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Summary 
Fibrodysplasia Ossificans Progressiva (FOP) is a rare disease characterized by 

episodic bone formation outside of the skeleton (ectopic bone) in soft tissues in a 

process called heterotopic ossification (HO). Independent of the location and initial 

triggers, ectopic bone in FOP forms via a complex-multi-stage process, which mimics 

the developmental process of endochondral bone formation. Bone is a highly 

vascularized organ and its formation requires a tightly controlled interplay of 

osteogenesis and angiogenesis. Blocking or loss of pro-angiogenic factors (e.g. 

VEGFA) impairs bone formation by disturbed angiogenesis and decreased 

ossification. FOP patient biopsies revealed that HO lesions are highly angiogenic with 

aberrations in vascular markers and morphology suggesting the involvement of 

pathological angiogenesis and Endothelial to Mesenchymal Transition (EndMT). 

However, it remains elusive, which molecular mechanisms orchestrate the vasculature 

in ectopic bone formation and which signals are responsible for the aberrant vascular 

phenotype in FOP lesions.  

FOP is caused by mutations in the BMP type I receptor ALK2 leading to hypersensitive 

signaling and aberrant SMAD1/5 activation by ActivinA. In FOP mice, blocking of 

ActivinA prevents HO indicating a central role of this ligand in the disease.  

Whether signaling responses of Activin or BMP ligands cause the vascular phenotype 

in human FOP biopsies is unknown. The endothelium represents a fundamental 

component of the vasculature by forming the initial tubular structure.  

In the present study a patient derived endothelial cell (EC) model was generated by 

using induced Pluripotent Stem Cells (iPSCs) in a combinatorial cryopreservation and 

differentiation method. FOP iECs recapitulated the pathomechanism of aberrant 

ActivinA/SMAD1/5 signaling and additionally showed aberrant BMP/SMAD2 

responses in an ALK2 dependent manner. ActivinA transduced a BMP like response 

only in FOP iECs and a comprehensive transcriptome analysis identified a FOP-

specific genetic profile interlinking ActivinA with BMP/NOTCH pathways, blood vessel 

formation and EndMT.  

Collectively, the results propose a model in which ActivinA primes FOP ECs in favor 

of pathological angiogenesis and EndMT in presence of angiogenic and inflammatory 

factors as 2nd triggers. 
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ActivinA induced only partial EndMT and alterations in angiogenesis were only 

observed in presence of VEGFA suggesting a second hit model for pathological 

endothelial function in FOP lesions. Thus, I propose that the ActivinA induced FOP 

specific transcriptome (1st trigger) pre-patterns the FOP endothelium and thereby 

challenges endothelial identity and plasticity, which leads to pathological angiogenesis 

and EndMT in presence of 2nd triggers. 

Drug testing in the FOP endothelial disease model demonstrated that the kinase 

inhibitor Saracatinib rescued aberrant signaling responses and the ActivinA-induced 

transcriptome in FOP iECs to WT levels, suggesting a preventive effect on pathological 

vascularization in pre-osseous FOP lesions. 

 



 Zusammenfassung 

 XIII 

Zusammenfassung 
Fibrodysplasia Ossificans Progressiva (FOP) ist eine seltene Erkrankung, die durch 

episodische Knochenbildung außerhalb des Skeletts (ektopischer Knochen) 

gekennzeichnet ist. Der Prozess der Knochenbildung in Weichteilgewebe wird 

heterotope Ossifikation genannt (HO). Unabhängig von der Lokalisation und 

den anfänglichen Auslösern bildet sich der ektopische Knochen bei FOP über 

einen komplexen, mehrstufigen Prozess, der die endochondrale Knochenbildung 

nachahmt. Der Knochen ist ein stark vaskularisiertes Organ und seine Bildung 

erfordert ein eng kontrolliertes Zusammenspiel von Knochen- (Osteogenese) und 

Blutgefäßbildung (Angiogenese).  

Die Inhibierung oder der Verlust von pro-angiogenen Faktoren (z.B. VEGFA) 

beeinträchtigt die Angiogenese und verringert die Knochenbildung. Biopsien von FOP-

Patienten enthüllten, dass sich in Läsionen der HO viele Blutgefäße bilden, welche 

veränderte Markerproteine und Morphologie aufweisen. Dies lässt eine 

pathologischen Angiogenese und eine Endothelial-mesenchymale Transition (EndMT) 

vermuten. Es bleibt jedoch unklar, welche molekularen Mechanismen die Blutgefäße 

während der ektopischen Knochenbildung steuern und welche Signale für den 

vaskulären Phänotyp in FOP-Läsionen verantwortlich sind. 

FOP wird durch Mutationen im BMP-Typ-I-Rezeptor ALK2 verursacht, die zu einer 

hypersensitiven Signalübertragung und einer aberranten SMAD1/5-Aktivierung durch 

ActivinA führen. In FOP-Mäusen verhindert die Blockierung von ActivinA die HO, was 

auf eine zentrale Rolle dieses Liganden bei FOP hinweist. Ob Signalübertragungen 

von Activin- oder BMP-Liganden den vaskulären Phänotyp in menschlichen FOP-

Biopsien verursachen, ist unbekannt. Das Endothel stellt eine fundamentale 

Komponente der Vaskulatur dar und bildet die initiale tubuläre Struktur von 

Blutgefäßen.  

In der vorliegenden Studie wurde ein FOP-Endothelzellmodell mittels 

kombinatorischer Kryokonservierungs- und Differenzierungsmethode generiert. Dafür 

wurden von FOP Patienten stammende induzierte pluripotente Stammzellen (iPSZ) 

verwendet. Die aus FOP iPSZ generierten Endothelzellen rekapitulierten den 

Pathomechanismus der aberranten ActivinA/SMAD1/5-Signalübertragung und zeigten 

zusätzlich aberrante BMP/SMAD2-Signalantworten in einer ALK2-abhängigen Weise. 
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ActivinA transduzierte eine BMP-ähnliche Antwort nur in FOP Enothelzellen und eine 

umfassende Transkriptomanalyse identifizierte ein FOP-spezifisches genetisches 

Profil, das ActivinA mit BMP/NOTCH-Signalwegen, Blutgefäßbildung und EndMT 

verknüpft. ActivinA induzierte nur teilweise EndMT und veränderte die Angiogenese 

nur in Gegenwart von VEGFA, was auf ein second hit Modell für die pathologische 

Endothelfunktion in FOP-Läsionen hindeutet.  

Auf Basis des second hit Modells wird angenommen, dass ActivinA als erster Auslöser 

ein FOP-spezifisches Transkriptom induziert, welches das FOP-Endothel 

vorstrukturiert. In Gegenwart des zweiten Triggers wird die endotheliale Identität und 

Plastizität herausgefordert und mündet in pathologische Angiogenese und EndMT. 

Medikamententests im FOP-Endothelmodell zeigten, dass der Kinaseinhibitor 

Saracatinib die aberranten Signalantworten und das ActivinA-induzierte Transkriptom 

in FOP-Endothelzellen auf WT-Niveau hält. Dies deutet auf eine präventive Wirkung 

auf eine mögliche pathologischen Vaskularisierung in frühen FOP-Läsionen hin, bevor 

der ektopische Knochen entsteht. 
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1. Introduction 

1.1 Bone is a vascularized organ 
The formation of the endoskeleton is a unique feature of embryonic development in 

vertebrates. The skeletal system is complex and consists of bones, joint, ligaments 

and tendons and is mostly described as a framework of the body, which enables 

support, movement and protection of inner organs. Skeletal structures derive from 

mesenchyme precursors and most bones develop from a cartilage intermediate, which 

becomes gradually replaced by bone through endochondral ossification between the 

sixth and seventh week of human embryonic development. Only flat bone of the skull, 

clavicle and most cranial bones form directly from mesenchymal tissue to bone via 

intramembranous ossification (Breeland et al., 2020). At birth the majority of cartilage 

is replaced by bone but ossification proceeds throughout growth until the age of about 

25 (Breeland et al., 2020). However, those developmental bone formation programs 

become re-activated in cases of injury to regenerate bone in fracture healing (Hu et al., 

2017). Bone is a vital organ composed of mineralized connective tissue and 

specialized cells, which maintain bone homeostasis, involving essential physiological 

processes such as mineral storage and hematopoiesis (Al-Bari and Mamun, 2020). 

After development and growth, bone in skeletal structures is constantly formed and 

resorbed in a process called remodeling, which maintains organ homeostasis by bone 

matrix forming osteoblasts and resorbing osteoclasts accompanied by osteocytes 

(Hattner et al., 1965). The complex remodeling process adapts to changing 

biomechanical forces and the average turnover of bone is 10% per year, corresponding 

to estimations of complete renewal of the skeleton every ten years (Manolagas and 

Parfitt, 2010). Already in the 1869 Julius Wolff observed that bones are living, highly 
vascularized structures (Figure 1.1) that shape during life (remodel) and adapt to 

mechanical loads (White et al., 2011).  

Today, it has become increasingly clear that different bone compartments are not only 

nourished by an integrated vascular network. In fact, the vasculature is indispensable 

as a functional component for bone development, repair, hematopoiesis, mineral 

storage and endocrine functions (Filipowska et al., 2017). Recent evidence suggest 

different vasculature in specific bone regions and even the existence of specialized 

bone vessel sub-types (Sivaraj and Adams, 2016). Increasing evidence demonstrates 
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that osteogenesis and vascularization is tightly coupled but the underlying molecular 

mechanisms remain poorly understood (Grosso et al., 2017). 

The following chapters will introduce the essential role of the vasculature in bone 

formation and how molecular mechanisms of single cell types may navigate the 

vasculature in this process. This is of interest in context of the rare disease 
Fibrodysplasia Ossificans Progressiva (FOP), which is characterized by a severe 

form of ectopic bone formation in soft tissues outside of the skeleton. 

In the present study the establishment of a FOP disease model will demonstrate how 

the overactivation of the molecular signaling pathway of Bone Morphogenetic 
Proteins (BMPs) changes vascular cell responses and how this may contribute to the 

initiation of ectopic bone formation in FOP.  

 
 
Figure 1.1 Vascular networks in bone.  Schematic depiction of the head (Epiphysis) and a part of the lower 
shaft (Diaphysis) of a long bone (right image) and the integrated blood vessel connections between bone marrow, 
cortical bone and the outer connective tissue layer (periosteum) (right and left image). The left image is adapted 
from (Cowin and Cardoso, 2015). 
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1.2 Blood vessels form vascular networks 
The vascular system of an organism permits circulation of blood to ensure oxygen and 

nutrition supply and waste removal from all tissues to sustain growth and viability and 

to support and maintain diverse organ functions (Filipowska et al., 2017). 

This requires the establishment of a complex vessel network, which maintains blood 

flow and reaches every tissue. Thereby, the vascular system connects the heart with 

all other organs and needs to quickly adapt to acute and chronic changes in tissues. 

In fact, the cardiovascular system is the first functional organ, which is formed in 

development of vertebrates (Udan et al., 2013). Defects in vascular development and 

vessel formation may cause embryonic lethality and contribute to vascular pathologies 

(Chappell and Bautch, 2010). 

The vasculature can be subdivided in the arterial, venous and lymphatic vessel 

systems. The arterial system transports blood away from the heart and is composed 

of large but also smaller diameter arteries and arterioles. In contrast, the venous 

system transports blood back to the heart through larger venules and veins. The heart 

is connected through the pulmonary arteries and veins to the rest of the vasculature to 

circulate blood to and from the lungs. The arterial and venous vascular beds form a 

closed circulatory system by a hierarchical vascular tree with large arteries and veins 

that are connected to progressively smaller, thin capillaries (Figure 1.2A, C).  

In contrast, the lymphatic system is not closed and forms a unidirectional network that 

begins as blind-ended lymphatic capillaries that transport interstitial fluid from tissues 

and organs into larger collecting vessels (Jiang et al., 2018). The endothelium can be 

considered as the fundamental building block of the vascular system by forming the 

initial tubular structure.  

Endothelial cells (ECs) line the inner wall of blood vessels and form via intercellular 

junctions a dynamic barrier between circulating blood and tissue (Figure 1.2B). The 

endothelium is supported by mural cells, which include smooth muscle cells and 

pericytes. Larger vessels are surrounded by thicker layers of smooth muscle cells and 

an outer layer of connective tissues, which maintain stability and allow dynamic 

responses to blood flow and contractility (Taylor and Bordoni, 2020; Udan et al., 2013) 

(Figure 1.2B). Different vascular beds and vessel types can be distinguished by 

specific molecules and pathways of the endothelium, which specifiy cellular function 

and morphology on organ and tissue demands (Rocha and Adams, 2009). However, 

up to date the heterogeneity of the endothelium remains incompletely understood. 
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But in recent years the knowledge has increased based on data from single-cell 

sequencing allowing the characterization of cellular heterogeneity by whole genome 

profiles (Chavkin and Hirschi, 2020). For example, a very recent study mapped 

endothelial heterogeneity of the adult lung and identified a new EC subpopulation by 

using single cell analytics (Niethamer et al., 2020). Moreover, transcriptomic analysis 

identified an endothelial cell subtype in embryonic and early postnatal long bones, 

which strongly supports osteoblast cells (Langen et al., 2017).  

New blood vessels can form de novo from endothelial progenitors by vasculogenesis 

or from pre-existing vessels by sprouting angiogenesis. Both processes are 

essential in vascular development in embryogenesis but also postnatally. 

 
Figure 1.2 The vascular system and its cellular components.  (A) The vasculature can be subdivided in 
the arterial, venous systems. (B) Vessel size and wall characteristics are very heterogenous but each vessel 
consists of three main cell types: Endothelial cells, which line the inner wall of blood vessels and form a dynamic 
barrier between the tissue and the circulating blood containing Erythrocytes and Lymphocytes. The endothelium 
is supported by mural cells, which include smooth muscle cells and pericytes. (C) The arterial and venous 
circulatory system is connected by smaller venous and arterial capillaries. 

 Embryonic blood vessel development 
In embryonic development first blood vessels form de novo via vasculogenesis 

shortly after gastrulation from mesoderm. Mesoderm becomes induced between 

ectoderm and endoderm during gastrulation involving BMP4 expression from the 

epiblast (Figure 1.3A). The epiblast (primitive ectoderm) derives together with the 
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hypoblast (primitive endoderm) from the inner cell layer of the blastocyst (Dyer and 

Patterson, 2010). Shortly after gastrulation, the mesoderm becomes further specified 

in axial, paraxial and lateral domains. High levels of BMP signaling specify the 

formation of lateral plate mesoderm, which constitutes the progenitors for the heart, 

cardiovascular system, blood, kidneys, smooth muscle lineage and also for the limb 

skeleton (Prummel et al., 2020).  

BMP4 is essential in mesoderm formation as Bmp4 deficient mice die at (E7.5-E9.5) 

due to mesodermal defects in gastrulation (Winnier et al., 1995). Interestingly, some 

homozygous mutants developed beyond this stage, indicating that Bmp2, which has 

92% sequence identity of the mature region may in some cases compensate for the 

absence of Bmp4 as both ligands are expressed in embryos from embryonic 

developmental stage E6.5 to E10.5 (Winnier et al., 1995). This is supported by the 

observation that mice deficient in Alk3, the high affinity binding receptor for Bmp2 and 

Bmp4, did not develop beyond gastrulation (Winnier et al., 1995). However, mice 

deficient in either Alk3, Bmp2 or Bmp4 are embryonic lethal (Sun et al., 2007; Wang et 

al., 2014). 

Moreover, studies with human embryonic stem cells (ESCs) demonstrated that BMP4 

was required for mesoderm induction and the formation of primitive vascular networks 

(Boyd et al., 2007; Zhang et al., 2008). In contrast, BMP2 stimulation of ESC resulted 

in extra-embryonic endoderm (Pera et al., 2004) suggesting that primarly BMP4 is 

required for mesoderm induction in human ESCs. However, BMP4 directly induces 

vascular endothelial growth factor receptor 2 (VEGFR2/FLK1/KDR) and stem cell 

leukemia (SCL) in human and murine ESCs, which are markers for hemangioblasts, 

the precursors of endothelial and hematopoietic cells (Chung et al., 2002; Park et al., 

2004) (Figure 1.3B). This is in line with in vivo data showing that BMP4 positively 

regulates VEGFR2 expression in the lateral plate mesoderm of developing quail and 

zebrafish embryos (He and Chen, 2005; Nimmagadda et al., 2005). VEGFR2 

expression is required for vasculogenesis, the differentiaton of endothelial progenitor 

cells (angioblasts) into de novo endothelial cells (Vieira et al., 2010) (Figure 1.3B). 

Thus, BMP signaling is activated upstream of the vasculogenesis cascade and is 

required for mesoderm induction and further specification of the hemangioblasts. 

Commitment to endothelial progenitors (angioblasts) and vasculogenesis is regulated 

by signals from extraembryonic endoderm, such as Indian hedgehog (IHH) (Dyer et 

al., 2001) and vascular endothelial growth factor A (VEGFA). VEGFA treatment directs 



Introduction 

 

 6 

mesodermal cells to the endothelial lineage by further upregulation of VEGFR2 as 

shown in Japanese quail embryos (Giles et al., 2005). Both, VEGFA and VEGFR2 are 

essential for vasculogenesis as the lack of either one causes embryonic lethality and 

failed blood vessel formation (Ferrara et al., 1996; Shalaby et al., 1995).  

Primitive ECs coalesce into an initial primitive vascular network and form the major 

embryonic vessels, the dorsal aorta and the cardinal vein (Figure 1.3). Endothelial 

barriers are stabilized by the cell-cell proteins junctional VE-Cadherin and PECAM1, 

which also mark endothelial identity (Dyer and Patterson, 2010). 

Arterial and venous identity is further specialized through arteriovenous 
differentiation, driven by the activation of specific arterial (e.g. EPHRINB2, HEY1/2) 

and venous (e.g. EPHB4, COUP-TFII) gene markers (Fang and Hirschi, 2019; Kume, 

2010). After arterial and venous specification the primitive vasculature matures into a 

hierarchical network of large arteries and veins that connects into a more extensive 

network of small capillaries via extensive remodeling (Towbin, 2015; Udan et al., 

2013) (Figure 1.3). This remodeling process results in a mature blood vessel network 

and is characterized by lumen formation, cell proliferation, mural cell recruitment and 

the formation of new blood vessels from pre-existing ones, named angiogenesis. 

In addition, mechanical forces by blood flow are crucial for proper vascular remodeling 

of initial vessels such as the aortic arches and the umbilical vessels (Campinho et al., 

2020; Udan et al., 2013). But also in mature arterial networks the vessel walls continue 

to remodel in response to mechanical and hemodynamic stimuli (Van Varik et al., 

2012).  
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Figure 1.3 Development of vascular networks involves Vasculogenesis and Angiogenesis.  (A) 
Simplified scheme of mesoderm formation in gastrulation triggered by epiblast (Primitive Ectoderm) derived 
BMP4. Adapted from (Dyer and Patterson, 2010) (B) A subset of mesodermal progenitors become 
hemangioblasts, which are the precursors of hematopoietic stem cells and endothelial cells. The endothelial 
progenitors (angioblasts) are committed for endothelial differentiation and result in endothelial cells aggregate 
and form primitive vascular networks and undergo arteriovenous differentiation. The major embryonic vessels, 
the dorsal aorta and the cardinal vein are formed. The complex vasculature network is formed via extensive 
remodeling including regression mural cell recruitment and formation of new vessel branches via angiogenesis. 
Remodeling of the primitive vascular network with large diameter arteries connects to smaller diameter capillary 
networks. 

