4500xg and RT.
 The upper phase was removed without the protein-containing interphase and mixed 1:1 with PCI again – the 



Material and Methods

96

phases separated the same way. The upper phase was now transferred to a new tube and the DNA precipi-
tated by adding 10ml ethanol:sodium-acetate (25:1). Subsequently, the DNA was pelleted by centrifugation at 
4500xg and 4°C for 10min. The supernatant was discarded and the pellet was washed with at least 7,5ml 70% 
ice-cold ethanol. Centrifugation was carried out at 4500xg and 4°C for 5min. The supernatant was discarded 
again and the DNA pellet was dried at RT until it appeared glassy. After that, the pellet was dissolved in a sui-
table volume TE buffer at 4°C ON or at 37°C, shaking, for 1h and stored at 4°C.

III. Isolation of genomic DNA from mouse tail biopsy
 The preparation of genomic DNA from mouse tail tips provides the basis for genotyping the mice. For effi cien-

cy reasons the genotyping relies on the principle of the PCR and therefore it is important that preparations are 
done as clean and carefully as possible to prevent contamination.

 Each individual mouse tail tip with a length of approximately 4mm was put into a single Eppendorf reaction 
tube and was stored at -20°C if it could not be processed the same day.

 The lysis buffer for mouse tail tip DNA was freshly supplemented with proteinase K (fi nal concentration: 100µg/
ml) and each mouse tail tip was lysed in 500µl of this buffer at 55°C ON.

 The next day the complete lysis was visually checked and the suspension mixed properly by vortexing. By 
centrifugation at 14.000rpm (centrifuge: 5417 C; Eppendorf) for 10min the mouse hairs and the other remai-
ning insoluble constituents were pelleted. The supernatant containing the DNA was transferred into a new 
Eppendorf reaction tube and containing 500µl isopropanol. To precipitate the DNA completely everything was 
mixed well by stringently shaking. Afterwards the DNA was pelleted at 14.000rpm (centrifuge: 5417 C; Eppen-
dorf) for 20min, the supernatant was decanted and discarded, the DNA was washed once with 70% ethanol 
(centrifugation as before for 5min) and the pellet was air-dried at RT for 10-15min. Finally the pellet was dis-
solved in up to 500µl H2O or TE buffer and incubated at 4°C ON or at 37°C, shaking, for 1h.

6.2.1.2. Preparations of nucleic acids: RNA preparations

RNA preparations are carried out analogously to DNA preparations and can therefore be divided into three basic 
steps: complete lysis of the cells, precipitation and purifi cation of the RNA.
During the RNA extraction it is important to work as fast as possible and especially RNase-free. The use of RNase 
inhibitors is highly recommended. For instance, cells can be lysed using buffers containing β-mercaptoethanol; a 
chemical solubilizes the cells and inhibits the activity of RNases
RNA should be dissolved in diethylpyrocarbonate (DEPC) treated buffers (MOPS or PBS) or in DEPC H2O. DEPC 
inactivates RNases irreversible by destroying their histidine residues. DEPC, however, is non-compatible with tris 
or HEPES buffers and should not be used in those cases. Extracted RNA is most stable when stored at -80°C.

a) Preparation of total RNA according to the QIAGEN RNA Mini Kit

Total RNA preparations were carried out using the QIAGEN RNA Mini Kit. RNA was stored at -80°C.

6.2.2.    Determination of the concentration of DNA and RNA solutions

The concentrations of nucleic acid solutions were determined measuring the extinction at 260nm with a photo-
meter (NanoDrop). This specialized photometer allows the measurement of concentrations with extremely small 
amounts of solution (1µl).
The concentration of genomic DNA in solution, however, cannot be determined this way. Concentrations of this 
kind of DNA have to be estimated by agarose gel electrophoresis.

The correlation between extinction absorption and concentration is displayed by the following equation (law of 
Lambert-Beer):

 c (RNA/DNA) = E260nm / (d x ε) x V

 c: concentration [µg/ml]
 E260nm: measured extinction (absorption) at 260nm
 d: layer thickness of the cuvette [cm]
 V: dilution factor
 ε: extinction coeffi cient (depending on the kind of nucleic acid, s. b.) [ml/(cm x µg)]

 εdsDNA = 1/50 ml/(cm x µg)
 εssDNA = 1/40 ml/(cm x µg)
 εRNA  = 1/40 ml/(cm x µg)
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To control the purity of the nucleic acid solution the extinction at 280nm (band of absorption by proteins) was 
determined.
The quotient E260nm/E280nm should be between 1.9-2.0 for clean RNA solutions and between 1.8-1.9 for clean DNA 
solutions.

6.2.3.    Reverse transcription

a) DNase digest of RNA samples

To remove remaining DNA in the RNA samples it is necessary to digest the RNA with DNase.
A DNase digest was carried out as follows:

  11µg  RNA
  1.0µl  RNAse inhibitor (40U/µl > 40U)
  6.0µl  RQ1 DNase (6U/µl > 6U)
  3.0µl  RQ1 10x DNase buffer (1x)      
30.0µl   fi nal volume with DEPC treated H2O

The mixture was incubated at 37°C for 1h. To stop the reaction approximately 10% (3µl) RQ1 DNase Stop 
Solution were added and incubated at 65°C for 10min.

b) RNA precipitation with LiCl

After DNAse digest it is necessary to remove all protein and chemicals before the reverse transcription is carried 
out to allow for a proper transcription.
To precipitate the RNA the mixture used for the DNase-Verdau was fi lled up to 100µl fi nal volume with DEPC 
treated H2O. Then 10µl 4M LiCl and 300µl 96% ethanol were added (threefold volume). The mixture was incubated 
at -80°C for 30min to precipitate the RNA. Subsequently it was centrifuged at 4°C and 14.000rpm (5417 R, 
Eppendorf) for 10min. The supernatant was discarded and the RNA pellet was washed with 200µl 70% ethanol 
(in DEPC treated H2O). Again RNA was centrifuged under the same conditions for 5min. Afterwards the pellet was 
dried till it appeared glassy and fi nally it was resuspended in 10µl DEPC treated H2O.

c) Reverse transcription with oligo dT-primers

In a reverse transcription RNA is transcribed into DNA (cDNA). Using oligo-dT-primer polyadenylated mRNA is 
transcribed. For each RNA sample one preparation with and one without reverse transcriptase should be made, 
especially when the primers used in the following PCR do not distinguish genomic DNA and cDNA (without 
intron), means that the primers are not intron-spanning.
The following mixture was used for one cDNA preparation:

   2.0µl  RNA (from DNAse digest > 2µg)
  1.0µl  Oligo-dT primer (500ng/µl) 
11.0µl  fi lled up with DEPC-treated H2O

The preparations were incubated at 70°C for 10min to denature the RNA and allow for the annealing of the 
primers. Afterwards the mixture was put on ice and the following components were added:

4.0µl  5x transcriptase buffer
2.0µl  DTT  (0,1M > 10mM)
1.0µl  dNTPs (je 10mM > 0,8mM)
1.0µl  RNA inhibitor (40U/µl > 40U)

The mixture was incubated at 42°C for 2min. Then 200U SuperScript (200U/µl > 1µl) was added and subse-
quently it was incubated at 42°C for 50min. To stop the reaction the enzyme was inactivated at 70°C for 15min.
The cDNA was stored at -20°C. 

d) PCR on cDNA

For the detection of gene transcription PCR on cDNA was carried out as follows.
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 mixture     programm:

   0.5µl cDNA    94°C 5min
   2.0µl 10x buffer   
   1.0µl MgCl2    94°C 1min
   2.0µl primer sense (10pM)  XX°C 30s
   2.0µl primer antisense (10pM) 72°C 45s
   2.0µl dNTPs (10mM)   
   0.5µl Taq (Fermentas GmbH)  72°C 10min
 10.0µl dist. H2O   4°C 
 20.0µl ∑    

6.2.4.    Restriction analysis of DNA

Restriction analyses for characterization of DNA are based on enzymes, which are able to cut DNA. Originally 
they were a defensive mechanism of bacteria against foreign DNA (e.g. DNA of phages).
They recognize palindromic sequences on the DNA strand and they cut the DNA either approximately 100 nucleo-
tides after the recognition site (restriction endonucleases class 1), directly at the recognition sequence (restriction 
endonucleases class 2) or at a defi ned distance from the recognition site (restriction endonucleases class 3).
After cutting, restriction enzymes can leave DNA fragments with 3´ or 5´ overhang (sticky ends) or plain ends 
without any overhang (blunt ends).
If the concentration of a restriction enzyme in one reaction exceeds a certain level (>5-10% of the reaction vo-
lume) the risk of STAR activity, unspecifi c cutting by the enzyme, may occur. With the decrease of the salt con-
centration of the solution the specifi city of the enzyme decreases also; concentrations which are too high can 
eventually lead to a failure of the reaction.

a) Analytical or preparative restriction digest of plasmid or BAC DNA

A typical reaction for a restriction digest for plasmid or BAC DNA is as follows:

DNA from mini preparation (ca. 500-100ng)   5.0µl
10x buffer       2.0µl
10x BSA (optional)      2.0µl
enzyme (5.000U)       0.5µl
dist. H2O      10.5µl
∑       20.0µl

The digest was incubated in 1.5ml Eppendorf tubes at 37°C or 25°C for 1.5h.

b) Restriction digests of genomic DNA

In principle, the same rules are valid for restriction digests of genomic DNA used for Southern blot analysis as for 
restriction analysis of plasmid DNA. The suitable enzyme buffer and BSA, if necessary, are added to the reaction. 
RNaseH can also be used to get rid of RNA background and thereby raise the effi ciency of the enzyme activity. 
Additionally spermidine (in a fi nal concentration up to 2mM) makes sure that the digest will be complete.
The completeness of the digest is controlled visually on the gel before blotting. The DNA should appear on a lower 
molecular level and repetitive sequences should emerge in a distinct band.

I. Restriction digests of genomic DNA from (ES-) cells and tissue for Southern blot analysis

 A typical mix for a restriction digest of genomic DNA was carried out as follows:

  25µl genomic DNA
  1x restriction buffer
  (1x BSA)
  1x spermidine (1mM)
  50-100µg/ml RNaseH
  H2O to fi ll up
  approx. 50U restriction enzyme

 The reaction was incubated at the enzyme-dependent optimal temperature ON. Prior to loading, samples were 
partially evaporated to obtain a smaller volume.

