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1. Introduction 

1.1. Stem cells 
Throughout adult life, different tissues regenerate permanently, most obviously 

skin, blood cells and intestinal epithelium. This regenerative process is enabled by 

stem cells, which are characterized by exactly these properties: self-renewal, 

which is the ability to indefinitely reproduce themselves and differentiation 

potential, which is the capability to develop into terminal differentiated cells of 

diverse tissues. [2] The definition already occurred in 1954, when Stevens and 

Little reported spontaneous testicular teratomas in an inbred mouse strain [201] 

and thus opened the field of stem cell research. During the following years, 

numerous cell lines have been established in vitro from mouse teratocarcinomas 

[60,97,123,139,181], named embryonic carcinoma (EC) cells [2], which exhibited 

stem cell character, as demonstrated in 1964 by Kleinsmith and Pierce [115]. Long 

standing efforts to characterise EC cells and their link to embryonic stem (ES) cells 

during the 1960s and 70s finally culminated in the isolation of mouse embryonic 

stem cells (mESCs) directly from the inner cell mass (ICM) of blastocysts in 1981 

by two independent groups, namely Martin [137] and Evans & Kaufman [61]. In 

1998, Thomson et al. succeeded in establishing embryonic stem cell lines from 

human blastocysts [215]. Only eight years later, Yamanaka et al. managed to 

reprogram mouse and shortly after human fibroblasts into a pluripotent state by 

introducing four deciding factors [206,207]. For this outstanding work, Yamanaka 

was awarded the Nobel Prize for physiology or medicine 2012 together with 

Gurdon [161], who had set the basis for this innovation in 1962 with his nuclear 

transfer experiments in tadpoles [76]. These great achievements throughout the 

past decades lay the foundation for entirely new research approaches in 

developmental as well as cancer biology and open many doors for new therapy 

approaches in regenerative medicine, thus justifying the tremendous public 

interest in stem cells nowadays. [2] 

1.1.1. Cell potency and cell class 
Cell potency is defined as the cells' capability of differentiating into various cell 

types. According to their potency, cells can be classified, whereby totipotency 

describes the highest differentiation potential, followed by pluripotency, 

multipotency, oligopotency and finally unipotency. [187] During embryonic 
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development, cells progressively differentiate, thus gradually lowering their 

potency to finally achieve terminal differentiation and fulfil specific functions in 

somatic tissue [199]. 

1.1.1.1. Totipotency 

Totipotency is defined as the ability to form an entire organism, including 

extraembryonic tissue as the trophectoderm, which will later in development form 

the placenta [239]. In other words, a single totipotent cell is able to develop into a 

fertile, adult individual. The term totipotency is restricted to the zygote and the 

earliest stages of development up to the 8-cell stage of the morula. With 

proceeding development, restrictions in potency occur. [35,40] 

1.1.1.2. Pluripotency 

"Pluripotency is defined as the capacity of individual cells to initiate all lineages of 

the mature organism in response to signals from the embryo or cell culture 

environment." [235] In contrast to totipotency, pluripotent cells are not able to 

organize themselves into a body blueprint or to give rise to all extraembryonic 

lineages [35]. Different pluripotent cell types are assigned to two states of 

pluripotency, termed naïve and primed [159]. 

Mouse embryonic stem cells 

Mouse embryonic stem cells can be established from the epiblast of pre-

implantation blastocysts, representing naïve pluripotency [75,159] and growing as 

compact dome-shaped colonies [79]. They are able to form germ-line chimeras 

when injected into blastocysts as they exhibit a euploid karyotype and the 

capability to differentiate into all cell types contributing to an adult individual [21]. 

As a further characteristic, female ES cells retain both X-chromosomes in an 

active state [79]. The pluripotent state of ES cells is characterised by the 

expression of certain transcription factors, worth mentioning Oct-4, Sox2 and 

Nanog [182]. Original mouse ESC isolation protocols, though comprising different 

techniques [61,137], include cultivation on a Mitomycin C inactivated feeder layer 

and medium containing fetal calf serum [11] to preserve self-renewal. Over the 

past decade, ground-breaking achievements in the understanding of 

differentiation-inducing signalling were made, enabling more defined feeder- and/ 

or serum-free culture conditions today. This includes the maintenance of self-

renewal by leukemia inhibitory factor (LIF)-mediated activation of signal transducer 
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and activatior of transcription 3 (STAT3) [160,196] and two inhibitors (2i), namely 

CHIR and PD, blocking differentiation by inhibiting glycogen synthase kinase 3 

(GSK3) and mitogen-activated protein kinase (MAPK)/ ERK kinase (MEK) 

[235,241]. However, mESCs do not exactly recapitulate the events occurring 

during gastrulation and blastocysts in vivo do not rely on the signalling pathways 

mentioned above [32,156]. 

Further pluripotent cell types 

Epiblast stem cells (EpiSCs) can be isolated from the epiblast of post-implantation 

blastocysts [23]. Already primed for lineage commitment, thus referred to as 

primed pluripotent, they show high inefficiency in forming chimeras [79]. Besides, 

ESCs in culture can be induced to differentiate into EpiSCs, being exposed to 

activin and FGF signalling [159]. The reverse transition to naïve pluripotency, 

however, depends on the introduction of the transcription factor Klf4 [75]. Culture 

of primordial germ cells, isolated from gonadal ridge at day 10.5-11.5 post coitum, 

allows the establishment of embryonic germ cells, exhibiting properties mostly 

corresponding to those of ESCs. [150] Malignant germ line tumours, called 

teratocarcinomas, are the source of embryonic carcinoma cells (ECCs)  

[115,139,165,234]. Although meeting pluripotency critera, EC cell lines show 

chromosomal aberrations [123,165], huge differences concerning differentiation 

potential [14] and do not occur during normal embryonic development [138]. 

1.1.1.4. Multipotency and adult stem cells 

As mentioned in the very first sentence of this thesis, cells fitting into the classic 

stem cell definition do also exist in adult tissues, where they enable physiological 

turnover of distinct tissues or replace cells lost by damage [130]. These so-called 

adult stem cells are restricted in potency due to them preferably differentiating into 

cells originating from the same lineage as their tissue of origin. This phenomenon 

is referred to as multipotency. [40,217] By asymmetric division, adult stem cells 

produce two daughter cells with different cell fates: one retains its stem cell 

properties, conserving the tissue specific stem cell pool, the other loses its stem 

cell character becoming a differentiated tissue cell [116,152]. Meanwhile, adult 

stem cells have been isolated from various tissues, including bone marrow 

[169,172], central nervous system [70], skeletal muscle [95] and skin [217]. [217] 

However, reports appeared, that adult stem cells isolated from one tissue were 

able to transdifferentiate into cells of another tissue in vitro or in vivo. For example, 
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bone-marrow derived cells were found to participate in muscle regeneration [65], 

neural stem cells were reported to build different blood cell types [1,16] and 

hematopoietic stem cells were shown to differentiate into hepatocytes [121]. 

Figure 1: Hierarchy of cell potency during different stages of mouse embryonic 
development. 

Zygote and 8-cell morula are referred to as totipotent. The morula develops into the blastocyst, 

consisting of trophectoderm and inner cell mass (ICM). The differentiation potential of the ICM is 

slightly reduced and defined as pluripotent. At this developmental stage, pluripotent embryonic 

stem cells can be isolated from the ICM. Throughout development, cell potency is further reduced, 

culminating in unipotent tissue or organ cells. Reprogramming: a terminally differentiated unipotent 

cell can reach a pluripotent state by introducing specific transcription factors. Abbreviations: CNS: 

central nervous system, ESC: embryonic stem cell, ICM: inner cell mass. Image based on [40,234]. 
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nuclear transfer (SCNT). Gurdon used highly differentiated intestinal epithelium 

cell nuclei of feeding tadpoles for transplantation into enucleated frog oocytes, 

whereby deriving normal tadpoles. These experiments served as strong argument 

for adult cells being genetically identical to early embryonic cells. [76] Successful 

continuation of this idea finally resulted in the birth of sheep Dolly in 1997, the first 

mammal cloned by nuclear transfer from adult mammary gland to oocyte [232]. 

Next to reprogramming by nuclear transfer, there is the possibility of fusing 

somatic and pluripotent cells to induce pluripotency, as the phenotype of the less 

differentiated fusion partner is dominant over the more differentiated one. [83,148] 

Based on this previous knowledge, Yamanaka and Takahashi succeeded in the 

identification of four pivotal factors out of 24 pluripotency-associated candidate 

genes, namely Octamer-binding transcription factor 3/4 (Oct-3/4), Sex determining 

region Y (SRY)-box 2 (Sox2), Kruppel-like factor 4 (Klf4) and c-Myc, whose 

retroviral introduction into mouse embryonic or adult fibroblasts led to induction of 

pluripotency, however at very low reprogramming rates. These directly 

reprogrammed iPSCs exhibit ESC morphology and growth properties. They 

express ESC marker genes, form teratomas and contribute to mouse embryonic 

development following injection into blastocysts. [207] Given these four Yamanaka 

factors, several laboratories reproduced and improved reprogramming protocols 

during the following years establishing iPSC lines from various species, including 

human [199,206]. This accomplishment of generating patient-specific iPSCs has 

opened up new vistas concerning disease-modelling, cell transplantation, toxicity 

screening and ethical controversies that were faced using human embryos 

[93,206]. [83,199] 

1.2. Early mouse embryonic development 

1.2.1. From zygote to gastrula stage 
Embryonic age is counted from the time of mating onwards in half-day intervals 

and given as embryonic day (E) [117]. 

1.2.1.1. Preimplantation stage, E0-4.5 

The zygote undergoes three rounds of cell division and reaches the eight-cell 

stage, at which compaction takes place [208]. This process includes the formation 

of intercellular junctions, polarization of the blastomeres and cell surface 
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specialisation and gives rise to the early morula at E2.5 [117]. After further cell 

divisions, the 32-cell stage is reached at E3.5 and cells have undergone the first 

lineage allocation, resulting in the blastocyst with an outer trophectoderm (TE) 

layer, which surrounds the inner cell mass (ICM) and the blastocoel. By this point 

in time, two different cell types are present in the ICM, which undergo the second 

lineage allocation by E4.5. The ICM separates into a layer of cells on the surface 

of the ICM, the primitive endoderm (PrE), and the epiblast (EPI) or primitive 

ectoderm inside the ICM. [208] 

1.2.1.2. Postimplantation stage, E4.5-E6.5 

Coinciding with implantation around E4.5, the blastocyst changes its morphology, 

entering the so-called egg cylinder stage. The TE-derived extraembryonic 

ectoderm (ExE) is positioned at the proximal end of the embryo, while the epiblast 

forms a cup-shaped epithelium at the distal part, enclosing the proamniotic cavity. 

Both ExE and EPI are surrounded by visceral endoderm (VE) and parietal 

endoderm (PE) respectively, derived from primitive endoderm. [12] TE becomes 

the trophoblast of the placenta [68], ExE contributes to the chorion [195] and VE 

and PE participate in the formation of the yolk sac [185]. 

1.2.1.3. Gastrulation, E6.5 

During gastrulation, epiblast cells are recruited to the primitive streak, located in 

the posterior epiblast at the junction with the ExE, where they undergo epithelial to 

mesenchymal transition (EMT) and migrate in-between epiblast and endoderm to 

become mesoderm or definitive endoderm. After gastrulation, the mouse embryo 

undergoes a turning process with inversion of the three germ layers resulting in 

the typical C-shaped embryo with ectoderm on the outside, mesoderm in the 

middle and endoderm on the inside. [210] During further development, all organs 

and tissues are derived from these three primary germ layers [47]. Endodermal 

cells are marked by the expression of FoxA2 and Sox17 [224] and give rise to the 

organs of the digestive and respiratory tract [191]. Mesodermal cells expressing 

brachyury develop into musculature, vasculature, blood, kidney, gonads, dermis 

and cartilage [47]. Ectodermal cells form neural ectoderm, non-neural ectoderm 

and neural crest, which give rise to the central nervous system, epidermis, 

peripheral neurons, glia and connective tissue amongst others [71]. Hence, Pax6, 

a transcription factor broadly expressed in the developing nervous system [41], 
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and Tubb3, expressed in terminally differentiated neurons [129], mark 

descendants of the ectodermal germ layer. 

Figure 2: Scheme illustrates early mouse embryonic development from zygote to gastrula 

stage. 
(A) The zygote undergoes cell cleavage to reach the morula stage (8-16 cells), followed by the 

blastocyst stage (32 - ≈120 cells). The blastocyst consists of trophectoderm cells, that surround 

inner cell mass and blastocoel. Shortly before implantation, around E4.5, the ICM divides into 

epiblast (red) and primitive endoderm (green) cells. (B) Coincident with implantation, the blastocyst 

changes morphology to enter so-called egg-cylinder stage. Extraembryonic ectoderm (blue) is 

positioned at the proximal pole of the embryo, the epiblast (red) forms a cup-shaped epithelium at 

the distal pole. (C) During gastrulation, the three germ layers ectoderm (red), mesoderm (orange) 

and definitive endoderm (yellow) are formed. Different cell types are marked by colours as 

indicated to the right of the respective image. Abbreviations: E: Embryonic day, ICM: Inner cell 

mass, PS: Primitive streak. Image based on [185,208,212]. 
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1.2.2. Mesodermal germ layer and descendants 
The heart is one of the first organs to function during embryonic development to 

already supply the growing embryo with oxygen and nutrients [20,73]. 

Spontaneous differentiation of ESCs into cardiovascular cells recapitulates 

molecular and cellular processes happening during normal embryonic 

development [18,103] (see different time points indicated for embryonic and ESC 

differentiation in Figure 3). At E7.5, cardiac mesoderm progenitors create the first 

heart field (FHF) migrating into the so-called splanchnic mesoderm, localized 

anterior lateral from the primitive streak (PS), where they organize as an epithelial 

layer, forming the cardiac crescent [20,44,103,211]. At E8, the cardiac crescent 

fuses at the midline, giving rise to the primordial heart tube [20,104], which is 

orientated along the craniocaudal axis with an anterior outflow and a posterior 

inflow pole [243]. Between E8.25 and E10.5, the linear heart tube starts beating, 

undergoes rightwards looping to bring the poles into the right position and grows 

rapidly [20,104,243]. This expansion of the heart tube is enabled by cell 

proliferation next to recruitment of cells originating from the pharyngeal mesoderm, 

localized caudal to the pharynx and representing the second heart field (SHF) 

[107,108,226]. After heart tube formation, the FHF mainly gives rise to cells of the 

left ventricle, whereas the SHF contributes to the right ventricle, atria and outflow 

tract of the mature heart [20,243]. [20] 

1.2.2.1. Mesoderm induction, hemangioblast and early cardiovascular progenitor 

Mesoderm induction, the essential requirement for cardiovascular development, 

takes place at E5.5 [20], whereby a pivotal role is attributed to the key players 

BMP [13,149,233], Nodal [36,186], Activin [74,198], Wnt [128] and FGF [91,166]. 

[162] First mesodermal cells, marked by Bry expression [193], leave the posterior 

region of the PS [103], giving rise to a Bry+/Flk1+/PDGFRα- hemangioblast 

precursor, that contributes to both hematopoietic and endothelial lineages [18] 

(see point 1.2.3.). Shortly after, epiblast cells migrating through a more distal 

region of the PS form the cardiac mesoderm [103]. Upon inhibition of canonical 

Wnt/ ß-catenin signalling and activation of non-canonical Wnt signalling [73], the 

Bry+ mesodermal progenitor population also gives rise to a Bry+/Flk+/PDGFRα+ 

early cardiovascular progenitor [18] (see point 1.2.2.2.). [20] 
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1.2.2.2. Cardiomyocytes, smooth muscle cells and endothelial cells 

At E6.5, upon T-box transcription factor Eomesodermin action [38], the 

Bry+/Flk+/PDGFRα+ cardiovascular progenitor downregulates Bry expression and 

starts mesoderm posterior 1 (Mesp1) gene expression [17]. Mesp1 is the earliest 

marker of cardiovascular development and induces the core cardiogenic 

transcription factor network [18]. This Mesp1+ progenitor pool demonstrates a 

common precursor for both FHF and SHF progenitors [20,145]. The SHF 

progenitors remain undifferentiated until they enter the heart tube at a later time 

point (see point 1.2.2.). In contrast, the FHF progenitors are exposed to BMP 

[188], FGF [175] and Wnt inhibitor [140,218] signalling from E7.5 due to their 

position in the cardiac crescent (see point 1.2.2.). [20] From E8.5, the cardiac 

differentiation of FHF cells is marked by the emergence of a bipotent precursor, 

positive for Nkx2.5, Tbx5 and c-Kit expression, that gives rise to cardiomyocytes 

and smooth muscle cells [20,236]. Still undifferentiated SHF progenitors express 

LIM homeodomain transcription factor Islet 1 (Isl1) while migrating into the heart 

tube [24], where they start differentiating giving rise to an Isl1+/Nkx2.5+/Flk1+ 

tripotent SHF progenitor [18]. An Isl1+/Nkx2.5+ SHF descendant gives rise to 

cardiomyocytes and smooth muscle cells, whereas an Isl1+/Flk1+ SHF offspring 

differentiates into smooth muscle and endothelial cells [151]. Proliferation of SHF 

progenitors on the one hand versus cardiac differentiation on the other hand is 

mediated by differential signalling (see Figure 3D) [20]. During myocytic lineage 

commitment, Myosin light chain 2a (Myl2a) is one of the earliest markers 

expressed by differentiated cardiomyocytes [24]. A further mature cardiomyocyte 

marker is the atrial-specific gene Myosin heavy chain 6 (Myh6) [114]. [20] 

1.2.3. Vasculogenesis and angiogenesis 
Vasculogenesis is defined as de novo blood vessel formation by differentiation of 

endothelial cells from mesodermal cells. In contrast, angiogenesis describes the 

generation of new blood vessels from pre-existing vessels, driven by endothelial 

cell proliferation. [48] Thus, according to the predominant view of the literature, 

vasculogenesis exclusively occurs during embryonic development, whereas 

angiogenesis is found both during embryonic development and throughout adult 

life. However, several studies describe the so-called adult angiogenesis, which 

originates in circulating precursor cells that have vasculogenic potential 

[5,155,192]. [48] In 1998, Choi et al first identified a common precursor for both 
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hematopoietic and vascular lineage, the hemangioblast, in mouse ESC derived 

EBs [34]. In 2004, the hemangioblast was also discovered in the mouse embryo's 

primitive streak posterior region [85], indicating that endothelial cell development in 

EBs accurately recapitulates endothelial cell development in the early embryo 

[106]. In vitro, the hemangioblast occurs around day three of differentiation from a 

T+/c-Kit+ pre-hemangioblast under the influence of BMP, Nodal, Wnt and FGF 

signalling. The hemangioblast is negative for c-Kit and PDGFRα but positive for T, 

Flk1 and BMP gene expression (see Figure 3B). [18,64] The emergence of the 

hemangioblast marks the onset of vasculogenesis and represents the earliest 

stage of vascular differentiation [106]. VEGF-A has been identified as an important 

growth factor during vascular development, acting via two tyrosine kinase 

receptors Flt1 (VEGFR1) and Flk1 (VEGFR2) [131]. Expression of Flk1 is 

essential during mouse embryonic vasculogenesis [190], whereas Flt1 signalling 

was shown to be dispensable for endothelial cell differentiation but required for 

endothelial cell organization [67]. Due to alternative splicing, different VEGF-A 

isoforms do exist, whereof only VEGF-A 165 was shown to induce sprouting 

angiogenesis in mouse EBs by interaction with Neuropilin (NRP)-1 [105]. 