 New blood vessel formation in adults 
New adult blood vessels mainly form through activation of pre-existing vessels by 

angiogenesis. Additionally, de novo blood vessel formation may occur through 

vasculogenesis. About two decades ago the identification of endothelial progenitors 

(EPCs) or also called endothelial colony forming cells (ECFCs) in peripheral blood 

(Asahara et al., 1997), has changed the dogma that vasculogenesis is restricted to 

embryonic development. ECFCs form new blood vessels and incorporate into resident 

mature vessels upon various stimuli such as ischemia (Keighron et al., 2018). The 

extent of ECFC contribution to new blood vessel formation remains controversial (Naito 

et al., 2020). Moreover, it has been proposed that the vascular wall of tissue resident 

vessel contains a subset of ECs with high proliferative potential and even 

stem/progenitor cell characteristics (Naito et al., 2020).  
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Correct blood vessel maintenance and organization of new structures requires pro- 

and anti-angiogenic factors, which balance the interplay of several signaling pathways 

(explained in more detail in chapter 1.11) to maintain vessel quiescence or activation 

of angiogenesis and remodeling (Figure 1.4). Mostly, the vasculature remains in 

quiescent state maintaining tissue homeostasis. However, in physiological settings 

such as growth and the female reproductive cycle proangiogenic gradients trigger ECs 

to form new vessels in adult tissues. But also pathological conditions result in pro-

angiogenic environments, which aberrantly activate signaling pathways leading to 

pathological angiogenesis, which then forms malformed vessels for example in 

wound healing, vascular diseases, cancer and chronic inflammation (Chung et al., 

2010; Góth et al., 2003). Moreover, disbalance in signaling may also cause increased 

endothelial apoptosis and vessel regression in complications such as retinopathy in 

diabetes (Watson et al., 2017) (Figure 1.4). 

 
 
Figure 1.4 Blood vessel formation in adult tissues.  Schematic model of quiescent vessels in adult tissues, 
which become activated by pro-and anti-angiogenic factors for angiogenesis or regression in physiological and 
pathological tissue context. In healthy tissue homeostasis pro- and anti-angiogentic factors balance the interplay 
of several signaling pathways to maintain vessel quiescence or activation of angiogenesis and remodeling 
depending on the tissue demands. Pathological triggers impair this balance and aberrantly deregulate signaling 
pathways, which results in vasculature defects and malformation by angiogenesis or aberrant vessel regression. 
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 Blood vessel remodeling 
Initial blood vessel formation by primitive ECs in vasculogenesis and angiogenesis, 

requires subsequent processes of remodeling, which alter structure and arrangement 

of vessels diameter and density to develop a mature blood vessel network (Figure 1.3). 

In addition to vessel growth and mural cell recruitment pruning of excessive blood 
vessels and regression are essential steps to develop and but also to maintain 

mature vascular network structures in changing tissue environments. However, 

compared to sprouting angiogenesis, mechanisms of vascular pruning and regression 

are poorly understood. In fact, all neovascularization processes initially result in 

excessive vascular density, which requires pruning for effective perfusion of blood into 

tissues (Ricard and Simons, 2015). Physiological processes may require the 

regression of entire blood vessels networks, such as the breast endothelium after 

lactation (Andres and Djonov, 2010). Moreover, vascular regression is required for 

vessel patterning in multiple organs as well as for wound healing and tissue repair 

(Korn and Augustin, 2015). Remodeling of the vessel walls in mature arterial networks 

is constantly triggered by mechanical and hemodynamic stimuli (Van Varik et al., 

2012). In sum, ECs represent the major building block of blood vessels and initially 

derived from mesenchymal tissue in embryonic development via vasculogenesis and 

angiogenesis. New blood vessels also form in adult tissues mostly via angiogenesis, 

which is triggered by pro-angiogenic factors in physiological and pathological context. 

1.3 Skeletal development  
Bone is a highly vascularized organ and requires coupled vascularization in 

development. All bones develop from three embryonic lineages: neural crest, paraxial 

mesoderm and lateral plate mesoderm.  

Most bones are formed by endochondral ossification, which starts with an avascular 

phase of intermediate cartilage generation, which is replaced by a phase of coupled 
osteogenesis and angiogenesis (Figure 1.5). (1) Bone and joint formation is initiated 

by expansion and condensation of mesenchymal Prx1+ (Paired-related homeobox 

gene1) progenitors, which originate from the lateral plate mesoderm and produce 

hyaline cartilage (Logan et al., 2002). (2) Upon subsequent chondrogenic 

differentiation, cells in the future primary ossification center proliferate rapidly and 

produce cartilaginous matrix including type II collagen. (3) In the next phase, 

chondrocytes increase their volume, become hypertrophic and later undergo 
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apoptosis. The release of matrix-metalloprotease 13 (MMP13) enables the removal of 

transverse septa of dead chondrocytes and cartilage extracellular matrix (ECM), which 

creates a permissive environment for blood vessel invasion (Stickens et al., 2004). 

Interestingly, when a mutant type I collagen with resistance to cleavage by MMPs was 

used in explants, migration of ECs and vessel formation was prevented (Stickens et 

al., 2004; Zijlstra et al., 2004). Additionally, hypertrophic chondrocytes produce 

osteogenic factors and VEGF, which further attracts invasion of blood vessels, 

osteoclasts and osteogenic cells. (4) Thereby, hypertrophic chondrocytes create a 

permissive environment in the central part of the developing bone (primary ossification 

center) and foster the transition from cartilage to bone by coupling chondrogenesis 
to osteogenesis and angiogenesis (Chung, 2004; Kronenberg, 2003; Sivaraj and 

Adams, 2016). In developing murine long bones, blood vessel invasion of the 

avascular cartilage is initiated at embryonic day (E) 13.5-14.5. By E15.5 the primary 

ossification center contains a branched vascular network (Langen et al., 2017; Sivaraj 

and Adams, 2016). (4) Bone formation spreads along the shafts towards both ends 

and secondary centers start to ossify accompanied by blood vessel attraction. Bone 

remodeling forms the marrow cavity and maintains growth and maturation of compact 

and spongy bone, which is accompanied by expansion and establishment of vascular 

networks. (5) Bone and vascular remodeling occur as growth continues and replaces 

the cartilaginous tissue, except the cartilage in the epiphyseal plates, which remains 

until growth plate fusion (Figure 1.5). 

Especially the two isoforms VEGF165 and VEGF188, which are produced by 

alternative exon splicing of VEGFA (Robinson and Stringer, 2001) (for more details 

about VEGF signaling see chapter 1.11.2) are essential for endochondral bone 

formation. Loss of VEGF165 and VEGF188 in transgenic mice resulted in disturbed 

vascular patterning, growth plate morphogenesis and decreased hypertrophic 

chondrocyte differentiation (Liu and Olsen, 2014; Maes et al., 2002).  

Whereas loss of VEGF165 impaired differentiation of osteoblasts and osteoclast, 

VEGF165 overexpression caused bone overgrowth (Maes et al., 2010). The important 

role of VEGF to couple angiogenesis with endochondral bone formation is supported 

by an early study, which showed that the administration of a soluble VEGF receptor 

suppressed blood vessel invasion in endochondral bone formation of young mice 

resulting in impaired ossification in the hypertrophic chondrocyte zone (Gerber et al., 

1999). Moreover, scanning electron microscopy (SEM) studies in 13-22-week old 
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human fetuses visualized the process of cartilage vascularization in the proximal 

femoral epiphysis (Skawina et al., 1994). In the initial phase, hairpin-like vascular loops 

were observed in the perichondrium, the surrounding layer of cartilage in developing 

bone (Figure 1.5 (1) (2)). Subsequently, a capillary plexus in form of a node formed, 

which grew into a capillary network of elongating sprouts with interconnections 

(Skawina et al., 1994). More recent 3D confocal imaging techniques, transcriptomics 

and Flow cytometry enabled the high-resolved visualization and characterization 

respectively of vascular networks. In skeletal tissue, an adult vessel subtype (type H) 

and juvenile vessel subtype (type E) were identified, which are involved in the 

coupling of angiogenesis and osteogenesis (Kusumbe et al., 2015, 2014; Langen et 

al., 2017). Type H (H for `high´) vessels are characterized by high CD31 (PECAM1) 

and endomucin expression levels and were found in association with osteoprogenitors 

in the epiphyseal growth plate, which declines during aging (Kusumbe et al., 2014). In 

contrast, type L (L for `low´) vessels form the bone marrow vessel network and have 

lower levels of CD31 and endumucin and are not associated with osteoprogenitors 

(Kusumbe et al., 2014). Type E vessels were named after their high abundance in 

E16.5 and maintain osteoblast support (Langen et al., 2017). 

Coupled vascularization is also observed in the development of intramembranous 
ossification, the developmental process of flat bones, such as most cranial facial 

bones. Cells from the neural crest and paraxial mesoderm directly differentiate into 

mineralizing osteoblast, which contrasts with endochondral bone formation. Studies in 

chick embryos showed that shortly before the first ossification, mesenchymal cells in 

the condensation center secrete VEGF, which attracts small capillary invasion into the 

outer layer of loose mesenchyme (Thompson et al., 1989). Loss of VEGFA isoforms 

reduced mineralization and osteoblastic marker expression in intramembranous bones 

(Zelzer et al., 2002). 

Thus, angiogenesis is tightly linked to osteogenesis and is essential for bone formation. 
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Figure 1.5 Endochondral Bone formation.  (1) Hyaline cartilage develops from proliferating Prx1+ cells of 
the lateral plate mesoderm, which condense in the future primary ossification center and produce cartilaginous 
matrix. (2) In the next phase chondrocytes increase their volume, become hypertrophic. (3) Hypertrophic 
chondrocytes create a permissive environment in the central part of the developing bone (primary ossification 
center) for blood vessel invasion and osteogenic progenitors thereby initiating coupled angiogenesis and 
osteogenesis. (4) Production of bone matrix and cavity via bone remodeling is accompanied by vascularization. 
Bone formation and blood vessel invasion starts at a secondary ossification center (5) Growth and maturation of 
the developing bone is achieved by bone and vascular remodeling. Formation of compact and spongy bone 
replaces the cartilage except the epiphyseal plates. 

1.4 Bone regeneration and fracture healing 
In addition to embryonic bone development and growth in adolescence 

intramembranous and endochondral bone formation are important in adult tissue 

regeneration programs, which become activated in fracture healing. 

The fracture heals either by direct intramembranous bone formation or by 

endochondral bone formation and is accompanied by immunological processes (Hu et 

al., 2017). Bone repair requires regeneration of mineralized tissue and blood vessels 

for successful restoration of the vascularized organ.  

During fracture healing, blood vessels are not only involved in bone formation but also 

in the initial acute inflammatory response as well as in restoration of local blood supply 

in disrupted tissue (Hankenson et al., 2011). Blood vessel growth is induced by a 

variety of growth factors, such as VEGF, which are secreted by immune cells and 

stromal cells. New blood vessels form mostly by angiogenesis via outgrowth from 

preexisting vessels but alternatively also by vasculogenesis from endothelial 

progenitors (Hankenson et al., 2011). However, the remodeling and reorganization of 
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blood vessels as well as the underlying molecular mechanisms during bone repair 

remain incompletely understood (Sivaraj and Adams, 2016).  

Bone regeneration in fracture healing involves four main stages reviewed in (Einhorn 

and Gerstenfeld, 2015). In brief, (1) Several blood vessels supplying the bone are 

disrupted and cause hematoma formation. The hematoma consists of cells from bone 

marrow, peripheral blood and intramedullary blood. This injury causes secretion of 

inflammatory cytokines which results in an inflammatory response, which is crucial 

for the bone healing process and lasts for 7 days with a peak after 24 hours (Marsell 

and Einhorn, 2011). Macrophages, monocytes and lymphocytes remove damaged, 

necrotic tissue. (2) Additionally, bone progenitor cells and fibrous cells are recruited 

within the hematoma and angiogenesis is initiated. A fibrocartilaginous network 

spanning the fracture ends forms a callus. (3) Subsequently the cartilaginous callus 

undergoes endochondral ossification. (4) In the following months the newly formed 

bone is constantly remodeled to regenerate the normal bone structure and regain 

proper functionality. 

1.5 Extraskeletal bone 
All postnatal bone forming processes in growth, remodeling or regeneration in fracture 

healing take only place within the skeletal structure, which was already defined early 

in embryonic development. However, there are pathologies where extraskeletal bone 

forms outside of the skeleton (ectopic bone) in soft tissues in a process called 

heterotopic ossification (HO). The word “heterotopic” is derived from Greek: “Hetero” 

and “topos” mean “other place” (Meyers et al., 2019). Interestingly, besides a wrong 

location, ectopic bone resembles normal bone in the skeleton and mimics processes 

of bone formation in development and postnatal bone regeneration during fracture 

healing. In fact, extraskeletal bone is the only example of complete recapitulation of an 

entire organ system with mineralized tissue, vasculature and marrow elements in 

postnatal life (Pignolo and Foley, 2005). HO is a major impairment of health due to 

mobility impairment and pain. It can be divided in rare inherited forms and more 

common nongenetic forms. Non-hereditary HO arises in response to severe tissue 

trauma, following injury by severe burns, hip replacement surgery, joint dislocation and 

central nervous system injury (Pignolo and Foley, 2005). The incidence of 

nonhereditary HO varies with certain predisposing conditions from 30% after bone 

fracture or dislocation to up to 90% for severe traumatic amputation (Meyers et al., 
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2019). Non-hereditary HO can form by both endochondral and intramembranous 
bone formation. In contrast, inherited forms show progressive HO formation via 

endochondral bone formation in Fibrodysplasia Ossificans Progressive (FOP) (see 

chapter 1.6) or via intramembranous bone formation in progressive osseous hetero 

plasia (POH) as well as in albright inherited osteodystrophy (AHO). Even though, there 

are no effective treatment option up to date, anti-inflammatory drugs remain the most 

commonly used treatment agents, which may suppress HO at early stage. Once 

ectopic bone has formed and completed its maturation, the option of surgical removal 

accounts mainly for non-hereditary forms because in FOP this mechanical intervention 

triggers regrowth of new bone (Meyers et al., 2019). 

1.6 Fibrodysplasia Ossificans Progressiva - when soft swellings 
become stiff and turn into bone 

FOP is a severe ultra-rare, autosomal dominant disorder leading to progressive HO 

throughout life. FOP cases most likely existed ever since in human history. The first 

known description of a FOP patient was published by the London physician John Freke 

in 1740. He reported on a 14-year-old ‘boy of healthy look’ with ‘many large swellings 

on his back (Hüning and Gillessen-Kaesbach, 2014). In 1868, the condition received 

the name Myositis Ossificans Progressiva by von Dusch. In the following decade 

the great toe malformations were recognized by Frankel and Helferich. Based on the 

involvement of connective tissue, tendons, ligaments and fascia the name 

Fibrodysplasia Ossificans Progressiva (FOP) was proposed by Bauer and Bode in 

1940, which was later adopted by McKusick (Kaplan et al., 2020; McKusick, 1959).  

Independent of FOP, ectopic bone was studied by Marshal Urist, who artificially 

induced ectopic bone in skeletal muscle of animals by implantation of a demineralized 

bone substance. After three weeks the resulting transplant resulted in highly 

vascularized, inflammatory and fibrous tissue, which developed bone within 8-16 

weeks via endochondral ossification. This was the first evidence, which suggested that 

recalcification and new bone formation can occur in skeletal muscle (Katagiri et al., 

2018; Urist, 1965). Marshal Urist established the concept of a substance in bone which 

is responsible for bone formation and fracture healing and named it Bone 
Morphogenetic Protein (BMP) (Urist, 1965). Throughout the 1970s the involvement 

of BMPs in endochondral and intramembranous bone formation and bone fracture 

healing was demonstrated (Grgurevic et al., 2017). Advances in molecular biology in 
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the 1980s and 1990s enabled the sequencing and cloning of BMPs and associated 

them to the Transforming Growth Factor β (TGFβ) superfamily (Wozney et al., 1988). 

Moreover, recombinant BMP2 was shown to induce heterotopic cartilage in vivo 

(Wozney et al., 1988). Shortly later, the first BMP and TGFβ receptors were cloned 

(Attisano et al., 1993; Franzén et al., 1993; Koenig et al., 1994; Rosenzweig et al., 

1995; Tsuchida et al., 1993; Yamaji et al., 1994).  

The characteristics of the FOP disease were compared with developmental BMP 

patterns in a drosophila model and suggested an association of FOP with BMPs 

(Kaplan et al., 1990). 

In 2006 Eileen Shore, Fred Kaplan and colleagues discovered mono-allelic gain of 

function mutations in the ACVR1 receptor as the genetic cause of FOP (E. M. Shore 

et al., 2006). By 2006 progress in BMP research has increased the knowledge about 

the mechanistic action of BMPs and its receptors in signal transduction as well as its 

diverse role in processes during development and adult tissue homeostasis and 

disease. The association of FOP to the BMP pathway increased awareness and a 

broader research interest to the ultra-rare disease. In fact, the gene discovery of FOP 

has paved the way to investigate the underlying molecular mechanisms in animal and 

patient cell disease models aiming to develop targeted treatment strategies for FOP. 

Despite recent discoveries and clinical investigations of compounds counteracting HO, 

there is no approved effective therapy up to date. 

 Clinical symptoms  
Most FOP patients develop inflammatory soft tissue swellings in their first decade of 

life, which transform soft tissues (skeletal muscles, tendons, fascia, ligaments, 

aponeuroses) via endochondral ossification into extraskeletal bone (Figure 1.6A) 

as described in 1.6.3. Different stages of HO resemble events in embryonic skeletal 

development and regeneration during fracture healing. The tissue swelling start 

spontaneously in episodes and are also called flare ups. Interestingly, flare ups can 

regress but are irreversible once bone has formed.  

The disease progression is characterized by spontaneous and episodic HO formation 

with unknown triggers. However, HO can also be triggered by minor soft tissue injury, 

such as muscle fatigue, bruises, intramuscular injections or viral illnesses. Of note, 

bone fractures in FOP patients in the normal skeletal bone or ectopic bone undergo 

normal but accelerated fracture healing with no indication of additional HO (Shore and 
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Kaplan, 2010). Disease progression and intensity is very heterogenous among 

patients, which indicates that secondary mechanisms modulate FOP. Extraskeletal 

bone formation at distinct locations causes progressive immobilization of whole-body 

parts, which may even include ankylosis of the jaw. Thus, most patients require already 

in young age lifelong assistance in daily life (Kaplan et al., 2008).  

In addition to progressive HO postnatally, a second clinical hallmark of FOP are 

prenatal great toe malformations (Figure 1.6B). A general dysregulation in skeletal 

development in FOP is supported by a very recent study, which identified even more 

widespread joint malformations, including joint fusion and even continued  

decreased joint health in adulthood in the majority of FOP patients (Towler et al., 2020). 

Thus, FOP is not only characterized by HO but also by degenerative joint disease 

(Kaplan et al., 2020). In the study by Towler and colleagues, in half of the participating 

patients the costo-vertebral joints, which connect the ribs to the vertebral column, were 

ankylosed, which is associated with chest wall disease and restricted breathing 

independent of HO. In fact, a primary cause of death in FOP patients is thoracic 

insufficiency, in which normal respiration is impaired by the chest walls (Kaplan et al., 

2010; Towler et al., 2020). 