30-40x}
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II. Restriction digests of genomic DNA from (ES-) cells in 96-well plates for Southern blot analysis

 A typical mix for a restriction digest of genomic DNA in 96-well plates was carried out as follows:

  25.00µl DNA (whole DNA preparation of one well)
    0.40µl 100x BSA     cend = 1x BSA
    0.40µl 100mM spermidine    cend = 1mM spermidine
    0.25µl RNase A 1mg/ml    cend = 6.25µg RNase
    4.00µl 10x enzyme buffer    cend = 1x enzyme buffer
    2.50µl enzyme (10U/µl)    cend = 25U enzyme/reaction
    7.45µl H2O                 
  40.00µl

A master mix of all components except DNA was added to the 96-well DNA using a Multipette (Eppendorf) or 
an 8-channel pipette (Eppendorf) and incubated at 37°C or 25°C (depending on the optimal temperature of 
the enzyme) ON. Due to the use of small volumes and poorly closing plates, a humid chamber was used to 
prevent evaporation and drying of the samples. In principle, this digest could be carried out in a larger volume 
and after incubation the volume could be reduced via evaporation at 37°C with slightly opened lid to make gel 
loading of the whole sample possible.

6.2.5.    Gelelectrophoresis

Gelelectrophoresis is a tool for the analysis of the size of molecules, e. g. DNA, RNA and proteins.
The gel forms a fi ne-pored net depending on the percentage of the agarose (for DNA and RNA) or polyacryla-
mide (PAA; for proteins). The sample is transported through this net using electricity. The velocity of the sample 
is correlated with the size of the molecule and its three-dimensional shape (ideal case: linear), its net charge, the 
power of the electric fi eld, the pore size of the gel and the temperature.

a) Analytical agarose gelelectrophoresis

I. DNA
 A typical analytical agarose gel was prepared according to expected fragment size with 0.8-2.0% agarose in 

TAE buffer. The agarose was dissolved by heating in the microwave. After the solution was cooled down, 5µl 
ethidiumbromide (EtBr)-solution (cEtBr=1mg/µl, end concentration: 0.005%) were added, mixed by swaying and 
poured into a prepared gel chamber without bubbles.

 Separation of samples from PCR or restriction analysis was carried out at U=100V for ca. 30-45min. The band 
patterns of the samples were documented under UV light.

II. RNA
 The integrity of RNA was proven and documented on 1.0% agarose gels in TAE including EtBr analogously to 

DNA agarose gels using a voltage of U=120V for 10min.  

b) Preparative agarose gelelectrophoresis

Preparative gel electrophoresis was carried out analogously to the analytical gel electrophoresis, but the bands 
with the right size were cut out and documented under UV with less intensity to avoid UV-light induced muta-
tions.

6.2.6.    Generation of blunt ends

For cloning it might sometimes be the only way to use two enzymes which overhangs are not compatible. Becau-
se not-compatible sticky DNA ends cannot be ligated, these ends have to be converted to blunt ends. There are 
in principle two ways to achieve blunt ends from sticky ends: either the strand is fi lled up (for 5‘-overhangs) or it is 
blunted by cutting of the overhanging bases (for 3‘-overhangs) using Klenow fragment.
Typical mixes for blunting using Klenow fragment are shown.
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   5.0µg DNA 
   1.0µl Klenow fragment (5U/µl) 
   1.0µl 10x buffer suppl. with 33µM dNTPs
   1.0µl ATP (10mM)
   2.0µl H2O                                                  
 10.0µl
 

6.2.7.    Dephosphorylation of linearised DNA

For cloning it might be necessary to dephosphorylate especially vector DNA if the overhangs left by the restriction 
enzymes after digest are compatible. Otherwise the effi ciency for the ligation of the insert into the vector goes 
down because religation of the vector will be energeticly favoured.

A typical mix for the dephosphorylation of  linearized plasmid DNA carried out as follows:

   1.0µg DNA
   1.0µl 10x enzyme buffer   cend = 1x enzyme buffer
   1.0µl alkaline phosphatase (1U/µl)  cend = 1U enzyme/reaction (1µg DNA)
   7.0µl H2O                   
 10.0µl add at

6.2.8.    Ligation

Ligations of DNA fragments can be done with compatible ends left over by restriction enzymes. It does not matter 
if these overhangs are 3’ or 5’ or if there is a blunt end.
T4 DNA ligase is an enzyme extracted from the phage T4 which can ATP-dependently ligate DNA fragments with 
at least one phoshorylated 5’ end. The buffer supplied with enzyme contains 10mM ATP and should therefore be 
kept frozen.
Vector and Insert should be used in a ratio 1:3 for best results in a ligation with sticky DNA ends. In a blunt end 
ligation a ratio 1:1 vector:insert is recommended.

A typical mix for the ligation of vector with insert is the following:

   1.0µl vector DNA (e.g.; see below)
   0.5µl insert DNA (e.g.; see below)
   1.0µl 10x T4 ligation buffer   cend = 1x enzyme buffer
   0.5µl T4 ligase (10U/µl ; NEB)  cend = 5U enzyme/reaction
   7.0µl dist. H2O (add at 10µl with dist. H2O)                       
 10.0µl

The used volume of insert can be calculated with the following equation:

Ratio: vector/insert = 1/3
vector concentration:   c(v) [ng/µl] = x ng/µl   size (v) [bp] = y bp
insert concentration:   c(i) [ng/µl]  = a ng/µl   size (i) [bp]  = b bp

used amount of vector-DNA: 100-400ng    > used for ligation: v ng / w µl
used amount of insert-DNA: intron [ng] = 3 * (b bp / y bp) * w µl > intron DNA [µl]

6.2.9.    Cloning of short DNA sequences using complementary DNA oligonucleotides

When cloning short DNA fragments it is sometimes easier to avoid complicated DNA amplifi cation using PCR and 
rather rely on the use of oligonucleotides, which are available for purchase.
In principle oligonucleotides are used that show the desired sequence and that are complementary to each other. 
That means that the DNA double strand is generated by simple alignment of the two DNA fragments.
By picking appropriate nucleotide sequences for the 5´ and 3´ ends of the nucleotide chains, overhangs can be 
created that mimic restriction sites, which will simplify the cloning considerably. Moreover, an additional phospho-
rylation of the resulting double stranded fragments can enhance the ligation effi ciency.
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a) Hybridisation

The following components were mixed for complementary hybridisation of oligonucleotides:

 94.0µl  dist. H2O
   2.0µl  1M Tris, pH 7.5
   0.5µl   0.5M EDTA, pH 8.0
 50.0µl  5´>3´ oligonucleotide (100pmol/µl)
 50.0µl  3´>5´ oligonucleotide (100pmol/µl)

The following PCR program was used to fi rst denature (abolishment of secondary structures) and secondly slowly 
renature the DNA strands to guarantee a precise and accurate complementary attachment:

 100°C  10min
     65°C  20min
     50°C  20min
     37°C  20min
   RT  ∞

b) Phosphorylation

Thereafter the double strand fragments were phosphorylated for the proximate ligation using the following ap-
proach:

   2.0µl  mixture (see above), hybridised oligonucleotides
   1.0µl  10x T4 polynucleotidkinase (PNK) forward buffer
   1.0µl  10mM ATP (fi nal concentration: 1mM)
   5.0µl  dist. H2O
   1.0µl  PNK (Fermentas GmbH)      
 10.0µl  ∑

The program for the phosphorylation reaction was as follows: 

 37°C 1h (phosphorylation)
 70°C 10min (inactivation)

c) Ligation of hybridised oligonucleotides

Subsequent to the phosphorylation reaction the ligation was started using the following approach:

   1.0µl  10x ligation buffer
   2.0µl   vector DNA (5µg digested ON, dephosphorylated where necessary, 
   purifi ed with the Qiagen PCR-Purifi cation Kit)
   0.5µl  hybridised oligonucleotides (from phosphorylation reaction, see above)
   0.5µl  T4 DNA ligase (NEB)
   6.0µl  dist. H2O                  
 10.0µl  ∑

The ligation was performed as follows:

 16°C ON.

6.2.10.   Generation of competent bacteria

a) Generation of electro-competent bacteria (E. coli K-12 XL1-Blue)

recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)]

Out of a 2ml pre-culture bacterias were plated on LB plates with kanamycin (30µg/ml), tetracyclin, ampicillin 
(40µg/ml) and with antibiotics as controls and incubated at 37°C over night.
The following day, if the control plates have proven that there cannot be found any adapted resistance, a 50ml 
preculture is set up for the next day using a single colony and incubated over night at 37°C while shaking. 
All material that will be used should be washed carefully with clean water. Any detergent that is laft will reduce 
the effi ciency of competence. The following day 500ml LB medium are inoculated with 5ml bacterial preculture at 
37°C until OD600 = 0.5 (~3h).
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The following steps are all carried out on ice or at 4°C to prevent the bacterias from warming. Every material used 
should be precooled. First the bottles with the bacterial suspension were put in ice water for at least 15min to cool 
them down while swirling every few minutes. The bacteria were then pelleted in clean centrifugation bottles (2x 
250ml) by spinning them for 15min at 4000xg in the precooled centrifuge. The pellets were resuspended in 250ml 
ice-cold water each and spinned again at 6000xg for 15min. Increasing g is necessary to avoid losing a lot of 
bacteria. After centrifugation the each pellet was again resuspended in 125ml ice-cold water and spinned under 
the same conditions (6000xg; 15min; pre-cooled). After this centrifugation step the bacteria were resuspended in 
5ml pre-cooled 10% glycerol solution per pellet and transferred to pre-cooled 30ml Correx-tubes. The cells were 
then centrifuged at 8000xg for 15min. Finally, the pellets were resuspended in 0.5ml fresh pre-cooled 10% glyce-
rol solution.  Aliquots à 40µl were made and fastly frozen down on dry ice. The bacteria were kept on –80°C.