Moreover, FGF2 signalling via FGFR1 appears to be involved in the regulation of 

the VEGFR family [131]. From day six of EB differentiation and onwards, the 

primary vascular plexus is remodelled by sprouting angiogenesis [99], which 

includes the stretching of cytoskeletal filopodia from the sprouting tip cell in the 

direction of a stimulus [131]. Invasive angiogenesis can be detected in 3D collagen 

EB culture from day 8 of differentiation, marked by sprouts sticking out from the 

centre of the EB, branching and fusing with neighbouring vessels to form 

networks. Furthermore, the vessels are surrounded by perivascular cells similar to 

pericytes in vivo and by a basement membrane resembling that in vivo [98]. From 

day 10 of differentiation, vessel lumen formation proceeds and from day 12, a 

mature lumen is detectable. [99] Mature endothelial cells are marked by 

expression of CD31, vWF [131] and CD34 [127] amongst others. 
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Figure 3: Hierarchy of cardiovascular progenitors and their lineage specification during 

early mouse embryonic development/ ESC differentiation. 
(A) At E5.5, mesoderm induction is mediated by BMP, Nodal, Wnt and FGF signalling. First 

mesodermal cells, marked by Bry expression, give rise to a T+/PDGFRα+/Flk1+ early 

cardiovascular precursor upon noncanonical and canonical Wnt signalling. Induced by Eomes 

action, this cardiovascular progenitor starts Mesp1 expression at E6.5, representing the precursor 

T+ 
PDGFRα- 

Flk1+ 
T+ 

Pre-
Hemangioblast 

Mesendodermal 
precursor 

Blood cells 

Mesp1+ 

Cardiac 
progenitor 

T+ 
PDGFRα+ 

Flk1+ 

Endothelial cells 

E5.5 

E8.5 

BMP, Nodal, 
Wnt, FGF 

Noncanonical Wnt 
Canonical Wnt 

Eomes 

Hemangioblast 

T+ 
cKit+ 

CD31, CD34, vWF 

Bondue 2011, Brade 2013, Fehling 2003  

EB D2.5 EB D3.5 

E7.5 
EB D5 

EB D6 

EB D2 

E6.5 
EB D3 

EB D4.5 

BMP, Nodal, 
Wnt, FGF 

BMP 

Tbx5+ 
Nkx2.5+ 

cKit+ 

First heart field 

Cardiomyocyte
s 

Smooth muscle 
cells 

α-Actinin 

Myh6, Myl2a 

BMP, FGF 
Wnt 

Second heart field 

Isl1+ 
Nkx2.5+ 

Flk1+ 

Smooth muscle 
cells 

Isl1+ 
Flk1+ 

Isl1+ 
Nkx2.5+ 

Endothelial cells 

CD31, CD34, vWF 

α-Actinin 

Cardiomyocyte
s 

Myh6, Myl2a 

Proliferation: 
FGF, 
Wnt, 
Shh 

Differentiation: 
BMP, Notch, 

Noncanonical 
Wnt 

A B

C D

Days of 
differentiation 



 12 

for both FHF and SHF progenitors. (B) Bry expressing first mesodermal cells also give rise to a 

T+/c-Kit+ pre-hemangioblast, from which a T+/PDGFRα-/Flk1+ hemangioblast arises upon BMP, 

Nodal, Wnt and FGF signalling around EB D3. The hemangioblast reprensents the earliest stage of 

vascular differentiation and contributes to both endothelial and blood cell lineage. CD31, CD34 and 

vWf mark mature endothelal cells. (C) Exposed to BMP, FGF and Wnt inhibitor signalling, Mesp1+ 

cardiac mesoderm progenitors give rise to a Tbx5+/Nkx2.5+/c-Kit+ bipotent precursor cell around 

E7.5. This precursor represents the first heart field (FHF) and generates both cardiomyocytes 

(marked by Myh6 and Myl2a) and smooth muscle cells (marked by α-Actinin) around E8.5. (D) 

Mesp1+ cardiac mesoderm progenitors also give rise to second heart field (SHF) precursors, that 

are exposed to differential signalling mediating either proliferation or differentiation. Differentiation 

leads to the appearance of an Isl1+/Nkx2.5+/Flk1+ tripotent progenitor cell. An Isl1+/Nkx2.5+ 

descendant gives rise to cardiomyocytes and smooth muscle cells, whereas an Isl1+/Flk1+ 

offspring differentiates into smooth muscle and endothelial cells. Abbreviations: BMP: Bone 

morphogeneitc protein, c-Kit: Kit oncogene, CD31: Cluster of differentiation molecule 31, CD34: 

Cluster of differentiation molecule 34, D: day of differentiation, E: embryonic day, EB: embryoid 

body, Eomes: Eomesodermin, FGF: Fibroblast growth factor, Flk1: Fetal liver kinase 1, Isl1: Islet-1, 

Mesp1: Mesoderm posterior 1, Myh6: Myosin heavy chain 6, Myl2a: Myosin light chain 2a , Nkx2.5: 

Homeobox protein Nkx2.5, PDGFR: Platelet-derived growth factor receptor α, Shh: Sonic 

hedgehog, T: Brachyury, Tbx5: T-box transcrption factor 5, vWF: von-Willebrand factor. Image 

based on [18,20,64]. 

1.3. Protein Kinases 
The interest in the role of protein phosphorylation in regulating protein functions 

dates back to the 1950s, when reversible phosphorylation was found to be 

regulating the activity of glycogen phosphorylase [66]. Since then, DNA cloning 

and sequencing have allowed to identify 518 putative protein kinases in the human 

genome. This represents 1.7% of all human genes and makes the protein kinases 

one of the largest and most influential gene families in eukaryotes. Complementing 

the Hanks and Hunter classification [78], 10 groups, 143 families and 212 

subfamilies of protein kinases can be distinguished today. [135,136] Protein 

kinases transfer phosphate groups to specific amino acid residues. For example, 

the alcoholic groups of serine and threonine provide main phosphorylation sites for 

serine/ threonine protein kinases. [45] These phosphorylation processes modify 

the activity, affinity and location of up to 30% of the proteome and thus play a 

crucial role in eukaryotic cell signalling. For instance, cell cycle progression, 

differentiation, apoptosis, metabolism, cell movement, as well as intercellular 

communication, physiological responses and operation of the nervous and 

immune system are controlled by protein kinases. This character of biological 
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control points combined with their potential tractability by pharmaceutics makes 

protein  kinases the targets of hope for disease therapy. [135,136] 

1.3.1. Protein Kinase D (PKD) family - Classification 
Based on sequence similarities of the kinase domain, the PKD family is classified 

as a subgroup of the Calcium/ Calmodulin-dependent Protein Kinase (CAMK) 

superfamily [136]. The PKD family belongs to the diacylglycerol (DAG)-stimulated 

serine/ threonine protein kinases and consists of three members in mammals 

[184]: PKD1 (human homolog PKCµ) [101,219], PKD2 [204] and PKD3 (also 

called PKCη) [82]. Because of their C1 domain being homologous to the 

diacylglycerol (DAG) binding domain of Protein Kinase C (PKC) enzymes, PKD1 

and PKD3 were initially labelled as new atypical members of the PKC family 

[82,101]. But due to lacking further similarities to other PKCs, this classification 

was unsustainable [184]. [184] 

1.3.2. Structure of PKD1, 2 and 3 
The three PKD isoforms show a similar modular composition. They consist of an 

N-terminal regulatory domain, which starts with an apolar, alanine and proline-rich 

region in PKD1 and a proline-rich region in PKD2. PKD3 lacks this hydrophobic 

area. All three isoforms contain a cysteine-rich region with two Zinc (Zn)-fingers as 

a further part of the regulatory domain. The Zn-fingers, named C1a and C1b [10] 

are separated by a particularly long linker region, which contains a serine-rich 

stretch in PKD2. A region rich in negatively charged amino acids and a pleckstrin 

homology (PH) domain follow the Zn-fingers to complete the regulatory domain. 

The kinase domain is situated C-terminal and contains an activation loop. Within 

this activation loop distinct serine (Ser) residues have been identified, whose 

phosphorylation leads to kinase activity. These are Ser744 and Ser748 in PKD1 

[90,223,227], Ser706 and Ser710 in PKD2 [203] and Ser731 and Ser735 in PKD3 

[142]. Moreover, Ser916 in PKD1 and Ser876 in PKD2 have been indentified as C-

terminal autophosphorylation sites, involved in regulating the protein conformation, 

whereas PKD3 seems to lack a corresponding serine residue. [184] 
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Figure 4: Modular composition of the murine PKD isoforms PKD1, PKD2 and PKD3. 

Shades of blue illustrate elements of the regulatory domain; red colour illustrates kinase domain; 

orange colour illustrates autophosphorylation sites. N-terminal regulatory domain is followed by C-

terminal kinase catalytic domain (Kinase) with Ser744/ 748, Ser706/ 710 and Ser731/ 735 in the 

activation loops of PKD1, PKD2 and PKD3, respectively. Ser916 and Ser876 are 

autophosphorylation sites in PKD1 and PKD2, respectively. Abbreviations: AC: acidic domain; AP: 

alanine- and proline-rich domain; C1a, C1b: cysteine-rich Zn-fingers; COOH: C-terminus; NH2: N-

terminus; P: proline-rich domain; PH: pleckstrin homology domain; PKD1: Protein kinase D1; 

PKD2: Protein kinase D2, PKD3: Protein kinase D3; S: serine-rich stretch; Ser: serine residue. 

Image based on [184]. 

1.3.3. Regulation of PKD1, 2, 3 
Many activators of PKD are known: tumour promoting phorbol esters and 

diacylglycerin (DAG) [222], the peptide hormones bombesin, vasopressin, 

endothelin and bradykinin [247], platelet-derived growth factor (PDGF) [221], 

oxidative stress [229], gastrin [203], B- and T-cell receptor cross linking [194], 

immunoglobulin E (IgE) plus antigen stimulus in mast cells [39]. All these stimuli 

finally activate PKD in vivo through a PKC-dependent pathway [184]. A common 

way of PKC activation is through G protein coupled receptors (GPCRs) or tyrosine 

kinase receptors, which activate Phospholipase C (PLC)β or PLCγ [143]. PLC 

leads to the activation of novel PKC (nPKC) family members δ, ε, θ and η [183] by 

DAG or classic PKC (cPKC) isoforms α, βI and βII [124] by Inositol triphosphate 

(IP3)-mediated calcium influx and DAG. [62,69,143] PKC activates PKD1 

[227,228], PKD2 [225] and PKD3 [178] by phosphorylating the before mentioned 

serine residues in the activation loop of the catalytic domain. PKD1 and PKD2 can 

for example be activated downstream of VEGFR2 signalling through a PLCγ - 

DAG - PKCδ pathway in endothelial cells [59]. Although the outlined PLC - DAG - 

PKC pathway is common, further possible activation mechanisms of PKD do exist. 

First, βγ-subunits of heterotrimeric G-proteins can activate PKD1 by direct 
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interaction with the PH-domain and so contribute to the functions of the Golgi 

apparatus [100]. Second, PKD1 is activated by Caspase-3-mediated cleavage 

during induction of apoptosis induced by genotoxic drugs [56]. [184] PKDs show a 

close relation between modular structure, function and subcellular localization. 

Deletion of the entire PKD1 regulatory domain leads to a constitutive active kinase 

implicating an inhibitory effect of the regulatory domain [223]. Moreover, removal 

of the PH domain [89], C1a, C1b or both Zn-fingers, respectively, [88] leads to full 

activation of PKD1. The C1b domain is responsible for the majority of the phorbol 

dibutyrate (PDBu) binding [87]. The PH domain is required for nuclear export and 

C1b controls nuclear import of PKD1 [177]. C1b also regulates the plasma 

membrane translocation of PKD1 activated by phorbol esters [141], whereas C1a 

is responsible for the recruitment to the Golgi apparatus through its binding to 

DAG [10]. There are few similarities and clear differences in the regulation of 

catalytic activity and subcellular localization of PKD1 and PKD2 by their regulatory 

domain. In PKD2, like in PKD1, the PH domain is a negative regulator of the 

kinase activity. But the C1a/ C1b domain has a stimulatory role in the regulation of 

PKD2 kinase activity. PKD2 C1b is the major receptor for phorbol esters and 

regulates gastrin-stimulated activation of PKD2. The C1a domain with a nuclear 

export signal and the linker region between the two Zn-fingers with a nuclear 

localization signal are responsible for the nucleocytoplasmic shuttling of PKD2. [6] 

Concluding, DAG and the regulatory domain do not only control the catalytic 

activity of a protein kinase but do also modify the subcellular localization, thereby 

restricting PKD activity to distinct cell compartments, like the plasma membrane, 

the Golgi apparatus or the nucleus [54]. 

1.3.4. Functions of PKD1, 2, 3 
PKDs are expressed in a variety of different cells and tissues [59] and have been 

shown to contribute to the regulation of a series of cellular processes and 

physiological responses. These include, for instance, DNA synthesis and 

proliferation [246], cell survival [202], apoptosis [244], cell migration [51,171], 

protein transport [240], immune response [142] and release of insulin [205]. 

Moreover, involvement of PKDs has also been depicted during development. 

PKD2 was shown to be essential for proper heart valve formation during zebrafish 

development [102] and during hematopoietic differentiation, in particular 

erythropoiesis [42]. However, reports on the expression of PKD isoforms in stem 
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cell populations are rare. Kleger et al. demonstrated the expression of PKDs in 

undifferentiated myoblasts and identified PKD2 as a crucial mediator in murine 

muscle cell differentiation in vitro [113]. Further, BMP-2- and IGF-1-mediated 

osteoblast differentiation from human mesenchymal stem cells required activation 

of PKD2 [28]. Next to normal stem cells, tumour stem cells were also shown to 

express PKD isoforms. CD133+ glioblastoma stem cells express PKD2, whereby 

a direct correlation between PKD2 positive cells and glioblastoma grading was 

detected [8]. Cutaneous cancer stem cells require the expression of CD34 for 

tumour initiation and invasion [134]. PKD1 was found to be strongly expressed in 

CD34+ skin cancer stem cells, whereby inhibition of PKD1 and CD34 expression 

are suggested to be preventive in cutaneous cancer development [33]. These 

findings are in line with previous reports on pro-proliferative and anti-differentiative 

effects of PKD1 in murine [57] as well as human [94] keratinocytes. Many other 

studies report on PKD dysregulation in different tumour cell types and PKD 

signalling pathways being related to tumour growth, survival, migration and 

invasion [8,51,96,109,147,168,173,231]. Moreover, numerous studies delineated a 

role of PKD isoforms in physiological [58,77,80,237,242] and tumour [4,163] 

angiogenesis over the past decade. PKD1 and PKD2 are required for biological 

response to VEGF-VEGFR2 signalling in endothelial cells [59]. Hao et al. identified 

PKD2 to play a pivotal role in endothelial cell proliferation, migration and in vitro 

angiogenesis next to its indispensability for the expression of the two key growth 

factor receptors in angiogenesis, VEGFR2 and FGFR1. These data suggest PKD2 

to be the dominant PKD isoform regulating angiogenesis. [80] In addition, PKD2 

has been shown to act as a significant regulator of tumour cell - endothelial cell 

communication in gastrointestinal tumours [9] and to mediate VEGF secretion by 

tumour cells [4]. Although various studies substantiate a role of PKD during 

angiogenesis, only one publication associates PKD and vasculogenesis. This 

recent study found PKD1 silencing during zebrafish development resulting in 

moderately reduced formation of the intersomitic vessels and the dorsal 

longitudinal anastomotic vessel, which are generated by angiogenesis. The 

formation of the vessels generated by vasculogenesis, however, was not 

disturbed. Moreover, PKD1 deletion entirely abolished tumour angiogenesis in a 

zebrafish/ tumour xenograft model. [84] 
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1.3.5. Expression of PKDs during mouse embryonic development 
PKD1, 2 and 3 are differentially expressed during different stages of mouse 

embryonic development. PKD1 shows an ubiquitary expression from E8.5 to 

E14.5. At E9.5 and E10.5, PKD1 expression is detected in the limb buds and 

particularly strong in the brain. At E10.5, the PKD1 transcript is also found in the 

heart. This widespread PKD1 expression is still detected at E14.5 with strong 

expression in the atria and ventricle of the heart but becomes more restricted at 

E18.5. PKD2 expression is not observed before E14.5. At E14.5, PKD2 is 

abundantly expressed, amongst others in neuronal and pulmonary tissue and the 

central region of the ventricle of the heart. At later stages, PKD2 expression 

becomes less ubiquitous and more differentiated. PKD3 expression is weak at 

E8.5 but strengthens constantly until E14.5. [164] From E10 to E16.5, there is a 

strong PKD3 expression detectable in the developing heart. At E13.5, PKD3 is 

expressed more or less ubiquitously and can also be identified in skeletal muscle 

cells and neuronal tissue, for example. [55] 

1.4. Aim of the thesis 
All three PKD isoforms are significantly expressed during mouse embryonic 

development but especially PKD2 shows a differentiated expression at certain 

points in time [164]. PKCs, upstream activators of PKDs, drive lineage 

commitment of mESCs, while their inhibition sustains pluripotency and facilitates 

reprogramming of differentiated cells to generate iPSCs [50]. Nevertheless, the 

role of PKDs in inducing differentiation of mESCs is unclear to date. Currently, 

various studies provide information limited to the role of PKD, especially PKD2 

[80], during angiogenesis [4,58,77,80,163,237,242]. Despite the close connection 

of angiogenesis and vasculogenesis during embryonic development, the role of 

PKD during vasculogenesis remains elusive. Previous data suggest a time-

restricted PKD-responsive window during different developmental stages and a 

strong effect of PKD during angiogenesis. However, such a hypothesis has never 

been investigated to date. Pluripotent stem cells provide an excellent model to 

study early embryonic development in mice and humans, as they allow the 

investigation of the mechanisms involved in early embryonic cell fate decision 

[32,92,125]. Various factors' impact on differentiation, lineage commitment and 

tissue formation can be studied in a time- and developmental stage-dependent 
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manner due to the close correlation of embryonic development in vivo and ES cell 

differentiation in vitro [112,126,230]. In this thesis, I aimed to delineate the role of 

PKD2 during early embryonic cell fate decision with due regard to cardiovascular 

lineage formation. For this purpose, I made use of a PKD2-inducible (iPKD2) 

mouse ES cell line and a PKD2-kinase-dead (PKD2-KD) mouse iPS cell line for in 

vitro cell culture experiments, as well as chicken chorioallantoic membrane 

xenografts for an in vivo approach. 
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2. Material and methods 

2.1. Materials 

2.1.1. Tools and machines 
Autoclave VX-150 Systec, Wettenberg, HE, Germany 

Bacterial dishes 60 mm/ 94 mm Greiner bio-one, Kremsmuenster, OOE, 
Austria 

Biosphere Safe Seal Tube 1,5 ml Sarstedt, Nuembrecht, NRW, Germany 

Bottle-top vacuum filter system Sigma-Aldrich, St. Louis, MO, USA 

Bunsen Burner Fireboy Plus Integra, Zizers, GR, Switzerland 

Cell culture dishes 100 mm Greiner bio-one, Kremsmuenster, OOE, 
Austria 

Cell culture flasks T25 Becton Dickinson, Franklin Lakes, NJ, 
USA 

Cell culture plates 6 well/ 24 well Greiner bio-one, Kremsmuenster, OOE, 
Austria 