 
 
Figure 1.6 Clinical feature and genetic cause of FOP.  (A) Typical ectopic bone formation on the back 
from a 12-year old child shown by a Computed Tomography (CT) scan. Heterotopic ossification (HO) in FOP 
progresses in a well-defined spatial pattern that fuse the joints and axial and appendicular skeletons. (B) 
Anteroposterior radiograph of the feet of a 3-year old child showing the symmetrical big toe joint malformations 
(circled). Modified after (Shore and Kaplan, 2010). 
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 Challenge of diagnosis and prevalence 
Since newborns with FOP appear normal except the great toe malformation, it is an 

important indication for early diagnosis. Nevertheless, often the soft tissue swellings 

are not associated with the symmetric great toe malformations. Consequently, most 

individuals become diagnosed with FOP very late and it is often misdiagnosed with 

tissue sarcomas, lymphoedema and aggressive juvenile fibromatosis. Unfortunately, 

this involves unnecessary and harmful tissue biopsies, which severely accelerate 

disease progression (Kaplan et al., 2008). Even though genetic transmission of FOP 

is autosomal dominant and can be inherited from a parent, most cases are a result of 

spontaneous/sporadic mutations and only less than ten multigenerational FOP families 

were reported worldwide (Shore et al., 2005). Thus, in most cases classic family 

medical history information does not lead to diagnostic molecular testing as for other 

inherited genetic diseases. The population frequency of FOP has been estimated to 

1.0 in two million (Morales-Piga et al., 2014). However, recent record linkage of two 

national databases in France estimated the FOP prevalence to up to 1.36 per one 
million (Baujat et al., 2017). Since there are no ethnic, gender or geographic 

predispositions known, this study suggests a much higher prevalence of FOP patients 

worldwide. As an ultra-rare disease many physicians have never heard from FOP. 

Initiatives by international patient organizations and research advances have 

increased the awareness in the last two decades. However, in many geographic 

regions FOP is largely unknown and people suffering from FOP are not diagnosed. 

Correct diagnosis is crucial for optimal care, prevention of biopsies and provision of 

potential treatment options in future. Up to date, there is no proven treatments 

available, which prevents, halts or even reverses progressive HO. However, several 

treatment strategies are in development and clinical investigations in phase II and 

phase III clinical trials. Currently, immunosuppressant therapy with anti-inflammatory 

drugs is often used to counteract the intense immune cell infiltration in the early stage 

of HO, which is applied within 24 hours of a flare up (Glaser and Kaplan, 2005).  

 HO is a multi-stage process and accompanied by vascularization 
HO is a severe pathogenesis which involves several different cell and tissue types. It 

still remains poorly understood how a wound healing process in soft tissue turns into a 

process of bone formation over time. FOP is characterized by progressive HO 

formation via endochondral bone formation (for details see chapter 1.3), which 
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occurs in episodes and often spontaneous without known triggers. This contrasts with 

non-hereditary HO, which is initiated subsequent severe injury or trauma.  

Histologic images represent valuable snap shots of the complex multi-stage process 

and enable analysis of common characteristics among the heterogenous spectrum of 

HO (Figure 1.7). Independent of injury or spontaneous induced HO, the initial lesion is 

characterized by an influx of inflammatory cells, which often involves localized pain 

and swelling. Inflammatory responses within the tissue are associated with tissue 

destruction, which is followed by angiogenesis and fibroproliferative responses. 

Subsequent stages are characterized by a replacement phase of new tissue 

development into bone via endochondral ossification (Figure 1.7). The stages of bone 

formation via endochondral processes resemble the events that occur in embryonic 

skeletal development and in bone regeneration during fracture healing (Meyers et al., 

2019; Shore and Kaplan, 2010). 

Thus, ectopic bone also requires coupled vascularization and bone formation as in 

previously described bone developmental processes (see 1.3).  

In addition, the vasculature is an essential component of inflammatory processes 

which are a hallmark in the initial process of HO. However, surprisingly only a few 

studies have reported on the vasculature in ectopic bone formation. An early study 

analyzed lesional biopsies of eleven children, which were taken before diagnosis with 

FOP. Histological tissue analysis encountered that `numerous small blood vessels 

were a prominent feature of early lesions and were an integral part of the fibroblastic 

proliferation´ (Kaplan et al., 1993). Based on erythema formation, it was assumed that 

high abundant, primitive vascular cells have altered permeability (Kaplan et al., 1993). 

This is supported by another study, which detected leaky and hemorrhagic vessels 

in FOP lesions by electron microscopy (el-Labban et al., 1995). Moreover in 2017, 

vascular patterns were analyzed in genetic and non-hereditary forms of HO across the 

histologic spectrum using patient biopsies (Cocks et al., 2017). Each stage of HO 

showed a characteristic vascular morphology: Especially early pre-osseous HO 
lesions were highly angiogenic and displayed the highest number of thin-walled 

capillaries. Interestingly, the vessel area increased in mature lesions of woven and 

lamellar bone, whereas cartilaginous areas remained mostly avascular (Cocks et al., 

2017). In sum, pre-osseous lesions are highly angiogenic and fibroproliferative, 

followed by an avascular chondrogenic stage and subsequent formation of mature, 
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vascularized heterotopic bone through endochondral ossification (Cocks et al., 2017; 

Kaplan et al., 1993; Shore and Kaplan, 2010). 

Thus, the different stages of HO are accompanied by different patterns of 

vascularization, which suggests coupled pathophysiologic processes of 
osteogenesis and angiogenesis (Cocks et al., 2017).  

Moreover, a recent study uncovered a differential vascular phenotype with increased 

vessel number, area and size in genetic versus non-hereditary forms in human HO 

biopsies such as FOP (Ware et al., 2019). 

Collectively, in all forms of HO blood vessels undergo rapid and dynamic changes, but 

it remains elusive which mechanisms orchestrate the vasculature in the aberrant tissue 

repair processes and which signals cause the aberrant vascular phenotype in FOP 

lesions. 

 
 
Figure 1.7 Dynamic changes of the vasculature in ectopic bone formation. Schematic depiction of 
ectopic bone formation via heterotopic ossification (HO) based on histologic evidence (Shore and Kaplan, 2010). 
HO is a complex, multi-stage process involving various cell types. (A) HO is initiated by inflammation in soft 
tissues (e.g. skeletal muscle) with characteristic lymphocyte infiltration. This involves the vasculature, which 
enables the transmigration of lymphocytes from the circulatory system to the tissue. Inflammation causes tissue 
destruction, (B) which is followed by a replacement phase with fibroproliferative cells and angiogenesis. (C) 
Subsequent chondrogenesis is avascular whereas (D) later stages of osteogenesis are tightly linked to 
angiogenesis to form mature vascularized bone. 

 The causative gene of FOP encodes the BMP receptor ALK2 
The causative gene underlying FOP encodes the transmembrane receptor ALK2 or 

also called ACVR1, which belongs to one of the seven type I receptor family members, 

essential for the BMP signaling pathway. ALK2 is composed of an extracellular ligand 

binding domain (ECD), an intracellular glycine-serine (GS) rich domain and a kinase 

domain (KD) (Figure 1.8). Several heterozygous gain of function mutations have been 

identified in the ALK2 gene of FOP patients (Haupt et al., 2018). The most prevalent 

one is a point mutation, which causes a substitution of the amino acid arginine to 

histidine (R206H) in the glycine serine rich domain of the receptor (Figure 1.8) (Shore 

et al., 2006). A small number of patients carry heterozygous mutations in other 
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positions of the GS domain but also in the kinase domain (Figure 1.8)  (Haupt et al., 

2018). In sum, all mutations cluster around the GS domain and the ATP binding pocket 

and lead to a destabilization of the inactive state of the ALK2 receptor. This favors the 

activation of the BMP/SMAD signaling pathway (Chaikuad et al., 2012), which is 

described in more detail in chapter 1.8. 

 
Figure 1.8 Genetic cause of FOP. Scheme of the ALK2 domain structure with indicated mutations identified 
in FOP patients. The most common mutation R206H is highlighted in red. Signal Peptide (SP); Extracellular 
Domain (ECD), Transmembrane domain (TM), Glycine-Serine rich (GS) domain and Kinase Domain (KD). 

 Animal models to study FOP pathology 
To investigate the consequences of ALK2 mutant signaling on the FOP pathology 

requires appropriate animal models, which recapitulate the disease phenotype and its 

progression over time. The episodic formation of ectopic bone spontaneously or upon 

trauma is an important clinical characteristic. Interestingly, conditions of ectopic bone 

have been described in several animals and were associated with FOP disease even 

before the identification of the causative gene for human FOP, including cats (Asano 

et al., 2006; Valentine et al., 1992; Warren and Carpenter, 1984), dogs (Guilliard, 

2001), pigs (Seibold and Davis, 1967), and even whale (Sala et al., 2012). But none of 

these have been confirmed with the presence of an mutation in respective ACVR1 

orthologs in these animals (LaBonty and Yelick, 2018). 

The ALK2 is highly conserved in evolution and protein orthologs can be found in 

evolutionary history in the earliest metazoans like Hydra (Mortzfeld et al., 2019) or in 

invertebrate class of insects, such as the Drosophila melanogaster (fruit fly). BMP 

signaling via heteromeric receptor complexes is conserved in drosophila and offers a 
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valuable model system to investigate basic mechanisms in BMP signaling (Brummel 

et al., 1994). A fruit fly model carrying the R206H mutation recapitulated the mutant 

ALK2 dependent overactivation of BMP signaling (Le and Wharton, 2012). Additional 

transgenic animals with mutations in ALK2 have been generated, including zebrafish, 

and mouse (LaBonty and Yelick, 2018). 

However, since BMP signaling plays pleiotropic roles during embryonic development 

such as patterning in vertebrates (Kishigami and Mishina, 2005), loss or overactivation 

of ALK2 causes embryonic or perinatal lethality in many animals. A heat-inducible 

system enabled the generation of a FOP zebrafish model harboring the ALK2-Q204D 

mutation (LaBonty et al., 2017), which is homologous to the ultra-rare human GS 

variant mutation ALK2 Q207E mutation causing FOP (Haupt et al., 2014). 

To overcome lethality in FOP mice, strategies of chimeric/mosaic animals or the 

application of conditional gene expression systems, such as Cre-Lox recombination 

have been applied in recent years (LaBonty and Yelick, 2018). 

Genetic FOP mouse models 
Historically, a mouse model expressing the constitutive active ALK2 variant Q207D 

was generated before the discovery of the causative gene for FOP (Fukuda et al., 

2006). Based on HO development upon induction of global ALK2-Q207D expression, 

several groups used these mice to model FOP (Bagarova et al., 2013; Shimono et al., 

2011; H. Wang et al., 2016; Yu et al., 2008a). However, the Q207D mutation is not 

naturally occurring in human FOP patients. In 2012, the first mouse model with the 

classical ALK2-R206H mutation using chimeric mice was generated, which developed 

the characteristic clinical features of FOP patients, including the embryonic skeletal 

malformations and postnatal HO (Chakkalakal et al., 2012). Three years later the first 

global ALK2-R206H mouse model at the endogenous locus was generated, which 

bypassed the perinatal lethality with a Cre-dependent-conditional on Knock In system. 

Those FOP mice developed progressive HO without injury at anatomical sites similar 

to human FOP patients (Hatsell et al., 2015).  

Non-genetic mouse models of heterotopic ossification 
HO has also been investigated in mouse models independent of ALK2 mutations, 

which are also commonly used in research of non-hereditary forms of HO.  

Those include implantation, injection and overexpression of BMP ligands (e.g. BMP2 

and BMP4) or toxins which trigger HO by an initial inflammatory response and 

subsequent stages which resemble phenotypes of non-hereditary HO and FOP (Kan 
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and Kessler, 2011; Lees-Shepard and Goldhamer, 2018). Since BMP implantation 

models typically do not incorporate injury apart from the mild injury by injection, other 

models have been established to recapitulate trauma and injury induced HO. Those 

include, burn or trauma induced models and the achilles tenotomy model although this 

site is uncommon for human HO (Kan and Kessler, 2011; Peterson et al., 2014).  

 Progenitor cells of ectopic bone 
Above mentioned mouse models have been intensively used to discover progenitor 

cell populations contributing to the development of HO. Early studies have used BMP2 

injection and delivery methods to trigger HO in mice and identified that Tie2+ cells 

contributed largely to endochondral bone formation (Lounev et al., 2009). The 

contribution of Tie2+ cells to HO was confirmed in the ALK2-Q207D mouse model (the 

classical constitutive ALK2 mutation, not found in FOP though) (Medici et al., 2010) 

and the ALK2-R206H chimeric mouse model (Chakkalakal et al., 2012). In addition to 

the contribution of Tie2+ cells to HO in mice, there is evidence of strong coexpression 

of Tie2 and the EC marker von-Willebrand Factor (vWF) with chondrogenic and 

osteogenic markers in human and murine HO lesions but not in normal bone. Based 

on this, the authors proposed that ECs contribute to HO via endothelial to 
mesenchymal transition (EndMT) (Medici et al., 2010).  

However, since Tie2 is expressed in several cell types, the identity of the ectopic bone 

forming Tie+ cells had been under debate. Further studies defined a Tie2+ multipotent 

cell population (CD45-/CD31-/PDGFRα+/SCA1+) in the muscle interstitium that was 

uniquely capable of osteogenic differentiation and distinct from endothelial and 

hematopoietic cells (Wosczyna et al., 2012). In addition, intramuscular transplantation 

of cells positive for the EC marker CD31 (Pecam-1) and Tie2 did not contribute to 

BMP2-induced HO whereas Tie2+/CD31- cells incorporated in osteogenic and 

chondrogenic lesions (Wosczyna et al., 2012).  

The usage of  the classic endothelial marker CD144 (VE-Cadherin) as a Cre driver 

supported this assumption and showed that ECs did not contribute to BMP2-induced 

HO in mice (Wosczyna et al., 2012). In line with this, EC specific expression of ALK2-

Q207D (Dey et al., 2016) or ALK2-R206H (Lees-Shepard et al., 2018) using 

VE - Cadherin-Cre did not result in spontaneous or injury induced HO. 

However, another report using VE-Cadherin Cre mice described EC contribution to HO 

via EndMT following burn injury and tendonectomy, supported by EC transplantation 

into the tendon injury site, which underwent EndMT and contributed to HO (Agarwal et 
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al., 2016). Moreover, a recent publication demonstrated in VE-Cadherin Cre mice that 

monocyte depletion in the injured muscle partially shifted the fate of ECs towards 

endochondral differentiation, which resulted in increased BMP2-induced HO (Tirone et 

al., 2019). This highlights the plasticity of ECs and that complex local environments 

build a niche, which triggers cellular fate shift.  

However, the contribution of ECs to HO remains controversial and requires further 

investigation. Interestingly, ECs were additionally reported to contribute to lesional 

angiogenesis (Wosczyna et al., 2012) highlighting the interlink of osteogenesis and 

angiogenesis and the indirect contribution of EC in ectopic bone formation. 

The Tie2 cell population in the muscle interstitium contributing to HO was further 

defined by the following markers Tie2+/PDGFRα+/SCA1+/CD31-/CD45- (Wosczyna 

et al., 2012), which is identical or represents a subpopulation of so called 

fibro/adipogenic progenitors (FAPs) (Lees-Shepard and Goldhamer, 2018).  

FAPs are mesenchymal progenitor cells, which were identified in the muscle 

interstitium with fibro/adipogenic and chondro-osteogenic capacities (Joe et al., 2010; 

Uezumi et al., 2010). FAPs become activated upon injury but in contrast to muscle 

progenitors they lack myogenic potential and rather fulfil a supportive role to establish 

an environment for muscle regeneration (Joe et al., 2010; Akiyoshi Uezumi et al., 

2014). FAPs are commonly defined with the markers Sca1+ and PDGFRα+ (Akiyoshi 

Uezumi et al., 2014). Importantly, FAPs exist also in humans and were isolated as 

PDGFRα+ cells from muscle tissue (A. Uezumi et al., 2014). FAPs are derived from 

cells that express the transcription factor Osr1 during development (Vallecillo-García 

et al., 2017). Adult FAPs have low levels of Osr1, which becomes upregulated upon 

injury and marks activated FAPs (Stumm et al., 2018). Thus, Osr1 represents a 

valuable marker to distinguish quiescent FAPs from activated FAPs. A recent study 

showed in a number of comprehensive experiments including conditional ALK2-R206H 

mouse with PDGFRα-Cre that FAPs contributed to heterotopic cartilage and bone in 

FOP (Lees-Shepard et al., 2018). FAPs contribution was observed in injury and 

spontaneous HO at the major anatomical sites described in FOP patients (back, 

tendons ligaments, major joints, jaw) (Lees-Shepard et al., 2018). Moreover, cell 

specific expression of ALK2-R206H in satellite cells, ECs, and FAPs resulted only in 

HO upon muscle pinch in mice expressing ALK2-R206H in FAPs. 

Another study used ALK2-Q207D and ALK2-R206H mice and proposed that two 

distinct non-overlapping cell progenitor populations are responsible for the diverse HO 
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phenotype. Tendon-derive progenitors (Scx+) that mediate HO of ligaments and 

joints without exogenous injury and muscle resident interstitial progenitors (Mx1+) 

population that mediate intramuscular, injury-dependent HO (Dey et al., 2016). Scx+ 

cells were also identified to contribute to HO by another study but in contrast to the 

previous study Scx+ were found to mediate intramuscular injury-induced HO in muscle 

(Agarwal et al., 2017). However, PDGFR+ (FAPs) cells represented a small 

subpopulation of both, Mx1+ and Scx+ populations and were also present in most other 

lineage-tracing studies that identified contributors to HO (Lees-Shepard and 

Goldhamer, 2018).  

In sum, this suggests that FAPs represent a major progenitor cell type in ectopic bone 

formation but it is not excluded that additional progenitor populations also contribute to 

HO. Besides tissue resident progenitor cells, circulating progenitors may also 

contribute to ectopic bone formation. Circulating, bone-marrow derived osteogenic 
progenitors (COP) (ColI+/CD45+) were identified in early pre-osseous 

fibroproliferative lesions in FOP patients. Direct contribution of FOP COPs to HO was 

shown in a murine implantation model (Suda et al., 2009). Interestingly, higher levels 

of COP cells were detected in blood of patients with active episodes of HO (Suda et 

al., 2009). Thus, bone progenitor cells may not only derive from mesenchymal but also 

hematopoietic lineages. A summary of suggested bone forming progenitors in context 

of FOP are depicted in (Figure 1.9B). 

Interestingly, it was reported that FAPs are not restricted to muscle tissue and are 

present in a wide range of organs, also those which are not susceptible to undergo HO 

(Lees-Shepard and Goldhamer, 2018; Wosczyna et al., 2012). This suggests that 

FAPs and likely other tissue resident progenitors require (1) a permissive environment 

(niche) and (2) inducing trigger(s), which enable osteogenic differentiation.  

Interestingly, independent of the organ and tissue, FAPs are often observed in close 

association with the vasculature (Uezumi et al., 2010; Wosczyna et al., 2012) (Figure 

1.9A). The broad localization of FAPs in diverse tissues strengthens the need to 

investigate the local environment of progenitor cells. This includes other cell types, 

ECM architecture and signaling molecules to understand the mechanisms, which 

trigger a physiological niche towards a pathological niche of bone formation. Details 

about the close association of FAPs to the vasculature remain unexplored but it is 

tempting to speculate that vascular changes and vascular bed specific differences may 

influence the activity and fate of FAPs. 
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Figure 1.9 Potential progenitors of heterotopic bone in skeletal muscle tissue.  (A) Murine skeletal 
muscle section stained with antibodies against αSMA, PDGFRα, Pan-laminin and DAPI. PDGFRα+ cells (FAPs) 
localized circumferentially around vessels (αSMA+ for Smooth muscle cells) (Uezumi et al., 2010). (B) Summary 
scheme of potential progenitors of heterotopic bone in FOP (marked in light green). Interstitial FAPs, Endothelial 
cells, circulating osteogenic progenitors (COP) and Tendon derived progenitors. 

 Human cell models to study FOP 
Above mentioned animal models are valuable tools to study ALK2 mutant signaling 

and FOP pathology, which recapitulates important clinical characteristic. However,  

species differences may limit the full recapitulation of the human disease phenotype, 

especially the phenotypic variability among patients with the same mutation. Even 

though genetic tools enable to overcome the embryonic lethality of FOP mice, the 

contribution of ALK2 mutation in embryonic development to postnatal phenotypes is 

absent in these mice but evident in FOP of humans. A recent review highlights that in 

addition to ectopic bone formation, developmental and postnatal defects on joints are 

an additional hallmark of the disease, which affect far more skeletal defects than the 

great toe malformation (Kaplan et al., 2020). Moreover, most investigations of the 

progenitor cells contributing to the formation of heterotopic bone are based on studies 

in mice and cell models of ALK2 mutant overexpression. 