6.2.11.  Transformation of bacteria

The term transformation marks the transfer of foreign DNA e. g. a plasmid or BAC (Bacterial Artifi cial Chromo-
some) into organisms, e. g. bacteria. For this kind of manipulation of bacteria there are in principle two common 
methods: chemical transformation and electroporation.
The chemical transformation is based on the assumption that the membrane gets porous and instable through 
Ca2+ ions and heat, so that the pick up of DNA sticking to the membrane is possible.
Using electroporation, another method of transformation of bacteria and eukaryotic cells, the cells are made 
permeable for plasmids or other vectors in a salt-free solution by shortly applying a high electric tension. This 
method allows an effi cient transfer of big DNA fragments into diverse organisms but by which the vitality certainly 
is relatively low.
Independent of the kind of transformation the bacteria or cells should have a regeneration time of a few cell cy-
cles (generally 1-3 cycles) in normal medium and under normal incubation conditions. Only then they should be 
transferred to selection media.

a) Transformation of bacteria using electroporation

One aliquot of electrocompetent bacteria per construct to be transformed was thawed on ice. 1-2µl of DNA for 
transformation was incubated with the bacteria on ice for 5min. The mixture was transferred into a pre-cooled 
electroporation cuvette (0.1cm) without any bubbles. Electroporation was carried out with a tension of U=2.5kV. 
The space of time of the pulse should lie between 4.5 and 5.0ms.
After the pulse the bacteria were immediately transferred into a 1.5ml tube (Eppendorf) using 1ml LB medium. For 
regeneration the transformed bacteria were kept shaking (850rpm; Eppendorf shaker) at 37°C for 30-60min. Then 
they were put on LB plates supplemented with appropriate antibiotics in a suitable dilution.

b) Transformation of bacteria using heat shock

For the transformation of bacteria with heat shock, one aliquot of bacteria per construct to be transferred was 
thawed on ice. A suitable amount (e.g. 4µl of a ligation) of Vector was mixed with the bacteria and incubated on ice 
for 30min. For heat shock the mixture was put on 42°C in a water bath for 90s. Immediately after the heat shock, 
the bacteria were put back on ice, diluted with 1ml LB medium and incubated for regeneration (850rp, Eppendorf 
shaker; 37°C; 30-60min).

6.2.12.  Bacterial homologous recombination

2-4ml LB medium were incubated with Bacteria from a glycerol stock of EL-250 / 350 at 32°C over night (ON). The 
next day the ON culture was diluted 1:50–1:100 and grown in 50ml LB medium to OD600=0.6 
Then the culture was split: 25ml were left in a Falcon tube at room temperature (recombineering control), the other 
25ml were put in a water bath at 42°C while shaking for 15 min. Afterwards both cultures were cooled down on 
ice for 5min and kept cool from now on.
Bacteria were centrifuged in 50ml Falcon tubes at 5000rpm and 4°C for 5-10min (Eppendorf 5804 R).
Then the bacterial pellets were resuspended in 1.8ml of ice-cold 10% glycerol each and transferred into 2ml tubes. 
The suspensions were again centrifuged at full speed (14000rpm, Eppendorf 5417 R) and 4°C for 20s and again 
resuspended in 1.8 ml 10% ice-cold glycerol (vortexing), This washing step was repeated three more times.
After the last washing step the pellet was resuspended in 10% glycerol to a total volume of 100μl – 50μl of the 
bacterial suspension were used for each electroporation.
Two electroporations were prepared (heat-shocked and non-heat-shocked bacteria). 15ng of the linearised PL-
254 vector with retrieval PCRs (e.g.) was mixed with 50μl of competent cells, left on ice for 5min and was then 
electroporated.
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The cells were grown at 32°C in 1.5ml tubes for 30min, then plated in two dilutions on LB+selection plates: 200µl 
(1:5) and 20µl (1:50). The plates were incubated at 32°C ON.

6.2.13.  DNA sequencing

The current method of DNA sequencing is based on the principle of chain termination, originally published by the 
Nobel laureate Frederick Sanger in 1977.
Natural DNA synthesis lacks the ability to start de novo, but rather has to start with a short DNA fragment, a so-
called primer or oligonucleotide. Nucleotides can then be added to the 3’-hydroxy group of the last free nucleotide, 
complementary to the anti-parallel strand. 
In the Sanger method, labelled dideoxynucleotides, which are missing the reactive OH-group at the 3’-position, 
are added to the reaction in catalytic amounts. Every time a dideoxynucleotide is attached to the growing DNA 
strand, the reaction terminates at that exact position. This way a mixture of DNA fragments with different molecu-
lar weights is obtained, from which one can identify the last nucleotide due to the labelling. 
Subsequently, the fragments are separated according to size using gel electrophoresis or chromatography. The 
result is a series of labelled nucleotides from which the sequence of the DNA fragment can be read directly. Each 
individual sequencing reaction allows one to read several hundred base pairs. 

a) Sequencing reaction

The following mixture is needed for a sequencing reaction:

 long sequence   short sequence                           
 1.0µl     0.5µl   Big Dye (contains polymerase)
 1.0µl     2.0µl   Big Dye – buffer
 10pM     10pM   primer (sense/ antisense)
   (n) bp/100 = x ng    template-DNA            
   ∑ 5.0µl

The PCR program for the sequencing reaction was programmed as follows:

 96°C    1min
 96°C    10s
 50°C    5s
 60°C    4min
   4°C    ∞

b) DNA preparation for sequencing: ethanol – sodium acetate precipitation

In a 70% ethanol and sodium acetate solution, DNA precipitates and can be collected by centrifugation, thereby 
eliminating undesired elements of previous reactions, e.g. proteins. For the sequencing reaction, using the ABI 
3730 DNA Analyser (PE Applied Biosystems) sequencing machine, only clean DNA in HPLC purifi ed water should 
be used to avoid damaging the machine as well as to guarantee a proper analysis.

For precipitation of DNA in a 5.0µl sequencing PCR reaction (s. 6.2.12.)

0.5µl 125mM EDTA
2.0µl 3M sodium acetate and 
50µl 100% ethanol

were added to the PCR reaction solution, mixed well and incubated at RT for 15min. Afterwards the DNA was 
pelleted by centrifugation at 11.000rpm at 4°C (Eppendorf Zentrifuge 5417) for 30min. The DNA was then was-
hed with 70µl 70% ethanol and centrifuged under the same conditions for 10min. Subsequently, the ethanol was 
removed, the DNA was air-dried and the pellet dissolved in 15-25µl HPLC-H2O.
The dissolved DNA was transferred to a 96-well plate. Empty wells were fi lled with the same volume of HPLC-H2O 
and only every odd column of wells was fi lled with samples (+) and every even column with HPLC-H2O for fl ushing 
the sequencer (see fi lling scheme).

Filling scheme:

35x}
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  1 2 3 4 5 6 7 8…  
 A + H2O + H2O + H2O + H2O
 B + H2O + H2O + H2O + H2O
 C + H2O + H2O + H2O + H2O etc.
 …

6.2.14.  Southern Blot

The Southern blot, a method in molecular biology generated by Edwin Southern in 1975, is a common technique 
to identify special genomic sequences within a complex mixture of DNA (e.g. the whole genome of an individual). 
The DNA is digested into smaller pieces using restriction enzymes and separated by gel electrophoresis. The pi-
eces of DNA are blotted on a membrane and the fragment of interest is hybridised to a radioactive- or fl uorescent-
labelled complementary DNA probe. Therefore it can be visualized later by exposing the hybridised membrane 
to a fi lm.
Additionally the Southern blot can be used to show correct integration during homologous recombination. In this 
case it is important that the knock-in allele shows another restriction pattern in comparison to the wild type allele. 
That means that the band, which can be detected with the probe, has to show the change in the fragment size.

a) Gel electrophoresis

First, a photo of the gel was taken under UV light. A ruler was used for reference length, put next to the DNA lad-
der. If the digest is complete, repetitive sequences can be easily detected by a distinct band under UV light.

b) Blot

For the detection of larger fragments (≥10.000kb), the gel was depurinized by incubating it in 989ml H2O + 11ml 
HCl (conc.) for 15-20min while shaking. This was followed by a denaturation step in 0.4M sodium hydroxide and 
0.6M sodium chloride again while shaking. For neutralization the gel was incubated in a solution of 0.5M tris and 
1M sodium chloride (pH 7.2) for 15-20min once again while shaking. The blot was built up in 20x SSC as follows 
(see fi gure 47) and the transfer was carried out ON. Note that the gel lies upside down.
The next day the blot was taken apart and the slots of the gel were marked on the membrane with a ball pen. 
Afterwards the membrane was dried and cross-linked in between two layers of Whatman 3 MM paper for 30min 
at 80°C or treated in the cross-linker (UV Stratalinker 1800; Stratagene) for 1min, respectively.

paper towels (dry)

blotting paper, wet (20x SSC)

membrane (nitrocellulose)

gel (upside down)

blotting paper, wet (20x SSC)

glass plate

20x SSC

Figure 47: Southern blot setup
The fi gure schematically shows how the Southern 
blot was build up in a tray or 20x SSC solution. 
Indicated are 20x SSC in a tray, glass plate, blotting 
papers, gel, membrane and paper towels.

c) Hybridisation

I. Prehybridisation
 30ml hybridisation buffer per hybridisation tube (Hybridizer HB 100; ThermoHybaid, Thermo Electron Coope-

ration) were preheated to 65°C in a water bath. The membrane was rolled and put into the hybridisation tube 
and the preheated buffer was carefully poured into without generating bubbles between membrane and tube.

 The membrane was prehybridised turning in an oven at 65°C for at least 1.5 – 2h. 

II. Preparation of samples – radioactive labelling of the probe
 While the membrane was prehybridizing, the radioactive labelling of the probe was started. 100ng of the line-

arised probe DNA was diluted to a fi nal volume of 24µl with dist. H2O in a 1,5ml Eppendorf reaction tube. 10µl 
of random oligonucleotides were added and the mixture was boiled for denaturation in a water bath for 5min 
fi rst.

  Subsequently the tube was put on ice to let the solution cool down, centrifuged to collect the liquid on the 
bottom of the tube and then put on ice again. 10µl 5x buffer (d*CTP-buffer for 32P labelled CTP) that already 
incorporates the correct mixture of nucleotides and salts were added. In the radioactive lab labelled dCTP 
(50Cu) and 5U Klenow-enzyme (Exo(-) Klenow, 1µl, 5U/µl) were added, the mixture carefully vortexed or 
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well-mixed, shortly centrifuged and labelled at 37-40°C for 2-10min. For completion of the labelling 2µl STOP-
mix were added. This buffer contains the chelating agent EDTA for binding of Mg2+ and Ca2+ ions and thereby 
inhibits the activity of the polymerase. For the purifi cation (removal of proteins and residual nucleotides) the 
reaction mixture was loaded on a prepared column (centrifuged without sample for 2min at  400xg) and cen-
trifuged at 400xg for 2min in a table top centrifuge. Afterwards the sample was put on ice, shortly mixed and 
centrifuged before measuring and 1µl was used to measure the activity.