Cell scraper, RT Sarstedt, Nuembrecht, NRW, Germany 

Centrifuge 5417C, 4 °C Eppendorf, Hamburg, HH, Germany 

Centrifuge Heraeus Labofuge 400 Thermo Fisher Scientific, Waltham, MA, 
USA 

Cold storage room 4°C Viessmann, Allendorf (Eder), HE, 
Germany 

Counting chamber Neubauer Laboroptik, Lancing, UK 

Counting chamber Thoma Laboroptik, Lancing, UK 

Cover slips 22mm Marienfeld superior, Lauda-Koenigshofen, 
BW, Germany 

Cuvettes protein detection BrandTech Scientific, Essex, CT, USA 

Cycler Rotor-Gene Q Qiagen, Hilden, NRW, Germany 

FACS Fluorescence-activated cell sorting 

Falcon tubes 15ml/ 50ml Becton Dickinson, Franklin Lakes, NJ, 
USA 

Filter pipette tips 
10 µl/ 200 µl/ 1000 µl 

Sarstedt, Nuembrecht, NI, Germany 
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Freezer -20°C Liebherr, Bulle, FR, Switzerland 

Freezer -80°C Heraeus, Hanau, HE, Germany 

Freezing tubes Roth, Karlsruhe, BW, Germany 

Fridge 4°C Liebherr, Bulle, FR, Switzerland 

Gel electrophoresis apparatus Bio Rad, Hercules, CA, USA  

Gloves Sempermed, Wimpassing, Austria 

Ice machine AF 80 Scotsman, Vernon Hills, IL, USA 

Imaging instrument Fusion SL Peqlab, Erlangen, BY, Germany 

Incubator 37°C, 5% CO2 Heraeus, Hanau, HE, Germany 

Liquid nitrogen tank Cryoson, Kleinkahl, BY, Germany 

Micro tube 1.5 ml Sarstedt, Nuembrecht, NI, Germany 

Microscope Axio Imager Z1 Zeiss, Oberkochen, BW, Germany 

Microscope Axiovision software Zeiss, Oberkochen, BW, Germany  

Microscope CKX41 Olympus, Tokyo, Japan 

Microwave Sharp, Abeno-ku, Osaka, Japan  

NanoDrop 2000 Thermo Fisher Scientific, Waltham, MA, 
USA 

Object slides Menzel-Glaeser 
Superfrost 

Thermo Fisher Scientific, Waltham, MA, 
USA 

Optical photomicroscope, Zeiss Axio 
Scope A1 

Zeiss, Oberkochen, BW, Germany 

PCR machine Primus 96 plus MWG-Biotech, Ebersbeg, BY, Germany 

PCR tubes 0.2 ml Qiagen, Hilden, NRW, Germany 

PCR tubes/ cap-strip 0.1 ml Biozym, Hessisch Oldendorf, NI, Germany 

Pipetboy Accu-jet Brand, Wertheim, BW, Germany 

Pipette tips 10 µl/ 200 µl/ 1000 µl Sarstedt, Nuembrecht, NRW, Germany 

Pipettes Eppendorf, Hamburg, HH, Germany 

Polypropylene tubes round bottom 
14 ml 

Greiner bio-one, Kremsmuenster, OOE, 
Austria 

Power supply PowerPac HC Bio-Rad, Hercules, CA, USA 

Rotating wheel NeoLab, Heidelberg, BW, Germany 
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Thermomixer compact Eppendorf, Hamburg, HH, Germany 

Safety cabinet Safe 2020 Thermo Fisher Scientific, Waltham, MA, 
USA 

SDS-PAGE chamber Bio-Rad, Hercules, CA, USA 

SDS-PAGE gel cassettes Bio-Rad, Hercules, CA, USA 

Semidry transfer cell Trans-blot SD Bio-Rad, Hercules, CA, USA 

Serological pipettes Cellstar 
1 ml/ 2 ml/ 5 ml/ 10 ml/ 25 ml 

Greiner bio-one, Kremsmuenster, OOE, 
Austria 

Shaker Unimax 1010 Heidolph, Schwabach, BY, Germany 

Spectrophotometer Ultrospec 3000 Pharmacia Biotech, Uppsala, Sweden 

Sterile filters Filtropur S 0.2 µm Sarstedt, Nuembrecht, NRW, Germany 

Syringes Luer-Lok 20 ml/ 50 ml Becton Dickinson, Franklin Lakes, NJ, 
USA 

Vortexer VF2 IKA, Staufen im Breisgau, BW, Germany 

Water warming bath Koettermann, Uetze/Haenigsen, NI, 
Germany 

2.1.2. Laboratory animals 

Table 1: Overview of employed mice. 
Abbreviation: PKD2: Protein kinase D2. 

Name Acquisition 
C57B6 wild type mice kindly provided by Doreen Cantrell 

C57B6 mice expressing a PKD2-kinase-dead 
mutant kindly provided by Doreen Cantrell 

2.1.3. Cell lines 

Table 2: Overview of employed cell lines. 
Abbreviations: ES cell line: embryonic stem cell line, PKD2 KD iPS cell line: Protein kinase D2 
kinase dead induced pluripotent stem cell line. 

Name Acquisition 
A2lox.cre ES cell line Kindly provided by Michael Kyba 

CGR8 cell line Kindly provided by Austin Smith 

iPKD2 ES cell line A2lox.cre cells targeted with PKD2-p2lox vector (original 
p2lox-EGFP plasmid kindly provided by Michael Kyba) 

Lenti-X 293T cell line Clontech, Mountain View, CA, USA 
Mouse embryonic fibroblasts 

(Oct MEFs) Jackson Laborytory, Bar Harbour, ME, USA 

PKD2-KD iPS cell line 
MEFs isolated from a mouse strain of the C57B6 background 
expressing a PKD2-kinase-dead mutant reprogrammed using 

lentiviral infection 



 22 

2.1.4. Materials used for generation of iPKD2 embryonic stem cell line 

• Mitomycin C, Sigma-Aldrich, St. Louis, MO, USA 

• Nucleofector™ Technology, Lonza, Basel, BS, CH 

• PureLink® HiPure Plasmid Maxiprep Kit, Life Technologies, Carlsbad, 

CA, USA 

2.1.5. Materials used for genomic polymerase chain reaction (PCR) 

• DNeasy® Blood & Tissue Kit, Qiagen, Hilden, NRW, Germany, stored at 

RT. Prior to first use, 100 % ethanol was added according to the supplier's 

handbook. 

• GoTaq® DNA Polymerase, Promega, Fichtburg, WI, USA, supplied with 

reaction buffer. MgCl2 1.5 mM and dNTP 10 mM (Genaxxon biosciences, 

Ulm, BW, Germany) were supplied by the user. 

Table 3: Overview of primer sequences used for lox-in PCR and genotyping. 
Abbreviations: for: forward, rev: reverse. 

Application Primer sequence 

Lox-in PCR rev 5′-ATA CTT TCT CGG CAG GAG CA-3′ 
for 5′-CTA GAT CTC GAA GGA TCT GGA G-3′ 

Genotyping 671–3′arm rev 5′-CTTTGCCCAATCCCTTACAGCCT-3′ 
671–5′arm for 5′-AGTGGCACGTTCCCCTTCAATG-3′ 

Table 4: Composition of the master mix for genomic PCR using GoTaq® DNA Polymerase. 
Addition of 1 µl DNA per sample required. Abbreviations: DNA: deoxyribonucleic acid, dNTP: 
deoxynucleotides, MgCl2: magnesium chloride. 

Component Volume 𝜇𝑙  
GoTaq® DNA Polymerase 0.25 

Reaction buffer 10x 2.5 
MgCl2 1.5 mM 2 
dNTP 10 mM 0.5 

Primer 0.3 
 

2.1.6. Materials used for lentivirus production 

Table 5: Overview of components used for lentivirus production in alphabetical order. 
Abbreviations: CA: California, MA: Massachusetts, NRW: North Rhine-Westphalia, USA: United 
States of America. 

Component Manufacturer 
Lenti-X Concentrator Clontech, Mountain View, CA, USA 

pMD2 vector Addgene, Cambridge, MA, USA 

Polycistronic expression cassette encoding 
Oct-4, Sox2, Klf4 and c-Myc 

kindly provided by AG Liebau, Institute for 
Anatomy and Cell Biology, University of Ulm, 

Germany 
PolyFect Transfection Reagent Qiagen, Hilden, NRW, Germany 

psPAX2 vector Addgene, Cambridge, MA, USA 
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2.1.7. Materials used for cell culture 

2.1.7.1. Cell culture components and preparation 

Table 6: Overview of cell culture components and preparation in alphabetical order. 
Abbreviations: CA: California, dH2O: distilled water, EDTA: ethylenediaminetetraacetic acid, ES 
cells: embryonic stem cells, GSK-3: Glycogen synthase kinase 3, H2O: water, MA: Massachusetts, 
min: minutes, MO: Missouri, USA: United States of America. 

Component Manufacturer Preparation Storage 
2-Mercaptoethanol 
(β-ME),100x for ES 

cells 

Merck Millipore, 
Billerica, MA, USA  +4 °C 

CHIR 
(CHIR99021, GSK-3 

inhibitor) 

Axon, Groningen, The 
Netherlands  Aliquots of 50 µl were 

stored at -20 °C 

Dimethyl sulfoxide 
(DMSO) 

Sigma-Aldrich, St. 
Louis, MO, USA  -20 °C 

Doxycycline (Dox) Clontech, Mountain 
View, CA, USA 

Dissolved at 1 mg/ ml 
in H2O, sterile 
filtration, dark 

Aliquots of 0.5 ml were 
stored at -20 °C, short 
term storage at +4 °C, 

dark 
Dulbecco's Modified 

Eagle Medium 
(DMEM) 

Gibco, Carlsbad, CA, 
USA  +4 °C 

Dulbecco's 
Phosphate Buffered 

Saline (DPBS) 

Gibco, Carlsbad, CA, 
USA  +4 °C 

Fetal calf serum 
(FCS) 

Sigma-Aldrich, St. 
Louis, MO, USA 

Heat inactivation at 56 
°C for 30 min 

Aliquots of 50 ml were 
stored at -20 °C, short 
term storage at +4 °C 

Glasgow's Minimum 
Essential Medium 

(GMEM) 

Sigma-Aldrich, St. 
Louis, MO, USA  +4 °C 

Iscove's Modified 
Dulbecco's Medium 

(IMDM) 

Gibco, Carlsbad, CA, 
USA  +4 °C 

KnockOut (KO) 
DMEM 

Gibco, Carlsbad, CA, 
USA  +4 °C 

KnockOut™ Serum 
Replacement  

Gibco, Carlsbad, CA, 
USA  +4 °C 

L-Ascorbic acid Sigma-Aldrich, St. 
Louis, MO, USA 

Solved in DPBS, used 
at 50 µg/ ml media +4 °C 

L-Glutamine 200 mM Sigma-Aldrich, St. 
Louis, MO, USA  

Aliquots of 10 ml were 
stored at -20 °C, short 
term storage at +4 °C 

Leukemia Inhibitory 
Factor (LIF) 

Sigma-Aldrich, St. 
Louis, MO, USA 

Solved in DPBS, used 
at 2,4 ng/ ml media -20°C 

MEM Non-Essential 
Amino Acid Solution 

(NEAA), 100x 

Sigma-Aldrich, St. 
Louis, MO, USA  +4 °C 

Monothioglycerol 
(MTG) 

Sigma-Aldrich, St. 
Louis, MO, USA 

Fresh preparation 
before each 

application: 13 µl 
MTG/ 1 ml 

differentiation medium, 
sterile filtration before 

usage 

+4 °C 

Paraformaldehyde 
(PFA) 4% and sucrose 

Sigma-Aldrich, St. 
Louis, MO, USA 

Dissolution of 10 g 
PFA in 200 ml PBS, 

Aliquots of 10 ml were 
stored at -20 °C, short 
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100 mM addition of 16 drops of 
1 M NaOH, waterbath 
at 56 °C until slightly 
foggy, pH adjustment 
to 7,3 with 37 % HCl, 

filling up to 225 ml with 
PBS, addition of 25 ml 

1 M sucrose 

term storage at +4 °C 

PD 
(PD0325901, 

MEK 1/2 Inhibitor III) 

EMD Millipore 
(Calbiochem), 

Billerica, MA, USA 

Powder solved in 
DMSO at 20 mg/ ml, 

dark 

Aliquots of 20 µl were 
stored at -20 °C, short 
term storage at 4°C, 

dark 
Penicillin/ 

Streptomycin 
(PenStrep) 

Sigma-Aldrich, St. 
Louis, MO, USA  

Aliquots of 10 ml were 
prepared and stored at 

-20 °C 

Pork gelatin Sigma-Aldrich, St. 
Louis, MO, USA 

Solved in dH2O, 
concentration 0.2% +4 °C 

Sodium pyruvate Sigma-Aldrich, St. 
Louis, MO, USA  +4 °C 

Trypsin 0.05 %/ 0.53 
mM EDTA 

Millipore, Billerica, MA, 
USA   Aliquots of 10 ml were 

stored at -20 °C 
Trypsin 0.25 %/ 1 mM 

EDTA  
Millipore, Billerica, MA, 

USA   Aliquots of 10 ml were 
stored at -20 °C 

2.1.7.2. Cell culture media 

Table 7: Composition of the different types of cell culture media. 
Application of the different media is explained throughout point 2.2.5.. Abbreviations: 2i: two 
inhibitors (CHIR and PD), β-ME: 2-Mercaptoethanol, CHIR: CHIR99021 (GSK-3 inhibitor), DMSO: 
Dimethyl sulfoxide, ES cell: embryonic stem cell, FCS: fetal calf serum, GMEM: Glasgow's 
Minimum Essential Medium, IMDM: Iscove's Modified Dulbecco's Medium, KO DMEM: KnockOut 
Dulbecco's Modified Eagle Medium, LIF: Leukemia Inhibitory Factor, NEAA: Non-Essential Amino 
Acid Solution, PD: PD0325901 (MEK 1/2 Inhibitor III), PenStrep: Penicillin/ Streptomycin. 

Component ES cell medium (ES-
Feeder + 2i) CGR8 cell medium 

Differentiation 
medium 

(Diff-medium) 
Basalmedia KO DMEM GMEM IMDM 

FCS 15 % 10 % 10 % 
PenStrep 1 % 1 % 1 % 

NEAA 1 % 1 % 1 % 
L-Glutamine 1 % 1 % 1 % 

Sodium Pyruvat 1 % 1 %  
β-ME 1 % 1 %  
LIF 2.4 ng/ ml 2.4 ng/ ml  

CHIR 0.3 µl/ ml   
PD 0.1 µl/ ml   

 

Component Thaw medium Freezing 
medium MEF medium Lenti-X 293T 

cell medium 
Basalmedia DMEM  DMEM DMEM 

FCS 30% 90 % 15 % 10 % 
PenStrep 1 %  1 % 1 % 

NEAA 1 %  1 %  
L-Glutamine 1 %  1 %  

Sodium Pyruvat 1 %  1 %  
β-ME 1 %  1 %  

Vitamin C 50 µg/ ml  50 µg/ ml  
DMSO  10 %   
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2.1.8. Materials used for RNA preparation 

• RNeasy Mini Kit, Qiagen, Hilden, NRW, Germany, stored at RT. Prior to first 

use, addition of the following components according to the supplier's 

handbook: 

o 14.3 M β-ME, Sigma-Aldrich, St. Louis, MO, USA 

o 100 % ethanol, VWR, Radnor, PA, USA 

o 70 % ethanol, pharmacy Uniklinik Ulm, BW, Germany 

• QIAshredders, Qiagen, Hilden, NRW, Germany, stored at RT 

• RNaseZAP™, Sigma-Aldrich, St. Louis, MO, USA, stored at RT 

2.1.9. Materials used for real-time quantitative polymerase chain reaction 
(RT-qPCR) 

2.1.9.1. One-step RT-qPCR 

QuantiTect SYBR® Green RT-PCR Kit, Qiagen, Hilden, NRW, Germany, stored 

at -20 °C 

Table 8: Composition of the master mix for one-step RT-qPCR using the QuantiTect SYBR® 
Green RT-PCR Kit and QuantiTect primer. 
Addition of 1 µl RNA per sample required. Abbreviations: H2O: water, RT: reverse transcriptase, 
RT-qPCR: real-time polymerase chain reaction. 

Component Volume µl  
QuantiTect SYBR Green master mix 10 

QuantiTect RT mix 0.2 

QuantiTect primer 2 

Nuclease-free H2O 6.8 

2.1.9.2. Two-step RT-qPCR 

Table 9: Overview of kits used for two-step RT-qPCR analysis. 
Abbreviation: cDNA: complementary DNA. 

Kit Manufacturer Storage 
iScript™ cDNA Synthesis Kit Bio-Rad, Hercules, CA, USA -20 °C 
SensiMix SYBR® No Rox Kit Bioline reagents, London, UK -20 °C 

Table 10: Composition of the master mix for cDNA transcription using the iScript™ cDNA 
Synthesis Kit. 
Addition of 1 µl RNA per sample required. Abbreviation: H2O: water. 

Component Volume µl  
5x iScript reaction mix 2 

iScript reverse transcriptase 0,3 
Nuclease-free H2O 6,7 
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Table 11: Composition of the master mix for two-step RT-qPCR using the SensiMix SYBR® 
No Rox Kit and QuantiTect primer. 
Addition of 4.5 µl cDNA per sample required. Abbreviations: cDNA: complementary DNA, RT-
qPCR: real-time quantitative polymerase chain reaction. 

Component Volume µl  
SensiMixPlus SYBR 2x 5 

QuantiTect Primer 2 

2.1.9.3. Primers 

Table 12: Overview of employed QuantiTect Qiagen primers in alphabetical order. 
Abbreviation: DE: definitive endoderm. 

Gene symbol Gene Function Catalogue 
number 

c-Kit Kit oncogene Cardiovascular progenitor 
marker gene QT00145215 

CD34 Cluster of differentiation 
molecule 34 Vascular marker gene QT00114107 

FoxA2 Forkhead-box A2 DE marker gene QT00242809 

Hmbs Hydroxymethylbilane 
synthase Housekeeping gene QT00494130 

 
Isl1 Islet-1  Cardiac marker gene QT01048691 

KDR/ Flk1 Kinase insert domain 
receptor/ Fetal liver kinase 1 Cardiovascular marker gene QT00097020 

MyH6 Myosin heavy chain 6  Cardiac marker gene QT00160902 

Myl2a Myosin light chain 2a  Cardiac marker gene QT01064287 
 

Pax6 Paired-box 6 Ectoderm marker gene QT01052786 

Pdgfra Platelet-derived growth factor 
receptor α 

Cardiovascular progenitor 
marker gene QT00140021 

PECAM-1/ 
CD31 

Platelet/ endothelial cell 
adhesion molecule 1/ Cluster 
of differentiation molecule 31 

Vascular marker gene QT01052044 

Prkd1 Protein kinase D1 Protein kinase D1 gene QT00134883 
Prkd2 Protein kinase D2 Protein kinase D2 gene QT00246981 
Prkd3 Protein kinase D3 Protein kinase D3 gene QT00149464 

Sox17 Sex determining region Y 
(SRY)- box 17 DE marker gene  QT00160720 

T Brachyury Mesoderm marker gene QT00094430 
Tbx5 T-box transcription factor 5 Cardiac marker gene QT00124362 

Tubb3 β-3-Tubulin Neuronal marker gene QT00124733 
vWF Von-Willebrand factor Vascular marker gene QT00116795 
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2.1.10. Materials used for immunofluorescence 

2.1.10.1. Chemical substances 

Table 13: Overview of components used for immunofluorescence in alphabetical order. 
Abbreviations: BW: Baden-Württemberg, DAPI: 4′,6-diamidin-2-phenylindol, dH2O: distilled water, 
MA: Massachusetts, MO: Missouri, USA: Unites States of America, NH4Cl: ammonium chloride, 
PA: Pennsylvania, PBS: Phosphate Buffered Saline. 