The establishment of patient-derived models of FOP has been challenging due to the 

limited number of patients and the risk to trigger HO upon tissue biopsy sampling. 

Therefore, many FOP human cell models are based on ALK2 mutant overexpression. 
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Only in recent years, a few approaches achieved the isolation of primary cells from 

FOP patients, such as stem cells from human exfoliated deciduous teeth (SHED) 

(Kaplan et al., 2012), skin fibroblasts (Micha et al., 2016) or periodontal ligaments (de 

Vries et al., 2018) as well as ECFCs (Sánchez-Duffhues et al., 2019c), lymphocytes 

(Fiori et al., 2006) and monocytes (Barruet et al., 2018) from peripheral blood. 

Induced pluripotent stem cells 
In addition, induced pluripotent stem cells (iPSCs) were generated from FOP patient 

derived dermal fibroblasts (Hamasaki et al., 2012; Hayashi et al., 2016; Kim et al., 

2016; Matsumoto et al., 2013), urine cells (Cai et al., 2015; Hildebrand et al., 2016a) 

and periodontal ligament fibroblasts (Sánchez-Duffhues et al., 2019b). Two studies 

from above reported contradicting result whether the BMP signaling of FOP dermal 

fibroblasts impairs the generation of iPSCs. One approach was not successful in 

generating iPSCs from FOP patient dermal fibroblasts without using the BMP type I 

receptor inhibitor LDN (Hamasaki et al., 2012). In contrast, another study suggested 

that the active BMP signaling in FOP dermal fibroblasts increases iPSC generation 

efficiency (Hayashi et al., 2016). However, other approaches have not observed FOP 

dependent impaired efficiencies, which suggests that rather different reprogramming 

techniques, culture conditions could have influenced the efficiency in iPSC generation 

(Barruet and Hsiao, 2018). 

The discovery of iPSC generation from somatic cells has revolutionized the stem cell 

research. In 2006, Shinya Jamanaka and his group at Kyoto University in Japan 

generated iPSCs from mouse fibroblasts (Takahashi and Yamanaka, 2006) and in 

2007 from human fibroblasts for the first time (Takahashi et al., 2007). The generation 

of iPSCs from somatic cells is achieved by reprograming the somatic cells via 

expression of a defined set of transcription factors, named `Yamanaka factors´: OCT4, 

SOX2, KLF4 and c-MYC (Takahashi et al., 2007; Takahashi and Yamanaka, 2006). In 

2012, Shinya Yamanaka and John B. Gurdon received the Nobel prize in Physiology 

and Medicine for the discovery that mature somatic cells can be reprogrammed to 

pluripotent cells (“The Nobel Prize in Physiology or Medicine 2012,”). 

Even though the delivery methods for reprogramming factors have been improved from 

retro- and lentiviral to non-integration viral transduction as well as non-viral 

approaches, the underlying mechanisms of reprogramming remain poorly understood 

(Liu et al., 2020; Takahashi and Yamanaka, 2016). The Yamanka transcription factors 

have indirect and direct effects on regulatory elements of many genes, which causes 
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the silencing of the somatic and the activation of the pluripotency transcriptional 

program as well as the reorganization of chromatin architecture (Apostolou and 

Stadtfeld, 2018). As a consequence, the transcriptional and epigenetic state of the 

somatic cell is converted to a pluripotent stem cell, which closely resembles embryonic 

stem cells (ESCs) in many aspects, including morphology, pluripotency, proliferation 

and global gene expression profiles (Bilic and Izpisua Belmonte, 2012). In fact, iPSCs 

have a similar developmental potential as ESCs and can differentiate into the three 

germ layers (Bilic and Izpisua Belmonte, 2012). 

Ongoing research investigates differences between iPSC and ESCs as genetic 

memory was suggested to remain in iPSCs, which potentially affects lineage-specific 

differentiation capacities. And it remains to be clarified how genetic memory 

distinguishes different cell types and tissues (Bilic and Izpisua Belmonte, 2012; Liu et 

al., 2020). The pluripotency state is maintained by the core transcription factors OCT4, 

NANOG and SOX2, which occupy the genome at their own promoters and at 

promoters of other key genes, which are either repressed or induced in favor of 

pluripotency (Yeo and Ng, 2013).  

FGF signaling and TGFβ/Activin signaling are two major pathways controlling 

pluripotency in ESCs (Fathi et al., 2017; James et al., 2005; Mossahebi-Mohammadi 

et al., 2020; Mullen and Wrana, 2017). Importantly, mechanistic actions of TGFβ family 

signaling in pluripotency and self-renewal are divergent between human and mouse 

(m) ESCs (Watabe and Miyazono, 2009). BMP signaling and leukemia inhibitory factor 

(LIF) enforce the pluripotency network in mESCs (Ying et al., 2003) whereas 

TGFβ/Activin signaling promotes pluripotency in human ESCs (L. Vallier et al., 2009) 

(Mullen and Wrana, 2017). In fact, BMPs inhibit self-renewal in human ESCs and 

induce differentiation into mesodermal lineages (Chadwick et al., 2003; James et al., 

2005; Kennedy et al., 2007; Schuldiner et al., 2000; Xu et al., 2005). 

Thus, BMP signaling has divergent functions in mouse and human ESCs: BMP 

pathway activation promotes differentiation and specification in human ESCs and 

pluripotency in mouse ESC.  

Various directed in vitro differentiation protocols have been developed to generate 

mature tissues from iPSC monolayers and embryoid bodies via defined culture 

conditions supplemented with specific growth factors and small molecules. Directed 

differentiation of iPSCs has been achieved towards diverse cell types such as neural 

cells (Chambers et al., 2012; Zhang et al., 2001), cardiomyocytes (Lian et al., 2013), 
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skeletal muscle (Chal et al., 2015; Shelton et al., 2014) and vascular cells including 

endothelial cells, smooth muscle cells and pericytes (Descamps and Emanueli, 2012; 

Klein, 2018; Williams and Wu, 2019). These methods are continuously improved to 

overcome challenges of low and heterogenous differentiation efficiencies as well as to 

model the diverse cell types of the human body. In addition, iPSCs enable to study 

healthy and diseased human cell types of various human tissues, which overcome the 

restrictions of primary sources from patients and the limited expansion potential of 

primary cells in vitro. This is especially evident for limited patient material in FOP. A 

major advantage of patient derived cell models is the expression of physiological levels 

of the mutated ALK2 receptor, which enables to recapitulate the disease phenotype 

and relevant mechanisms in different cell types as well as drug testing approaches 

(Barruet and Hsiao, 2018). 

Patient iPSCs can contribute to model HO as an important clinical phenotype in FOP 

and to elucidate the underlying developmental process of endochondral bone 

formation. Indeed, the FOP mutation in iPSCs causes increased chondrogenesis and  

mineral deposition in vitro (Matsumoto et al., 2013). However, the contribution of 

specific cell types in this process and the generation of 3D tissue structures remains 

less explored. 

Collectively, divergent roles of BMP and TGFβ signaling between human and mouse 

ESCs highlight the importance of patient derived human cell models for FOP in addition 

to FOP mice. FOP patient cell models largely contribute to a better understanding of 

FOP pathology and the mechanistic action of potential drug candidates.  

  



Introduction 

 

 29 

1.7 BMP and TGFβ signal transduction 
Independent of the tissue and organ context, the sequence homology and 

conservation of Transforming Growth Factor β (TGFβ) family members propose a 

shared basic molecular mechanism of Bone Morphogenetic Protein (BMP) and TGFβ 

signal transduction (Figure 1.10). In brief, dimeric BMP, Activin and TGFβ ligands bind 

to heteromeric transmembrane signaling complexes, which consist of 

serine/threonine kinase receptors which are divided in functional groups of type I 
and type II receptors. Sequence and structural based affinities between the over 30 

ligands and between the seven type I and five type II receptors enable the formation 

of diverse ligand-receptor complexes. Constitutive active kinases of the type II 

receptors activate type I receptor kinases by phosphorylation of the type I receptor GS 

domain, once they are complexed with their respective ligand. Sons of mothers 
against decapentaplegic (SMADs) are the main effectors of canonical BMP and 

TGF  signaling and act as transcription factors upon translocation to the nucleus. 

Dependent on their kinase substrate specificity (interaction of the L3 loop in SMADs 

with the L45 loop in the type I receptor kinase (Cárcamo et al., 1994; Feng and 

Derynck, 1997; Lo et al., 1998; Persson et al., 1998), type I receptors are divided in 

SMAD2/3-activating Activin receptor-like kinase (ALK) (ALK4/5/7)- and SMAD1/5/8-
activating (ALK2/3/6) type I receptors. The receptor associated SMAD proteins (R-

SMADs) become activated by C-terminal phosphorylation by respective type I 

receptors. Two phosphorylated R-SMADs form a complex with Co-SMAD4, which 

enables the translocation to the nucleus. DNA binding motifs in most SMAD proteins 

regulate target gene transcription by binding to specific SMAD binding elements 

(SBEs) (Derynck and Budi, 2019). Moreover, BMP/TGFβ signaling cascades are 

associated with cytoskeletal rearrangements and migration, which are induced within 

minutes and are independent of transcriptional SMAD mechanisms. These pathways 

are named non-SMAD pathways, where BMP and TGFβ receptor complexes induce 

the activation of several non-SMAD substrates, such as mitogen-activated protein 

(MAP) kinases, Rho-like GTPases, PI3Kinase and AKT (Dörpholz et al., 2017; Hiepen 

et al., 2014; Zhang, 2017). MAP kinases induce immediate architectural changes of 

the cytoskeleton and cell junctions as well as activate transcription factors (e.g. 

TWIST1), which modulate gene transcription (Zhang, 2017). 
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Moreover, there is also increasing evidence that mechanical stimulation integrates via 

mechanosensors, such as integrins into BMP/TGFβ  signaling on multiple levels (da 

Silva Madaleno et al., 2020). These pathways are modulated and fine-tuned by several 

extra-and intracellular signaling components, such as antagonists, co-receptors, ligand 

prodomains and three dimensional (3D) ECM macromolecules in space and time. In 

sum, these modulators expand the diversity of signaling events and further specify the 

basic mode of ligand receptor complex formation with varying affinities in the TGFβ 

superfamily (da Silva Madaleno et al., 2020; Derynck and Budi, 2019; Hiepen et al., 

2020; Nickel et al., 2018). The advances in BMP/TGFβ research depict signaling 

networks with increasing complexity, which may better explain the diverse and 

complex function in multicellular organisms. 

 
 
Figure 1.10 Simplistic model of BMP and TGFβ signal transduction. Signal transduction is initiated via 
binding of dimeric TGFβ family ligands to a heterotetrameric receptor complex composed of two type I and two 
type II serine/threonine kinase receptors. Constitutive active kinases of the type II receptors activate type I 
receptor kinases via phosphorylation of the type I receptor glycine serine-rich (GS) domain. Dependent on their 
kinase substrate specificity type I receptors are divided in SMAD2/3-activating- and SMAD1/5/8-activating type I 
receptors. The receptor associated SMAD proteins (R-SMADs) become activated by C-terminal phosphorylation 
by respective type I receptors. Activated R-SMADs form a trimeric complex with Co-SMAD4, which enables the 
translocation to the nucleus to regulate target gene transcription. Moreover, ligand binding activates mitogen-
activated protein (MAPK) cascades downstream of the BMP type I receptors, including RHO, p38 and AKT 
signaling, which directly modulate the cytoskeletal architecture as well as gene transcription via activation of 
transcription factors (TF) such as TWIST1. 
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 Ligands 
The human genome encodes at least 33 unique TGFβ family ligands. All TGFβ family 

ligands are synthesized as a precursor protein (pro-form), which consist of a mature 
signaling domain (∼110 residues) with a large pro-domain (∼250 residues) with a N-
terminal signal peptide for secretion (Figure 1.11A-B).  

For maturation, the pro-domains are cleaved by furin-like proteases, which releases 

the mature signaling domain. The location of the processing via proteolytic cleavage is 

less clear and may occur intracellularly in the trans-Golgi network or the endoplasmic 

reticulum, at the plasma membrane or even extracellularly (Hinck et al., 2016; Yadin 

et al., 2016). 

Monomeric mature ligand domains are in shape of a hand with α-helix (wrist) and 

four antiparallel β-strands (fingers) (Figure 1.11C). Two mature ligand domains 

(monomers) assemble into a mature homodimeric or heterodimeric ligand with a 

symmetrical, butterfly-like structure (Figure 1.11D). Two disulfide bonds form a ring 

(cysteine knot) which contributes with an additional interchain disulfide bond to stability 

and folding of the ligand. TGFβ family ligands are classically organized into three main 

classes according functional and structural characteristics. (1) BMPs and Growth and 

Differentiation Factors (GDFs) form the largest class, (2) the second class is composed 

of Activin/Inhibin/Nodal ligands and (3) TGFβ ligands form the third class(Yadin et al., 

2016). However, based on phylogenetic and sequence divergence, three new ligand 

classes with several subfamilies have been suggested which associate some GDFs 

rather to the Activins than to the BMP class: BMP class: (BMP5/6/7/8), (BMP2/4), 

(BMP9/10), (GDF5/6/7), (GDF9/BMP15), (GDF1/GDF3), (Nodal). Activin class: 

(ActivinA/B/C/E), (GDF8/GDF11), (BMP3/GDF10). TGFβ class: (TGFβ1/2/3) (Hinck, 

2012; Hinck et al., 2016). 

Three-dimensional (3D) structures have been resolved for over 15 TGFβ family 

members reviewed in (Gipson et al., 2020; Goebel et al., 2019b). Despite similarities 

in the overall structure, there are important differences in residues which are not critical 

for folding but define specificity for receptor interaction and functionality. The regions 

of highest variability occur at the back face of the ligand fingers (knuckle region), its 

fingertips and the prehelix loop (wrist region), which are important for receptor 

specificity and binding (Gipson et al., 2020; Goebel et al., 2019b) (Figure 1.11C-E).  

Moreover, sequence variation may result in charge and shape differences. Mature 

BMP ligands are positively charged, which enables direct interaction with heparin or 
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heparan sulfate proteoglycans, which restricts their mobility. In contrast, other ligands, 

such as ActivinA are negatively charged at neutral pH and diffuse more readily (Goebel 

et al., 2019b). Even though all ligands exhibit a dimer butterfly-like shape, the relative 

position of each monomer is divergent. In BMP2,3,6,7 and 9 ligands the dimer interface 

and the wrist region are well-ordered, which leads to a more rigid conformation. In 

contrast, several ligands from the TGFβ and Activin class have a more flexible wrist 

region, which enables free rotation around the intermolecular disulfide bond (Goebel 

et al., 2019b; Yadin et al., 2016). In fact, TGFβ3 or ActivinA were crystalized in multiple 

conformations (Bocharov et al., 2002; Greenwald et al., 2004; Thompson et al., 2003), 

which suggests an additional functional model to modify receptor binding specificity. 

History and Nomenclature of Activins 
ActivinA and ActivinB homo- and heterodimers were initially discovered in porcine 

follicular fluid and named Activins because they activated the release of follicle-

stimulating hormone (FSH) (Ling et al., 1986), whereas their counterparts, the Inhibins  

blocked this effect (Setchell and Jacks, 1974). Inhibins antagonize Activin signaling by 

the formation of inactive signaling complexes with Activin type I (ALK4) and type II 

receptors (ACVR2A/B) and in conjunction with the co-receptor Betaglycan (Namwanje 

and Brown, 2016; Zhu et al., 2012). 

ActivinC and ActivinE were discovered later and are mainly described as inhibitors for 

ActivinA signaling by forming heterodimers with ActivinA (Mellor et al., 2003). Activins 

are composed of two dimerized β subunits (ββ homodimers) as the other TGFβ family 

ligands. In contrast, the Inhibins occur as αβ heterodimers. Because Inhibins were 

isolated before Activins the Activin β monomers are also sometimes named Inhibins 

βA (ActivinA) and Inhibins βA (ActivinB), respective the gene names INHBA, INHBB 

(Namwanje and Brown, 2016).  
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Figure 1.11 Structures of BMP, Activin and TGFβ class ligands. (A) TGFβ family ligands are synthesized 
as a precursor protein (pro-form). For maturation and activation, the pro-domains are cleaved by furin-like 
proteases. (B) Quarternary structure of pro-ActivinA with mature domains in dark blue and prodomains in light 
blue (X. Wang et al., 2016). (C) Folding of the BMP/Activin/TGFβ monomer resembles a hand model. (D) Two 
ligand monomers (subunits) assemble in a symmetric butterfly-shape dimer (BMP2 (Seeherman et al., 2019); 
ActivinA (Harrington et al., 2006); TGFβ2 (Del Amo-Maestro et al., 2019). (E) Dimeric ligands of D are rotated 
around the x axis by 90°. Binding epitopes of type I (Wrist) and type II receptors (Knuckle), (Fingers) are indicated. 
Crystal structures were exported from the Protein Data Bank (PDB ID: 5HLZ; 6OMN; 2ARV; 6I9J) and rendered 
in Chimera software (Pettersen et al., 2004). 

 

Ligand Prodomains 
Association with the pro-domains may influence ligand stability, storage, localization 

and signaling activity but remains poorly understood (Constam, 2014) 

The large size and sequence variability of pro-domains, which is less conserved 

compared to the mature signaling domain, suggests diverse functions of pro-domains 

within the TGFβ ligand family (Figure 1.11A-B). In fact, upon cleavage several mature 

dimeric BMP ligands remain non-covalently associated with their pro-domains and are 

targeted to ECM components (Sengle et al., 2011, 2008). 

Most insight about pro-domain function comes from the TGFβ1 ligand, where the pro-

domain (Latency associated peptide (LAP)) confers latency, meaning after cleavage 

the pro-domain remains associated with mature part of TGFβ to keep it in an inactive 

state (Wakefield et al., 1989). By forming a straightjacket around the mature TGFβ1 
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the pro-domain blocks the receptor binding sites and enables binding to the ECM via 

latent binding proteins (LTBP) or fibrillin (Shi et al., 2011). Besides pro-TGFβ1, latency 

by pro-domains has only been shown for pro-myostatin (pro-GDF8) (Wolfman et al., 

2003) and GDF11 (Pepinsky et al., 2017). To achieve full signaling activity pro-TGFβ1 

undergoes an ECM and integrin-driven mechanical activation (Shi et al., 2011) and 

pro-myostatin sequential proteolytic cleavage (Cotton et al., 2018; Wolfman et al., 

2003).  

In contrast, structural resolution of pro-BMP9 (Mi et al., 2015) and pro-ActivinA (X. 

Wang et al., 2016) (Figure 1.11B) revealed that both ligands have equivalent signaling 

activity compared to their free, mature ligand forms, suggesting a weaker, non-

inhibitory function of pro-domains. Studies with pro-ActivinA show that the pro-domain 

increased the solubility (X. Wang et al., 2016), extended the half-life of the mature 

growth factor in vivo (Johnson et al., 2016) and facilitated binding to heparan sulfate 

proteoglycans of the ECM (Li et al., 2010).  

Thus, the ligand precursor (pro-form) allows additional, post-translational activation 

mechanisms in the extracellular space. This suggests an additional way to control 

ligand availability within tissues and to modulate signaling responses in time and space 

and demands further investigations on the less conserved pro-domain of the TGFβ 

ligand family. 

 Ligand receptor interactions 
Once specific epitopes become accessible in the pro- or mature form of a ligand, 

transmembrane receptors with serine/threonine kinases bind to the ligand and form a 

heteromeric receptor complex (Figure 1.12B).  