 For Denaturation of the probe 500µl salmon sperm DNA (10mg/ml) were denatured at 100°C in a water bath 
for 10min, put in a 50ml Falcon tube and stored on ice. The hot probe was added in a fi nal concentration of 
1x106 counts per 1ml hybridisation buffer that means 2x107 counts per 20ml buffer.

 By adding 50µl 10N sodium hydoxyl the sample was denatured while the tube was swung carefully to mix. 
Further on swinging, 300µl 2M tris, pH8.0, and afterwards 475µl 1M HCl were pipetted drop wise into the tube 
for neutralisation.

III. Hybridisation
 At the end of the prehybridization 10ml hybridization buffer were decanted from the tube and discarded. The 

radioactive-labelled and chemically-denatured DNA probe was pipetted into the glass hybridization tube and 
the tube was put back into the oven on 65°C. The incubation was carried out while rotating at 65°C ON (12-
24h).

 The following day the probe was decanted from the glass tube and the membranes were washed with 2x SSC/ 
0.5% SDS (approx. 250ml, RT) in a plastic bowl. For the fi rst washing step the membranes were incubated 
5min at RT while shaking.

 After 5min the membranes were taken from the SSC solution and the buffer was discarded. 500ml fresh 2x 
SSC / 0.5% SDS preheated to 65°C were poured into the bowl and the membranes were washed up to 30min 
while shaking in a 65°C warm water bath. The washing buffer was replaced as necessary. If a new probe was 
used control measurements were carried out every 5min. Obtaining a signal that was still high but relatively 
weak (approx. 100-200x102 counts) the washing step was simply repeated. The stringency of the washing 
steps could be raised by lowering the concentration of SSC (1x SSC / 0.5% SDS or 0.1x SSC / 0.5% SDS, re-
spectively) if higher signals were measured (> 200 x102 counts). Finally, at approx. 35x102 counts (depending 
on, among other things, the size of the membrane and the probe and its CTP content), the membrane was 
wrapped tightly in saran wrap and fi xed in a fi lm cassette A fi lm (Kodak, BioMax) was applied, stored at –80°C 
ON and developed the following day (AGFA Curix 60).

d) Preparation of samples - radioactive labelling of the probe according to Roche

Working with reagents of the Roche labelling kit the following changes were applied:
100ng linearised DNA were fi lled up to 9µl fi nal volume with dist. H2O and denatured in a boiling water bath for 
5min. Afterwards it was shortly put on ice to cool down, centrifuged and put on ice again to prevent renaturation.
1µl dATP, dGTP and dTTP each and 2µl hexanucleotide-mix were added. The addition of radioactive labelled 
dCTP (50uCi) and Klenow-enzyme was carried out as described above; however, the incubation was done at 
37°C for 1h. Terminating the reaction was achieved adding 2µl 0.2M EDTA, pH8.0, and the probe was diluted to a 
fi nal volume 50µl using 28µl TE buffer for loading on the column. The remaining steps are as described above.

6.2.15.  Detailed description of the generation of the targeting construct for Sox17

The knock in construct was generated as follows.
5’ and 3’ homology regions for the Sox17 gene were amplifi ed by PCR (primers used for amplifi cation: 5’ homolo-
gy region: fwd 5’ HR NotI-AgeI, rev 5’ HR HindIII-NdeI; 3’ homology region: fwd 3’ HR HindIII, rev 3’ HR SpeI; see 
Material and Methods for sequence of all primers mentioned) using a 129Sv BAC (RPCI22-46A17; Osoegawa et 
al., 2000) as a template and subcloned into 5’-NotI and 3’-SpeI sites of the pL254 vector (Lee et al., 2001; Liu et 
al., 2003; modifi ed as follows: pL253 was cut with NotI and fi lled up with two annealed oligonucleotides: sense 
EP108, reverse EP109). Using gap repair a 9.3kb genomic fragment was retrieved from the same BAC via homo-
logous recombination in EL350 bacteria as described previously (Lee et al., 2001; Liu et al., 2003; see Material 
and Methods), resulting in pL254-Sox17. HindIII and NdeI sites were used as single cutters for linearization prior 
to gap repair.
For cloning of the knock-in cassette in pBluescript KS- (pBKS-) 5’ and 3’ homology regions for the knock-in into 
exon 1 of Sox17 were generated by PCR (5’ homology region (HR): EP006 SacII Sox17 Exon 1A sense, EP004 
NotI Sox17 Exon 1A reverse; 3’ homology region: EP009 EcoRI Sox17 Exon 1B sense, EP010 HindIII Sox17 
Exon 1B reverse) using the above mentioned BAC as a template and subcloned into pBKS- using the introduced 
restriction sites (underlined), resulting in pBKS- Ex1-HR.
The iCre sequence was amplifi ed and subcloned into pBKS- using primers carrying a NotI site and a perfect 



Material and Methods

106

Kozak sequence (GCCACC) 5’ and a SpeI site plus a translational stop codon (TGA) 3’ (EP015 NotI Kozak-iCre 
sense, EP016 SpeI Kozak iCre reverse) using pBlue.iCre (Shimshek et al., 2002) as a template, resulting in a 
plasmid named pBKS- – Kozak-iCre. The artifi cial intron was then amplifi ed by PCR using pBRY-AM (Fehling et 
al., 2003) as a template and subcloned into pBKS- – Kozak-iCre using SpeI and BamHI introduced through the 
5’- and 3’-primers, respectively (EP011 SpeI Intron-pA fwd, EP012 BamHI Intron-pA reverse), producing pBKS- – 
Kozak-iCre-Intron-pA. 
In the next step the PGK promoter driven neomycin resistance gene fl anked by FRT sites was cloned from 
pL451ΔloxP (Liu et al., 2003; the loxP site was deleted with BstBI and BamHI and two annealed oligos were liga-
ted into the same sites: “loxP deletion sense oligo” and “loxP deletion antisense oligo”, see Material and Methods) 
into pBKS- –  Kozak-iCre-Intron-pA 3’ of the artifi cial intron using BamHI and EcoRI, resulting in pBKS- – Kozak–
iCre–Intron-pA–FRTneoFRT.
Subsequently, the knock-in cassette was released using NotI and EcoRI and introduced into the same sites of 
pBKS- Sox17 Ex1-HR. The cassette was then cut out of the resulting plasmid pBKS- Sox17 Ex1-HR- Kozak-iCre-
Intron-pA-FRTneoFRT using NsiI and KpnI and introduced into pL254-Sox17 via bacterial homologous recombi-
nation in EL350 bacteria, resulting in the fi nal targeting construct (pL254 Sox17-iCre, see fi gure 13), which was 
confi rmed by sequencing.

6.2.16.  Detailed description of the generation of the targeting construct for Foxa2

Generation of the knock-in construct was carried out as follows. 5’ and 3’ homology regions for the Foxa2 gene 
were amplifi ed by PCR (fwd 5’ HR NotI, rev 5’ HR HindIII-NdeI, fwd 3’ HR HindIII, rev 3’ HR SpeI) using a 129Sv 
BAC (RPCI22-254-G2; Osoegawa et al., 2000) as a template and subcloned into 5’-NotI and 3’-SpeI sites of the 
pL253 vector (Lee et al., 2001; Liu et al., 2003). Using gap repair a 10 kb genomic fragment was retrieved from 
the same BAC via homologous recombination in EL350 bacteria as described previously (see Material and Me-
thods; Lee et al., 2001; Liu et al., 2003), resulting in pL253 Foxa2. HindIII and NdeI sites in between the homology 
regions were used as single cutters for linearization prior to gap repair.
For cloning of the knock-in cassette in pBluescript KS- (pBKS-) 5’ and 3’ homology regions, hereafter referred 
to as exon 1A and 1B respectively, for the knock-in into exon 1 of Foxa2 were generated by PCR (EP005 SacI-
NsiI Foxa2 Exon 1A sense, EP002 NotI Foxa2 Exon 1A reverse; EP007 EcoRI Foxa2 Exon 1B sense, EP008 
HindIII Foxa2 Exon 1B reverse) using the above mentioned BAC as a template and subcloned into pBKS- using 
the introduced restriction sites (underlined), resulting in pBKS- – Exon 1 – HR. The iCre sequence as well as the 
artifi cial intron and the PGK promoter driven neomycin resistance gene fl anked by FRT sites were cloned as de-
scribed above (see design and generation of the Sox17 targeting vector) , resulting in pBKS- Kozak-iCre-Intron-
pA-FRTneoFRT.  Subsequently, the knock-in cassette was released using NotI and EcoRI and introduced into 
the same sites of pBKS- Foxa2 Ex1-HR. The cassette was then cut out of the resulting plasmid pBKS- – Foxa2 
Ex1–HR–Kozak-iCre-Intron-pA-FRTneoFRT using the introduced NsiI site (see above) and the Bluescript-own 
KpnI site and introduced into pL253-Foxa2 via bacterial homologous recombination in EL350 bacteria, resulting 
in the fi nal targeting construct (pL253 Foxa2-iCre, see fi gure 17), which was confi rmed by sequencing.

6.2.17.  Detailed description of the generation of the vector for miRNA expression

The expression vector for miRNA should meet two purposes: resistence for selection in ES cells and expression 
of a fl uorescent marker (blue) for easy determination of expression levels in different transgenic clones.
To accomplish this, the GFP from pUI4-GFP-SIBR was released using NcoI and PstI. The vector was fi rst cut with 
NcoI, blunted with DNA polymerase I (large Klenow fragment) and afterwards cut with PstI to obtain one blunt 
end and one PstI 5‘-overhang. The insert, H2B-CFP – IRES-Puro, was cut out of pCAGGS H2B-CFP IRES-Puro 
(generated by Dr. Ingo Burtscher) using NotI and PstI while the NotI 5’ overhang was fi lled up the same way (see 
vector digest) in between the two restriction steps.