Component Manufacturer Concentration Solvent Storage 
Bovine serum 
albumin (BSA) 

Carl Roth, Karlsruhe, BW, 
Germany 5% PBS + 4°C 

Fish skin gelatin 
(FSG) 

Sigma-Aldrich, St. Louis, 
MO, USA 1% dH2O + 4°C 

Normal goat serum Jackson ImmunoResearch, 
West Grove, PA, USA 2 mg/ ml dH2O -20 °C 

ProLong© Gold 
Antifade Mountant 

with DAPI 

Thermo Fisher Scientific, 
Waltham, MA, USA   -20 °C 

NH4Cl Sigma-Aldrich, St. Louis, 
MO, USA 50 mM PBS RT 

PBS Millipore, Billerica, MA, USA 9.55 g/ l dH2O RT 

TritonX 100 Sigma-Aldrich, St. Louis, 
MO, USA   RT 
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2.1.10.2. Antibodies 

Table 14: Overview of primary antibodies used for immunofluorescence in alphabetical 
order. 
Abbreviations: BSA: bovine serum albumin, CD31: Cluster of differentiation molecule 31, EB: 
embryoid body, FSG: fish skin gelatin, GS: goat serum, h: hour, IgG: immunoglobulin G, IgG1: 
immunoglobulin G1, IgG2a, κ: immunoglobulin G2a, κ, IgG2b: immunoglobulin G2b, IgM: 
immunoglobulin M, IgY: immunoglobulin Y, Oct-3/4: Octamer-binding transcription factor-3/4, 
PKCµ: Protein Kinase Cµ, PKD1: Protein Kinase D1, PKD2: Protein Kinase D2, PKD3: Protein 
Kinase D3, PRKD2: Protein Kinase D2, Sox17: SRY-related HMG box 17, SSEA-1: stage-specific 
embryonic antigen 1. 

Antigen Isotype Blocking 
condition 

Dilution/ 
application Storage 

Manufacturer/ 
Catalogue 

number 

α-Actinin 
(clone EA-53) 

Mouse 
monoclonal 

IgG1 

5 % GS, 
1 % FSG, 0.2 % 

TritonX (EB layer) 

1:100/ 
1 h, 37 °C -20 °C Sigma-Aldrich/ 

A7811 

 β-3-Tubulin Chicken 
polyclonal IgY 

5 % GS (EB layer), 
5 % GS, 0.3 % 

TritonX (EB 
wholemount) 

1:1,000 +4 °C, 
dark 

Millipore/ 
AB9354 

Brachyury Goat 
polyclonal IgG 

5% BSA, 0.3% 
TritonX (EB 

wholemount) 

1:100/ 
over night, 

+4 °C 
-20 °C R&D Systems/ 

AF2085 

CD31 
(clone MEC 

13.3) 
Rat IgG2a, κ 5 % GS, 

1 % FSG (EB layer) 
1:100/ 
1 h, RT +4 °C 

Becton 
Dickinson/ 

557355 

Oct-3/4 (C-10) 
Mouse 

monoclonal 
IgG2b 

5 % GS (cell layer) 1:400/ 
1 h, RT +4 °C Santa Cruz/ 

sc-5279 

PKCµ (D-20) 
(PKD1) 

Rabbit 
polyclonal IgG 

5 % GS, 
1 % FSG (cell 

layer) 

1:200/ 
1 h, RT +4 °C Santa Cruz/ 

sc-935 

PKD3 Rabbit IgG 
5 % GS, 

1 % FSG (cell 
layer) 

1:200/ 
1 h, RT +4 °C Bethyl/ 

A300-319A 

PRKD2 
(PKD2) 

Rabbit 
polyclonal 

5 % GS, 
1 % FSG (cell 

layer) 

1:1,000/ 
1 h, RT -20 °C 

Orbigen/ 
ABG-PAB-

10222 

SOX17 Goat 
polyclonal IgG 

5 % BSA, 0.3 % 
TritonX (EB 

wholemount) 

1:500/ 
over night, 

+4 °C 
-20 °C R&D Systems/ 

AF1924 

SSEA-1 (480) 
mouse 

monoclonal 
IgM 

5 % GS, 
1 % FSG (cell 

layer) 

1:200/ 
over night, 

+4°C 
+4 °C Santa Cruz/ 

sc-21702 
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Table 15: Overview of secondary antibodies used for immunofluorescence in alphabetical 
order. 
Abbreviations: IgG: immunoglobulin G, min: minutes, RT: room temperature. 

Colour Isotype Dilution/ application Storage Manufacturer/ 
Catalogue number 

Alexa Flour 
488 

Goat anti 
mouse IgG 

1:1000/ 
45 min, RT, dark -20°C Invitrogen/ 

A-11001 
Alexa Flour 

488 
Goat anti rat 

IgG 
1: 500/ 

45 min, RT, dark -20°C Invitrogen/ 
A-11006 

Alexa Flour 
488 

Donkey anti 
goat IgG 

1:500/ 
45 min, RT, dark -20°C Invitrogen/ 

A-11055 
Alexa Flour 

488 
Goat anti 
rabbit IgG 

1: 500/ 
45 min, RT, dark -20 °C Invitrogen/ 

A-11008 
Alexa Flour 

488 
Goat anti 

chicken IgG 
1: 500/ 

45 min, RT, dark -20 °C Invitrogen/ 
A-11039 

Alexa Flour 
568 

Goat anti 
mouse IgG 

1:1000/ 
45 min, RT, dark -20 °C Invitrogen/ 

A-11004 

2.1.11. Materials used for immunoblotting 

2.1.11.1. Chemical substances 

Table 16: Overview of chemical substances used for immunoblotting in alphabetical order. 
Abbreviations: BW: Baden-Württemberg, CA: California, HE: Hessen, MA: Massachusetts, MO: 
Missouri, PVDF: polyvinylidene difluoride, RT: room temperature, USA: United States of America. 

Component Manufacturer Storage 
10 % Sodium Dodecyl Sulfate (SDS) Sigma-Aldrich, St. Louis, MO, USA RT 

30 % Acrylamide/ Bis Solution  Bio Rad, Hercules, CA, USA +4°C 
Ammonium Persulfate (APS) Sigma-Aldrich, St. Louis, MO, USA RT 

Bovine Serum Albumin (BSA) Serva, Heidelberg, BW, Germany +4°C 
 

Ethylenediaminetetraacetic acid 
(EDTA) Sigma-Aldrich, St. Louis, MO, USA RT 

Glycine AppliChem, Darmstadt, HE, Germany RT 
Hydrochloric acid (HCl) Carl Roth, Karlsruhe, BW, Germany RT 

Laemmli (SDS sample buffer, 
Reducing, 6x) Boston, Bio Products, Ashland, MA, USA RT 

Methanol Sigma-Aldrich, St. Louis, MO, USA RT 
Milk powder Roth, Karlsruhe, BW, Germany RT 

Nonylphenolethoxylat with MO=40 
(NP-40) Honeywell Fluka, Morristown, NJ, USA RT 

PageRuler Plus Prestained Protein 
Ladder 

Thermo Fisher Scientific, Waltham, MA, 
USA -20 °C 

Phenylmethylsulfonyl fluoride (PMSF) Roche, Rotkreuz, Risch, Switzerland RT 
Phosphatase inhibitor (PI) Roche, Rotkreuz, Risch, Switzerland +4°C 

Protein Assay  Bio Rad, Hercules, CA, USA +4°C 
PVDF membrane Millipore, Billerica, MA, USA RT 

Sodium chloride (NaCl) Honeywell Fluka, Morristown, NJ, USA RT 
Sodium deoxycholate Sigma-Aldrich, St. Louis, MO, USA RT 

Sodiumorthovanadate (Na3VO4) Roche, Rotkreuz, Risch, Switzerland RT 
SuperSignal West Dura Extended 

Duration Substrate Thermo Scientific, Waltham, MA, USA +4°C 

Tetramethylethylendiamil (TEMED) Thermo Scientific, Waltham, MA, USA +4°C 
Tris-aminomethane (TRIS) Sigma-Aldrich, St. Louis, MO, USA RT 

Tween 20 Sigma-Aldrich, St. Louis, MO, USA RT 
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2.1.11.2. Buffers and gels 

Table 17: Overview of buffers used for immunoblotting. 
Application of the different buffers is explained throughout point 2.2.9.. Abbreviations: dH2O: 
distilled water, EDTA: ethylenediaminetetraacetic acid, HCl: hydrochloric acid, NP-40: 
nonylphenolethoxylat with MO=40, PI: phosphatase inhibitor, PMSF: phenylmethylsulfonyl fluoride, 
RIPA: radio immunoprecipitation assay, SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel 
electrophoresis, TBS-T: TRIS buffered saline + Tween, TRIS: tris-aminomethane. 

10x Washing buffer, 
TRIS-buffered saline 

(TBS) buffer 

1x Washing buffer 
(TBS-T) 

10x Running buffer, 
SDS-PAGE buffer 1x Running buffer 

121 g TRIS 100 ml 10 x TBS 151.1 g TRIS 100 ml 
10x Running buffer 

400 g Sodium chloride 1ml Tween 20 720.6 g Glycine 900 ml dH2O 
5000 ml dH2O 900 ml dH2O 50 g SDS  

HCl to adjust pH at 7.6  1500 ml dH2O  

 

RIPA lysis buffer Semidry transfer buffer 
dH2O 5.27 g TRIS 

5 mM EDTA 2.93 g Glycine 
10 % Glycerine 200 ml Methanol 

2 mM Magnesium chloride 800 ml dH2O 
1 % NP-40  

150 mM Sodium chloride  
0.5 % Sodium deoxycholate  

0.1 % SDS  
1 mM Sodiumorthovanadate  

50 mM TRIS (pH 8)  
1 mM PMSF*  
PI (1 tablet)*  

 * PMSF and PI were added freshly before each use. 

Table 18: Overview of the composition of gels used for immunoblotting. 
Abbreviations: APS: ammonium persulfate, ddH2O: double-distilled water, SDS: sodium dodecyl 
sulfate, TEMED: tetramethylethylendiamil, TRIS: tris-aminomethane. 

Component Separating gel 10 % 
(16 ml) 

Separating gel 8 % 
(16 ml) 

Stacking gel 4 % 
(10 ml) 

ddH2O 6.3 ml 7.4 ml 6 ml 
30 % Acrylamide 5.33 ml 4.27 ml 1.33 ml 
1,5 M TRIS pH 8,8 4 ml 4 ml - 
0,5 M TRIS pH 6,8 - - 2,5 ml 

10 % SDS 160 µl 160 µl 100 µl 
10 % APS* 160 µl 160 µl 100 µl 

TEMED* 16 µl 16 µl 10 µl 
*APS and TEMED were only added just before pouring the gel to avoid premature polymerization. 
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2.1.11.3. Antibodies 

Table 19: Overview of primary antibodies used for immunoblotting in alphabetical order. 
Abbreviations: h: hour, IgG: immunoglobulin G, PKC: Protein Kinase C, PKCδ: Protein Kinase Cδ, 
PKCµ: Protein Kinase Cµ, PKD: Protein Kinase D, PKD2: Protein Kinase D2, PKD3: Protein 
Kinase D3, RT: room temperature, Ser: serine, TBS: TRIS-buffered saline, Thr: threonine. 

Antigen Isotype Blocking 
condition 

Dilution/ 
application Storage 

Manufacturer/ 
Catalogue 

number 

β-Actinin Monoclonal 
mouse IgG 

TBS, 
0.2 % Tween, 
5 % dry milk 

1:5000/ 
1 h RT -20 °C Santa Cruz/ 

sc-47778 

PKCδ (C-17) Rabbit 
polyclonal 

TBS, 
0.2 % Tween, 
5 % dry milk 

1:1000/ 
over night, 4 °C, 

shaking 
+4 °C Santa Cruz/ 

sc-213 

PKCµ (D-20) Rabbit 
polyclonal IgG 

TBS, 
0.2 % Tween, 
5 % dry milk 

1:1000/ 
over night, 4 °C, 

shaking 
+4 °C Santa Cruz/ 

sc-935 

PKD3 Rabbit IgG 
TBS, 

0.2 % Tween, 
5 % dry milk 

1:1000/ 
over night, 4 °C, 

shaking 
+4 °C Bethyl/ 

A300-319A 

PKD2 Rabbit 
polyclonal IgG 

TBS, 
0.2 % Tween, 
5 % dry milk 

1:1000/ 
over night, 4 °C, 

shaking 
+4 °C Bethyl/ 

A300-073A 

Table 20: Overview of secondary antibodies used for immunoblotting. 
Abbreviations: IgG: immunoglobulin G, min: minutes, RT: room temperature. 

Type Isotype Dilution/ 
application Storage Manufacturer/ 

Catalogue number 
Horseradish 

peroxidase (HRP)-
conjugated 

Sheep anti 
mouse IgG 

1:4000/ 
45 min, RT + 4°C 

GE Healthcare Life 
Sciences/ 

NA931 
Horseradish 

peroxidase (HRP)-
conjugated 

Donkey anti 
rabbit IgG 

1:4000/ 
45 min, RT + 4°C 

GE Healthcare Life 
Sciences/ 

NA934 
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2.2. Methods 

2.2.1. Generation of iPKD2 embryonic stem cell line 

2.2.1.1. A2lox.cre system 

A2lox.cre cells contain the cre-recombinase complementary DNA (cDNA) flanked 

by a loxP and a lox2272 site upstream of the constitutive active Hypoxanthine-

guanine phosphoribosyltransferase (HPRT) locus on the X-chromosome and a 

reverse tetracycline transactivator (rtTA) on the Rosa26 locus on chromosome 6. 

The gene coding for neomycin resistance is placed downstream the floxed cre-

recombinase cDNA but with promoter or start codon lacking. Doxycycline induces 

the expression of the cre-recombinase and a cassette exchange replaces the cre-

gene with the gene of interest from a p2Lox plasmid. By this exchange, the 

neomycin resistance gene is spliced in frame with a promoter and a start codon, 

thus allowing the selection of successfully modified cells (Figure 5A). [86] 

2.2.1.2. Cloning 

Amplification of the PKD2 cDNA was followed by a digestion step. The original 

p2lox-EGFP vector (Figure 5B), kindly provided by Michael Kyba, was cut with the 

same restriction enzymes, creating corresponding restriction sites. After ligation, 

the PKD2-p2lox plasmid was amplified and sequenced. In the next step, the 

obtained PKD2-p2lox plasmid was integrated into A2lox.cre cells, which were 

kindly provided by Michael Kyba, employing the Nucleofector™ Technology 

according to the manufacturer's procedures. To induce the cre-recombinase, the 

A2lox.cre cells were incubated with 1 mg/ ml doxycycline 24 hours prior to 

nucleofection. Next, five million parental A2lox.cre cells were transfected applying 

10 µg of PKD2-p2lox cDNA. Subsequently, the cells were cultured on neomycin-

resistant, Mitomycin C inactivated mouse embryonic fibroblasts (MEFs). After 48 

hours, selection was performed with neomycin at a concentration of 400 µg/ ml for 

additional 7-10 days. Finally, several clones were picked according to their 

morphology, expanded and analysed for correct recombination in the HPRT locus, 

which was verified by so-called lox-in PCR with the primer sequences given in 

Table 3. The cloning was mainly implemented by Ralf Koehntop. 
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Figure 5: Schematic display of the strategy to generate a dose-dependent Dox-inducible 

PKD2 ESC line. 

(A) Diagram of the A2lox.cre system. (B) Vector map including restriction sites of the original 

p2lox-EGFP plasmid, kindly provided by Michael Kyba. After digestion and ligation, EGFP cDNA is 

replaced with PKD2 cDNA [120]. Abbreviations: ATG: start codon, bp: base pair, cDNA: 

complementary DNA, EGFP: Enhanced green fluorescent protein, ES cells: embryonic stem cells, 

HPRT: Hypoxanthine-guanine phosphoribosyltransferase, PGK: promoter, rtTA: reverse 

tetracycline transactivator, TRE: tetracycline-responsive element. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 
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2.2.3. Genomic PCR 
Genomic PCR was carried out using GoTaq® DNA Polymerase and Primus 96 

plus PCR machine. The master mix was pipetted as given in Table 4, 1 µl DNA 

per sample was added. The PCR conditions were set up as given in Table 24. 

PCR products were identified after separation in an electric field by comparison of 

their migration to commercial size standards. 

Table 21: Genomic PCR programme set up. 
Abbreviations: min: minutes, sec: seconds. 

Step Temperature Duration 
Denaturation (1x) 94 °C 3 min 

Denaturation cycles (number depends on primer) 94 °C 30 sec 
Annealing 61 °C 45 sec 
Elongation 72 °C 1 min 

2.2.4. Lentivirus production 
Lentivirus containing a polycistronic expression cassette encoding Oct-4, Sox2, 

Klf4 and c-Myc [197] was produced for generating induced pluripotent stem cells. 

The day before transfection, Lenti-X 293T cells were seeded at a density of 5 x 

106 cells per 100 mm cell culture dish in Lenti-X 293T cell media. The next day, 

lentivirus was produced in 70 % confluency dishes by cotransfecting the 

polycistronic vector (8 µg), the pMD2 vector (2 µg) and the psPAX2 vector (5.5 µg) 

using 100 µl PolyFect Transfection Reagent. 48 and 96 hours after transfection, 

the viral supernatant was collected and concentrated using the Lenti-X 

concentrator Kit. This part was done in kind collaboration with Wendy Bergmann. 

2.2.5. Generation of PKD2-KD induced pluripotent stem cell line 
MEFs were obtained from wild type (WT) C57B6 mice and from a previously 

reported mouse strain of the same background, that expresses a PKD2-kinase-

dead (PKD2-KD) mutant due to replacement of the two critical PKD2 serine 

residues Ser706 and Ser710 with alanine residues [90,144]. MEFs were generated 

according to standard protocols [37]. 24 hours prior to infection, 100,000 MEFs per 

6-well or alternatively 40,000 MEFs per 12-well were plated each WT and PKD2-

KD. Next, 8 µl/ 6-well or 4 µl/ 12-well of 100x concentrated virus, which correlates 

with 3.5x107 proviral hOSKM copies/ µl, were added to the MEFs. Eight hours 

later, the medium was replaced with ES-Feeder medium (see Table 7), which was 

changed on a daily basis for the next seven days, followed by determination of the 

infection rate by FACS analysis. FACS analysis was performed as previously 
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described [154]. Of note, for reprogramming the fetal calf serum was replaced with 

KnockOut™ Serum Replacement in the ESC media. At day 13, several clones 

were picked and expanded depending on their characteristic ESC morphology. 

Genotyping of PKD2-KD mice and PKD2 iPS cell lines was carried out by genomic 

PCR, generating products of 236 bp for PKD2-WT and 344 bp for PKD2-KD. The 

used primer sequences are given in Table 3. The reprogramming was mainly 

implemented by Wendy Bergmann. 