TGFβ family receptors are structurally and functionally grouped into seven type I 
(ALK1, ALK2, ALK3, ALK4, ALK5, ALK6, ALK7) and five type II (ACVR2A, ACVR2B, 

BMPR2, TGFBR2, AMHR2) receptors. Type I and type II receptors share a similar 

domain structure, which consists of a cysteine-rich extracellular domain (ECD) that 

mediates ligand binding, a transmembrane domain (TMD) and an intracellular part of 

a serine/threonine kinase domain (KD) (Figure 1.12A). Key difference between type 

I and type II receptors is a serine-glycine rich sequence (GS-domain) N-terminal to 

the kinase domain of type I receptors, which is absent in type II receptors (Figure 

1.12A). For type I receptor activation the type II receptors phosphorylate conserved 

serine and threonine residues in the helix-loop-helix motif (GS loop) within the GS-
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domain. This enables type I kinase activity for downstream target. Close to the GS 

domain lies a cytoplasmic loop segment, called the L45 loop, which defines type I 

receptor substrate specificity (Feng and Derynck, 1997) via a corresponding loop 

segment (called L3 loop) in the SMAD C-terminal domain (Lo et al., 1998). The SMAD 

proteins SMAD1, 5, 8 are substrates of the type I receptors ALK1, ALK2, ALK3 and 

ALK6 and SMAD2 and 3 become phosphorylated by ALK4, ALK5 and ALK7 (Mueller 

and Nickel, 2012).  

The discrepancy between number in ligands and number of receptors implies that 

single receptors bind to more than one ligand and in fact a particular ligand can also 

bind so several receptors. This is called ligand-receptor promiscuity. 

The receptors bind to specific ligand epitopes. Type I receptor bind to the so called 

wrist epitope and type II receptors at the back face of the fingers, named knuckle 
epitope, except for the  TGFBR2, which recognizes its ligands by two conserved 

residues in the fingertips (Yadin et al., 2016) (Figure 1.11C-E).  

Until now, structural characterization of several ECDs alone (ACVR2A, TGFBR2, 

BMPR2; ALK1, ALK3, ALK5) or in a ligand receptor complex (ACVR2A, ACVR2B, 

TGFBR2, BMPR2, ALK1, ALK3, ALK5, ALK6) have contributed insight into the 

molecular basis for ligand receptor specificity (Goebel et al., 2019b). Each type I and 

type II receptor ECD consist of about 100 residues with three β-strands with a high 

degree of homology, except the three extended β-sheets loops, which define 

specificity for ligand interaction (Goebel et al., 2019b).  

In addition to structural data, binding specificities and affinities between ligands and 

receptors have been analyzed by chemical crosslinking of radioactively labeled 

ligands with receptors in cells and by cell-free surface plasmon resonance studies 

(Biacore; Biosensor analysis using surface plasmon resonance) using receptor 

ectodomains (Aykul and Martinez-Hackert, 2019; Danielpour, 2000).  

Besides the measurement of the affinity of the receptor-ligand interactions, the 

crosslinking technique enabled also the initial identification and characterization of 

TGFβ receptors as high affinity cell surface TGFβ binding proteins by incubating the 

cells with radiolabeled TGFβ (Cheifetz et al., 1986; Massagué and Like, 1985; 

Rodriguez et al., 1995; Wang et al., 1991). 
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Figure 1.12 Ternary Ligand-Receptor complexes. (A) Schematic depiction of the domain organization of 
type I and type II receptors (Extracellular Domain (ECD); Transmembrane Domain (TM); Glycin-Serin rich 
domain (GS-domain); Kinase Domain (KD)) and (B) a Hetero-Tetrameric Receptor Complex with a ligand. (C-
D) Ternary ligand-receptor complex of BMP2 with ECD of ACVR2B and ALK3 (Weber et al., 2007) (E) GDF11 
with ECD of ACVR2B and ALK5 (Goebel et al., 2019a) (F) and TGFβ1 in complex with TGFBR2 and ALK5 
(Radaev et al., 2010). Crystal structures were exported from the Protein Data Bank (PDB ID: 2H64; 6MAC; 
3KFD) and rendered in Chimera software (Pettersen et al., 2004). 

 

Type II receptors 

At the back face of the two ligand fingers, named knuckle epitope, TGFβ family 

ligands bind type II receptors. Even though type II receptors bind ligands at the same 

epitope, there are preferences for specific ligands (Yadin et al., 2016). 

ACVR2A and ACVR2B interact with BMP ligands as well as Activins. BMPR2 is mainly 

known for its binding to BMP ligands but it was also shown to bind and signal via 

Activins (Aykul et al., 2017; Rejon et al., 2013). Therefore, those type II receptors can 

engage in various signaling complexes leading to different SMAD responses. 

In general, Activin and TGFβ class ligands bind type II receptors with higher affinities 

compared to BMP ligands. Whereas BMPs and GDFs (BMP2/4/5/6/7/8 and GDF5/6/7) 

were shown to bind with rather low micromolar affinities to all three type II receptors 

(ACVR2A, ACVR2B, BMPR2), Activins bind with very high nanomolar affinities to 

ACVR2A and ACVR2B but also with lower affinity to BMPR2 (Heinecke et al., 2009). 

This suggests a competitive environment of BMP/GDF versus Activin ligand binding to 

type II receptors. Several studies have shown that ActivinA competes with BMPs for 
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binding to ACVR2A and ACVR2B (Aykul and Martinez-Hackert, 2016; Hatsell et al., 

2015; Olsen et al., 2015; Piek et al., 1999; Seher et al., 2017). And recently, based on 

native PAGE analysis and signaling experiments with recombinant extracellular 

domains it was reported that ActivinA has no preference for interaction with ACVR2A 

or ACVR2B, whereas GDF11 preferred ACVR2B over ACVR2A (Goebel et al., 2019a). 

Interestingly, BMP9 also has a preference for ACVR2B in comparison to the other type 

II receptors (BMPR2, ACVR2A) and this is even reflected in a similar binding affinity 

as for its high affinity receptor ALK1 (Townson et al., 2012).  

In contrast, TGFBR2 is fully restricted for interaction with TGFβ ligands. TGFBR2 binds 

the ligands at their fingertips, where they have specific residues for binding, which 

prevent binding to other type II receptors and are not present in BMP and Activin 

ligands (Yadin et al., 2016).  

However, for BMP and Activin type II receptor interactions it is not completely clear 

from structural data why binding at the same knuckle epitope achieves for some a 

highly specific while for others a promiscuous interaction interface. Studies with BMP2 

for example have shown, that the binding interface to ACVR2A is dominated by 

hydrophobic interfaces, which enable promiscuous interactions with low affinity. In 

addition to the hydrophobic interface, ligands with high affinity to type II receptors, such 

as Activins have specific residues, which shielding hydrogen bonds from the solvent 

and foster binding (Yadin et al., 2016). This could be demonstrated by exchange of 

single residues in BMP2 with equivalent residues from ActivinA, which turned BMP2 

into a high affinity ligand for ACVR2B. Mutation of two other residues led to high affinity 

binding of BMP2 to BMPR2 (Weber et al., 2007).  

Thus, it is proposed that  type II receptor binding affinity and specificity is mediated by 

single residues within the knuckle of the ligand that determine hot spots of binding 

with the hydrophobic interfaces of type II receptors (Clackson and Wells, 1995; Yadin 

et al., 2016). 
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Type I receptors with a particular role for ALK2 
Compared to type II receptors, ligand binding to type I receptors is mediated via a 

binding interface, which lies between the ligand fingertips and the wrist helix and is 

therefore named wrist epitope.  

Interestingly, the interaction between the SMAD2/3-activating type I receptors (ALK4, 

ALK5, ALK7) to their corresponding ligands is low affinity. Despite the same epitope, 

ligands binding to SMAD1/5/8 activating type I receptors have a much higher affinity 

(Heinecke et al., 2009; Rodriguez et al., 1995). 

Key structural differences, which define ligand-receptor binding and recognition are the 

length of the β4-β5 loops in type I receptors and the prehelix loop within the wrist 

epitope of the ligand (Gipson et al., 2020; Goebel et al., 2019b) 

ALK5 is the primary type I receptor for TGFβ and has extremely low affinity to the ligand 

when not bound to TGFBR2 (Groppe et al., 2008). In contrast to other type I receptors, 

ALK5 directly interacts with TGBFR2, which is enabled by TGFβ shifting the type II 

binding interface towards the fingertip (Goebel et al., 2019b).  

The Activin class ligands are more promiscuous and use ALK4, ALK5, ALK7 type I 

receptors for signaling but also bind with low affinities (Attisano et al., 1996; Heinecke 

et al., 2009). The highly flexible wrist region of Activin ligands is suggested to cause 

the low affinity to its type I receptors. Specificity for the Activin ligand class is facilitated 

by a four amino acid extensions at β4-β5 loops, which interact with the ligand fingertip 

(Gipson et al., 2020). ActivinA utilizes ALK4 as its primarily type I receptor in complex 

with type II receptors ACVR2A, ACVR2B and to a lesser extend BMPR2 (Aykul et al., 

2017; Willis et al., 1996). ActivinB and ActivinAB can signal via ALK4 or ALK7 

(Attisano et al., 1996; Bernard et al., 2006; Tsuchida et al., 2004). ActivinC is 

suggested to be non-signaling and to have an inhibitory function by forming ActivinAC 

heterodimers (Mellor et al., 2003, 2000). 

ALK7 was originally discovered as an orphan receptor with a similar kinase domain to 

ALK4 and ALK5 but a very different ECD (Rydén et al., 1996). Later ALK7 was defined 

as a receptor for Nodal (Reissmann et al., 2001) and some members of the activin 

subgroup GDF8, GDF11 as well as GDF1, GDF3 (Yadin et al., 2016). Constitutive 

active ALK7 mutants confirmed ALK7 as a SMAD2/3 activating type I receptors 

(Jörnvall et al., 2001; Watanabe et al., 1999).  
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Low affinity binding of TGFβ and Activin ligands to type I receptors and high affinity 

binding to type II receptors is reversed for most BMPs and GDFs, which bind type I 

receptors much stronger than their type II receptors.  

The static nature of BMPs offers a rigid preformed binding pocket in the wrist region, 

which is suggested to facilitate the high affinity type I receptor binding (Gipson et al., 

2020). In fact, sequence differences in the pre-helix loop segment suggest a 

discrimination between binding specificity to SMAD2/3-or SMAD1/5/8-activating type I 

receptors and even between ALK2, ALK3 and ALK6 (Cash et al., 2009; Keller et al., 

2004; Nickel et al., 2005; Saremba et al., 2008; Yadin et al., 2016). 

For example BMP2 and BMP4 have high affinity to ALK3 and ALK6 and relatively low 

to type II receptors (Heinecke et al., 2009). ALK1 represents the high affinity receptor 

for BMP9 (Brown et al., 2005). Recent evidence suggests that BMP9 signaling also 

occurs via ALK2 that could be blocked by a specific ALK2 antibody in myeloma cells, 

which are devoid of ALK1 (Olsen et al., 2018, 2015). This is supported by binding of 

pro-BMP9 and the BMP9 growth factor domain to ALK2-Fc (Salmon et al., 2020). 

Compared to ALK3 and ALK6 the BMP type I receptor ALK2 binds BMP ligands with 

very low affinities in vitro using cell free ligand-receptor interaction studies (Biacore) 

(Heinecke et al., 2009; Yadin et al., 2016). 

However, in several cell based crosslinking and functional studies it was proofed that 

ALK2 is an essential type I receptor for BMP6 and BMP7 signaling (Ebisawa et al., 

1999; Hong et al., 2009; Macías-Silva et al., 1998; ten Dijke et al., 1994b).  

In fact, BMP6 incorporates a specific glycosylation motif (hot spot) in the wrist region, 

which determines binding to ALK2 and does not play a role in binding to ALK3 or ALK6. 

When this motif was deleted, BMP6 was defective in ALK2 binding but remained 

normal affinities to ALK3 and ALK6. As a consequence, essential cellular function such 

as BMP induced ALP expression in C2C12 cells was disrupted without compensation 

of other type I receptors (Saremba et al., 2008).  

Interestingly, ALK2 was originally described as a Activin type I receptor because of 

its ability to bind ActivinA in complex with ACVR2A or ACVR2B (Attisano et al., 1993; 

Tsuchida et al., 1993). Two independent studies confirmed binding of ActivinA to 

murine Alk2 and human ALK2 and a corresponding ACVR2 receptor (Ebner et al., 

1993; ten Dijke et al., 1994a). ALK2 co-expression with ACVR2A or ACVR2B resulted 

in transcriptional activation of a SMAD2/3 reporter (3TP) compared to solely 

ACVR2A/B overexpression (Attisano et al., 1993; Yamashita et al., 1995). The 3TP 
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reporter contains portions of the promoter region of the target gene plasminogen 

activator inhibitor 1 (PAI-1) (Wrana et al., 1992). However, this was not confirmed on 

endogenous PAI-1 protein levels (ten Dijke et al., 1994a). 

Later ALK2 was also found in complex with BMP7 and type II receptors and SMAD 

downstream responses were only detected for BMP7 and not for ActivinA in the used 

systems (Macías-Silva et al., 1998). Moreover, ALK2 associated with SMAD1 and 

efficiently phosphorylated SMAD1/5/8 but not SMAD2 (Macías-Silva et al., 1998). 

Based on the inability of ActvinA to activate ALK2 in comparison to BMP7, ALK2 was 

then re-categorized as a BMP type I receptor. Of note, all ALK2 ligands share the low 

affinity binding to ALK2 in absence of type II receptors, as shown for BMP6 (Saremba 

et al., 2008), BMP7 and ActivinA (Heinecke et al., 2009). 

Even though ActivinA was initially not assigned to activate ALK2, it was later reported 

to functionally antagonize BMP7 for ALK2 binding as highlighted by crosslinking 

studies (Piek et al., 1999). This is supported by recent evidence from ALK2-WT 

myeloma cells, which suggest that ActivinA antagonizes BMP6 and BMP9 induced 

ACVR2A/ACVR2B/ALK2 signaling but not BMP2 and BMP4 induced BMPR2/ALK3 or 

BMPR2/ALK6 signaling (Olsen et al., 2015). Moreover, co-treatment of ALK2-WT 

ESCs with BMP6 and ActivinA reduced pSMAD1/5 levels (Hatsell et al., 2015).  

Thus, ActivinA does not only compete with BMPs for type II receptor binding as 

mentioned above but also for binding to ALK2. 

 Receptor ligand assembly paradigms 
Based on binding specificities and affinities, two different receptor-ligand assemble 

paradigms have been established for the TGFβ superfamily, which were recently 

expanded by a third paradigm (Goebel et al., 2019a). The assembling of a dimeric 

ligand and two type I and two type II receptors aims to form a functional 

heterotetrameric complex for signal transduction. For BMP ligands the high-affinity 
lock and key mechanism has been proposed (Figure 1.13). Based on the rigid, open 

and butterfly-like structure of BMP ligands, a rigid binding pocket facilitates the high 

affinity interactions with type I receptors and symmetrically binding of type II receptors 

to the convex surface (Allendorph et al., 2006; Weber et al., 2007; Yadin et al., 2016). 

In contrast, TGFβ utilizes a cooperative mechanism with initial high affinity binding of 

the ligand to type II receptors, which then recruit the type I receptors into the complex 

with a unique type I and type II receptor binding interface (Groppe et al., 2008) (Figure 
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1.13). Only recently, a third mechanism for the Activin family members was proposed, 

which shares the type II receptor affinities of the TGF class and the receptor 

orientations of the BMP class. In the so-called conformational selection model, the 

type II receptor bind and enrich the Activin ligands on the cell surface to facilitate 

interactions with the low affinity type I receptors (Figure 1.13). 

For the BMP family the ligand receptor assembly paradigm was further specified into 

two modes: (1) The formation of ligand-independent preformed complexes (PFCs), 
which consist of homo- or heterodimeric type I and type II as well as heterotetrameric 

type I and type II complexes (Gilboa et al., 2000; Nohe et al., 2002) (2) And a ligand-
dependent BMP-induced signaling complex (BISC), which results from binding of 

a BMP dimer to two high affinity type I receptors and subsequent recruitment of type II 

receptors into the complex (Nohe et al., 2002). This was supported by single particle 

tracking studies, which showed that BMP receptors have different lateral mobilities in 

the plasma membrane (Guzman et al., 2012). Whereas the BMP type I and II receptors 

ALK3, ALK6 and BMPR2 had a confined movement, showed a subpopulation of 

BMPR2 a high lateral mobility, which was only stabilized upon ligand-induced complex 

formation with type I receptors using BMP2 (Guzman et al., 2012). Moreover, based 

on receptor mutant studies and endocytosis experiments it was proposed that PFCs 

promote SMAD dependent intracellular signaling whereas BISCs form in cholesterol 

rich membranes and require confined type I receptors to induce non-SMAD signaling 

(Guzman et al., 2012; Hartung et al., 2006). However, those investigational studies are 

lacking for the ALK2 receptor and it remains to be shown, if receptor complexes with 

ALK2 form via the same modes. The characteristic differences in ALK2 ligand binding 

affinities suggest a different mode of receptor oligomerization.  
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Figure 1.13 Receptor-Ligand assembly paradigms of the BMP, Activin and TGFβ Class. (A) Exemplary 
signaling complex structures of each ligand class comprised of a dimeric ligand and the ECD of two type I and 
two type II receptors. Below are the ligands and receptor types listed. High ligand affinity receptors are depicted 
in bold. (B) Signaling complexes of A are rotated around the x axis by 90° and receptor binding mechanisms are 
indicated below. Crystal structures (PDB ID: 2H64; 6MAC; 3KFD) were exported from the Protein Data Bank and 
rendered in Chimera software (Pettersen et al., 2004). 

 Antagonists and Co-Receptors modulate BMP/TGF signaling 
Additional regulation of signaling responses is mediated by other transmembrane 

receptors and soluble antagonists, which modulate the BMP/TGFβ pathway very 

distinctly. 

Co-receptors 
Several transmembrane or membrane bound proteins have been shown to also bind 

TGFβ family ligands and to associate with their receptors such as Endoglin, 

Neuropillins, Cripto, Betaglycan, BAMBI or Integrins (Nickel et al., 2018). 

Endoglin is a well expressed transmembrane protein in ECs and was shown to bind 

several TGFβ ligand family members in presence of corresponding type II receptors, 

including TGFβ1, TGFβ3, BMP2, BMP7 and ActivinA (Barbara et al., 1999; 

Letamendía et al., 1998; Nickel et al., 2018). BMP9 and BMP10 bind Endoglin with 

high affinities at type II receptor binding sites even in absence of other type I and II 

receptors (Alt et al., 2012; Castonguay et al., 2011). 

Ligand bound Endoglin was isolated in complex with several type I (ALK1, ALK2, ALK3, 

ALK4, ALK5, ALK6) and type II receptors (ACVR2, BMPR2, TGFBR2) (Nickel et al., 
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2018) indicating modulation of SMAD responses. TGFβ induced SMAD2/3 signaling 

was inhibited in presence of Endoglin, which is suggested to occur via the dissociation 

of ALK5 from the signaling complex with TGFBR2 (Guerrero-Esteo et al., 2002).  

This supports the cooperative receptor assembly model of TGFβ ligands, which 

requires the type I and type II receptor binding interface. This is in line with another 

study, which also reported inhibited TGFβ/ALK5 signaling in presence of Endoglin but 

interestingly the promotion of TGFβ/ALK1 SMAD1/5 signaling was also observed 

(Lebrin et al., 2004). 

A recent structural data suggests that Endoglin bound to BMP9 still enables the binding 

of ALK1 but not ACVR2B (Saito et al., 2017). Therefore, it remains unclear how the 

blocking of type II receptor binding by Endoglin facilitates the activation of type I 

receptors in this complex. Saito et al., proposed a transient model, where Endoglin 

enriches BMP9 at the plasma membrane for complex formation with ALK1, which is 

followed by Endoglin dissociation to enable type II receptor binding (Saito et al., 2017). 