6.2.18.  Generation of miRNA overexpression vectors

The oligos representing miRNAs were aligned and phosphorylated, ligated into the dephosphorylated vector 
using the BglII site and checked for correct orientation using an EcoRI digest, resulting in 616bp and approximate-
ly 690bp for the correct and the wrong orientation, respectively. The vectors were then sequenced by SequiServe 
using a forward primer upstream and a reverse primer downstream of the integration site of the miRNA (EP604, 
EP 605; see fi gure 38 and table 5).  
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6.3.       Methods in protein biochemistry

6.3.1.    Extraction of proteins

The extraction of proteins requires to work fast and at low temperatures to avoid denaturation of the proteins and 
the destruction of proteins by proteases. Different methods are used for the isolation of proteins of different cell 
compartments (cytoplasmic, nuclear fractions etc.). One takes advantage of the different compositions of the 
membranes and the osmotically active substances of the individual cell compartments. Protease inhibitors and 
working on ice or at 4°C should make sure that the proteins are kept intact.

a) Protein extraction: whole cell lysat

Cells are washed with ice-cold PBS. The PBS is removed properly. 50-100µl lysis buffer supplemented with pro-
tease inhibitor cocktail is used for the lyses of cells in one 6-well. Cells are realeased using a cell scraper and 
transferred to a 1.5ml reaction tube (Eppendorf) with a pipette.
For complete lysis cells are now rocked at 4°C in a shaker (Thermomixer comfort, Eppendorf) for 10min. 
After this incubation step the lysated cells are centrifuged at 14.000rpm (centrifuge: 5417R, Eppendorf) and 4°C 
for 10 min to precipitate insoluble constituents like nuclei and parts of the membrane.The supernatant contains 
the proteins. It is transferred to a new pre-cooled tube and stored on –80°C or used immediately. 1µl is kept se-
perately for the determination of the protein concentration with BCA (see 6.2.3.).

b) Protein extraction: nucleic proteins according to the CelLytic™ NuClear™ Extraction Kit (Sigma NXTRACT)

I. Extraction from tissue (Embryo till E9.5)
 0.1M DTT from a stock solution of 1M (1M DTT diluted 1:10) and 1x lysis buffer (isotonic, for more compact, 

adult tissue the hypotonic lysis buffer should be used) from a 10x stock solution was prepared. 10µl 0.1M DTT 
and 10µl Protease Inhibitor cocktail (PI) was added to 1000µl 1x lysis buffer and 1.5µl 0.1M DTT and 1.5µl PI 
was added to 147µl extraction buffer.

 The tissue was washed twice with PBS. Afterwards it was carefully resuspended in 1000µl 1x lysis buffer inclu-
ding DTT and PI (volume lysis buffer = 5x volume tissue in µl: ~200µl tissue > ~1000µl lysis buffer). The tissue 
was homogenized with a needle until 90% of the cells were broken. The the cell suspension was centrifuged 
at 10.000-11.000xg for 20min. The supernatant that comprises the cytoplasmatic fragment was separated and 
stored at -80°C.

 The pellet was resuspended in 140µl in the prepared extraction buffer and homogenized (volume extraction 
buffer = 2/3 volume tissue in µl: ~200µl tissue > ~140µl extraction buffer) and then incubated at 4°C for 30min 
while carefully shaking. Then the solution was centrifuged at 20.000-21.000xg and 4°C for 5min. The super-
natant containing the nuclear protein fraction was transferred to a new tube and stored at -80°C.

II. Extraction from cells with detergent (ES cells, differentiated)
 For preparations 0.1M DTT from a stock solution of 1M (1M DTT diluted 1:10) and 1x lysis buffer (isotonic, for 

more compact, adult tissue the hypotonic lysis buffer should be used) from a 10x stock solution was prepared. 
10µl 0.1M DTT and 10µl Protease Inhibitor cocktail (PI) was added to 1000µl 1x lysis buffer and 1.5µl 0.1M 
DTT and 1.5µl PI was added to 147µl extraction buffer.

 Cells were trypsinized and pelleted as usually. The supernatant was discarded completely. Then, the cells 
were carefully resuspended in 1000µl 1x lysis buffer including DTT and PI (volume lysis buffer = 5x volume 
tissue in µl: ~200µl cells > ~1000µl lysis buffer). The suspension was transferred to an Eppendorf tube and 
incubated on ice form maximal 15min. Cell lysis was controlled microscopically.

 Then 10% igepal CA-630 was added (endconcentration: 0.6% > 6µl 10% igepal per 100µl cell suspension) 
and votexed for 10s to mix. Immediately after vortexing the suspension was centrifuged at 10.000-11.000xg 
und 4°C for 30min. The supernatant was transferred to a new tube and stored at -80°C (cytoplasmatic frac-
tion). The pellet of cell nuclei was well-resuspended in 140µl prepared extraction buffer and homogenized 
(volume extraction buffer = 2/3 volume cells in µl: ~200µl cells > ~140µl extraction buffer). For complete lysis 
the suspension was incubated shaking at 4°C for 15-30min (middle to high speed). After the incubation step 
the suspension was centrifuged at 20.000-21.000xg and 4°C for 5min. The supernatant contains the nuclear 
proteins and was transferred to a new tube and stored on -80°C.

6.3.2.    Determination of protein concentrations

a) Determination of protein concentrations using BCA

Proteins reduce alkaline Cu(II) to CU(I) in a concentration dependent manner. Bicinchoninic acid (BCA) is a highly 
specifi c chromogenic reagent for Cu(I) because it forms in a violet complex with Cu(I) that has a maximum of 



Material and Methods

108

absorption at 562nm. The absorption of this complex is directly proportional to the protein concentration, so that 
a quantitative photometric measurement of the protein solutions compared to a standard row with known concen-
tration is possible.
As a standard row the following dilutions of BSA were prepared in lysis buffer: 25µg/ml, 125µg/ml, 250µg/ml and 
500µg/ml (stored at -20°C). The protein samples were diluted with lysis buffer 1:50. 50µl null control (only lysis 
buffer), standard row and samples were mixed 1:20 with BCA solution (+1ml). The mixtures were incubated at 
50°C for 15-30min till they became violet. Then they were cooled down to room temperature and measured in 
an Eppendorf photometer, starting with the null control and the standard dilutions. Then the dilution factor for the 
samples (1 in 49) was entered and the absorptions and concentrations of the samples were determined.

b) Determination of protein concentrations using Bradford assay

The Bradford assay for determination of protein concentrations is based on the absorbance shift of the Coomas-
sie dye when it binds to protein (from red to blue > 595nm).
Protein samples were measured at OD600 relatively to one another. Therefore 1ml Bradford reagent was mixed 
with 1-5µl protein sample (addition of sample was dependent on its concentration: colour should change within 
5min). The mixture was kept in the dark for 5min and measured against a blank value (lysis buffer without protein). 
The relative concentrations were calculated according to the directly proportional absorbance measured.

  
6.3.3.    Western Blot

In Western Blots proteins are separated by their size via electrophoreses on a denaturing polyacrylamide gel fi rst. 
Sodiumdodecylsulfate (SDS = negatively charged) covers the proteins and thereby gives those that are – over 
all – charged positively or negatively or that are neutral a negative charge according to their size. The proteins 
are then transferred onto a membrane using electric tension in a wet or semi-dry blot. On this membrane spe-
cifi c antibodies bind to the proteins that should be detected. These fi rst antibodies are then detected by specifi c 
horseradish peroxidase (HRP) coupled secondary antibodies. The enzyme catalyzes the reaction of a substrate 
whose product is gloomy and can expose a fi lm.
For saturation of unspecifi c binding sides of (mostly) the secondary antibody milk powder, bovine serum albumin 
(BSA) or serum of the animal in which the secondary antibody is made (no cross-reactivity expected) are used 
for blocking.

a) Denaturing SDS-polyacrylamid gelectrophorese

For 4 separating gels (10% - or see list below) the following mixture was used:

   10.0ml   acrylamide/bisacrylamide-mixture (ready-to-use)
     7.5ml   4x Tris/SDS buffer, pH8.8
   12.5ml   H2O
   40.0µl  TEMED
 300.0µl  APS

The mixture was immediately fi lled between two glass plates with a 10ml pipette and covered with water to ex-
clude air and sharp straight border is achieved. After polymerization of the gel the water was decanted and com-
pletely suck off with a paper towel.

For 4 collecting gels (approximately 1cm deep underneath the pockets) the following mixture was prepared:

     1.3ml  acrylamide/bisacrylamide-mixture (ready-to-use)
     2.5ml  4x Tris/SDS buffer, pH6.8
     6.2ml  H2O
   20.0µl  TEMED
 100.0µl  APS

The mixture was immediately fi lled between the two glass plates with a 10ml pipette till the room was completely 
fi lled up then the comb was put in.

The 4x SDS loading buffer was freshly mixed with dithiothreitol (DTT) and mixed 1:3 with the samples. The mix-
ture of samples and buffer were denatured at 95°C for 4min. and afterwards stored on ice. The comb was remo-
ved from the polymerized collecting gel and immediately rinsed with H2O. Gels were the put into the gel chamber 
fi lled with 1x tris glycine running buffer. Then gel pockets were rinsed again to remove remaining gel fi laments.
The samples were applied into the gel pockets (20µl protein weight marker) and separated at 20mA for approxi-
mately 45min.
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 Acrylamide concentration (in %) linear range of separation (kDa)
  %   kDa
  15.0   12 –   43
  10.0   16 –   68
  7.0   36 –   94
  5.0   57 – 212

b) Immunoblot: Semi-dry Blot

The gels were released from the glass plates and equilibrated in KP buffer for 10min. The PVDF membrane was 
activated in methanol for 15s, then incubated in H2O for 2min and afterwards in APII buffer for 5min; nitrocellulose 
membrane was only wet with AP II.
The blot was built up as follows:  
     anode
     1x blotting paper (thick) wet with AP I
     1x blotting paper (thin) wet with AP II
     PVDF-/nitrocellulose membrane
     gel
     1x blotting paper (thick) wet with KP
     kathode 
The gel was blotted at 220mA (per small gel) for 20min. then the blot was broken up and the membrane was 
(optionally) put into Ponceau-S solution for 5min to confi rm successful blotting. The membrane was washed or 
de-stained with H2O.

c) Immunostaining

The membrane was blocked with blocking solution (1x TBST buffer + 5% milk powder (w/v) + 1g BSA (per 50ml) 
for 2h. Then the membrane was incubated with the primary antibody in blocking solution for at least 2h at room 
temperature (or over night at 4°C). After incubation the membrane was washed 3x with 1x TBST for 15min. Af-
terwards it was incubated with the secondary antibody in blocking solution at room temperature for 1-2h. Again 
washing steps were carried out using 1x TBST: 3x short and 3x for 15min while shaking. For the enzymatic re-
action the membrane with the coupled antibodies was wet from both sides with ECL solution 1 and 2 mixed on a 
glass plate immediately before. Then the membranes were wrapped in foil and exposed to a fi lm for 1s to 10min. 
After exposure the fi lm was developed.