2.2.6. Cell culture and mouse embryonic stem cell in vitro differentiation 
Cell culture was performed under sterile conditions under a laminar air flow hood. 

Cells were incubated at 37 °C in a water saturated atmosphere containing 5 % 

CO2. The respective media were prepared according to the recipes above, sterile 

filtered and warmed up in a 37 °C water bath before usage, if no different 

treatment mentioned. mESCs are usually cultured on inactivated MEFs due to 

their requiring factors secreted by the feeder cells [61]. However, it is possible to 

perform mESC culture feeder-independently by adding inhibitors of glycogen 

synthase kinase 3 (GSK3) and mitogen-activated protein kinase (MAPK) /ERK 

kinase (MEK) (two inhibitors - 2i) to the media [235]. 

2.2.6.1. Culturing and passaging of mouse embryonic stem cells 

mESCs were cultivated in T25 cell culture flasks coated with 0.2 % gelatin and ES-

Feeder+2i medium (see Table 7). Though, CGR8 ES cells do not require MEF 

factors and thus were cultivated in CGR8 medium (see Table 7). To achieve a 

stable cell culture, the accurately defined system ESCs grow in, needs strictly to 

be adhered to. The cells were daily monitored by light microscopy to judge density 

and growth of the colonies. Moreover, the medium was changed on a daily basis. 

First, the used medium was completely removed, followed by a washing step with 

DPBS and finally 5 ml fresh medium were added. Every second day, the ESCs 

were passaged. After washing with DPBS, the cells were digested with 0.5 ml of 

0.25 % trypsin for 3-4 min at 37 °C. For CGR8 cells, 0.05 % trypsin was used. The 

detached cells were dissolved in medium and manually homogenised by pipetting 

them up and down several times. The single cell solution was then transferred to a 

new flask at the desired ratio, 1:6 for example. 
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2.2.6.2. Culturing and passaging of further cell lines 

Mouse embryonic fibroblasts 

Mouse embryonic fibroblasts were used as control cells for protein analysis and as 

somatic template for the generation of induced pluripotent stem cells. Cells were 

cultured on 100 mm cell culture dishes in MEF media (see Table 7), changed on a 

daily basis. They were passaged every two to three days as described for mESCs 

and were seeded at the desired ratio or cell number. 

Lenti-X 293T cells 

Lenti-X 293T cells were used for lentivirus production for the generation of induced 

pluripotent stem cells. Cells were cultured on 100 mm cell culture dishes in Lenti-X 

293T cell media (see Table 7), changed on a daily basis. They were passaged 

every two to three days as described for mESCs and were seeded at the desired 

cell number. 

2.2.6.3. Cell thawing 

Stocks were stored at -196 °C in liquid nitrogen. To gentle defrost the cells, they 

were first put into ice before they were quickly warmed up for a few seconds using 

a water bath of 37 °C. Thus, the cell media compound was not completely 

defrosted to minimise possible cytotoxic effects of the DMSO containing freezing 

media. The cells were rapidly dissolved in 6 ml thawing medium and centrifuged at 

1000 x g for 3 min. The supernatant - containing the DMSO - was discarded. The 

cell pellet was resuspended in 5 ml of the respective medium and seeded in the 

prepared flask or dish. 

2.2.6.4. Cell freezing 

mESC stocks were only prepared from feeder ESC culture. The cells were washed 

with DPBS and detached by digestion with trypsin. After suspension in medium, 

the cells were centrifuged and the supernatant was discarded. The cell pellet was 

quickly resuspended in 4 °C cold freezing medium. The cryo freezing tubes were 

rapidly filled with 1 ml of cell suspension per tube. The aliquots were immediately 

put into ice and stored at -80 °C for about 14 days before they were shifted into 

liquid nitrogen at -196 °C. 
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2.2.6.5. In vitro differentiation of mouse embryonic stem cells 

To get rid of residual feeder cells, the ESCs were passaged once after thawing. 

For differentiation experiments, at most three passages after thawing were used to 

obtain better reproducibility of results. First, monothioglycerol (MTG) working stock 

was freshly prepared, pipetting 26 µl MTG into 2 ml differentiation medium. After 

mixing and sterile filtration, MTG working stock was used at 3 µl/ ml ESC medium 

as an antioxidant. Addition of doxycycline where destined completed the 

preparation of differentiation medium. Next, the ESCs were washed with DPBS 

followed by trypsin digestion and dissolution in medium to finally ascertain the cell 

number using a Thoma counting chamber. Cell numbers in the upper and lower 

field were counted and the mean value was built. Cell concentration was adjusted 

using the following formula: 

Mean value ÷ 16 ÷ 4 = X 

X × 1,000,000 = Y 

100,000 ÷ Y × 1.5 = Z  ml  

Formula 1: Used to adjust the cell concentration for hanging drops containing 600 cells/ 20 

µl. 

Z was added to polypropylene round bottom tubes containing 5 ml completed 

differentiation medium each to get a concentration of 600 cells/ 20 µl. 

Subsequently, 94 mm petri dishes were prepared with 10 ml DPBS each to 

guarantee a humid climate and 20 µl drops of the cell - medium composite were 

pipetted into the inverted lids of the petri dishes, getting about 80-90 drops per lid. 

Finally, the lids were carefully turned around and put on the petri dishes resulting 

in the formation of hanging drops, in which ESCs aggregated to embryoid bodies 

(EBs) within 48 hours. On day two, the EBs were rinsed with 5 ml completed 

differentiation medium and transferred to 60 mm non-adherent bacterial dishes 

enabling further growth in suspension. On day four, the EBs were plated on 0.2 % 

gelatin coated cell culture dishes initiating attachment and monolayer growth for 

further analysis at certain time points indicated in the figures. For RNA analysis, 15 

EBs were plated per well of a 6-well plate in 2 ml medium. For 

immunocytochemistry, 15 EBs were plated onto 22 mm cover slips in 6-well 

plates. To assure EB attachment, it is essential to coat the cover slips with 0.2 % 

gelatin the day prior to plating. For the assessment of beating clusters, single EBs 

were plated in 24-well plates in 0.5 ml medium per well. Every 48 hours, the 
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medium was replaced with freshly completed differentiation medium according to 

the respective differentiation condition. 

Figure 6: Schematic illustration of mouse embryonic stem cell in vitro differentiation 

employing the hanging drop method. 

On day 0, 20 µl drops of differentiation media containing a calculated number of ESCs were placed 

in the lids of petri dishes. After two days, the ESCs had aggregated in the hanging drops forming 

embryoid bodies. The EBs were rinsed and cultured for two further days in non-adherent bacterial 

dishes containing differentiation medium. On day 4, EBs were harvested for analysis or were 

alternatively plated on 24-well-plates for assessment of beating clusters/ EB, on 6-well dishes for 

RNA analysis, on cover slips for immunofluorescence or on 100 mm cell culture dishes for western 

blot analysis. Abbreviations: EB: embryoid body, ESC: embryonic stem cell, RT-qPCR: real-time 

quantitative polymerase chain reaction. 

2.2.7. RNA preparation 
All processes related to RNA preparation and amplification were performed using 

DNA-/ DNase-/ RNase-/ PCR inhibitor-free filter pipette tips and 1.5 ml biosphere 

safe seal tubes. The working place and all tools were cleansed of RNase with 

RNaseZAP™ prior to handling RNA. All RNA samples and amplification reaction 

components were defrosted and treated exclusively on ice, fluorescent dye under 

light protection. 

2.2.7.1. Cell lysis 

Single cell solutions: 100,000 cells, counted by means of the Neubauer counting 

chamber, were washed in DPBS by centrifuging at 1,000 x g for 3 min. The 

supernatant was discharged, the cell pellet was lysed and homogenised in 350 µl 

RLT buffer. The sample was directly put into ice to be treated with the RNeasy 

Mini Kit or was stored at -80 °C. 

Day 1 EBs (hanging drops): One dish of drops was washed down with 5 ml DPBS. 

Two centrifugation steps, lysis and storage were performed as described above. 

Day 2-4 EBs (EBs in suspension): The EBs of one dish were collected in DPBS. 

Two centrifugation steps, lysis and storage were performed as described above. 

Immunofluorescence 

RT-qPCR 

Western blot Day 0 Day 2 Day 4 

Beating clusters/ EB 

Differentiation 
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Adherent cells: Cells were washed with DPBS and covered with 350 µl RLT buffer 

per 6-well, larger growth areas needed accordingly bigger volumes. Cells were 

harvested using a cell scraper and transferred into 1.5 ml tubes. Storage was 

performed as described above. 

2.2.7.2. RNA purification 

Total RNA purification was assessed using the RNeasy Mini Kit and QIAshredders 

according to supplier's manuscript. The eluted RNA samples were directly put into 

ice to go on with further processes or were stored at -80 °C. 

2.2.8. Real-time quantitative PCR (RT-qPCR) 
RT-qPCR was performed using the RT-PCR cycler Rotor-Gene Q and SYBR 

Green I as fluorescent dye. SYBR Green I binds unspecifically to double-stranded 

DNA (ds-DNA) thus increasing the fluorescence signal with each cycle 

proportional to the amount of amplified product. Measuring the fluorescence 

provided CT-values (see Figure 8) and relative gene expression was calculated 

(see Formulas 2 and 3). Notably, every RNA preparation was tested for nucleic 

acid contamination by replacing RNA with nuclease-free water. Moreover, target 

genes and housekeeping gene were simultaneously cycled. 

Figure 7: Illustration of fluorescence during amplification process. 

Exponential phase: fluorescence increases with each cycle proportional to the amount of amplified 

product. CT value: enough amplified product has accumulated to give a fluorescence signal. Image 

based on [15]. 
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2.2.8.1. Analysis 

Absolute quantification: For interpolation of the absolute quantification of target 

gene and housekeeping gene, a standard curve was required. This standard curve 

was established by amplification of a sample with known concentration in a ten-

fold dilution series and subsequent plotting of the obtained CT values along the y-

axis against the logarithm of the starting concentration along the x-axis. The 

equation of the received standard curve enables to calculate genes' 

concentrations and can be written as follows: 

CT = m (log conc) + b     or     conc = 10((!!!!)/!) 

Formula 2: Used for the calculation of a gene's absolute concentration in RT-qPCR analysis. 

Abbreviations: CT: CT value, m: slope, log: logarithm, conc: concentration, b: intercept. m was 

defined at -3.33, b was defined at 15. Based on [15]. 

Relative Quantification: Knowing the concentrations of each transcript, relative 

gene expression could be stated as the ratio of target gene concentration to 

housekeeping gene concentration. Hmbs was chosen as housekeeping gene, as 

its expression shows virtually constant levels across all samples and is not 

influenced by the experimental treatment. Based on [15]. 

Relative conc = !"#! !"#$%! !"#"
!"#! !"#$%&%%'()* !"#"

 

Formula 3: Used for the calculation of a gene's relative concentration in RT-qPCR analysis. 

Abbreviation: conc: concentration. 

Melting curve: A melting curve was generated by increasing the reaction 

temperature 1 °C-stepwise between 65-95 °C thus causing denaturation of ds-

DNA. Every amplicon shows a characteristic peak at its particular melting 

temperature, which is defined as the temperature where 50 % of the ds-DNA base 

pairs are separated. Melting curve analysis was used to exclude non-specific 

products like primer-dimers, which result in twin peak melting curves. [15] 

2.2.8.2. One-step RT-qPCR 

For one-step RT-qPCR, which means that reverse transcription and amplification 

take place in one reaction, the QuantiTect SYBR® Green RT-PCR Kit was used. 

One-step RT-qPCR was used for small amounts of samples. The master mix 

containing the primers was prepared as given in Table 8 and 1 µl RNA was 



 41 

amplified per reaction. RT-qPCR was performed according to the supplier's 

manuscript, using the following cycler set up: 

Table 22: One-step RT-qPCR programme set up. Abbreviations: min: minutes, sec: seconds. 

Step Temperature Duration 
Reverse transcription (1x) +50 °C 10 min 

Denaturation (1x) +95 °C 5 min 
Denaturation (40x) +95 °C 10 min 
Amplification (40x) +60 °C 30 sec 

Melting curve +65 - +95 °C, 
1 °C-stepwise increase 

90 sec at first step, 
or else 5 sec 

Cooling +40 °C 2 min 

2.2.8.3. Two-step RT-qPCR 

Two-step RT-qPCR means, that reverse transcription and amplification are carried 

out one after another in two independent reactions. This method was used for 

large amounts of samples to analyse. 

cDNA synthesis: RNA was reverse transcribed into cDNA using the Primus 96 

plus PCR machine and the iScript™ cDNA Synthesis Kit. The master mix 

containing the primers was prepared as given in Table 10 and 1 µl RNA was 

transcribed per sample. cDNA synthesis was performed as recommended by the 

supplier's manual, PCR machine set up was adjusted to the following: 

Table 23: cDNA synthesis programme set up. Abbreviations: min: minutes, RT: reverse 
transcriptase. 

Step Temperature Duration 
Priming +25 °C 5 min 

Reverse transcription +42 °C 30 min 
RT inactivation +85 °C 5 min 

Cooling (optional) +4 °C Optional 
 

cDNA normalisation: Having determined the cDNA concentration by means of the 

NanoDrop, each sample was diluted to a concentration of 111.11 ng/ µl. 

 

RT-qPCR: The SensiMix SYBR® No Rox Kit was used, the master mix containing 

the primers was prepared as written in Table 11 and 4.5 µl cDNA were amplified 

per sample. RT-qPCR was performed as commended by the supplier's manuscript 

with the cycling profile given below: 
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Table 24: Two-step RT-qPCR programme set up. Abbreviations: min: minutes, sec: seconds. 

Step Temperature Duration 
Polymerase activation (1x) +95 °C 10 min 

Cycles (45x) 
+95 °C 15 sec 
+60 °C 30 sec 
+72 °C 10-15 sec 

Melting curve +68 - +95 °C, 
1 °C-stepwise increase  

 

2.2.9. Immunocytochemistry 
Staining protocols were established by the Kleger laboratory. Precondition is that 

the secondary antibody reacts with the host species of the primary antibody. 

Antibodies were always prepared in the respective blocking solution (see Table 
14). Fluorescence labelled secondary antibodies were stored, handled and 

incubated only under light protection. Analysis was done with Axio Imager Z1 

microscope equipped with a camera using Axio vision software. 

2.2.9.1. Monolayer staining on cover glasses 

First, autoclaved and in bunsen burner flame sterilized 22 mm glass cover slips 

were laid into 6-well plates and covered with 0.2 % gelatin over night. The cells or 

EBs were cultured on these cover slips until the desired time points. Briefly, the 

media was completely removed followed by two washing steps with DPBS. Next, 

the cells were fixed by incubation with warmed-up 4 % PFA + 100 mM Sucrose for 

10-15 min at room temperature (RT), depending on cell density. After two further 

washing steps with DPBS, the cells were incubated with 50 mM NH4Cl for 10 min 

at RT to quench the PFA bindings. Cell membrane permeabilization was achieved 

by two washing steps with DPBS + 0.1-0.2 % TritonX followed by incubation with 

0.1-0.2 % TritonX for 10 min at RT and finalising washing with DPBS + TritonX. 

Regarding the next steps, cover slips were constantly handled in wet chambers to 

avoid drying-out and reagents were used at volumes of 200 µl per cover slip. To 

inhibit unspecific antibody binding, blocking was performed for 45 min at RT prior 

to incubation with the primary antibody for 1h at RT. After three washing steps with 

DPBS + 0.1-0.2 % TritonX, the cells were incubated with the secondary antibody 

for 45 min at RT followed by further DPBS + TritonX washing steps. For cell nuclei 

counterstaining and prevention of dehydration, a mounting medium containing 

DAPI was used. 
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2.2.9.2. Wholemount staining of floating day four embryoid bodies 

All work steps were performed in a volume of 0.5 ml in 1.5 ml tubes placed on a 

rotating wheel to assure permanent movement and prevent EB attachment. 

Working solutions were withdrawn by aspiration after spinning at 1000 g for 3 sec. 

First, day 4 EBs were collected, washed in DPBS and fixed in 4 % PFA + 100 mM 

Sucrose for 15 min at RT. Two washings steps were performed with DPBS + 0.3 

% TritonX before and after quenching with 50 mM NH4Cl for 10 min at RT. Next, 

blocking was performed for 45 min at RT in a solution containing 0.3 % TritonX 

followed by incubation with the primary antibody for 1-2 h at RT (see Table 14). 

After two further DPBS + 0.3 % TritonX washing steps, the secondary antibody 

was added for 1 h at RT. Finally, two washing steps with DPBS + 0.3 % TritonX 

were followed by one washing step with dH2O and the EBs were embedded in 

mounting medium containing DAPI. 

2.2.10. Immunoblotting 

2.2.10.1. Cell lysis 

For protein extraction, the cells were cultured on 100 mm cell culture dishes, which 

were 0.2 % gelatin coated for ESCs. All work steps were performed on ice, 

working solutions were ice cooled. First, the cells were washed with DPBS twice 

and RIPA buffer freshly prepared with inhibitors (see Table 17) was added at 

volume of 200-500 µl, depending on cell density. Using a cell scraper, the cells 

were scraped off in RIPA buffer and transferred to a 1.5 ml tube. During the next 

20 min, the tube was stored on ice while being vortexed every 5 min. After 

centrifuging at 14,000 rpm and 4 °C for 10 min, the supernatant containing the 

protein was transferred to a new tube, the pellet of debris was discharged. The 

protein lysate was directly used for analysis or was alternatively stored at -20 °C. 

2.2.10.2. Protein processing 

Next, the lysate's protein concentration was assessed using Bradford protein 

assay. All samples were measured employing a spectrophotometer and 595 nm 

wavelength. Using Bradford reagent, a standard series was prepared and a 

standard curve was established followed by the determination of the lysate's 

protein concentration. The desired protein mass of every sample was 

complemented with RIPA buffer up to a volume of 20 µl and 4 µl 6x Laemmli buffer 
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were added each. To denature the proteins, the lysate samples were heated up to 

95 °C for 5 min under shaking conditions using a thermomixer. 

2.2.10.3. SDS-PAGE 

The separating gel's SDS percentage share was chosen according to the 

molecular size of the protein wanted to be detected. The larger the molecular size 

of the protein, the smaller the SDS percentage share. The polyacrylamide gels 

were prepared according to the recipes given above (Table 18) the day before 

usage to guarantee full polymerization. Storage happened over night at 4 °C in 

humid climate. Next, 6.5 µl ladder and the protein samples were loaded and 

electrophoresis was run in 1l 1x Running buffer at 100 V for 30 min and at 130 V 

for further 120 min. Proteins were separated in the electric field depending on their 

molecular weight, which could roughly be estimated by comparison to the 

migration of the ladder. 

2.2.10.4. Western blot 

To enable antibody binding, the selected proteins had to be transferred to a PVDF 

membrane. After membrane activation with methanol, a voltage-dependent 

semidry protein transfer was performed in semidry transfer buffer (see Table 17) 

at 80 mA for 90 min. All incubations were performed under shaking conditions. 

Antibodies were always prepared in blocking solution. To prevent unspecific 

antibody binding, the membrane was blocked with TBS-T containing 5 % milk for 1 

h at RT. Primary antibody incubation followed over night at 4 °C (see Table 19). 

After three ten-minute washing steps, the secondary antibody was added for 1h at 

RT (see Table 20). Further washing with TBS-T was followed by detection 

performed with SuperSignal West Dura Extended Duration Substrate and Imaging 

instrument Fusion SL. 