Another possibility could be that Endoglin may displace the GS domain bound 

FKBP12, which destabilizes the inactive type I receptor kinase. However, for efficient 

type I receptor kinase activation the GS-domain has to undock from the kinase N-lobe 

requiring the phosphorylation of serine and threonine residues in the GS-domain (see 

chapter 1.7.5). Thus, the distinct receptor-ligand assembly paradigms enable co-

receptors as Endoglin to modify SMAD2/3 and SMAD1/5 responses differently. But 

how active and inactive co-receptor-ligand complexes are formed remains 

incompletely understood. 

Interestingly, in contrast to BMP9 and BMP10 Endoglin binding to BMP7 and ActivinA 

requires type II receptors (Barbara et al., 1999) suggesting that Endoglin does not bind 

to type II receptor epitopes on those ligands, which should be explored by structural 

data in future.  

Other abundant co-receptors in the endothelium are Neuropillins (NRP1, NRP2), 

which have been reported to suppress the stalk cell phenotype in sprouting 

angiogenesis by limiting SMAD2/3 signaling through ALK1 and ALK5 (Aspalter et al., 

2015). On the other hand it was also demonstrated that NRP1 enhances SMAD2/3 

signaling by promoting the oligomerization of TGF type I and type II receptors 

suggesting a context dependent function of NRP1 (Glinka et al., 2011). 

So far, there is no structural evidence how NRP1 inhibits SMAD2/3 signaling. Based 

on binding of NRP1 to TGFβ, Aspalter and colleagues proposed that NRP1 acts as a 
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decoy, which may inhibit interaction between type I and type II receptors (Aspalter et 

al., 2015). Since NRP1 and Endoglin have a PDZ-binding motif, both co-receptors may 

also share similar mechanisms for the modulation of TGFβ signaling (Nickel et al., 

2018). Moreover, in the endothelia context, an important function of NRP1 is the 

binding to VEGFA, which induces complex formation with VEGFR2 and is essential for 

proper VEGF signaling (Lanahan et al., 2010; Prahst et al., 2008; Salikhova et al., 

2008). 

Betaglycan or also called TGFBR3, has a similar structure as Endoglin and binds 

TGFβ ligands with high affinities. However, in contrast to Endoglin it binds the ligands 

even in absence of corresponding type II receptors (López-Casillas et al., 1993). 

Betaglycan has also been reported to bind BMP2, BMP4, BMP7, GDF5 with lower 

affinities (Kirkbride et al., 2008) and with high affinities to Inhibins (Lewis et al., 2000). 

Betaglycan enhances TGFβ signaling by enriching the ligand at the membrane, which 

presents them to type II receptors and also enhancing the binding to type II receptors 

(Nickel et al., 2018). Mediating enhanced ligand binding to TGFBR2 is especially 

crucial for TGFβ2 because it has a much lower affinity to TGFBR2 than TGFβ1 and 

TGFβ3 (De Crescenzo et al., 2006).  

BMP activin membrane-bound inhibitor (BAMBI) is another co-receptor which inhibits 

BMP, Activin and TGF heterotetrameric β signaling (Onichtchouk et al., 1999). The 

intracellular domain of BAMBI resembled the homodimerization interface of type I 

receptors. Indeed BAMBI binds all TGF- 2 and 

is suggested to act as a decoy receptor preventing the formation of signaling-

competent receptor complexes (Nickel et al., 2018). 

Cripto1 plays a pivotal role in embryonic development and is involved in body axis 

specification. Thus, Cripto is mainly expressed in pluripotent stem cells and only shows 

minor expression in adult tissues. However, upon certain triggers it becomes 

upregulated, such as in several neoplasia (de Castro et al., 2010). Cripto is essential 

for Nodal signaling by facilitating the interaction of Nodal, ACVR2A/B and ALK4/7 

signaling complexes. Direct binding to Nodal and ALK4 was reported as well as to 

ActivinA and ActivinB but only in presence of ACVR2A/B. In contrast to Nodal, binding 

of Cripto to Activins results in signaling inhibition (Gray et al., 2003; Nickel et al., 2018). 

Moreover, Cripto also binds to TGFβ1, which reduces its binding to ALK5 (Gray et al., 

2006). 
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In sum, TGFβ family ligands do not only bind to their classic type I and II receptors, but 

additionally to other transmembrane proteins, which activate or antagonize signaling 

responses and thus function as a co-receptor or decoy receptor respectively. Some 

co-receptors also exist as a soluble form with different functions. An example is the 

soluble form of Betaglycan, which functions as a very potent neutralizing agent for 

TGFβ (Mendoza et al., 2009). Extracellular antagonism by ligand neutralization and 

thereby blocking the receptor binding sites is also mediated by ligand antagonists 

(Goebel et al., 2019b). 

Antagonists 
A wide range of structurally diverse antagonists inhibit ligands through different binding 

mechanisms. Mostly, two antagonists inhibit the ligand by blocking each one type I and 

one type II receptor binding site, which prevents receptor assembly and signaling. In 

2002 the first structure of an antagonist was solved and showed how the homodimer 

Noggin inhibits BMP7 by blocking all four receptor binding sites (Groppe et al., 2002) 

(Figure 1.14A). Noggin also binds BMP6 and with even higher affinity BMP2 and BMP4 

(Gipson et al., 2020). Three years later the antagonist-ligand complex of Activin and 

Follistatin was solved (Thompson et al., 2005a) (Figure 1.14C). Follistatin consist of 

multiple domains, one N-terminal domain (ND) (blocking type I receptor binding site) 

and three tandem follistatin domains (FSD) (covering type II receptor binding sites). 

The ND exhibits different conformations, which enables the blocking of the wrist region 

of different ligand groups (ActivinA/B, GDF8/11, BMP2/4/6/7). Thus, compared to 

Noggin Follistatin is promiscuous and targets multiple ligand classes. Over ten years 

later the structure of Gremlin-2, a member of the Gremlin antagonist family, in 

complex with GDF5 was solved (Nolan et al., 2016) (Figure 1.14B). In contrast to 

Noggin two Gremlin-2 dimers are required to block the receptor binding sites, which 

bind as an H shape at each end of the ligand dimer (Goebel et al., 2019b). While TGFβ 

family ligands show a high degree of structural conservation, their antagonists are very 

heterogenous in their structure. However, the structurally distinct antagonists Noggin, 

Follistatin and Gremlin-2 have in common that they block all four receptor binding 

epitopes, which prevents ligand binding and the formation of functional signaling 

complexes. 
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Figure 1.14 Heterogenous antagonist structures for BMP and Activin ligands. (A) Dimeric BMP7 ligand 
bound to two monomers of Noggin (Groppe et al., 2002). (B) Two Gremlin-2 dimers bind in H shape to dimeric 
GDF5 and block receptor binding sites (Nolan et al., 2016). (C) Two monomers of Follistatin bind dimeric ActivinA 
in a ring-like structure (Thompson et al., 2005b). Crystal structures (PDB ID: 1M4U; 5HK5; 2B0U) were exported 
from the Protein Data Bank and rendered in Chimera software (Pettersen et al., 2004). 

 Receptor activation 
BMP and TGFβ ligands bind to serine/threonine kinase transmembrane receptors, 

which are structurally and functionally grouped into seven type I receptors and five type 

II receptors. Type I and type II receptors share a similar domain structure, which 

consists of a cysteine-rich extracellular domain that mediates ligand binding, a 

transmembrane domain and an intracellular part of a serine/threonine kinase 
domain. The kinase domains consist of N-and C-terminal subdomains (lobes), 
which are connected by a shorth hinge, which enables their rearrangements to facilitate 

ATP exchange and substrate binding. The N-lobe contains five stranded β-sheets and 

a single α-helix (αC) whereas the C-lobe consist of α-helices (Yadin et al., 2016) 

(Figure 1.15). Key difference between type I and type II receptors is a serine-glycine 

rich sequence (GS-domain) N-terminal to the kinase domain of type I receptors, which 

is absent in type II receptors. For type I receptor activation the type II receptors 

phosphorylate conserved serine and threonine residues in the helix-loop-helix motif 
(GS loop) within the GS-domain (Figure 1.15). Thereby, the GS-domain undocks from 

the kinase N-lobe, which switches the type I receptor kinase active and allows 

subsequent SMAD phosphorylation. In contrast to type I receptor, type II receptor have 

an active conformation with reoriented helix αC, which enables constitutive kinase 

activity (Kornev et al., 2006), as shown by autophosphorylation in vitro (Hassel et al., 

2004; Lin et al., 1992).  
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The inactive state of type I receptors is maintained by critical residues, which bind the 

GS domain to the kinase N-terminal subdomains (N-lobe), thereby the GS loop is 

protected from phosphorylation.  

Moreover, complex formation with the cytoplasmic peptidyl-prolyl cis-trans isomerase 

FKBP12 (FK506 binding protein 12) stabilizes the inactive conformation of type I 

receptors. FKBP12 binds to the GS domain and shields the GS loop from 

phosphorylation of type II receptor kinases (Huse et al., 1999; Wang et al., 1996, 1994). 

FKBP12 binding forces the GS loop to insert into the kinase domain where it forms an 

inhibitory connection between the amino lobe β sheet and the αC helix, which causes 

an inactive conformation of the kinase. The inhibitory receptor conformation is 

stabilized by a number of arginine residues, which are highly conserved among type I 

receptors (Chaikuad and Bullock, 2016). In sum, FKBP12 binds to the GS domain, 
shielding the GS loop and pushing it against the kinase domain, locking the position 

and orientation of the αC helix, which keeps the type I receptor kinase in an inactive 
conformation. Thus, for type I receptor activation, FKBP12 has to dissociate first to 

enable subsequent phosphorylation of serine threonine residues in the GS domain by 

the type II receptor kinase. Based on the conserved structural similarity among type I 

receptors this mechanism applies to all type I receptors (Yadin et al., 2016).  

 
 
Figure 1.15 Structure of the inactive type I receptor kinase in complex with FKBP12. Structure of 
ALK5 glycine-serine rich (GS) (green) and kinase (grey) domains in complex with inhibitory protein FKBP12 
(red). The type I receptors have a typical kinase architecture consisting of N-and C-terminal subdomains (lobes), 
αC helix, E6 loop and L45 loop (blue), which defines type I receptor substrate specificity. Modified after (Yadin 
et al., 2016). 
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 BMP/TGFβ signal transduction via SMAD proteins  
Receptor SMADS and Co-SMAD4 
Activation of type I receptor kinases leads to the phosphorylation of R-SMADs at a C-

terminal SXS motif. This enables complex formation with the co-SMAD4 into a 

heterotrimeric complex consisting of two phosphorylated R-SMADs, which 

translocates to the nucleus to regulate target gene transcription. Each R-SMAD and 

the Co-SMAD4 have a conserved N-terminal MH1 and a C-terminal MH2 domain. The 

linker sequence between the MH1 and MH2 domain includes phosphorylation sites 

and is target for several kinases, which control stability and function of the SMADs 

(Derynck and Budi, 2019). The C-terminal MH2 domain mediates the interaction with 

type I receptors via a specific L3 loop (Lo et al., 1998). Binding of the L3 loop to a 

specific, corresponding L45 loop in type I receptors defines receptor SMAD specificity 

and facilitates the phosphorylation of SMADs on two C-terminal serines (SXS motif) 
by type I receptors (Cárcamo et al., 1994; Feng and Derynck, 1997; Persson et al., 

1998). Accordingly, the SMAD proteins SMAD1, 5, 8 are substrates of the type I 

receptors ALK1, ALK2, ALK3 and ALK6 and SMAD2 and 3 become phosphorylated 

by ALK4, ALK5 and ALK7 (Mueller and Nickel, 2012). The MH2 domain and the 

phosphorylated SXS motif facilitate the interaction with other SMADs and the Co-

SMAD4 to form heterotrimeric complexes.  

In addition to R-SMADS interact also the inhibitory (I) SMADS with type I receptors 

via their MH2 domain. Thereby two kinds of I-SMADs, named SMAD6 and SMAD7, 

inhibit the binding of R-SMADs to type I receptors and prevent their C-terminal 

phosphorylation. In addition, I-SMADs also complex with SMAD4 via the MH2 domain 

and thereby antagonize R-SMADS for SMAD4 complex formation. Moreover, I-

SMADS are capable to recruit E3 ubiquitin ligases, which ubiquitinate type I receptors 

for proteasomal degradation. SMAD7 interacts with ALK2, ALK3, ALK4 and ALK5 

receptors whereas SMAD6 preferentially with ALK3 and ALK6. (Miyazawa and 

Miyazono, 2017). SMAD6 is a direct target gene of SMAD1 and SMAD5 and SMAD7 

expression is induced by binding of SMAD3 to its promoter (Ishida et al., 2000; 

Nagarajan et al., 1999). However, the expression of SMAD6 and SMAD7 can be 

induced by various TGFβ family ligands and other stimuli, such as by fluid shear stress 

in the vascular endothelium (Afrakhte et al., 1998; Miyazawa and Miyazono, 2017; 

Topper et al., 1997). 
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Upon phosphorylation of R-SMADs by type I receptors a nuclear localization signal in 

the MH1 domain becomes exposed and enables translocation to the nucleus. The β-

hairpin structure in the N-terminal MH1 domain mediates direct DNA binding of 

SMADs (Xiao et al., 2000).  

Active R-SMAD in the nucleus become eventually dephosphorylated, which results in 

their dissociation from SMAD4 and the recycle back to the cytoplasm. In fact, during 

active signaling R-SMADs and SMAD4 constantly shuttle between the cytoplasm and 

the nucleus, otherwise they retain in the cytoplasm (Derynck and Budi, 2019; Hata and 

Chen, 2016; Inman et al., 2002). 

SMAD2 has generally been considered as the only non-DNA-binding SMAD protein 

(Dennler et al., 1998; Derynck and Zhang, 2003; Yagi et al., 1999). The most 

commonly expressed SMAD2 isoform has an E3 insert in the MH1 domain, which has 

been considered to prevent DNA binding (Yagi et al., 1999). However, very recent 

evidence from biochemical and structural studies shows that SMAD2 indeed binds to 

the DNA but this is highly dependent on the conformation of the E3 insert, which is 

unique to SMAD2 and can hinder DNA binding by a closed conformation form, which 

is observed in recombinant and tagged SMAD2 protein (Aragón et al., 2019).  

BMP and TGFβ SMADs bind preferentially to specific target sequences. SMAD1 and 

SMAD5 bind preferentially to so called SMAD binding elements (SBEs), which consist 

of GC-rich motives such as GGCGCC or GGAGCC (GC-SBE), while SMAD3 and 

SMAD4 bind to CAGAC (SBE) motifs, which are found in many BMP and TGFβ target 

genes (Morikawa et al., 2013, 2011). Interestingly, recent evidence from structural 

studies showed that in embryonic stem cells all SMADs were able to bind to GC rich 

motifs, which suggests that specific target gene regulation is dependent on additional 

lineage-determining factors (Martin-Malpartida et al., 2017). SMAD proteins offer via 

the MH2 domain various contact points to partner with other transcription factors, 

coactivators and repressors, which modulates target gene transcription and repression 

(Macias et al., 2015).  

Examples of well-known SMAD1 co-factors include RUNX2, which modulates the 

expression of osteogenic genes e.g. in chondrocyte differentiation (Drissi et al., 2003), 

the intracellular domain of NOTCH (NICD), which control endothelial cell function in 

crosstalk with NOTCH signaling (Itoh et al., 2004) and YAP during BMP suppressed 

neural differentiation (Alarcón et al., 2009). 
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Moreover, trimeric SMAD complexes consist of different R-SMADs. And it was shown 

that a complex of two identical R-SMADs induced different targets genes compared to 

a complex consisting of SMAD2, SMAD3 and SMAD4 (Lucarelli et al., 2018). There is 

emerging evidence of mixed SMAD complex formation consisting of BMP and TGFβ 

SMADs (Byfield and Roberts, 2004; Daly et al., 2008; Hiepen et al., 2019; 

Ramachandran et al., 2018). 

These various combinatorial possibilities to form SMAD transcription factor complexes 

more likely reflect the complex upstream signaling and enable the demand of cell type 

specific and fine-tuned gene expression. Thus, SMAD signaling is very heterogenous 

and depends on upstream ligand-receptor complex formation as well as intracellular 

modulators in the cytoplasm and nucleus, which result in highly specific transcriptional 

responses. 

1.8 Consequences of FOP mutations on ALK2 receptor activity  

 FOP mutations destabilize the inactive receptor and trigger 
hypersensitivity 

Structural localization of FOP causing mutations in the BMP type I receptor ALK2 

revealed, that they cluster around the GS domain and ATP pocket of the kinase domain 

(Figure 1.16A). The affected residues normally form critical interactions to stabilize the 

inhibitory complex with FKBP12 and the inactive conformation of the receptor. 

Therefore, it has been predicted that the FOP mutations break these inhibitory 

interactions, which cause a shift to the active conformation (Groppe et al., 2007). The 

most common mutation R206H involves residues, which connects the GS domain 

to the kinase N-lobe and stabilize the interactions with FKBP12. Arg-206 forms a 

hydrogen bond with Asp-269 and an additional hydrogen bond with the backbone 

oxygen of Met-270 (Figure 1.16B). Replacement of the conserved arginine with 

histidine at residue 206 of ALK2 breaks these interaction (Chaikuad et al., 2012). A 

more recent in silico analysis found that R206H also destabilizes the D354-R375 salt-

bridge, which normally acts as a lock to prevent coordination of ATP to the catalytic 

site (Botello-Smith et al., 2017). 

This is in line with other FOP mutations, that break inhibitory bonds of the inactive 

state of the receptor, which enables freedom for the GS loop to move away from the 

kinase N-lobe, promoting an active kinase conformation (Chaikuad et al., 2012).  
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This introduced the concept of constitutive receptor activity based on impaired 
interaction of mutant ALK2 to FKBP12 and hyperactive signaling in response to 

BMP ligands as shown by a number of studies using models of receptor 

overexpression (Chaikuad et al., 2012; Fukuda et al., 2009; Shen et al., 2009a; Song 

et al., 2010a; van Dinther et al., 2010). Constitutive activating receptors are able to 

recruit downstream effectors in the absence of ligand stimulation and type II receptors 

as shown for constitutive active ALK5-T204D when mutated in the GS domain (Wieser 

et al., 1995). Later the artificial constitutive ALK2-Q207D mutation (not naturally 

occurring in FOP) was designed accordingly (Fukuda et al., 2006). However, until 2012 

it hasn’t been proven whether the activity of ALK2 mutants is also independent of type 

II receptors. Studies in a FOP Drosophila model and type II receptor deficient mice 

confirmed that GS domain ALK2 mutants (R206H, Q207D) signal independent of 

ligand stimulation but require expression of at least one type II receptor (Bagarova et 

al., 2013; Le and Wharton, 2012). Interestingly, the ALK2 and type II receptor ligand 

binding domain (LBD) was not needed for ALK2 mutant activation (Le and Wharton, 

2012). Importantly, mutant ALK2 signaling is even independent of type II receptor 
kinase activity (Bagarova et al., 2013), indicating that type II receptors are mainly 

required for scaffolding to form a functional ALK2 signaling complex. Therefore, 

mutant ALK2 receptor responses require type II receptor cooperation and can 

rather be described as hypersensitive with increased (`leaky´) basal signaling and 

hyperactivated signaling in response to ligands.  