6.3.4.    Immunostainings

In immunostainings proteins can be detected using antibodies. The fi rst antibody detects the protein, the second 
antibody detects the bound primary antibody. The second antibody is coupled to a fl uorescent dye so that is it 
possible to detect it with the fl uorescent microscope. It is also possible to directly label the fi rst antibody.
First the cell were washed with PBS once and then fi xed in 4% paraformaldehyde for 5min at 4°C. Afterwards 
they were washed three times with PBS for at least 5min for each washing step. At this point the cells were either 
stored at 4°C (covered with PBS) or directly used for a staining.
For staining the cells were blocked at least 1h with 1x TBS buffer + 1% serum + 0.1% Tween20 at room tempe-
rature (RT) or over night at 4°C. Then they were incubated with the fi rst antibody in blocking solution (RT, at least 
2h). After the incubation with the fi rst antibody cells were thoroughly washed with PBS + 0.1% Tween20 three 
times for 10min at RT. When unspecifi c bindings of the fi rst antibody were removed by washing the cells were 
incubated with the secondary antibody in blocking solution for 1h, then they were washed again as described. 
Finally they were sprinkled with a few drops mounting medium and covered with a cover slip. Pictures were taken 
at the inverse fl uorescent microscope (Zeiss, AxioVert M200).

6.4.       Methods in cell biology

6.4.1.    (ES) cell culture

Murine ES cells self-renew in culture. They need a murine embryonic feeder layer as support, ES cell tested FCS 
and supplementation of the medium with LIF to prevent them from differentiation.
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a) Culture of primary murine embryonic fi broblasts (NIH3T3, HEK293)

Murine embryonic fi broblasts (MEF) were splitted every three to fi ve days 1:4 – 1:6 depending on their growth 
speed and density. Therefore 15cm dishes of MEFs were washed with at least 10ml PBS –MgCl2 and treated 
with 7ml trypsin-EDTA at 37°C for 5min. The reaction was stopped by adding 7ml MEF medium. A single cell 
suspension was achieved by pipetting up- and down 10 times. Afterwards the cell suspension was transferred to 
a 15 or 50ml Falcon tube and centrifuged at 250xg for 5min. The supernatant was discarded and the cells were 
resuspended in a suitable volume of MEF medium and plated on 5-6 new 15cm dishes.

b) Treatment of murine embryonic fi broblasts (MEF) with mitomycin C (MMC)

Murine embryonic fi broblasts are incubated with mitomycin C (MMC) to inhibit their growth in coculture with ES 
cells. MMC is an inhibitor of mitosis.
To treat MEF with MMC the cells were trypsinized as described before. Then the cells of fi ve 15cm dishes were 
transferred to a 50ml Falcon tube in 20ml MEF medium and treated with 200µl MMC (1mg/ml) at 37°C for 45min. 
Every 15min the tube was inverted to prevent cells from attaching to the plastic of the tube. After 45min of incu-
bation the cells were pelleted by centrifugation at 250xg for 5min. The supernatant was discarded and the cells 
were washed twice with MEF medium to remove. Afterwards the cells were plated on cell culture plates or dishes 
for direct use as a feeder layer for ES cells (see 4.4.2.d)) or they were frozen for later use (see 4.4.2. g)).

    
c) Seeding of murine embryonic fi broblasts (MEF) for ES coculture

After treatment with mitomycin C (see 6.4.1. b)) the MEFs were seeded for ES cell culture on plates and dishes 
in the following density.

 10cm 1.5x106 cells
   6cm 0.5x106 cells

d) Thawing of ES cells

To thaw ES cells a falcon tube containing 10ml pre-warmed ES medium was prepared. A cryovial of ES cells was 
thawn fastly in a 37°C waterbath while carefully shaking. The cells were then transferred into the prepared falcon 
tube and pelleted at 250xg for 4min 
Cells were then resuspended in a suitable volume of ES cell medium (e.g. 5ml for one 6cm dish) and cultured on 
feeder cells at 37°C and 5-7% CO2 in a humid incubator.

e) Passaging of ES cells

After two days (approximately 48 hours) in culture ES cells need to be splitted to prevent differentiation and to 
expand them. They can be splitted from 1:2 to 1:30 depending on their division rate.
The medium was removed and the cells were washed with a suitable volume of PBS (-Mg2+/Ca2+), approximately 
5ml. After removing the PBS the cells were incubated with trypsin-EDTA (1ml per 6cm dish or 3ml per 10cm dish) 
for 5min at 37°C, 5-7%CO2 in a humid incubator.
The dissociation of the cells was briefl y controlled under the microscope and the reaction was stopped using at 
least the same amount of medium compared to the trypsin solution (4ml for one 6cm dish).
To get a singel cell suspension cells were well resuspended pipetting up and down for at least 10 times and trans-
ferred to a falcon tube. The cells were centrifuged for 4min at 250xg. The medium was discarded and the cell 
were resuspended in fresh ES cell medium. Dilutions of cells were plated on new feeder cells layers according 
to the splitting ratio determined before. Cells were incubated for approximately 48h at 37°C and 5-7% CO2 in a 
humid incubator.

f) Cryoconservation of ES cells

For cryoconservation in liquid nitrogen ES cells are removed from the plate as described above (see 6.4.1.e)) 
and centrifuged. Instead of resuspending them in ES medium afterwards they were resuspended in pre-cooled 
freezing medium and transferred into cryovials. These cryovials were put into freezing boxes and stored at –80°C 
for at least 4 hours to cool the cells down to –80°C carefully (1°C/min). After 4 hours or incubation over night the 
vials were transferred into liquid nitrogen (N2(l)).
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6.4.2.    Homologous recombination in ES cells

Homologous recombination is the basis for targeted mutagenesis and the generation of knock-in mice. Therefore 
ES cells are transformed by electroporation with the linearized targeting vector, selected for insertion and trans-
formed colonies are picked and expanded.

a) Transformation of ES cells by electroporation

For one electroporation half a 10cm dish ES cells (70-80% confl uent) was used. The cells were trypsinized as 
described before (see 6.4.1. e)). The single cell suspension was then transferred to a Falcon tube and centrifuged 
at 250xg for 5min. The cells were then washed with 10ml PBS (-Mg2+/Ca2+) at room temperature and centrifuged 
under the same conditions. After centrifugation the cell pellet was resuspended in 1.5ml ice-cold PBS (Mg2+/Ca2+). 
0.7ml of this cell suspension were mixed with 0.1ml vector (25µg) in PBS (-Mg2+/Ca2+) to a fi nal volume of 0.8ml. 
The mixture was then transferred into a pre-cooled cuvette and the electroporation was carried out under the 
following conditions.

 (2 pulses, stored on ice in between for 1min)
 Programm: 220 V
   500 µF
 Resistance: ∞

After electroporation the cuvette was kept on ice for 5min. Then the cells were transferred into a prepared pre-
warmed dish with feederlayer and ES cell medium (0.4ml of the cell suspension was put on one 10cm dish, the 
volume of one electroporation is therefore suffi cient for two 10cm dishes). The medium was exchanged daily. 
After 24h the selection was started with neomycin (G418) in a fi nal concentration of 300µg/ml or puromycin in a 
concentration up to 2µg/ml. Clones could be picked after 6-8 days.

b) Picking of ES cell clones

For picking of ES cell clones of one construct two conical 96-well plates with 60µl PBS –Mg2+/Ca2+ per well and 
four normal 96-well plates, two of which were coated with gelatine (0.1%) and fi lled with 100µl ES selection me-
dium and two with a feeder layer and 100µl ES selection medium (see 6.4.1. c)).
The medium of one 10cm dish with ES cell clones was removed and 10ml PBS –Mg2+/Ca2+ were added. Under the 
stereo microscope clones that looked compact and round were picked with a 100µl pipette set on 20µl. The clones 
were detached by tapping with the tip of the pipette and then sucked and transferred into one well of the prepared 
96-well dishes fi lled with PBS –Mg2+/Ca2+. It was taken care not to mix clones by detached cells. After one 96-well 
plate was fi lled 30µl trypsin-EDTA were added per well (total volume 110µl) and the cells incubated at 37°C for 
15min. After incubation the cells were pipetted 10 times up and down with a multi-channel pipette to achieve a sin-
gle cell suspension. 50µl were then transferred to each of the two prepared 96-well plates (one with feeder layer 
which is the master plate for freezing, one with gelatine-coating which is the template for DNA preparation).

c) Expansion of ES cell clones

The cells on 96-well plates were incubated at 37°C and 6% CO2 in a humid incubator. After 2-4 days when the 
cells are dense enough the master plate was frozen. When the medium of the DNA plate turned yellow in one day 
DNA was prepared (see 6.2.1.1. b)).

d) Cryoconservation of ES cell clones in 96-well-plates

For the cryoconservation of ES cell clones in 96-well plates 2x freezing medium (10ml per 96-well plate) was 
prepared and cooled down to 4°C.

 2x ES freezing medium:
   4ml ES-Zellmedium
   4ml FCS
   2ml DMSO  
 10ml

The medium was removed and the cells were washed once with 200µl PBS –Mg2+/Ca2+. Then 40µl trypsin-EDTA 
per well were added and cells were incubated at 37°C for 5min. With 60µl cold medium the reation was stopped 
and the cells were resuspended by pipetting up and down 10 times (as fast and cold as possible). Per well 100µl 
2x freezing medium were added as fast as possible. The plates were closed with parafi lm, put in napkins and then 
in a box that was stuffed with napkis. The box was stored at – 80°C for 6-8 weeks.
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I. Generation of Sox17iCre/+ cells
 The targeting vector was linearised with DraIII (25µg) and electroporated into TBV2 cells. Homologous recom-

bination was confi rmed by Southern Blot.

II. Generation of Foxa2iCre/+ cells
 The targeting vector was linearised with DraIII (25µg) and electroporated into TBV2 cells. Homologous recom-

bination was confi rmed by Southern Blot.

III. Generation of miRNA-transgenic ES cell clones
 Verifi ed miRNA vectors were linearized with ScaI and electroporated into ES cells carrying the knock-in for 

Sox17 Cherry fusion (clone No. H21B/D12B8, IDG3.2). Cells were selected with 1µg/ml puromycin and 48 
clones with different expression levels in terms of CFP fl uorescence for each miRNA construct were expanded 
(see fi gure 40).