2.2.11. CAM assay 
Fertilized egg shells were opened at day six and silicon rings, 5 mm in diameter, 

were laid onto the chorioallantoic membrane (CAM). Day 4 EBs, derived from 

iPKD2 ESCs, were transplanted onto the CAM to induce tumour generation. PKD2 

overexpression was induced by application of 1 µM doxycycline in differentiation 

medium, ectopically applied directly after transplantation and after 48 h. Further 72 

h later, the CAMs were harvested followed by further processing. 
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Immunohistochemistry and quantification of vessel density 

The tumours were fixed in formalin and embedded in paraffin using standard 

histological procedures. After immunohistochemistry staining for von-Willebrand 

factor/ Factor VIII (Biocare Medical/ CP 039 A, application: 1:80, 1 h at 37 °C), the 

stainings were photographed with the optical photomicroscope Axio Scope A1 with 

a 20x magnification objective. The photos represent visual fields of 450x340 µm 

side lengths on the original slide. In Adobe Photoshop CC (Version 14.2.1 x64), a 

grid (11x8) was placed over every image. In a blinded manner, the number of vWF 

positive vascular structures within the grid squares was counted. For statistical 

analysis, only squares with confluent cell layering were included. 36 microscope 

sectors of 20x magnification were counted in total. Two biologically independent 

CAM assay experiments were performed. Each experimental set up consisted of 

at least five tumours per treatment condition. Hence, at least ten CAMs, including 

five Dox - and five Dox + conditions, were set up per experiment. This part was 

realised in kind collaboration with Felicitas Genze. 

2.2.12. Ethics statement 
All animal experiments were performed in compliance with the guidelines for the 

welfare of experimental animals issued by the Federal Government of Germany, 

the National Institutes of Health and the Max Planck Society. The experiments in 

this study were approved by the review board of the Land Baden-Wuerttemberg 

and the ethics committee of Ulm University No.: o.197.TschB:K/W/O/H. 

2.2.13. Statistical Analysis 
Error bars indicate SEMs, if not stated otherwise. Levels of significance were 

generally calculated with the two-sided Student’s t-test or Anova (*p < 0.05, **p < 

0.01, ***p < 0.001) using Prism5 (GraphPad Software Inc, La Jolla, CA, USA) or 

Microsoft Excel (Microsoft Corporation, Redmond, WA, USA). If not specified 

otherwise, three biologically independent experiments, done in replicates, were 

evaluated. 
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3. Results 

3.1. PKD2 expression in undifferentiated and differentiating ES-cells 
In a first approach, we aimed for the detection of the different PKD isoforms in 

murine embryonic stem cells. Previously, all three PKD isoforms were shown to be 

significantly expressed in the developing mouse embryo, whereby especially 

PKD2 exhibits a differentially regulated expression pattern [164]. Moreover, 

transcriptome data from a public database indicate a differential expression of the 

three PKD isoforms in undifferentiated as well as differentiating mouse ES cells 

[189]. First, we aimed to assess the expression of PKD1, 2 and 3 in 

undifferentiated mouse ES cells employing analysis on mRNA and protein level. 

PKD2 was strongly expressed at mRNA level in A2lox.cre cells, followed by PKD3, 

whereas PKD1 was only marginal detected (Figure 8A). This was confirmed on 

protein level (Figures 8B-D). Western blot analysis of A2lox.cre and CgR8 mouse 

ESCs conformed to the mRNA data. Mouse embryonic fibroblasts (MEFs) served 

as positive control (Figure 8B). Immunocytochemistry stainings of A2lox.cre cells 

also revealed high detection of PKD2, barely visible PKD1 immunoreactivity and 

PKD3 expression ranking in between PKD1 and PKD2. MEFs served as positive 

control. Moreover, PKD2 showed preferential localization to the cytoplasm in both 

single ESCs, six hours after plating, and compact ESC colonies, 48 hours after 

plating (Figure 8C). 

Together, these data show, that PKD1, 2 and 3 are differentially expressed in 

undifferentiated mouse embryonic stem cells. 
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Figure 8: Expression of PKD isoforms in undifferentiated mouse embryonic stem cells. 
(A) RT-qPCR analysis illustrating mRNA levels of PKD1, 2 and 3 in undifferentiated A2lox.cre 

mouse ESCs. (B) Western blot analysis of PKD1, 2 and 3 in undifferentiated A2lox.cre and CgR8 

mouse ESCs. MEFs served as positive control. (C and D) Immunofluorescence stainings for PKD1, 

2 and 3 (green) in undifferentiated A2lox.cre mouse ESCs (C) 6 h and (D) 48 h after plating under 

pluripotency conditions. Nuclei are stained with DAPI (blue). MEFs served as positive control. RT-

qPCR was performed n=3 in biological replicates. WB and IFs are representative for three 

biologically independent experiments. Scale bars 20 µm. Abbreviations: DAPI: 4′,6-Diamidin-2-

phenylindol, ES cells: embryonic stem cells, ESCs: embryonic stem cells, h: hour, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, kDA: kilo-Dalton, MEF: mouse 

embryonic fibroblast, mRNA: messenger RNA, n: sample size, PKD1/ 2/ 3: Protein kinase D1/ 2/ 3, 

RT-qPCR: real-time quantitative polymerase chain reaction, WB: western blot. Modified from [153], 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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Correspondingly, we next investigated the expression of PKD isoforms in 

differentiating mouse ES cells. Differentiation was induced using an EB culture 

system. At mRNA level, PKD2 throughout showed a basic expression with two 

significant peaks on days 2 and 6 of differentiation (Figure 9A). Interestingly, there 

was a gradual increase in PKD2 expression from day 0 to day 6 of differentiation 

on protein level. According with the data in Figure 8, PKD1 represented 

inconsiderable detection in western blot analysis on days 0 and 2 of differentiation 

but showed moderate protein expression on days 4 and 6 (Figure 9B). Notably, 

the anti-PKD2 antibody applied in this study does cross-react with neither PKD1 

nor PKD3 but specifically targets PKD2 [113]. 

In summary, these findings show, that PKD2 expression is differentially regulated 

during early mouse ES cell differentiation. Concluding a potential role of PKD2 in 

this process, we decided to concentrate on this PKD isoform in further 

experiments. 

Figure 9: Expression of PKD isoforms in differentiating mouse embryonic stem cells. 
(A) RT-qPCR analysis illustrating the PKD2 mRNA expression levels of mouse ES cells during EB 

differentiation until day 6. (B) Western blot analysis of PKD1 and PKD2 protein levels during 

differentiation until day 6 in differentiating mouse ES cells. RT-qPCR was performed n=3 in 

biological replicates. WBs are representative for three biologically independent experiments. 

Abbreviations: Hmbs: Hydroxymethylbilane synthase, mRNA: messenger RNA, PKD1/ 2: Protein 

kinase D1/ 2, RT-qPCR: real-time quantitative polymerase chain reaction. Modified from  [153], CC 

BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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3.2. A doxycycline conditional PKD2-knock-in-allele 
The A2lox.cre system is an inducible cassette exchange (ICE) system providing a 

robust method to generate cells conditionally expressing genes of interest [86]. 

This approach has been employed in a series of studies 

[3,25,29,118,126,220,230], particularly enabling the delineation of a special gene's 

function during differentiation or cell fate determination [86]. Employing this 

system, a doxycycline-inducible and dose-dependent PKD2-knock-in-allele 

(iPKD2) in mouse ESCs was generated to study the role of PKD2 during ES cell 

differentiation by timed overexpression (dose-dependence not shown). 

Phosphorylation at three key serine residues, Ser244, Ser706 and Ser710, has been 

reported to cause maximum activation of PKD2 [225]. Accordingly, a triple mutant 

PKD2-allele with glutamic acid replacing the three critical serine residues (PKD2-

S244/706/710E, PKD2-3SE), thus mimicking triple phosphorylation and 

consequently being constitutive active, was targeted [90] (see point 2.2.1.). The 

iPKD2 cell line has previously been generated in our laboratory by Ralf Koehntop. 

Subsequent characterization of the cell line was carried out by the author of this 

work. 
Figure 10 illustrates the proper gene recombination in the HPRT locus. 

Figure 10: Generation of a conditional PKD2-allele in mouse embryonic stem cells. 
PCR band at 450 bp illustrates the correct recombination of the HPRT locus upon homologous 

cassette exchange. Abbreviation: bp: base pairs. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 
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PKD2 expression was effectively induced upon doxycycline-stimulation, as 

demonstrated by qPCR and western blot analysis (Figures 11A and B). Moreover, 

the expression levels of the pluripotency marker SSEA-1 were not altered by 

doxycycline-induced PKD2 overexpression suggesting a negligible role of PKD2 

for the pluripotency circuitry (Figure 11C). Summing up, a transgenic mouse ES 

cell line, named iPKD2, doxycycline-dependent overexpressing a constitutive 

active PKD2-knock-in-allele, has been generated. 

  



 51 

Figure 11: Characterization of the conditional PKD2-allele in mouse embryonic stem cells. 
(A) RT-qPCR analysis illustrating mRNA levels of PKD2 in iPKD2 mESCs overexpressing PKD2 

upon Dox-induction and Dox - cells versus control mESCs (A2lox.cre cell line). (B) Western blot 

analysis of PKD2 upon Dox-stimulation of iPKD2 ESCs. (C) SSEA-1 (red) immunofluorescence 

stainings of iPKD2 mESCs overexpressing PKD2 upon Dox-induction and Dox - cells. Nuclei are 

stained for DAPI (blue). Note unaltered expression of SSEA-1. RT-qPCR was performed n=3 in 

biological replicates. WB and IF are representative for three biologically independent experiments. 

Scale bars 20 µm. Abbreviations: DAPI: 4′,6-Diamidin-2-phenylindol, Dox: doxycycline, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, iPKD2: doxycycline-inducible 

PKD2-allele, kDa: kilo-Dalton, mESCs: mouse embryonic stem cells, n: sample size, PKD2: Protein 

kinase D2, RT-qPCR: real-time quantitative polymerase chain reaction, SSEA-1: Stage-specific 

embryonic antigen 1, WB: western blot. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 
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3.3. Timed PKD2 overexpression during ESC differentiation 
In a day 2 - 3 window of differentiation, EBs undergo germ layer segregation with 

the induction of mesoderm [119]. The onset of vasculogenesis is marked by the 

emergence of the hemangioblast, which takes place around day 3 of differentiation 

in ESC culture. The hemangioblast develops from a c-Kit positive pre-

hemangioblast [64] and is a common precursor with both hematopoietic and 

vascular potential, marked by the co-expression of Vascular endothelial growth 

factor receptor-2/ Fetal liver kinase 1 (VEGFR2/ Flk1) and mesodermal 

transcription factor brachyury (T) [99]. Shortly after, a second progenitor 

population arises [104], marked by the co-expression of brachyury, Flk1, PDGFRα 

and Mesp1 [18]. These cardiovascular progenitors in turn give rise to two distinct 

precursor populations: bipotent first heart field precursors, labelled by the 

expression of Tbx5, Nkx2.5 and c-Kit and exhibiting cardiomyocyte as well as 

smoth muscle potential [20,236] next to tripotent second heart field precursors, 

positive for Isl1, Nkx2.5 and Flk1 expression and posessing cardiomyocyte, 

smooth muscle and endothelial cell potential [18]. 

iPKD2 ES cells were differentiated employing an EB culture system mimicking 

early cell fate decision in the embryo. To delineate the effect of PKD2 during 

embryonic development, PKD2 was doxycycline-induced overexpressed at 

different time points (see Figures 12A and 17A). Subsequently, marker genes for 

all three germ layers, the above mentioned progenitor populations, as well as late 

cardiac and endothelial markers were assessed. 

In a first approach, PKD2 was overexpressed from day 0 to day 4 of differentiation 

(Figure 12A) to explore the influence on germ layer segregation and 

vasculogenesis [99]. Brachyury and FoxA2, early markers for mesoderm and 

endoderm, were found to be downregulated in PKD2 overexpressing cells on days 

3 and 4 of differentiation (Figures 12B and C). In contrast, the early ectodermal 

marker Pax6 was upregulated (Figure 12D). Flk1, c-Kit and Pdgfr, marking both 

the hemangioblast and the cardiovascular progenitor, were downregulated as well 

(Figures 12E - G). In alignment with these findings, the early cardiac and 

endothelial cell markers Tbx5 and Isl1 were repressed at day 4 of differentiation 

(Figures 12H and I). 
 



 53 

Figure 12: Effects of early PKD2 overexpression from day 0-4 of differentiation on markers 

for the three germ layers and cardiovascular progenitors. 

(A) Scheme illustrating treatment regimen of iPKD2 ES cells from the beginning of EB culture until 

cell harvest for RT-qPCR analysis. (B-D) RT-qPCR analysis depicting expression levels of different 

germ layer markers: Bry - mesoderm, FoxA2 - endoderm, Pax6 - ectoderm. (E-G) RT-qPCR 

analysis illustrating expression of hemangioblast and cardiovascular progenitor markers: Flk1 - 

hemangioblast/ tripotent cardiovascular progenitor, c-Kit - pre-hemangioblast/ first heart field 

progenitor, Pdgfr - tripotent cardiovascular progenitor. (H, I) qPCR analysis illustrating expression 

of early cardiovascular markers: Tbx5 - first heart field progenitor, Isl1 - second heart field 

progenitor. Time points as indicated in the figure and treatment regimen as indicated in the figure. 

Experiments were performed n=3 in biological replicates. Significances were calculated using R. 
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Raw p values were adjusted using Bonferroni correction (§p<0.05; §§p<0.01; §§§p<0.001). 

Abbreviations: Bry: Brachyury, c-Kit: Kit oncogene, d: day of differentiation, Dox: doxycyline, EB: 

embryoid body, Flk1: Fetal liver kinase 1, FoxA2: Forkhead-box A2, Hmbs: Hydroxymethylbilane 

synthase, Isl1: Islet-1, mRNA: messenger RNA, n: sample size, Pax6: Paired-box 6, Pdgfr: 

Platelet-derived growth factor receptor, RT-qPCR: real-time quantitative polymerase chain 

reaction, Tbx5: T-box transcricption factor 5. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 

 

This experiment was repeated with a second, independently targeted iPKD2 ES 

cell line and the results could be certified (Figure 13A - F). 

Concisely, PKD2 overexpression during the first four days of differentiation 

decreased the development of endoderm and mesoderm and consequently 

mesoderm-derived cardiovascular progenitor cells, whereas ectoderm was 

induced. 
 

Figure 13: Effects of early PKD2 overexpression from day 0-4 of differentiation in a second 

independently targeted iPKD2 ESC line on day 4 of differentiation. 
The generation of this second iPKD2 cell line was performed according to point 2.2.1. Cultures 

were stimulated as illustrated in Figure 12A. RT-qPCR analysis illustrating expression levels of (A) 

FoxA2, (B) Pax6, (C) Flk1, (D) c-Kit, (E) Isl1 and (F) Tbx5. Experiments were performed n=2. 

Abbreviations: d: day of differentiation, Dox: doxycycline, Hmbs: Hydroxymethylbilane synthase, 

FoxA2: Forkhead-box A2, Pax6: Paired-box 6, Flk1: Fetal liver kinase 1, c-Kit: Kit oncogene, Isl1: 

Islet-1, Tbx5: T-box transcription factor 5, mRNA: messenger RNA, n: sample size, RT-qPCR: real-

time quantitative polymerase chain reaction. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 
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Next, we focused on late cardiovascular-derived cell types in a prolonged ES cell 

culture. Light microscopy of the EB cultures revealed strikingly diminished 

numbers of beating clusters in the Dox 0-4 conditions compared to control 

conditions (Figure 14A), indicating reduced cardiac differentiating of ESCs 

overexpressing PKD2 during days 0-4 of differentiation. In line with the observed 

morphological differences, the cardiac specific genes Myl2a and Myh6 showed 

strongly decreased mRNA levels at days 6, 9 and 14 of differentiation in the Dox 

0-4 conditions (Figures 14B and C). Moreover, the immunochemistry stainings at 

day 14 of differentiation revealed only a small amount of cells expressing α-actinin 

protein in EBs overexpressing PKD2 from day 0-4 of differentiation (Figure 14D). 

Summing up, overexpression of PKD2 during the first four days of differentiation 

led to reduced cardiac differentiation. This goes with the repression of 

cardiovascular progenitors we had observed before. 
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Figure 14: Effects of early PKD2 overexpression from day 0-4 of differentiation on late 

cardiac development. 

(A) Number of beating clusters per EB in Dox - and Dox 0-4 conditions. (B, C) RT-qPCR analysis 

illustrating the expression levels of late cardiac markers Myl2a and Myh6 in Dox - and Dox 0-4 
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conditions. (D) α-actinin (red) immunofluorescence stainings of conditions Dox - and Dox 0-4 at 

day 14 of differentiation. Nuclei are stained with DAPI (blue). Cultures were stimulated as 

illustrated in Figure 12A. Time points as indicated in the figure. Beating clusters were counted n=2 

in biological replicates. RT-qPCRs were performed n=3 in biological replicates. IFs are 

representative for three biologically independent experiments. Scale bars 20 µm. Significances 

were calculated using R or Excel. Raw p values were adjusted using Bonferroni correction 

(§p<0.05; §§p<0.01; §§§p<0.001). Abbreviations: d: day of differentiation, DAPI: 4′,6-Diamidin-2-

phenylindol, Dox: doxycycline, EB: embryoid body, Hmbs: Hydroxymethylbilane synthase, IF: 

immunofluorescence staining, Myh6: Myosin heavy chain 6, Myl2a: Myosin light chain 2a, mRNA: 

messenger RNA, RT-qPCR: real-time quantitative polymerase chain reaction. Modified from [153], 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 

 

Accordingly, we were interested in endothelial cell differentiation. Upon PKD2 

overexpression from day 0-4 of differentiation, the endothelial cell markers CD34 

and CD31 showed reduced mRNA levels, especially on days 6 and 14 of EB 

culture (Figures 15A and B). In addition, immunofluorescence stainings at day 14 

of differentiation revealed less CD31-positive vessel-like structures in EBs 

overexpressing PKD2 during the first four days of differentiation (Figure 15C). 

Briefly, days 0-4 of differentiation represent the main window for vasculogenesis to 

happen [99]. PKD2 overexpression during this essential time frame caused 

reduced endothelial and cardiac differentiation. 