A comparative analysis confirmed increased basal signaling and hyperactivated 

signaling in response to BMP ligands for all FOP causing mutations compared to WT 

ALK2 in overexpression (Haupt et al., 2018). But this study also highlighted that mutant 

ALK2 signaling showed variations in different cell types and that signaling responses 

between GS domain and kinase domain ALK2 mutants were different for high and low 

ligand concentrations (Haupt et al., 2018). This underlines the possibility that 

secondary so far unknown component(s) or mechanism(s) contribute to ALK2 

signaling outcomes, which may also explain the phenotypic variations observed in FOP 

patients.  
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Figure 1.16 FOP mutations destabilize the inactive state of ALK2. (A) FOP causing mutations (red) 
cluster around the GS domain and the ATP pocket of the catalytic domain of ALK2 and break interactions with 
the inhibitory protein FKBP12 (grey). (B) Structural modeling of R206H mutation shows changes in mutant 
structure (pink) overlaid onto wild-type (WT) residue (yellow). Hydrogen bonds in the WT are shown by yellow 
spheres between Arg-206 and Asp-269 and an additional hydrogen bond with the backbone oxygen of Met-270. 
Modified after (Chaikuad et al., 2012). 

 

 FOP mutations foster ALK2 activation in response to Activins 
In 2015, two independent research teams discovered that ALK2-R206H gains 

responsiveness to Activin ligands by aberrantly transducing SMAD1/5 signaling 

(Hatsell et al., 2015; Hino et al., 2015). Normally, Activin ligands transduce SMAD2/3 

signaling via the type I receptors ALK4 and ALK7 (Yadin et al., 2016). By 

overexpressing AK2-R206H in BMP-responsive-element luciferase (BRE-Luc) 

reporter HEK293 cells, this reporter responded with SMAD1/5 signaling to ActivinA, 

ActivinB, ActivinAB and ActvinAC ligands, whereas ALK2-WT showed no response. 

This observation was confirmed in human FOP iPSC derived Mesenchymal Stem Cells 

(iMSCs) under endogenous receptor expression conditions upon ActivinA treatment. 

ActivinA induced canonical SMAD2/3 signaling in both ALK2-WT and ALK2-R206H 

expressing cells to similar levels (Hatsell et al., 2015; Hino et al., 2015). In ALK2-WT 

cells ActivinA does not only induce SMAD2/3 signaling, it was also reported to inhibit 

BMP signaling by competing with BMPs for receptor binding in HEK cells and myeloma 

cells (Hatsell et al., 2015; Olsen et al., 2015). 
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Downstream responses of ActivinA/SMAD1/5 signaling induced expression of classical 

BMP target genes such as ID1/2/3 only in FOP cells suggesting that ActivinA aberrantly 

transduced BMP signaling in FOP cells (Hino et al., 2015). 

Binding of ALK2-WT to ActivinA in presence of type II receptors ACVR2A/B was 

already reported when ALK2 was initially described as an Activin receptor. But then 

ALK2 was categorized as a BMP type I receptors because of its inability to transduce 

any downstream SMAD signaling in response to ActivinA (see chapter 1.7.2) (Attisano 

et al., 1993; Macías-Silva et al., 1998; Tsuchida et al., 1993).  

The binding of ALK2 to Activins was confirmed for several homo- and heterodimeric 

Activin ligands (ActivinA, ActivinB, ActivinAB, ActivinAC) in presence of ACVR2A or 

ACVR2B (Hatsell et al., 2015). This is in line with crosslinking studies, which showed 

that ALK2-WT and ALK2-R206H do not bind to ActivinA alone but only when ACVR2A 

or ACVR2B were co-expressed (Hino et al., 2015). Interestingly, in these conditions 

the binding affinity of ALK2-R206H to ActivinA was slightly higher compared to ALK2-

WT. However, treatment of soluble ECD of ALK2 (ALK2-Fc), which is the same for 

ALK2-WT and ALK2-R206H did not alter the ActivinA/SMAD1/5 response, whereas 

treatment with ACVR2A-Fc and ACVR2B-Fc abrogated the Activin response (Hino et 

al., 2015).  

The localization of FOP causing mutations in the intracellular domain of ALK2 already 

suggested that intracellular mediators such as FKBP12 are involved in the 

hyperactivated signaling responses of mutant ALK2 (see chapter 1.8.1). Whether the 

reduced binding of FKBP12 to ALK2-R206H contributes to Activin/SMAD1/5 signaling 

is under debate. Two studies have evaluated if WT cells may gain ActivinA/SMAD1/5 

response if binding of FKBP12 is reduced by the FKBP12 inhibitor FK506. One study 

conferred an ActivinA/SMAD1/5 response in WT cells by FK506 treatment (Hino et al., 

2015) whereas the other did not and excluded a contribution of FKBP12 to the 

mechanism of Activin/SMAD1/5 signaling (Hatsell et al., 2015). Of note, Hatsell and 

colleagues used lower FK506 concentrations, which may explain the different results 

compared to the aforementioned study. 

Until now, the aberrant ActivinA induced SMAD1/5 signaling was confirmed for all FOP 

causing mutations in overexpression studies (Haupt et al., 2018).  

However, the tissue and cell types which gain ActivinA/SMAD1/5 responsiveness 

endogenously as well as the source of ActivinA and its triggers for production remain 

poorly understood. 



Introduction 

 

 54 

To proof whether the aberrant Activin/SMAD1/5 signaling of mutant ALK2 has a 

physiological relevance, a conditional FOP-ALK2-R206H mouse model was used. 

FOP mice developed HO within 4 weeks after tamoxifen induction, which could be 

prevented by treatment with BMP and Activin ligand blockers using ACVR2A-Fc and 

ACVR2B-Fc alone or in combination (Hatsell et al., 2015). This suggested, that HO is 

a ligand dependent process in FOP mice. To further discriminate the role of Activins 

and BMPs, a monoclonal Antibody against ActivinA was used. Whereas control mice 

developed HO, ActivinA antibody treatment the prevented HO formation as efficient as 

ACVR2A-Fc treated mice, indicating a central role of this ligand in the disease (Hatsell 

et al., 2015). A recent study confirmed the inhibition of injury-induced and spontaneous 

HO in ALK2-R206H mice by an ActivinA blocking antibody, which even provided long-

term protection against spontaneous HO (Lees-Shepard et al., 2018). Moreover, 

ActivinA was required for HO driven by progenitor cells (FAPs) harboring the ALK2-

R206H mutation when transplanted into murine muscle tissue. Isolated FAPs were 

responsive to BMP2 but only FOP FAPs responded with SMAD1/5 phosphorylation to 

ActivinA (Lees-Shepard et al., 2018). However, tissue specific downstream 

consequence of Activin/SMAD1/5 signaling remain poorly understood. Long-term 

ActivinA treatment to FOP iMSCs gave first insight that chondrogenic pathways were 

upregulated in the osteogenic progenitor cell type, which resulted in increased 

chondrogenesis in vitro. Moreover, transplantation of iMSCs in muscle tissue of 

conditional ActivinA mice only induced HO when ActivinA was expressed and FOP 

iMSCs were transplanted (Hino et al., 2015). But, the cell and tissue source of ActivinA 

and its triggers for production remains elusive. Interestingly, monocytes from FOP 

patient blood showed no ActivinA/SMAD1/5 response (Barruet et al., 2018).  

This suggests that not all mutant ALK2 expressing cells respond with aberrant 

SMAD1/5 signaling to Activins. In fact, Activin induced SMAD1/5 signaling was also 

observed in ALK2 WT cells, such as myeloma cells and hepatocytes (Besson-Fournier 

et al., 2012; Canali et al., 2016; Olsen et al., 2018) and in immortalized mouse 

embryonic fibroblasts (iMEFs) under ectopic ALK2 WT expression (Haupt et al., 2018). 

In general, the tissue and cell type specific responses of Activins and the underlying 

mechanism of SMAD1/5 signaling by Activins remain poorly understood. But current 

evidence suggests that the ALK2 receptor is an important component of the signaling 

complex (Canali et al., 2016; Hatsell et al., 2015; Hino et al., 2015; Olsen et al., 2020, 

2018). 
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1.9 BMP receptor mutations in other human diseases 
Based on the pleiotropic effects of BMPs from embryonic development to adult tissue 

homeostasis, genetic defects in signaling components lead to severe human disorders 

(Wang et al., 2014). 

Even though clinical symptoms occur in different tissue types the diseases share basic 

mechanisms, which disrupt fine-tuned steps within the signaling cascade and the 

crosstalk to other pathways. In the following, disease causing mutations in BMP 

receptors and co-receptors which are associated with cardiovascular, musculoskeletal 

diseases and various types of cancer will be briefly mentioned. Mutations in ALK1, 

Endoglin, BMPR2, ALK6, SMAD4 or BMP9 cause the rare autosomal dominant 

vascular disease Hereditary Hemorrhagic Telangiectasia (HHT), which is 

characterized by mucocutaneous telangiectases and arteriovenous malformations in 

the gastrointestinal tract, liver, lung and brain. A common symptom are nose bleeds 

(Gomez-Puerto et al., 2019). Pulmonary Arterial Hypertension (PAH) is a chronic 

disease of increased pulmonary arterial pressure leading to life threatening right heart 

failure with shortness of breath. More than 70% of patients with familial PAH and 20% 

of patients with idiopathic PAH have heterozygous mutations that impair BMPR2 

function. Moreover, mutations in BMP9, ALK1, Endoglin and SMAD8 are also 

associated with PAH (Gomez-Puerto et al., 2019). 

Defects in ALK2 mediated signaling by mutations in the ALK2 gene or impaired 

expression are responsible for cardiac defects (Joziasse et al., 2011; Smith et al., 

2009; Thomas et al., 2012) and mutations in ACVR2B are associated with heart 

malformations in humans (Kosaki et al., 1999). 

In addition to aforementioned genetic diseases, are other vascular diseases 

associated with aberrant expression of BMP receptors such as atherosclerosis, 

anemia and vascular calcification (Gomez-Puerto et al., 2019). In addition to FOP 

other genetic bone diseases have been associated with mutated BMP receptors. For 

example Acromesomelic dysplasia, a form of dwarfism affecting the bones of 

forearms, lower legs as well as hands and feet show mutations in ALK6 (Stange et al., 

2015). Mutations in ALK6 also lead to the rare skeletal condition called Brachydactyly 
type B which is characterized by incomplete or absence of the outermost bones of 

fingers and toes (distal phalanges) (Racacho et al., 2015). 

Moreover, the progression and poor diagnosis of specific cancers correlates with 

aberrant expression of BMP receptors and some genetic mutations in BMP receptors 
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are directly associated with some cancer disorders. The severe pediatric brain cancer 

Diffuse Intrinsic Pontine Glioma (DIPG) is connected to mutations in histone3 

variants in the majority of patients and interestingly about 25% of the patients 

additionally have ALK2 activating mutations (Hoeman et al., 2019). Mutations in 

ACVR2B and ALK6 are associated with pancreatic cancer and BMPR2 and ACVR2 

mutations were described in colon cancers. But also indirect contribution of BMP and 

TGFβ receptors to cancer progression has also been described for tumor 
angiogenesis and tumor microenvironment (Pickup et al., 2017; Ye and Jiang, 2016). 

In sum, this highlights the pleiotropic functions of BMP signaling in a variety of 

physiological processes of various tissues. And ultimately strengthens the essential 

mechanisms of fine-tuning pathway activation crosstalk on different levels. Any 

imbalance in ligand availability, co-receptor activity and/or expression lacking 

compensation often impairs cellular functions and cause secondary defects, which 

results in severe diseases. 

1.10 Inhibition of BMP pathway components by pharmacological 
agents 

Based on the aforementioned pleiotropic physiological effects of BMPs in different 

tissues and organs the targeting of pathological signaling defects should be achieved 

as specific as possible to avoid undesirable side effects. 

During the last decades several potential agents have been developed to target 

different levels in the BMP signaling cascades. Those therapeutic agents include 

molecules that interfere with ligand availability (natural soluble antagonists, specific 

antibodies and ECD ligand traps), inhibitors of BMP receptor expression (siRNAs, anti-

sense oligonucleotides), molecules that prevent BMP receptor activation (kinase 

inhibitors, antibodies) and intracellular SMAD inhibitors (Sánchez-Duffhues et al., 

2020). In the following I will focus on small molecules that inhibit BMP receptor kinase 

activation. 

The last two decades protein kinases have been an important class of drug target in 

pharmaceutical and academic research and several kinase inhibitors have been 

approved especially as drugs for cancer diseases. The structural similarity of the ATP-

binding pocket in the over 500 human protein kinases has been considered a major 

challenge (Cohen and Alessi, 2013). 
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In recent years, several BMP type I receptor kinase inhibitors have been developed, 

which are useful tools in research but also offer great potential in clinical application as 

therapies for receptor associated diseases. Most of the type I receptor inhibitors 

interact with the ATP catalytic binding pocket from the kinase domain. The first potent 

BMP type I receptor kinase inhibitor Dorsomorphin was discovered in a screen that 

interfered with BMP regulated dorsoventral axis formation in zebrafish development 

(Yu et al., 2008b). However, dorsomorphin required high concentrations and showed 

off-target effects to VEGFR kinases, which led to the development of other kinases 

inhibitors based on the (pyrazolo-[1,5-a]pyrimidine) backbone of Dorsomorphin, such 

as LDN-193189 and DMH1 (Yadin et al., 2016). LDN-193189 was the first kinase 

inhibitor used in context of FOP, which achieved a reduction of HO in ALK2-Q207D 

mice (Yu et al., 2008a). However, LDN also targets the VEGFR kinases and inhibits all 

BMP type I receptors whereas DMH1 shows more specificity to ALK2 but less potency. 

Thus, efforts have been made to develop compounds with a similar efficacy than LDN-

193189 but greater specificity to single type I receptors, especially ALK2 (Yadin et al., 

2016). In an in vitro kinase compound library screen K02288 was discovered with 

preferential inhibition of ALK1 (IC50 = 1.8 nM) and ALK2 (IC50 = 1,1 nM) compared to 

ALK3 (IC50 = 34.4 nM) (Sanvitale et al., 2013). Structural comparison of the ALK2 

kinase in complex with LDN-193189 or K02288 revealed additional contacts with 

peripheral residues in the proximity of the ATP binding site for the K02288 complex 

(Sanvitale et al., 2013). Based on the 2-aminopyridine compound K02288 Mohedas et 

al. developed related compounds with increases potency and selectivity for ALK2. 

Especially the derivate LDN-212854 showed increased selectivity for BMP type I 

receptors compared to TGFβ type I receptors and exhibits in vitro selectivity for ALK1 

(IC50 = 2.4 nM) and ALK2 (IC50 = 1.3 nM) compared to ALK3 (IC50 = 85.8 nM) with slight 

a preference for ALK2. Moreover, LDN-212854 was as potent as LDN-193189 to inhibit 

HO in the majority of ALK2-Q207D mice (Mohedas et al., 2013).  

Interestingly, several molecules originally developed for other purposes were 

discovered to also interfere with BMP receptor activity. For example, Saracatinib 

(AZD0530), which was originally developed as an anti-tumor drug targeting the 

tyrosine kinases of the SRC family and ABL tyrosine kinases (Hennequin et al., 2006). 

In 2013, Saracatinib treatment of colon cancer cells showed additional inhibitory effects 

on SMAD1/5 phosphorylation and ID1 expression, which were independent of SRC 

(Lewis and Prywes, 2013). Saracatinib as a BMP type I receptor inhibitor was 
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confirmed in an in vitro kinase assay (ALK1 (IC50 = 3.2 nM), ALK2 (IC50 = 17.4 nM), 

ALK3 (IC50 = 30.7 nM), ALK6 (IC50 = 295 nM), ALK5 (IC50 = 665 nM), ALK4 (IC50 = 816 

nM)) (Lewis and Prywes, 2013). Three years later, Saracatinib has first been shown to 

also effectively prevent HO in FOP mouse models, which was published as a patent 

(Yu et al., 2016). In 2018, the inhibitory effect on HO in FOP mice was confirmed by a 

another study in (Hino et al., 2018). Interestingly, Saracatinib was well tolerated in mice 

whereas treatment with LDN-193189 or LDN-212854 was associated with weight loss 

up to 25% relative to vehicle controls (Yu et al., 2016).  

Weight loss effects may not be of importance for mechanistic investigational studies in 

vitro, which primarily are interested in targeting specific receptor by specific inhibitors. 

However, in vitro and in vivo animal studies and clinical investigations, which aim to 

develop treatment strategies for human diseases rely on save drugs with low off target 

effects on systemic physiological mechanisms.  
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1.11 BMP signaling in the endothelium 
The endothelium can be considered as the fundamental building block of the vascular 

system, which ensures oxygen, nutrition supply of all organs. ECs line the inner wall of 

blood vessels and form a dynamic barrier between circulating blood and tissue. 

Controlled blood vessel formation and function is crucial in embryonic development 

and adult tissue homeostasis (see chapter 1.2), which requires the orchestration of 

multiple signaling cascades, including vascular endothelial growth factor (VEGF), 

NOTCH, fibroblast growth factor (FGF), TGFβ and BMP pathways. Increasing 

evidence suggests that VEGF and NOTCH regulate sprouting angiogenesis and 

vascular patterning collectively with BMP signaling (Bautch, 2019; Beets et al., 2013; 

Jin et al., 2014). Genetic defects in BMP signaling components lead to human 

disorders (see chapter 1.9) including cardiovascular diseases.  

Moreover, aberrations in vasculature function are interlinked to pathological conditions 

such as cancer, chronic inflammation (Chung et al., 2010) and was recently also 

connected to HO (Cocks et al., 2017). Thus, balanced BMP signaling is required for 

the maintenance of healthy vasculature.  

Genetic deletion of BMP pathway components in animal models highlight the role of 

BMP signaling in vascular development. Deletion of Smad1 and Smad5 in mice causes 

embryonic lethality due to defects in vascular development, characterized by enlarged 

blood vessels and decreased number of smooth muscle cells (Goumans and 

Mummery, 2000; Tremblay et al., 2001) 

Moreover, deficiency of single BMP ligands or receptors often lead to embryonic 

lethality before the formation of the vasculature or causes vascular malformations in 

the developing embryo (Pardali et al., 2010). For example, mice deficient in Bmp2 

(Zhang and Bradley, 1996), Bmp4 (Winnier et al., 1995) as well as deficiency in Alk2 

(Gu et al., 1999; Mishina et al., 1999) or Alk3 (Mishina et al., 1995) cause lethality 

immediately after gastrulation before the onset of cardiovascular morphogenesis. Alk1 

deficient mice die at midgestation and have severe vascular abnormalities and leaky 

vessels (Oh et al., 2000). Interestingly, the lack of Alk5, Tgfbr2 and Endoglin have very 

similar phenotypes to Alk1 deficient mice, which also highlight the importance of TGFβ 

signaling in the vascular system (Goumans et al., 2009). 

Moreover, BMP6 and BMP7 are required for cushion formation and septation in the 

developing mouse heart (Kim et al., 2001). In line with this, Alk2 as the corresponding 

type I receptor was reported to mediate atrioventricular cushion transformation in the 
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developing mouse heart (Wang et al., 2005) and deficient Alk2 signaling caused 

defects in aortic valve development (Thomas et al., 2012). The endocardial cushion is 

a subset of cells in the developing heart tube, which originates from ECs 

transdifferentiating to mesenchymal cells in a process called endothelial to 

mesenchymal transition (EndMT) (Kinsella and Fitzharris, 1980). EndMT is also a 

common observation in adult BMP associated vascular pathologies such as 

atherosclerosis, vessel calcification and PAH (Evrard et al., 2016; Hiepen et al., 2019; 

Sánchez-Duffhues et al., 2019a). 

Many of the same pathways and mechanisms that regulate vascular development are 

reactivated in response to injury and vascular pathologies, which highlights the role of 

BMP signaling in vascular homeostasis and disease in adults. 

 Blood vessel formation by Sprouting Angiogenesis 
The main mechanism underlying new blood vessel formation in adult tissue growth, 

regeneration and pathologies is sprouting angiogenesis by ECs. 

Angiogenesis is defined as new blood vessel formation from pre-existing vessels. 