6.4.3.    In vitro differentiation of ES cells in Foxa2- and Sox17-positive progenitor cells

For the in vitro differentiation (see Results, 4.5.1.) fi broblasts (NIH3T3) overexpressing Wnt3a were seeded in a 
density of 3x105 cells per 6-well in feeder medium.
The same day (2h later) ES cells were seeded in SFO3 differentiation medium in a density of 6,0x105 cells per 
6-well. Therefore cells were trypsinized as described and cells were put twice on new cell culture dishes after cen-
trifugation and removal of trypsin in new ES cell medium for preplating (removal of feeder cells). Afterwards the 
ES cells were counted using a Neubauer counting chamber. The cells were incubated at 37°C and 5% CO2. The 
medium was exchanged every two days. After 5-6 days 90-100% Foxa2/Sox17-positive cells can be expected.

6.4.4.    Ca/Phosphate transfections

In Ca/Phosphate transfections cells take up DNA aggregates that form in HBS buffer when Ca2+ and DNA is ad-
ded. For transfections a mix of 40µg DNA and 244μmol CaCl2 (e.g. 122μl 2M CaCl2) was prepared and fi lled up 
to 1ml with dist. H2O. 1ml 2x HBS buffer was tranferred to a round bottom tube and  the DNA mix was carefully 
added dropwise while while bubbling with a pipette. Afterwards the mixture was incubated at room temperature 
(RT) for 10-20min. 1ml of the precipitates were dropped onto the cells and spread by circulating the dish. Finally 
the cells were incubated at 37°C and 5% CO2 for 8-16h, then the medium was replaced. Expression of the trans-
gene could be observed after 24-48h. 

6.4.5.    Fluorescent actived cell sorting: FACS

FACS analysis allows fort he detection, the discrimination and the sorting of cells in a cell mixture according to 
their size, their complexity or marker expression (detected with fl uorescence/ fl uorescent antibodies). One takes 
the advantage of the fact that cells of different size and granularity differentially scatter the light  turned on them.
The cells that should be analysed are given into a salt solution and hydrodynamically focused; that means, the 
cells are routed alongside a laser in a thin liquid stream. The laser light is scattered by the cells and the subse-
quent defelction is detected. The forward scatter includes information about the cell size while the side scatter is a 
parameter for the complexity or granularity. Using fl uorescent signals single cell types can be detected and distin-
guished. The information are translated to signals by an analog digital converter that are analysed by a software 
and displayed as a frequency distribution.
Cells were trypsinized as described, resuspended in FACS buffer and fi ltered to removed cell clumps. Out of one 
cell sample at least 50.000 events (cells) were measured.   

6.5.       Methods in embryology

6.5.1.    Mouse husbandry and –matings

Mice were kept in a day-night cycle from 6am-6pm. For determination of embryonic stages female mice were che-
cked for vaginal plug when breeding. Noon of the day of vaginal plug was considered as embryonic day 0.5 (E0.5).
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6.5.2. Genotyping of mice and embryos using PCR 

a) Genotyping of Sox17iCre/+ mice

Mice were genotyped by PCR analysis on tail tip genomic DNA (Laird et al., 1991; see Material and Methods). 
Genotyping of the Sox17iCre∆neo/+ (4 generations backcrossed to C57Bl/6) was performed using a forward primer 
in the artifi cial intron (EP418; see fi gure 13 and table 5) and another one in the 5´ upstream region of the Sox17 
locus (EP510; see fi gure 13 and table 5) and in the genomic intron 1 (EP419; see fi gure 13 and table 5) yielding 
products of 314bp and 589bp for the targeted and wild type alleles, respectively. Sox17iCre/+ and Sox17iCre∆neo/+ were 
genotypically distinguished using the same forward primer in the artifi cial intron (EP418; see fi gure 13 and table 
5) and two reverse primers: one in the neomycin selection cassette (EP420; see fi gure13 and table 5) and EP419 
(see above) resulting in products with 444bp (Sox17iCre) and 314bp (Sox17iCre∆neo).

The PCR mixture and porgramm were carried out as follows.

   2.00µl 10x Taq buffer (Fermentas GmbH)  95°C 5min
   2.00µl 25mM MgCl2     
   2.00µl 10mM dNTPs     95°C 30s
   1.00µl 10µM  Primer 418    56°C 45s
    1.00µl 10µM  Primer 419    72°C 1min
   1.00µl 10µM  Primer 510
   0.25µl Taq (Fermentas GmbH)    72°C 10min
   1.00µl genomic DNA       4°C ∞
   9.75µl dist. H2O   
 20.00µl

b) Genotyping of Foxa2iCre/+ mice

For Genotyping of the Foxa2iCre/+ mice PCR was performed on tail tip genomic DNA (for preparation see Material 
and Methods; Laird et al., 1991). Foxa2iCre∆neo/+ (5 generations backcrossed onto C57Bl/6 background) were geno-
typed using a forward primer in the artifi cial intron (see fi gure 17 and table 5; EP418), another forward primer in 
the 5´ upstream region of the Foxa2 locus (see fi gure 17 and table 5; EP511) and a reverse primer in the genomic 
intron 1 (see fi gure 17 and table 5; EP421) yielding products of 415bp and 636bp for the targeted and wild type 
alleles, respectively. Foxa2iCre/+ and Foxa2iCre∆neo/+ were genotypically distinguished using the same forward primer 
in the artifi cial intron (see above; EP418) and two reverse primers: one in the neomycin selection cassette (see 
fi gure 17 and table 5; EP420) and EP421 (see above) resulting in products with 494bp (Foxa2iCre) and 415bp 
(Foxa2iCre∆neo).

The PCR mixture and porgramm were carried out as follows.

   2.00µl 10x Taq buffer (Fermentas GmbH)  95°C 5min
   2.00µl 25mM MgCl2     
   2.00µl 10mM dNTPs     95°C 30s
   1.00µl 10µM  Primer 418    56°C 45s
    1.00µl 10µM  Primer 421    72°C 1min
   1.00µl 10µM  Primer 511
   0.25µl Taq (Fermentas GmbH)    72°C 10min
   1.00µl genomic DNA       4°C ∞
   9.75µl dist. H2O   
 20.00µl

c) Genotyping of R26R mice

Genotyping of R26R Cre reporter strain (background C57Bl/6) was performed by PCR as described (Soriano, 
1999).

d) Genotyping of β-cateninfl ox/+ or β-cateninfl oxdel/+ mice

Genotyping of β-cateninfl ox/+ or β-cateninfl oxdel/+ mice (background C57Bl/6) was performed by PCR as described 
(Brault et al., 2001).

35x}

35x}
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e) Genotyping of Flp-e mice

Genotyping of Flp-e mice (background C57Bl/6) was performed by PCR as described (Dymecki, 1996).

6.5.3.    Isolation of embryos and organs

Dissections of embryos and organs were carried out according to Nagy and Behringer („Manipulating the mouse 
embryo: a laboratory manual“). Embryos were staged according to Downs and Davies (1993).

6.5.4.    X-gal (5-bromo-4-chloro-3-indolyl β-D-galactoside) staining

Dissected embryos and organs were washed in PBS+Mg2+/Ca2+. Then they were fi xed in fi xation buffer for 15-
60min depending on their developmental stage (size):

 a) E12.5 or earlier: 15-40min (RT, while rolling)
 b) E13.5 or later: 30-60min (RT, while rolling)

Afterwards samples were washed three times in PBS +0.02% NP40 and then placed in X-gal staining solution at 
37°C over night. The next day embryos were washed again in PBS +0.02% NP40 three times and then fi xed in 
4% paraformaldehyde (PFA) at 4°C for 1h. Samples were stored at 4°C in 4% PFA. For documentation organs 
were rinsed in PBS and photographed on a Zeiss Lumar.V12 stereo using an AxioCam MRc5 camera.

6.5.5.    Clearing of embryos and organs

To clear embryos and organs they were dehydrated using an ascending methanol row (25%, 50%, 75%, 100%; 
10min each) and then put into benzyl alcohol/benzyl benzoate (BABB, 2:19). They were incubated in this mixture 
until they appeared glassy and stored in that solution for taking pictures (see X-gal staining above). Afterwards 
the methanol row was carried out downwards for rehydration. 

4.6.       Methods in histology

4.6.1.    Paraffi n sections

a) Embedding of embryos and organs for paraffi n sections

Comment: Small embryos or small tissue pieces can be put in agarose for orientation. Before dehydration  
  starts the tissue is embedded into 0.8% agarose in PBS and cut out as a cube. The rest of the  
  procedure stays the same.

After whole-mount b-galactosidase staining, embryos were dehydrated with methanol (25%, 50%, 75%, 2x 100% 
at least 10min each). Dehydration is necessary to allow for the complete penetration of the tissue by the hydro-
phobic paraffi n which is necessary for easy cutting. Then the tissue was put into 100% xylene till it appeared 
glassy. Afterwards it was incubated in paraffi n at 63°C over night. The next day the tissue was put into fresh 63°C 
paraffi n and was again incubated over night.
The following day the tissue samples were put in embedding moulds, orientated and covered with liquid paraffi n. 
Now the paraffi n was cooled down and after solidifi cation the mould was removed. The paraffi n block was fi xed 
to an embedding grid by partial melting of the paraffi n block.

b) Sectioning of paraffi n blocks

The compact paraffi n block was fi xed to the microtom and orientated. Immediately after cutting the sections were 
put into 37°C water for spreading. Afterwards they were put on glass slides with a brush and dried at 37-40°C 
over night.

c) Histological staining of paraffi n sections using Nuclear Fast Red (NFR)

Paraffi n sections on glass slides were dewaxed twice for 15min in xylene. Then they were rehydrated with a 
downward alcohol row (100%, 90%, 80%, 70%, 1min each) and put into H2O in the end. Then the slides were 
dipped into Nuclear Fast Red for 1min and thoroughly washed with dist. H2O.
Then the sections were dehydrated with in an afferent alcohol row (70-100%, see above). Finally the slides were 
incubated twice in xylene for 15-30min and once in Rotihistol for 15-30min. After incubation in Rotihistol slides 
were put on a paper towel, sprinkled with a few drops mounting medium and covered with a cover slip.
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8. Appendix

8.1. Publications

Uetzmann L, Burtscher I, Lickert H. 2008. A mouse line expressing Foxa2-driven Cre recombinase in 
node, notochord, fl oorplate, and endoderm. Genesis.