 58 

Figure 15: Effects of early PKD2 overexpression from day 0-4 of differentiation on late 

endothelial development. 
(A, B) RT-qPCR analysis illustrating expression levels of late vascular markers CD34 and CD31 in 

Dox - and Dox 0-4 conditions. (C) CD31 immunofluorescence stainings of Dox - and Dox 0-4 

conditions at day 14 of differentiation. Cultures were stimulated as illustrated in Figure 12A. Time 

points as indicated in the figure. RT-qPCRs were performed n=3 in biological replicates. IFs are 

representative for three biologically independent experiments. Scale bars 20 µm. Significances 

were calculated using R. Raw p values were adjusted using Bonferroni correction (§p<0.05; 

§§p<0.01; §§§p<0.001). Abbreviations: CD31: Cluster of differentiation molecule 31, CD34: Cluster 

of differentiation molecule 34, d: day of differentiation, Dox: doxycycline, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, mRNA: messenger RNA, RT-

qPCR: real-time quantitative polymerase chain reaction. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 
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Interestingly, the reduction of endothelial and cardiac differentiation upon PKD2 

overexpression during days 0-4 of differentiation took place in favour of the 

ectodermal lineage. β-3-tubulin (Tubb3), a specific neuronal marker and 

descendant of the ectodermal germ layer, showed enhanced expression levels in 

the Dox 0-4 conditions. This was observed particularly at day 9 of differentiation, 

as demonstrated by RT-qPCR analysis (Figure 16A) and immunocytochemistry 

(Figure 16B). 
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Figure 16: Effects of early PKD2 overexpression from day 0-4 of differentiation on late 

neuronal development. 
(A) RT-qPCR analysis illustrating Tubb3 levels in Dox - and Dox 0-4 conditions. (B) Tubb3 (red) 

immunofluorescence staining of Dox -and Dox 0-4 conditions at day 9 of differentiation. Nuclei are 

stained with DAPI (blue). Cultures were stimulated as illustrated in Figure 12A. Time points as 

indicated in the figure. RT-qPCR was performed n=3 in biological replicates. IFs are representative 

for two biologically independent experiments. Scale bars 20 µm. Significances were calculated 

using R. Raw p values were adjusted using Bonferroni correction (§p<0.05; §§p<0.01; 

§§§p<0.001). Abbreviations: d: day of differentiation, Dox: doxycycline, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, mRNA: messenger RNA, RT-

qPCR: real-time quantitative polymerase chain reaction, Tubb3: β-3-Tubulin. Modified from [153], 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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From day 6 and onwards, the primary vascular plexus of the EB is remodelled by 

the formation of sprouting vessels, that mark angiogenesis [99]. In order to 

determine a PKD2-responsive time frame during vascular development, we went 

for a next approach. EBs were continuously exposed to doxycycline either from 

day 4-14 or from day 0-14 of differentiation. Due to doxycycline-induction, PKD2 

was overexpressed during the respective days of differentiation, thus enabling 

discrimination between an early and a late PKD2-responsive window (Figure 
17A). By virtue of cardiac and vascular development occurring very closely 

connected during embryogenesis, we again addressed both processes. 

To assess cardiac development, the number of beating areas per EB was counted 

again for Dox 4-14 and Dox 0-14 conditions compared to Dox - control EBs. EBs 

overexpressing PKD2 from day 4-14 of differentiation showed less beating clusters 

at earlier differentiation days compared to control EBs but a similar number at 

days 14 and 16 (Figure 17B). mRNA levels of the late cardiac markers Myh6 and 

Myl2a in Dox 4-14 EBs appeared to be unchanged at day 6, rather a bit higher at 

day 9 but lower at day 14 of differentiation compared to control EBs (Figures 17C 

and D). Immunostainings at day 14 of differentiation did also not reveal 

pronounced differences between the α-actinin expression of Dox 4-14 EBs and 

control EBs (Figure 17E). In line with our previous findings, early and permanent 

PKD2 induction from day 0-14 depleted cardiac differentiation (Figures 17B-D). 

Concluding, there was no directed trend observable clearly distinguishing Dox 4-

14 EBs from control cells concerning cardiac development. 
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Figure 17: Effects of late PKD2 overexpression from day 4-14 of differentiation on late 

cardiac development. 
(A) Scheme illustrating treatment regimen of iPKD2 ES cells. (B) Number of beating clusters per 

EB in Dox -, Dox 0-14 and Dox 4-14 conditions. (C, D) RT-qPCR analysis illustrating levels of late 

cardiac markers Myh6 and Myl2a in Dox -, Dox 0-14 and Dox 4-14 conditions. (E) α-actinin (red) 
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immunofluorescence stainings of conditions Dox - and Dox 4-14 at day 14 of differentiation. Nuclei 

are stained with DAPI (blue). Cultures were stimulated as illustrated in the figure. Time points as 

indicated in the figure. Beating clusters were counted n=2 in biological replicates. RT-qPCRs were 

performed n=3 in biological replicates. IFs are representative for three biologically independent 

experiments. Scale bars 20 µm. Significances were calculated using R or Excel. Raw p values 

were adjusted using Bonferroni correction (§p<0.05; §§p<0.01; §§§p<0.001). Abbreviations: d: day 

of differentiation, DAPI: 4′,6-Diamidin-2-phenylindol, Dox: doxycycline, EB: embryoid body, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, Myh6: Myosin heavy chain 6, 

Myl2a: Myosin light chain 2a, mRNA: messenger RNA, RT-qPCR: real-time quantitative 

polymerase chain reaction. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 

 

Given our leading aim to define a PKD2-responsive window during vascular 

development, we were particularly interested in endothelial cell differentiation. 

RT-qPCR analysis showed significantly upregulated mRNA levels of the vascular 

marker genes CD31, CD34 and vWF in Dox 4-14 EBs compared to Dox - and Dox 

0-14 conditions. This could particularly be observed at days 6 and 9 but also at 

day 14 of differentiation, though less intense (Figures 18A-C). Immunostainings 

for CD31 protein at day 14 substantiated the qPCR data (Figure 18D). 



 64 

Figure 18: Effects of late PKD2 overexpression from day 4-14 of differentiation on late 
vascular development. 
(A-C) RT-qPCR analysis illustrating levels of vascular markers CD31, CD34 and von Willebrand 

factor (vWF). (D) CD31 (green) immunostaining in Dox- and Dox 4-14 conditions. Nuclei are 
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stained with DAPI (blue). Cultures were stimulated as illustrated in Figure 17A. Time points as 

indicated in the figure. RT-qPCRs were performed n=3 in biological replicates. IFs are 

representative for three biologically independent experiments. Scale bars 20 µm. Significances 

were calculated using R. Raw p values were adjusted using Bonferroni correction (§p<0.05; 

§§p<0.01; §§§p<0.001). Abbreviations: CD31: Cluster of differentiation molecule 31, CD34: Cluster 

of differentiation molecule 34, d: day of differentiation, DAPI: 4′,6-Diamidin-2-phenylindol, Dox: 

doxycycline, , Hmbs: Hydroxymethylbilane synthase, IF: immunofluorescence staining, mRNA: 

messenger RNA, RT-qPCR: real-time quantitative polymerase chain reaction, vWF: Von 

Willebrand factor. Modified from [153], CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 

 

Notably, the mRNA levels of the neuronal marker Tubb3 peaked at day 6 of 

differentiation to finally fall off at days 9 and 14 in Dox 4-14 conditions compared to 

control EBs. In line with our data obtained for early PKD2 overexpression, the Dox 

0-14 conditions showed increased Tubb3 expression on mRNA level at days 6 and 

9 of differentiation (Figure 19A). This was confirmed by immunocytochemistry for 

Tubb3 at day 9 of differentiation (Figure 19B). 
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Figure 19: Effects of late PKD2 overexpression from day 4-14 of differentiation on late 

neuronal development. 
(A) RT-qPCR analysis illustrating levels of neuronal marker Tubb3. (B) Tubb3 (red) 

immunostaining in Dox-, Dox0-14 and Dox 4-14 conditions. Nuclei are stained with DAPI (blue). 

Cultures were stimulated as illustrated in Figure 17A. Time points as indicated in the figure. RT-

qPCRs were performed n=2 in biological replicates. IFs are representative for two biologically 

independent experiments. Scale bars 20 µm. Significances were calculated using Excel. 

Abbreviations: d: day of differentiation, DAPI: 4′,6-Diamidin-2-phenylindol, Dox: doxycycline, Hmbs: 

Hydroxymethylbilane synthase, IF: immunofluorescence staining, mRNA: messenger RNA, RT-

qPCR: real-time quantitative polymerase chain reaction, Tubb3: ß-3-Tubulin. 
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3.4. A PKD2 loss-of-function approach during ESC differentiation 
To corroborate our findings, we made use of a continuous PKD2 loss-of-function 

model system during ES cell differentiation. Therefore, a PKD2-kinase-dead 

(PKD2-KD) induced pluripotent stem cell (iPSC) line was generated in our 

laboratory by Wendy Bergmann (see points 2.2.4. and 2.2.5.). The 

characterization of the cell line was carried out by the author of this work. 

The PKD2-KD and -WT iPSC lines exhibited crucial characteristics of pluripotency. 

Expression of the pluripotency markers SSEA-1 and Oct-3/4 was demonstrated by 

immunostainings (Figure 20A). Furthermore, their ability to differentiate into all 

three germ layers was demonstrated by immunocytochemistry at day 4 of 

differentiation. SRY-related HMG box 17 (Sox17) protein was stained as a marker 

for endoderm, Brachyury (T) as a mesodermal marker and ß-3-Tubulin (Tubb3) as 

a marker for ectoderm (Figure 20B). 
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Figure 20: Characterization of PKD2-kinase-dead induced pluripotent stem cells. 

(A) SSEA-1 (red) and Oct-3/4 (green) staining of PKD2-KD and -WT iPSCs. Nuclei are stained with 

DAPI (blue). (B) Whole-mount staining of differentiating EBs under non-pluripotency conditions on 

day 4. EBs are positive for markers of all three germ layers (green): Sox17 - endoderm, T - 

mesoderm, Tubb3 - ectoderm, nuclei are stained with DAPI (blue). Scale bars 20 µm. 

Abbreviations: DAPI: 4′,6-Diamidin-2-phenylindol, EB: embryoid body, IF: immunofluorescence 

staining, iPSC: induced pluripotent cell, KD: kinase-dead, Oct-3/4: Octamer-binding transcription 

factor 3/4, PKD2: Protein kinase D2, Sox17: SRY-related HMG box 17, SSEA-1: Stage-specific 

embryonic antigen 1, T: Brachyury, Tubb3: ß-3-Tubulin, WT: wild type. Modified from [153], CC BY 

4.0, https://creativecommons.org/licenses/by/4.0. 
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Next, PKD2-KD and PKD2-WT iPSCs were spontaneously differentiated 

employing an EB based assay as outlined in Figure 21A. Subsequent RT-qPCR 

analysis at days 2 and 4 of differentiation revealed increased mRNA levels of the 

mesendodermal marker genes Brachyury (Bry) and FoxA2 in iPSCs expressing 

the kinase-dead PKD2 mutant compared to WT cells (Figures 21B and C). 

Expression levels of the ectodermal marker genes Pax6 and Tubb3, however, 

were downregulated in PKD2-KD EBs (Figures 21D and E). Hemangioblast and 

tripotent cardiovascular progenitor markers c-Kit and Pdgfr also showed 

upregulated mRNA levels in PKD2-KD cells (Figures 21F and G), as well as the 

early cardiac progenitor markers Tbx5 and Isl1 (Figures 21H and I). 
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Figure 21: In vitro differentiation of PKD2-kinase-dead induced pluripotent stem cells, early 

markers. 
(A) Scheme illustrating schedule of EB culture in both PKD2-KD and PKD2-WT iPSCs. (B-E) RT-

qPCR analysis depicting expression levels of different germ layer markers: Brachyury (Bry) - 

B

A

d0 d4
           EB formation            EB Differentiation

d4+5 d4+10d2

"Hanging drop"-culture EB differentiation and cell harvestEB plating
m

R
N

A 
le

ve
ls

 re
la

tiv
e 

to
 H
m
bs

 

Kinase Dead
WT

H

Bry FoxA2

PdgfrcKit

Tbx5

D

C

G

I

d2 d4

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

0

0.5

1.0

Isl1

d2 d4

0

0.5

1.0

E
Tubb3

0

0.5

1.0

§§

§

§§

§§

Pax6

0

0.5

1.0

F



 71 

mesoderm, FoxA2 - endoderm, Pax6 and Tubb3 - ectoderm. (F, G) RT-qPCR analysis illustrating 

expression levels of hemangioblast and cardiovascular progenitor markers: c-Kit, Pdgfr. (H, I) RT-

qPCR analysis of early cardiac markers: Tbx5 and Isl1. RT-qPCRs were performed n=3 in 

biological replicates. Significances were calculated using R. Raw p values were adjusted using 

Bonferroni correction (§p<0.05; §§p<0.01; §§§p<0.001). Abbreviations: Bry: Brachyury, c-Kit: Kit 

oncogene, d: day, EB: embryoid body, FoxA2: Forkhead-box A2, Hmbs: Hydroxymethylbilane 

synthase, Isl1: Islet-1, mRNA: messenger RNA, Pax6: Paired-box 6, Pdgfr: Platelet-derived growth 

factor receptor, RT-qPCR: real-time quantitative polymerase chain reaction, Tbx5: T-box, Tubb3: 

ß-3-Tubulin, WT: wild type. Modified from [153], CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 

 

This experiment was repeated with a second PKD2-KD iPSC clone and the 

previous results could be confirmed (Figures 22A - F). 
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Figure 22: Differentiation of PKD2-kinase-dead EBs derived from a second iPSC clone. 
These data were generated from two clones (WT and KD) further expanded after picking from 

reprogramming MEF cultures from the same genotype. Regulation of (A) FoxA2, (B) Pax6, (C) 

Pdgfr, (D) c-Kit, (E) Isl1 and (F) Tbx5 on day 4 of differentiation is shown. EB differentiation was 

performed according to Figure 21A. Abbreviations: c-Kit: Kit oncogene, FoxA2: Forkhead-box 2, 

Hmbs: Hydroxymethylbilane synthase, Isl1: Islet-1, KD: kinase dead, mRNA: messenger RNA, 

Pax6: Paired-box 6, Pdgfr: platelet-derived growth factor receptor, RT-qPCR: real-time quantitative 

polymerase chain reaction, Tbx5: T-box transcription factor 5, WT: wild type. Experiments were 

performed n=2. Modified from [153], CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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Consequently, compared to iPKD2 ES cells overexpressing PKD2 during days 0-4 

of differentiation, PKD2-KD iPS cells displayed the expected, completely contrary 

germ layer segregation pattern (see Figures 12 and 21). 

According to our previous experiments, we were interested in terminal cardiac and 

vascular differentiation of PKD2-KD EBs. At days 9 and 14 of differentiation, the 

PKD2-KD iPS cells showed a trend towards reduced cardiac differentiation, as 

demonstrated by decreased Myl2a and Myh6 mRNA levels (Figures 23A and B). 

Similar results were found concerning vascular differentiation. RT-qPCR analysis 

revealed a diminished expression of the endothelial cell markers CD34, CD31 and 

vWF (Figures 23C - E). This was confirmed on protein level by CD31 stainings at 

day 14 of differentiation (Figure 23F). PKD2-KD EBs exhibited not only less but 

also more scattered CD31-positive cells, which, however, appeared more 

organized in structure (data not shown) compared to WT EBs. 

Briefly, iPS cells expressing a kinase-dead PKD2-allele showed reduced terminal 

differentiation of endothelial as well as cardiac lineage. This differentiation pattern 

is opposed to the one we had observed in ES cells overexpressing PKD2 from 

days 4-14 of differentiation and is thus confirming our previous findings. 
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Figure 23: In vitro differentiation of PKD2-kinase-dead induced pluripotent stem cells, late 

markers. 
(A, B) RT-qPCR analysis of myocardial markers Myl2a and Myh6. (C-E) RT-qPCR analysis of 

vascular markers CD34, CD31 and vWF. (F) Immunostaining of differentiating ESC cultures for 

CD31 (green) at day 14. Nuclei are stained with DAPI (blue). Genotypes are indicated in the figure. 

All experiments were performed n=3 in replicates. RT-qPCRs were performed n=3 in biological 

replicates. IFs are representative for three biologically independent experiments. Scale bars 20 µm. 

Significances were calculated using R. Raw p values were adjusted using Bonferroni correction 

(§p<0.05; §§p<0.01; §§§p<0.001). Abbreviations: d: day of differentiation, DAPI: 4′,6-Diamidin-2-

phenylindol, Dox: doxycycline, EB: embryoid body, Hmbs: Hydroxymethylbilane synthase, IF: 

immunofluorescence staining, Myh6: Myosin heavy chain 6, Myl2a: Myosin light chain 2a, mRNA: 

messenger RNA, RT-qPCR: real-time quantitative polymerase chain reaction. Modified from [153], 

CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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3.5. PKD2 directs angiogenesis in an in vivo model of ESC differentiation 
In conclusion, the basic idea of our findings obtained in in vitro approaches, should 

be corroborated in an in vivo model. The chorioallantoic membrane (CAM) of the 

chick presents an easily available system to study angiogenesis in vivo. 

Furthermore, it enables the study of cross-species xenografts because of the chick 

being quite immunotolerant. [200] For a long time, the CAM assay has 

successfully been employed in a series of studies to investigate angiogenesis in 

vivo in both differentiating ES cells and tumour cells [7,8,174,179,180]. Given our 

in vitro observations in ES cells, that late PKD2 overexpression from day 4-14 of 

differentiation drives angiogenesis, we cultivated untreated iPKD2 EBs for 4 days. 

At day 4 of differentiation, the EBs were transplanted onto the CAMs and PKD2 

overexpression was directly induced by ectopic application of doxycycline (Figure 
24A). Five days later, the doxycycline-treated CAMs showed distinct chicken-

derived vessels sprouting into the tumour-like tissue, derived from PKD2 

overexpressing EBs (Figure 24B). Moreover, the doxycycline-treated EBs 

themselves developed more vessel-like structures compared to control EBs, as 

shown by immunohistochemistry for vWF (Figures 24C and D). Concluding, PKD2 

overexpression at later time points during differentiation drives angiogenesis not 

only in vitro but also in vivo. 
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Figure 24: PKD2-driven angiogenesis in the in vivo CAM model. 
(A) Scheme of CAM assay preparation with EB formation, EB transplantation and Dox treatment. 

(B) Exemplary photographs of Dox-treated and untreated CAMs in the unclosed egg. Black square 

represents region of transplanted EBs. (C) Immunohistochemistry staining for vWF protein (violet) 

of Dox-treated and untreated CAMs upon transplantation of EBs. (D) Quantification of vWF-positive 

vessels per square under respective conditions on the CAM (for details refer to point 2.2.11.). 

CAM assays were perfomed n=2. Abbreviations: CAM: chorioallantoic membrane, d: day of 

differentiation, Dox: doxycycline, EB: embryoid body, PKD2: Protein kinase D2, vWF: von 

Willebrand factor. Modified from [153], CC BY 4.0, https://creativecommons.org/licenses/by/4.0. 
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4. Discussion 

4.1. Focus on PKD2 
Despite their high structural relationship, the three PKD isoforms show distinct 

expression patterns during mouse embryonic development [164]. According to 

these findings, PKD1, 2 and 3 show both overlapping and distinct functions during 

embryogenesis: PKD1 blocks epithelial to mesenchymal transition (EMT) and cell 

migration on the one hand, PKD2 and PKD3 promote both processes on the other 

hand. [49] Moreover, mice homozygous for a PKD1 kinase-dead variant suffer 

embryonic lethality with incomplete penetrance before E9.5, whereas mice 

homozygous for PKD2 deletion are viable and fertile [144]. Primitive 

haematopoiesis and vasculogenesis start shortly before E9.5 during 

embryogenesis, however, a detailed phenotypic analysis of this phenomenon is 

still overdue [153]. 

Interestingly, the PKD family members show isoform-specific functions depending 

on context and cell type not only during embryogenesis [8,231]. In pancreatic 

cancer, PKD2 was shown to enhance tumour invasion and angiogenesis, whereas 

PKD1 was found to limit invasion [231]. However, in the CAM model, the PKD 

isoforms similarly induce angiogenesis both in pancreatic and gastric tumours [9]. 

How this isoform-, context- and cell type-specifity exactly is regulated on a 

molecular basis still requires further investigations. 

Though PKDs are highly conserved enzymes, small differences concerning the 

molecular composition are suggested to contribute to the distinct range of 

functions. PKD1 and PKD2 are the most closely related, exhibiting about 85 % 

consistence on the amino acid level [144] and sharing various structural and 

functional similarities. PKD3 is placed in a unique position, not being as 

homologous to the other two PKD family members. PKD1 and PKD2 both start 

with an N-terminal apolar region, that is absent in PKD3. Moreover, PKD1 and 

PKD2 both exhibit C-terminal autophosphorylation sites at Ser916 and Ser876, 

respectively, that are involved in the regulation of the protein conformation. PKD3, 

however, is suggested to lack a corresponding serine residue. [184] 

Our group identified a high PKD2 expression in murine muscle stem cells, so-

called myoblasts, whereas PKD1 expression was only detected at very low levels. 

Furthermore, PKD2-depletion reduced muscular differentiation, while forced 
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PKD2-expression induced myoblast differentiation. Notably, PKD1 and PKD3 only 

had minor effects on myoblast differentiation. This observation led to the 

assumption that the expression level of a PKD isoform in a parental stem cell 

population might correlate with its role during differentiation. [113] Given the 

additional fact that PKD1 was virtually undetectable in undifferentiated mouse 

embryonic stem cells, we decided to focus on PKD2 in the current study. 

Moreover, our group was interested in the activation state of PKD during ESC 

differentiation. Therefore, Ninel Azoitei performed western blot analysis with a 

primary antibody specifically binding phosphorylated serine residues within the 

activation loop of PKD. The assessment of band intensities revealed, that 

undifferentiated ESCs showed slight PKD activity, which peaked on day 2 of 

differentiation and persisted until day 6 on a lower level (data not shown). 

Remarkably, PKD activity on day 2 is mainly representing active PKD2, as PKD1 

is practically absent at this particular time (see Figures 9A and 9B). Moreover, 

immunoprecipitation of the PKD2 protein and following immunoblotting with a 

phospho-specific PKD antibody further substantiated the PKD2-specific 

phosphorylation. PKDs are activated downstream of PKCδ [202] amongst other 

novel PKC isoforms [203,225,227,228]. Garavello et al. have shown PKCδ to be 

functionally expressed in mESCs [72]. Our group actually found catalytically active 

phospho-PKCδ coinciding with phosphorylated PKD2, assuming that PKCδ might 

activate PKD2 in differentiating mouse ESCs. [153] 

4.2. Combined in vitro/ in vivo approach 
Recruitment of mesodermal progenitor cells to the endothelial lineage and 

arrangement of these cells to form de novo blood vessels is referred to as 

vasculogenesis. Angiogenesis describes the generation of new blood vessels from 

pre-existing vascular structures by endothelial cell proliferation, the so-called 

sprouting angiogenesis. [48,200] 

Vasculogenesis is difficult to model in vitro [180]. However, for adult angiogenesis, 

plenty in vitro models do exist. Human umbilical vein endothelial cells (HUVECs) 

have commonly been used for angiogenesis assays since 1973. Moreover, 

nowadays, endothelial cell lines from various organs are available as primary cell 

cultures to study angiogenesis for example in proliferation or migration assays. 

[200] However, endothelial cell cultures show a significant deficit in modelling 
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angiogenesis, as they do not provide the proper microenvironment, that is created 

during angiogenesis in vivo by the interaction of different cell types, for example 

endothelial cells, supporting cells and extracellular matrix and that is known to be 

highly important in regulating vascular processes. [99,200] 

This major issue can be circumvented by employing embryonic stem cells as a 

complex model system. ESCs are able to differentiate into all cell types existing in 

the body, thus being able to create a microenvironment with several cell types 

developing in parallel. Moreover, differentiating embryonic stem cells provide 

another unique feature, not offered by any other cell-based model system: both 

embryonic processes, vasculogenesis as well as angiogenesis, can be studied 

together in one model system. [46,99] In embryonic stem cell derived embryoid 

bodies, the hemangioblast occurs around day three of differentiation, marking the 

onset of embryonic vasculogenesis. At later stages, EBs also exhibit embryonic 

angiogenesis, appearing as 'sprouting' endothelial cell proliferation illustrating 

formation of early blood vessels from embryonic day six onwards. Hence, this cell 

culture based model system implies the ability to depict a particular factor's 

influence on both embryonic vasculogenesis and angiogenesis. [99] 

Nonetheless, pure in vitro vasculogenesis and angiogenesis models also involve 

drawbacks. Complex processes, that require passing through diverse 

developmental stages, are assumed to be underrepresented in differentiating ES 

cell cultures. Moreover, the strictly regulated organization of vascular structures in 

the developing embryo appears to be more variable in EBs. [99] Furthermore, EBs 

do not provide blood flow. However, blood flow induces shear stress, that is known 

to participate in shaping the vascular architecture. [158] 

In consequence, the in vivo study of angiogenesis represents an essential step. 

The chorioallantoic membrane of the chick embryo provides a physiological 

system for the in vivo analysis of cells with the advantage of the chick's 

immunotolerance allowing even the study of cross-species xenografts. Moreover, 

the CAM is easy accessible and allows direct and repeated application of 

doxycycline thus providing a technically simple way to study complex biological 

processes. [200] 

For these reasons, we made use of a combined in vitro/ in vivo approach: EBs, 

derived in vitro from gene-manipulated mouse ESCs, were transplanted onto 
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CAMs, that provide an excellent model for physiological vessel formation in vivo. 

[153] 

4.3. PKD2-gain-of-function and -loss-of-function 
To use the above mentioned advantages for our concerns, we engineered two 

mouse stem cell lines: first, a PKD2-knock-in-allele was targeted to the HPRT 

locus under the control of a tetracycline-responsive element, allowing the 

doxycycline-induced timed overexpression of a constitutive active PKD2-allele in 

mouse embryonic stem cells in terms of a gain-of-function system 

[3,25,29,118,126,220,230]. Thus, overexpression of PKD2 may be activated/ 

inactivated at any point in ESC differentiation, enabling especially the investigation 

of effects during defined time windows. This is of particular significance for our 

study, as vasculogenesis and angiogenesis take place during different embryonic 

phases. Second, mouse induced pluripotent stem cells, expressing a kinase-dead 

PKD2-mutant [144,157], were generated, representing a genetic loss-of-function 

system. 

Days 0-4 of differentiation - pre-segregation 

Employing the gain-of-function system, overexpression of PKD2 during the first 

four days of differentiation did surprisingly not induce vasculogenesis. In contrary, 

mesendodermal differentiation was repressed, whereas neuroectodermal fate was 

favoured. Consistently, abrogation of PKD2 in the loss-of-function approach 

provided opposing results: mesendodermal differentiation as well as 

cardiovascular progenitors were induced in expense of neuroectodermal lineage. 

With regard to our data demonstrating a PKD activation peak at day 2 of 

differentiation, this is particularly interesting. It is noted, that PKD1 is virtually 

undetectable at this stage, which is why we presume this activation peak being 

caused by PKD2. [153] Summing up, regarding the developmental period before 

segregation, the results of PKD2 gain- and loss-of-function approaches are exactly 

contrary - as expected. 

After day 4 of differentiation - post-segregation 

Induction of PKD2-overexpression after day 4 of differentiation led to increased 

development of vascular structures. Notably, during this period, an important 

developmental step takes place in the ESC-based EB model system: from day 6 of 

differentiation onwards, endothelial cell sprouting can be observed to remodel the 
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primary vascular plexus of the EB. [99] Thus, the onset of branching angiogenesis 

in the EB falls into the period of PKD2-overexpression. [153] 

Employing the genetic loss-of-function approach revealed reduced terminal 

cardiovascular differentiation, although only few markers were significantly 

changed. This result is difficult to assess, as it comprises biological as well as 

systematic inconsistencies. On the one hand, germ layer segregation in the 

absence of PKD2 leads to increased mesendodermal and cardiovascular 

progenitor cells, which gives reason to expect enhanced terminal cardiovascular 

development. The opposite case - less cardiovascular terminal differentiation - 

occurring presents a discrepancy between subsequent developmental steps and a 

biological inconsistency within the loss-of-function system. On the other hand, 

PKD2 overexpression after germ layer segregation leads to a striking increase in 

terminal vascular differentiation anticipating a more pronounced reduction in 

vascular development following the loss of PKD2 function. In our PKD2 loss-of-

function approach we only find a moderate decrease in cardiovascular 

differentiation depicting a systematic inconsistency between gain- and loss-of-

function approach. 

Time dependence 

Our gain-of-function data strongly suggest temporal differences of PKD2 function 

during embryonic stem cell differentiation. Thus, an explanation for the above 

mentioned discordances might be, that the loss-of-function system does not 

provide the possibility to induce the expression of a PKD2-kinase-dead mutant in a 

time-dependent manner. [153] As suggested by our overexpression data, loss of 

PKD2-function after germ layer segregation decreases vascular development. This 

might explain, why an enhanced number of cardiovascular progenitors did not lead 

to increased terminal vascular differentiation. Vice versa, a more striking decrease 

of vascular development might have been inhibited by the raised amount of 

cardiovascular progenitors present after germ layer segregation in the absence of 

PKD2. To finally clarify this issue, further studies employing a time-dependent 

inducible PKD2-loss-of-function system would be necessary. 

In addition, the PKD2 loss-of-function conditions showed not only overall reduced, 

but also more scattered development of CD31-positive vascular structures. 

However, the vessels appeared more organized exhibiting more branches 
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compared to control conditions. This observation requires additional investigations 

in further studies. [153] 

4.4. PKD2 loss-of-function and compensational events in vivo? 
Various studies suggest a role of the PKD family members in physiological 

[58,77,80,237,242] and tumour [4,163] angiogenesis. Endothelial cell proliferation 

and migration, both necessary for angiogenesis, are promoted by PKD2. This 

regulation happens, at least in part, through regulating the expression of the 

growth factor receptors VEGFR2 and FGFR1, both taking key roles in 

angiogenesis. So, PKD2 has been identified as the predominant PKD isoform 

regulating angiogenesis. [80] 

Knock-out mouse models of genes involved in processes highly critical for 

embryogenesis, such as vasculogenesis, normally undergo embryonic lethality 

[26,27,63]. The PKD2 knock-out mouse is viable and fertile, not showing any 

phenotypically anomalies. This leads to the conclusion, that PKD2 activity is not 

essential for mouse embryonic development. [144] Thus, our data, not suggesting 

a critical role of PKD2 during vasculogenesis, are compatible with a viable PKD2 

knock-out mouse. 

A recent study, employing the zebrafish as a model system, found PKD1 silencing 

during zebrafish development not altering vasculogenesis. However, PKD1 

deletion in a zebrafish tumour/ xenograft angiogenesis assay completely abolished 

angiogenesis. [84] Therefore, our findings, suggesting that PKD2 does not alter 

vasulogenesis but has a strong impact on angiogenesis, go conform with the data 

obtained in zebrafish. 

Maier et al. reported on overexpression of both wild type and kinase-dead PKD 

variants in drosophila leading to wing vein defects. However, no other vascular 

malformations were described. [132] Hence, our data, reporting a role of PKD2 

during vascular development, which includes embryonic angiogenesis, are in line 

with the necessity of a precisely regulated PKD function for correct vascular 

development in drosophila. 

Discordance remains between a viable and fertile PKD2 knock-out mouse [144] 

and our in vitro data demonstrating alterations during germ layer segregation and 

cardiovascular differentiation [153]. This raises the question, if compensational 

effects might protect embryonic development in case of loss of a particular PKD 
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isoform, nonetheless enabling the development of a viable PKD2 knock-out 

mouse. Overlapping expression of different PKD isoforms is indeed reported in 

several studies [9,42,53,240]. Moreover, the coexistence of the three PKD-

isoforms has even been shown during mouse embryonic development [55,164] as 

well as in stem cell cultures [113]. During the past decades, several groups 

managed to provide detailed insight into PKD isoform specifity. On the one hand, 

isoform-specific behaviour was found including control of angiogenesis [9,77], cell 

motility [52], cell growth [53], proliferation [176] and invasion [19]. PKD isoform 

functional specifity goes as far as even opposing effects like tumour suppression 

and cell survival or suppression and promotion of invasion are mediated by 

different PKD isoforms in pancreatic cancer cells [31,133,231]. On the other hand, 

especially PKD1 and PKD2 share essential structural similarities [55,184] and are 

known to have overlapping functions mediating cell migration [168]. Compensation 

is an important issue concerning embryonic development, as compensational 

events are implicated in numerous developmental steps including skeletogenesis, 

organogenesis, neuronal, craniofacial, pharyngeal and tooth development 

[30,43,146,213,214,238]. Maier et al. demonstrated compensation mechanisms 

within the PKD family even crossing species. They showed the human PKD 

isoforms hPKD2 and hPKD3 to rescue the loss of drosophila PKD activity, 

preventing the wing phenotype of flys expressing a non-functional PKD mutant 

[132]. Especially milestones of differentiation, whose non-achievement would lead 

to early embryonic lethality, are not uncommonly severalfold protected. Among 

these are gastrulation and also vascular development [111,170,209,245]. [216] 

Combining, compensational mechanisms might cause the PKD2 knock-out 

mouse's viability. Further, this compensation seems to be weakened in our in vitro 

system, providing a conceivable explanation for our data presenting germ layer 

modifications upon PKD2 knock-out. Reasoning, the in vitro system offers a 

chance to detect the functions of a protein family in an isoform specific manner. 

[153] 

4.5. PKD as a possible subordinate player affecting pluripotency 
Protein kinase C has been identified as a player in the balance of pluripotency and 

differentiation in embryonic stem cells. Novel and atypical PKC isoforms were 

identified as effectors downstream of fibroblast growth factor 2 (FGF2) regulating 
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self-renewal in human embryonic stem cells [110]. In mouse embryonic stem cells, 

especially atypical PKCζ was shwon to induce lineage commitment via signaling of 

the transcription factor nuclear factor kappa-light-chain-enhancer of activated B-

cells (NF-κB). These findings led to PKC-inhibitor based ES cell culture systems 

maintaining pluripotency without the need for activation of the transcription factor 

signal transducer and activator of transcription 3 (STAT3) or inhibition of the 

kinases glycogen synthase kinase 3 (GSK3) and mitogen-activated protein kinase 

(MAPK)/ ERK kinase (MEK). [50,160,235] PKC is known to be an upstream 

activator of PKD [184]. Our group demonstrated the coincidence of active PKD2 

and phosphorylated PKCδ suggesting PKD2 being activated by PKCδ. Combining 

these facts implicates the question, if PKD2 might act as a subordinate player 

influencing the pluripotency circuitry in embryonic stem cells. 

In our loss-of-function experiments, we detected a decreased number of cells 

stained positive for Alkaline Phosphatase in the colonies derived from iPSCs 

expressing the PKD2 kinase-dead mutant compared to wildtype iPSCs (data not 

shown), suggesting a possible impact of PKD2 on pluripotency. 

Our gain-of-function experiments could not support this guess, as the expression 

levels of the pluripotency marker SSEA-1 were unaltered, not indicating an 

obvious impact of PKD2-overexpression on pluripotency. However, we noticed the 

embryoid bodies obtained from ESCs overexpressing PKD2 being smaller in 

diameter (data not shown). Cell cycle analysis revealed a higher percentage of 

apoptotic cells in EBs overexpressing PKD2 as one possible explanation for the 

difference in size (data not shown). PKD is known as a mediator of apoptosis via 

apoptosis signal-regulating kinase 1 (ASK1) - c-Jun N-terminal kinase (JNK) 

signaling [244]. As the final effectors of apoptosis, the caspases [81], are closely 

connected to many cellular differentiation processes [122], the bridge is built to the 

great field of pluripotency and cell fate decision. 

Taken together, to date, it is not possible to explain these unclear findings or even 

place them in the context of known signaling pathways regulating the complex 

circuitry of pluripotency. Thus, further detailed investigations are demanded in the 

field of PKD2 as a possible minor influencer of pluripotency in embryonic stem 

cells. [153] 



 84 

4.6. Conclusion 
Concluding, this study presents novel and time-dependent facets of PKD2 activity 

during embryonic development, employing a complementary gain- and loss-of-

function concept. 

First, the three PKD isoforms are expressed in undifferentiated and differentiating 

mouse ES cells, while especially PKD2 presents a differentially regulated 

expression pattern. Second, PKD2 limits mesendodermal and cardiovascular 

progenitor formation, as well as, in consequence, terminal cardiac and vascular 

differentiation in vitro. In exchange, ectodermal and neuronal differentiation are 

increased upon PKD2 activity. Vice versa, PKD2 depletion leads to increased 

mesendodermal and cardiovascular progenitor formation. Third, PKD2 drives 

embryonic angiogenesis in vitro, displaying a time-dependent activity pattern. We 

define a time frame, within which pre-existing vascular structures, arisen during 

vasculogenesis, are susceptible for PKD2 activity leading to the induction of 

sprouting angiogenesis. Consistently, PKD2 depletion leads to decreased terminal 

endothelial differentiation. Fourth, PKD2 was shown to direct angiogenesis in vivo 

as well. 

However, there are questions remaining concerning the role of PKD during early 

cell fate decision. Especially the regulation of isoform-, context- and cell type-

specifity, next to compensational mechanisms and PKD as a potential subordinate 

influencer of pluripotency are still of great interest. Time-dependent inducible loss-

of-function in vitro systems complemented with conditional and combinational 

knock-out mouse models will support further studies. [153]  
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5. Summary 

The Protein Kinase D (PKD) family is set up by three highly conserved members, 

the isoenzymes PKD1, 2 and 3. PKDs are diacylglyerol-stimulated serine/ 

threonine protein kinases and form a subgroup of the Calcium/ Calmodulin Protein 

Kinase (CAMK) superfamily. Various stimuli lead to a Protein Kinase C (PKC)-

dependent PKD-activation and the performance of multiple functions in diverse 

biological systems. A major role in physiological as well as tumour angiogenesis is 

attributed to PKD2. Angiogenesis is referred to as formation of new blood vessels 

from pre-existing vascular structures by endothelial cell differentiation. In contrast, 

vasculogenesis describes de novo blood vessel formation by endothelial cell 

differentiation from mesoderm during development. PKCs, the prominent upstream 

activators of PKDs, are known to drive lineage commitment in mouse embryonic 

stem cells (mESCs). Moreover, in the developing embryo, vasculogenesis and 

angiogenesis are closely linked. However, the role of PKDs during early embryonic 

cell fate decision and especially vasculogenesis largely remains elusive. 

To address this question, this study uses a combined gain- and loss-of-function 

approach in mouse embryonic stem cells for in vitro experiments, complemented 

with chicken chorioallantoic membrane (CAM) xenografts for an in vivo approach. 

This study demonstrates PKD2 to be strongly expressed in mESCs, followed by 

PKD3 and PKD1 only presenting marginal expression levels. For the first time, we 

describe time-restricted PKD2-activity influencing early cell fate decision and 

angiogenesis. During early differentiation (days 0-4), PKD2-activity decreases 

mesendoderm formation and subsequent cardiovasculogenesis in favour of 

ectoderm, while promoting sprouting angiogenesis during late differentiation (days 

4-14). Consistently, PKD2-loss-of-function analyses demonstrate opposed effects. 

These findings are confirmed in vivo, as embryoid bodies (EBs), transplanted on 

CAMs, induce an angiogenic response upon PKD2-overexpression from day 4 of 

differentiation onwards. 

Summing up, this thesis presents novel and time-dependent aspects of PKD2-

activity during early embryonic development. Our data provide further insight into 

the complex regulation of angiogenesis, that might even be of clinical interest in 

the fields of cancer research and regenerative medicine. 
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