Liao P, Uetzmann L, Burtscher I, Lickert H. under revision. Generation of a Mouse Line Expressing Sox17-
driven Cre Recombinase with Specifi c Activity in Arteries. Genesis.

8.2. List of abbreviations

 A  ADE   anterior defi nitive endoderm
  AIP   anterior intestinal port
  APC   activated protein c
  APS   6-amino-9-[3,4-dihydroxy-5-[(hydroxy-sulfooxy-phosphoryl) 
     oxymethyl]oxolan-2-yl]purine
  ATP   adenosine triphosphate
  AVE   anterior visceral endoderm

 B BAC   bacterial artifi cial chromosome
  BCA   bicinchoninic acid
  BF   brightfi eld
  BMP   bone morphogenic protein

 C CAGE   cap analysis gene expression
  cDNA   copy DNA
  Cdx2   caudal type homeobox 2
  Cerl   Cerberus like
  CFP   cyan fl uorescent protein
  c-Myc   myelocytomatosis oncogene
  CIP   caudal intestinal port
  Cre   causes recombination
  Cripto   teratocarcinoma-derived growth factor 1 (Tdgf1)
  CTP   cytosine triphosphate

 D DE   defi nitive endoderm
  dist.   distilled
  Dkk1   Dickkopf 1
  D. melanogaster Drosophila melanogaster
  DMEM   Dulbecco’s modifi ed eagles medium
  DNA   Desoxyribonucleic acid
  dNTP(s)  desoxyriboucleotides
  Dsh   Dishevelled
  DVE   distal visceral endoderm

 E E   endoderm
  E. coli   Escherichia coli
  EB   embryonic body
  EDTA   ethylenediaminetetraacetic acid
  EG   embryonic germ (cells)
  EGO   early gastrula organizer
  EGTA   ethylene glycol tetraacetic acid
  ER   estrogen receptor
  ERT2   estrogen receptor type 2
  ES   embryonic stem

 F Fgf   fi broblast growth factor
  Flp   Flippase
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 F Flp-e   Flp-enhanced
  Foxa2   Forkheadbox transcription factor a2
  FRT   Flp-recombinase target
  Frz   Frizzled
  fwd   forward

 G g   gravitation
  G418   Geneticin
  Gata4   GATA binding protein 4
  GFP   green fl uorescent protein
  Gsc   Goosecoid
  GSK-3   glycogen synthase kinase
  GTP    gyanine triphosphate

 H H2B   Histon 2B
  HCl   hydrochlorid acid
  HEK293T  human embryonic kidney cell line (see Material and Methods)
  HEPES   N-2-Hydroxyethylpiperazine-N’-2-ethanesulfonic acid
  Hesx1   homeo box gene expressed in ES cells
  Hex   Hematpoietically expressed homeobox gene 
  HMG   high mobility group
  Hox   Homeobox
  HPLC   high pressure liquid chromatography
  Hprt   Hypoxanthine-guanine phosphoribosyltransferase
  HR   homology region
  HRP   horse raddish peroxidase    

 I ICM   inner cell mass
  iCre   improved Cre
  IFAB-P   intestinal fatty acid binding protein
  iPS   induced pluripotent stem cells
  IRES   internal ribosomal entry site
  IVD   in vitro differentiation 

 K K19   Cytokeratin 19
  Kif4   kinesin family member 4
  Kozak   Kozak sequence

 L LB-medium  Luria Bertani medium
  LGO   late gastrula organizer 
  LEF   lymphoid enhancer binding factor
  Lefty   left right determination factor
  LIF   leukemia inhibitory factor
  Lim1   LIM homeobox protein 1 (Lhx1)
  Lin28   lin-28 homolog
  loxP   locus of X over Pi

 M MAP   mitogen-activated protein
  MEF   murine embryonic fi broblasts
  MGO   mid-gastrula organizer
  miR   miRNA
  miRNA   micro RNA
  mRNA   messenger RNA

 N Nanog   Nanog homeobox
  neo   neomycin resistence
  NFP   (tumor) necrosis factor protection
 
 O Oct4   Octamer-binding protein 4
  ON   over night
  OH-group  alcohol group
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 O ORF   open reading frame
  Otx1/2   orthodenticle homolog 1/2

 P P   Paternal
  P1   buffer P1 for plasmid preparation 
  P2   buffer P2 for plasmid preparation
  P3   buffer P3 for plasmid preparation
  pA   polyadenylation signal
  pBKS-   Bluescript bacterial vector
  PBS   phosphate buffered saline   
  PCR   polymerase chain reaction
  PGK   phosphoglycerate kinase
  PI   protease inhibitor
  Puro   puromycin resistance

 R RA   retinoic acid
  rev   reverse
  RNA   ribonucleic acid
  RNAi   RNA interference
  R26R   lacZ-reporter gene expressed from the ROSA locus, mouse line
  RT   room temperature
  RT-PCR  reverse transcription PCR
  rpm   rounds per minute

 S SIBR   synthetic inhibitory BIC-derived RNA
  siRNA   small-interfering RNA
  Sox17   Sry-related HMG-box transcription factor 17
  STAT   signal transducer and activator of transcription
  Sry   sex determining region y
  SV40   simian virus 40

 T TCF   T-cell factor
  Tgf   transforming growth factor
  T::GFP   GFP expressed from the T(Brachyury) locus   
  T4 PNK   T4 virus polynucleotide kinase
  TTP   tyrosine triphosphate

 U UTR   untranslated region

 V VE   visceral endoderm

 W Wnt   Wingless/Int

 X X-Gal   5-bromo-4-chloro-3-indolyl β-D-galactoside

8.3. Listing of fi gures

Introduction
Figure 1: The fi rst steps in embryonic development – reaching the blastula stage
Figure 2: Embryonic development of the mouse until implantation
Figure 3: Gastrulation in the mouse
Figure 4: Turning of the mouse embryo
Figure 5: The three principle germ layers and their derivatives
Figure 6: Anterior-posterior positioning of the endodermal cells and the link to their fate according to 

Lawson et al., 1986 and 1991 (modifi ed)
Figure 7: The embryonic gut – budding of the organs
Figure 8: Canonical Wnt signaling
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Figure 9: The genomic locus of Foxa2
Figure 10: The genomic locus of Sox17
Figure 11: The miRNA pathway

Results
Figure 12: Lineage tracing – identifying the progeny of progenitor cells – and studying the impact of signaling 

pathways – conditional knock-out analysis
Figure 13: Targeting strategy of the Sox17iCre allele
Figure 14: Southern Blot on Sox17 targeted ES cells and mice - Verifi cation of homologously recombined 

clones
Figure 15: Recombination activity of Sox17iCre in the ROSA locus at E9.5
Figure 16: β-galactosidase activity in organs of Sox17iCre/+; R26R/+ mice at P1
Figure 17: Targeting strategy of the Foxa2iCre allele
Figure 18: Southern Blot on Foxa2 targeted ES cells and mice - Verifi cation of homologously recombined 

clones
Figure 19: Foxa2-iCre recombination activity at embryonic stages
Figure 20: Recombination activity of Foxa2-iCre in embryonic organs
Figure 21: Recombination activity of Foxa2-iCre in the embryonic heart
Figure 22: Histological sections for β-galactosidase activity of organs of Foxa2iCre/+; R26R/+ mice
Figure 23: Analysis of Foxa2 protein levels in wild type versus Foxa2iCre/+ and Foxa2iCre/iCre liver extracts at P1 

using Western blot
Figure 24: Genomatix promoter prediction for Foxa2
Figure 25: Primers for RT-PCR on RNA samples from different tissues of Foxa2iCreΔneo/iCreΔneo, Foxa2iCre/+ 

and Foxa2+/+ mice
Figure 26: Analysis of RNA samples from lung and liver of Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+  

mice regarding different possible transcripts using RT-PCR
Figure 27: Analysis of the Foxa2 protein concentration in samples from lung and pancreas of Foxa2iCreΔneo/

iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+ mice using Western blot
Figure 28: Crossing scheme conditional β-catenin knock out A
Figure 29: Crossing scheme conditional β-catenin knock out B
Figure 30: E10.5 Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice
Figure 31: Organs of Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice at P5
Figure 32: Protocol for differentiation of ES cells into blood sugar dependent insulin-producing cells
Figure 33: ES differentiation according to Tada et al. (2005)
Figure 34: Optimization of differentiation using a co-culture system with NIH3T3 cells over-expressing 

Wnt3a
Figure 35: RT-PCR on RNA samples of in vitro differentiated ES cells
Figure 36: Live imaging of the onset of marker gene expression
Figure 37: Fluorescent fusion proteins as a read out of miRNA activity
Figure 38: Alteration of the expression vector for miRNAs and miRNA design
Figure 39: List of miRNAs used including folding predictions
Figure 40: miRNA transgenic ES cell clone (example)
Figure 41: In vitro differentiation of miRNA transgenic ES cell clones
Figure 42a: Foxa2 immunostaining on differentiated miRNA transgenic ES cell clones at d6 of differentiation
Figure 42b: Foxa2 immunostaining on differentiated miRNA transgenic ES cell clones at d6 of differentiation
Figure 43: Comparison of miR335, miR335 Sox17-optimized and miR194
Figure 44: Expanded model of endoderm differentiation in vitro: A model of the suppression and support of 

the establishment of endoderm versus mesoderm by miR335
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Discussion
Figure 45: Villus cell replacement in the adult small intestine
Figure 46: Model of a feedback loop of Foxa2 and miR335

Material and Methods
Figure 47: Southern blot setup

8.4. Listing of tables

Results
Table 1: Blood analysis of Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+ mice
Table 2: Plasma analysis of Foxa2iCreΔneo/iCreΔneo, Foxa2iCreΔneo/+ and Foxa2+/+ mice
Table 3: Blood analysis of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mice
Table 4: Plasma analysis of Foxa2iCreΔneo/+; β-cateninfl ox/fl ox mice

Material and Methods
Table 5: Oligonucleotides

8.5. Listing of charts

Results
Chart 1: Results of Mendelian distribution of Foxa2iCre/iCre mice
Chart 2: Preliminary data of Mendelian distribution of Foxa2iCre/+; β-cateninfl ox/fl ox mice
Chart 3: Mendelian distribution of Foxa2iCre/+; β-cateninfl oxdel/fl ox; R26R/+ mice
Chart 4: FACS analysis of the onset of marker gene expression
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