Endothelial sprouting is initiated by signals from the tissue environment such as growth 

factors, hypoxia or mechanical cues (Hofmann and Heineke, 2018). In sprouting 

angiogenesis ECs become activated by angiogenic factors, such as VEGF. ECs 

dynamically shuffle between tip and stalk cell competence at the leading edge of vessel 

sprouts. The tip cell is located at the distal end of each sprout and is characterized by 

a migratory and polarized phenotype. Stalk cells proliferate and facilitate sprout 

elongation and stability (Figure 1.17) (Chen et al., 2019). Together with mural cells 

ECs and mural cells undergo a complex multistage process, which was first described 

in 1977 by Ausprunk and Folkman (Ausprunk and Folkman, 1977) (Figure 1.17) (1) 

First the basement membrane is locally degraded by matrix metalloproteinases 

(MMPs). (2) The loosening of cell-cell junctional contacts of the endothelial barrier 

cooperates with the (3) dynamic selection of a filopodia forming EC (tip cell), which 

starts to migrate. (4) The surrounding ECM is remodeled via proteolytic enzymes to 

develop a angiogenic substratum, on which selected tip cells anchor and are 

subsequently pulled by contraction of actin filaments along angiogenic stimuli. (5) 

Endothelial stalk cells follow behind the tip cell causing sprout elongation and 

simultaneously a lumen is formed within a series of stalk cells, which allows perfusion 

with blood. (6) The sprout increases in size and new tip cells start branching (7) 

Eventually, the new formed blood vessel network undergoes maturation by 
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remodeling, which involves the recruitment of pericytes and mural cells, ECM 

deposition, shear stress and other mechanical signals. These processes requires a 

number of different cellular function including migration, proliferation, cell junctional 

remodeling and specialization, which is coordinated and controlled by multiple 

signaling cascades (Adair and Montani, 2010; Gerhardt, 2008; Ribatti and Crivellato, 

2012). 

 
Figure 1.17 Sprouting Angiogenesis. Proangiogenic factors such as VEGFA induce Sprouting Angiogenesis 
(SA). (1-2) SA is initiated by the degradation of the basement membrane and the loosening of cell-cell junctional 
contacts. (3) Tip cell markers become upregulated and the tip cell starts to migrate out of the endothelial barrier. 
(4) The surrounding ECM becomes remodeled via proteolytic enzymes to develop an angiogenic substratum, 
which favors (5) cell proliferation and thus sprout elongation and tube formation. (6) The sprout increases in size 
and new tip cells start branching. (7) New formed blood vessel network undergoes maturation by remodeling, 
which involves the recruitment of pericytes and mural cells, ECM deposition, shear stress and other mechanical 
signals. Adapted from „Tumor Vascularization” by BioRender.com (2020). Retrieved from 
app.biorender.com/biorender-templates. 
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 VEGF and NOTCH signaling regulate endothelial patterning in blood 
vessel formation 

 

VEGF Signaling 
VEGF signaling can be considered as the most studied pathway in regulating 

vasculogenesis and angiogenesis during development, physiological homeostasis and 

disease (Apte et al., 2019). VEGF signaling comprises a family of ligands (VEGF-B, 

VEGF-C, VEGF-D, VEGF-E) and three tyrosine receptor kinases VEGFR1 (FLT1), 

VEGFR2 (KDR) and VEGFR3. As for BMP ligands, VEGF ligands also show different 

binding preferences to their receptors. VEGFA signals via VEGFR1 and VEGFR2 

whereas VEGFC and VEGFD preferentially bind to VEGFR3 and are primarily involved 

in lymphangiogenesis (Alitalo et al., 2005). VEGFR1 and VEGFR2 are predominately 

expressed in ECs and are used as EC markers. However, even though VEGFR1 (de 

Vries et al., 1992) is the high affinity receptor, the lower affinity VEGFR2 is the main 

signaling receptor in ECs (Terman et al., 1992). An alternative splice isoform of 

VEGFR1 is a soluble form, which functions as a decoy receptor and binds to VEGFA 

with high affinity (Koch and Claesson-Welsh, 2012).  

VEGFA undergoes alternative exon splicing that produces several isoforms including 

VEGF121, VEGF165, VEGF189, and VEGF206. The isoforms can be distinguished by 

absence or presence of 1-2 heparin-binding domains, which determine ligand 

availability and ECM interactions (Koch and Claesson-Welsh, 2012).  

Moreover, only the isoform VEGF165 binds to the co-receptor Neuropillin 1 (NRP1), 

which promotes VEGFR2 signaling (Robinson and Stringer, 2001). VEGF165 (in the 

following be referred as VEGFA) is abundantly expressed in most tissues and the 

physiological relevant isoform regulating angiogenesis and disease (Apte et al., 2019). 

The downstream signaling responses of VEGF includes the activation of several 

kinases including PI3K, AKT, MAPK p38 and the activation of SRC and small GTPases 

like RhoA (Koch and Claesson-Welsh, 2012).  

VEGFA is a very potent angiogenic factor and signaling via VEGFR1/2 regulates the 

multistage process of sprouting angiogenesis which comprises of cell proliferation, 

migration, survival and vascular permeability (Apte et al., 2019). VEGFA induces the 

activation of the endothelium including the cell-cell junctional disintegration leading to 

permeability of the EC barrier. VE-Cadherin is a single-span transmembrane protein, 

which forms homomeric dimers with VE-cadherin molecules of adjacent cells and is a 
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main component of endothelial adherens junctions (Lampugnani et al., 1995). Via the 

cytoplasmic domain VE-Cadherin interacts with members of the actin-binding catenin 

family and is thereby linked to the cytoskeleton (Iyer et al., 2004; Lampugnani et al., 

1995). The VEGFA mediated phosphorylation of VEGFR2 enables activation of the 

tyrosine kinase SRC via recruitment of the SRC binding T cell-specific adaptor (Sun et 

al., 2012). The tyrosine kinase SRC phosphorylates VE-Cadherin at a specific residue 

(Y685) (Wallez et al., 2007; Wessel et al., 2014), which triggers VE-Cadherin 

internalization and typically disrupts the interaction of VE-Cadherin to catenins and 

consequently causes permeability and reduction in endothelial barrier integrity (Gavard 

and Gutkind, 2006) (Figure 1.18). Besides VEGFA other permeability inducing factors, 

such as TNFα (Angelini et al., 2006), histamin (Andriopoulou et al., 1999) lead to 

barrier disintegration. Upon local disintegration of endothelial junctions ECs loose their 

integrity and are stimulated for migration and proliferation by proangiogenic gradients. 

VEGFA induces tip cell selection and filopodia formation, which includes the 

upregulation of the tip cell marker DLL4. The transmembrane NOTCH ligand DLL4 

activates Notch signaling in neighboring cells and thereby facilitates stalk cell identity 

(Lobov et al., 2007) (Figure 1.18). 

 

NOTCH signaling 
NOTCH signaling is a highly conserved pathway, which mediated cell contact 

dependent signaling between neighboring cells (Zhang et al., 2014). In the vasculature 

NOTCH signaling is essential and regulates multiple processes ranging from 

sprouting angiogenesis, force transmission and arterial differentiation to 

quiescence (Mack and Iruela-Arispe, 2018). 

NOTCH ligands (DLL1-4, JAG1-2) and receptors (NOTCH 1-2) are transmembrane 

proteins, which trigger sequential NOTCH receptor cleavage by the proteases 

ADAM17 and γ-secretase upon mechano-sensitive ligand-receptor interaction. In fact, 

force generation is required for NOTCH receptor cleavage, which releases a NOTCH 

intracellular domain (NICD) polypeptide from the membrane to the cytoplasm. 

Molecular force measurements revealed the force requirements for NOTCH activation 

(Chowdhury et al., 2016; Kovall et al., 2017). Translocation of NICD to the nucleus 

facilitates binding to the transcription factor recombination signal-binding protein-J 

kappa (RBPJ), which activates the expression of specific NOTCH target genes (Kovall 

et al., 2017). Such as the HES (Hairy and enhancer of split) family transcription factors 
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HES1 and the related but distinct HEY (Hes-related repressor protein) family including 

HEY1, HEY2 and HEYL (Borggrefe and Oswald, 2009; Iso et al., 2003). 

HEY and HEY proteins belong to the helix-loop-helix transcription factors that mediate 

transcriptional repression (Iso et al., 2003). 

In the angiogenic vasculature, the transmembrane ligand DLL4 is upregulated by 

VEGFA in endothelial tip cells and activates NOTCH signaling in adjacent stalk cells 

(Benedito et al., 2009; Hellström et al., 2007) (Figure 1.18). HEY1 levels in cells with 

active NOTCH signaling (stalk cells) downregulate VEGFR2 expression (Henderson 

et al., 2001), whereas the VEGFA decoy receptor VEGFR1 becomes upregulated 
(Kappas et al., 2008) (Figure 1.18).  

Thus, DLL4 induced NOTCH signaling in stalk cells locally reduces or restricts 
VEGFA responsiveness in ECs (Phng and Gerhardt, 2009). However, 

simultaneously NOTCH signaling induces the gene expression of another notch ligand, 

named JAG1, which is strongly expressed in stalk cells (Hofmann and Iruela-Arispe, 

2007) (Figure 1.18). JAG1, is in contrast to DLL4 proangiogenic and antagonizes 

DLL4-NOTCH signaling through NOTCH1, which sustains VEGFR2 expression 

(Benedito et al., 2009; Pedrosa et al., 2015) 

Thus, ECs with high JAG1 levels inhibit DLL4-NOTCH signaling in adjacent tip cells 

but also stalk cells and thereby maintain their VEGF responsiveness, which promotes 

proliferation and dynamic tip cell selection (Benedito et al., 2009).  

In sum, collective regulation of VEGF and NOTCH signaling dynamically regulates tip 

and stalk cell identity, which is permanently shuffled during sprouting angiogenesis 

(Benedito et al., 2009; Blanco and Gerhardt, 2013; Jakobsson et al., 2010) (Figure 

1.17 and Figure 1.18). 
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Figure 1.18 Tip and Stalk cell competence in sprouting Angiogenesis. In Sprouting Angiogenesis VEGFA 
binds to VEGFR2 and activates PI3K and ERK signaling, which leads to the upregulation of DLL4. DLL4 binds 
NOTCH receptors of neighboring stalk cells, which triggers the release of the NOTCH intracellular domain (NICD) 
upon sequential cleavage. In conjunction which co-factors NICD induces the expression of NOTCH target genes 
such as HEY and HES transcription factors and the VEGFR1. HES and HEY transcription factors inhibit the 
transcription of VEGFR2, which limits the responsiveness to VEGFA. Moreover, VEGFA induces SRC-
dependent phosphorylation of the junctional protein VE-Cadherin leading to destabilization and internalization. 
In a similar manner does BMP6 activate via ALK2 SRC-dependent phosphorylation of VE-Cadherin. In addition, 
BMP2 induces DLL4 expression in tip cells via p38 and BMP induced SMAD1/5 signaling induces stalk cell 
specification synergistically with NOTCH. 

 BMP signaling as an additional orchestrator in blood vessel 
formation  

Previous mentioned genetic studies from mice and humans have already highlighted 

the crucial role of BMP signaling in physiological and pathophysiological 

cardiovascular function. In 2002 the first study demonstrated the mechanistic effects 

of BMPs on cultured ECs and showed the activation of endothelial SMAD1/5 signaling 

(Valdimarsdottir et al., 2002). Induction of endothelial migration and tube formation by 

BMP pathway activation via BMP6 stimulation and overexpression of constitutive 

active ALK2, ALK3 or ALK6 introduced BMPs as proangiogenic factors 

(Valdimarsdottir et al., 2002). At that time BMPs were mainly studied in the context of 

bone and interestingly the authors commented that BMPs may not only induce bone 

formation but also angiogenesis in endochondral ossification (Valdimarsdottir et al., 

2002). Moreover, the initial study of endothelial BMP signaling already revealed that 

the expression of BMP receptors (ALK2, ALK3, ALK6 and BMPR2) and 
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phosphorylated SMAD1/5 is very heterogenous in the endothelium of blood vessels 

among diverse tissues (Valdimarsdottir et al., 2002).  

 

ALK1 is an endothelial BMP receptor 
Among the BMP type I receptors, ALK1 shows a remarkable vascular specific 

expression profile (S. Paul Oh et al., 2000; Roman and Hinck, 2017) and is implicated 

in arterial differentiation (Somekawa et al., 2012). Originally, ALK1 was first described 

in modulating TGFβ signaling via ALK5/TGFBR2 or ALK1/TGFBR2 in angiogenesis 

(S. Paul Oh et al., 2000). TGFβ mediated signaling via ALK1 and ALK5 was 

mechanistically elucidated and termed lateral signaling. Here, ALK5 becomes 

recruited and phosphorylated by TGFBR2 bound to TGFβ, which enables the lateral 

phosphorylation of ALK1 by ALK5 (Goumans et al., 2003). Later BMP9 and BMP10 

were identified as the main signaling ligands of ALK1 and shown to maintain 

endothelial homeostasis, quiescence and to counteract angiogenesis (David et al., 

2008, 2007; Scharpfenecker et al., 2007). In addition, BMP9/BMP10 ALK1 signaling 

was also reported to have proangiogenic effect on ECs (Suzuki et al., 2010) and 

application of an anti-ALK1 or anti-BMP9 antibody inhibited angiogenic sprouting of 

HUVEC-coated beads in a fibrin gel in full medium conditions (van Meeteren et al., 

2012). ALK1 signaling synergizes with NOTCH to induce NOTCH and stalk cell 
related genes in sprouting angiogenesis (Kerr et al., 2015; Larrivée et al., 2012) 

(Figure 1.18). A recent study demonstrated BMP9 induced sprouting angiogenesis of 

human ESC derived ECs via ALK1/SMAD1/5 signaling leading to the upregulation of 

EGFL7, a mediator of NOTCH and ECM remodeling (Richter et al., 2019). 

In line with the in vitro data, blocking of BMP9 and BMP10 signaling in young mice 

reduced vascular expansion but increased vascular density in the retina, which 

highlights the role of BMP9/BMP10 ALK1 signaling in postnatal blood vessel 

remodeling (Ricard et al., 2012).  

Whereas in vivo data clearly suggest important functions for BMP9, BMP10-ALK1 

signaling in vascular development and postnatal vascular remodeling, the cellular roles 

based on in vitro studies in ECs are not completely understood. Concentrations 

dependent and vascular bed specific effects were suggested to contribute to pro- and 

anti-angiogenic effects of endothelial BMP9/BMP10-ALK1 signaling (García de 

Vinuesa et al., 2016). Moreover, a very recent study highlights the importance to 
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analyze BMP9 and BMP10-ALK1 signaling in their prodomain forms, which is the 

predominant form of circulating BMP9 BMP10 ligands in vivo (Salmon et al., 2020). 

 

ALK2, ALK3 and ALK6 fine tune endothelial function 
In contrast to BMP9/BMP10, the ligands BMP2/BMP4 and BMP6/BMP7 signal 

primarily via ALK3 ALK6 and ALK2, which show a more heterogeneous expression in 

diverse vascular beds compared to ubiquitous endothelial ALK1 expression. For 

example ALK3 expression is low in venous ECs (HUVECs), intermediate in aortic ECs 

(HAECs) and high in microvascular ECs (HPMECs) whereas ALK1 and interestingly 

also ALK2 was present at similar levels in all three EC types (Benn et al., 2017).  

In line with the ALK2 expression profile, BMP6 activated SMAD1/5 signaling in ECs 

derived from human aortic, venous and microvascular beds (Benn et al., 2017).  

Moreover, SMAD1/5 dependent signaling by BMP6 was shown to induce stalk cell 

genes in venous ECs (Benn et al., 2017) (Figure 1.18). This is in line with observations 

in a functional HUVEC sprouting assay where BMP6 increased pSMAD1/5 levels in 

stalk cells but only minorly in tip cells, which already had high pSMAD1/5 levels in 

untreated conditions (Mouillesseaux et al., 2016). 

Endothelial specific inactivation of Smad1/5 in mouse embryos increased the numbers 

of tip cells at the expense of stalk cells (Moya et al., 2012). In fact, BMP induced 

SMAD1/5 signaling synergizes with activated NOTCH to induce stalk cell genes 

(Larrivée et al., 2012; Moya et al., 2012) (Figure 1.18). Moreover, BMP and NOTCH 

regulate selected target genes even cooporately via complex formation of pSMAD1/5 

with the NOTCH downstream effector NICD (NOTCH Intracellular Domain) (Itoh et al., 

2004). 

Several studies report BMP6/SMAD signaling as pro-angiogenic and show BMP6 

induced tube formation, migration and sprouting in ECs derived from venous, arterial 

and microvascular beds (Benn et al., 2017; Ren et al., 2007; Valdimarsdottir Gudrun 

et al., 2002). In line with this, the overall BMP6 induced lateral branching was reduced 

upon knockdown of SMAD1/5 (Mouillesseaux et al., 2016).  

BMP7 from the same ligand group was also described to induce tube formation in 

HUVECs (Akiyama et al., 2014) and angiogenesis in the chorioallantoic membrane of 

chick eggs (Ramoshebi and Ripamonti, 2000). Bmp6 and Bmp7 expression is enriched 

in murine postnatal retinal angiogenesis and retinal vessels of BMP responsive 
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elements (BRE)-GFP mice, showed broad GFP detection within the vascular front in 

tip as well as stalk cells (Lee et al., 2017).  

BMP2 and BMP4 were reported to induce pro-angiogenic effects in vitro as well as in 

vivo, such as migration and tube formation in human aortic ECs and HUVECs (García 

de Vinuesa et al., 2016; Langenfeld and Langenfeld, 2004). Pro-angiogenic effects of 

BMP2 have been described to be mediated by SMAD1/5 signaling as well as via non-

Smad dependent mechanisms through p38, ERK or Cdc42 activation (Benn et al., 

2017; Wakayama et al., 2015; Wiley et al., 2011). BMP2 upregulated tip cell associated 

genes (DLL4, VEGFR2) and induces migration via an p38 dependent mechanism in 

venous ECs (Benn et al., 2017) (Figure 1.18). 

Bmp2 and Bmp4 and Alk3 were highly expressed in the developing vein and Alk3 

signaling was suggested to mediate venous identity via Smad1/5 dependent induction 

of the venous markers Ephb4 and Coup-TFII in murine and zebrafish vascular 

development (Neal et al., 2019). Interestingly, BMP-SMAD dependent promotor 

activity is active in arterial and venous ECs in BRE reporter mice, indicating that type I 

receptor signaling fine tune arteriovenous differentiation (Moya et al., 2012). 

As described in chapter 1.2.1 BMP4 is a prominent player in mesoderm formation and 

subsequent differentiation of vascular progenitors and thus an inducer of 

vasculogenesis even upstream of VEGFA, reviewed in (Benn et al., 2017). Postnatally, 

BMP4 induces angiogenesis, e.g. in microvascular ECs (Rothhammer et al., 2007) and 

in HUVECs via ERK1/2 dependent and SMAD4 independent mechanisms (Zhou et al., 

2007). The essential role for ALK2 and ALK3 in angiogenesis was recently elucidated 

by endothelial specific deletion of Alk2 and Alk3, which demonstrated a substantial 

reduction in vessel expansion and density in mouse retinas. These vascular 

characteristics were in line with phenotypic observations in endothelial-specific Bmpr2 

depleted endothelium (Lee et al., 2017). In contrast, retinal ECs deficient of Alk1 

showed no change in vessel expansion but increased vascular density (Lee et al., 

2017). Interestingly, Bmpr2, Alk1 and Alk3 were specifically enriched in the vascular 

front whereas Alk2 was absent. This is in line with the observation that only depletion 

of Bmpr2 and Alk3 resulted in reduced number of sprouts. However, Alk2 depletion 

caused a significant reduction in vascularized area, suggesting a role in mediating 

vascular branching behind the vascular front (Lee et al., 2017).  

In fact, ALK2 was shown to control barrier destabilization by cell-cell junctional 

disintegration in human venous ECs (HUVECs) (Benn et al., 2016), an initial step in 
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sprouting angiogenesis and branching. Mechanistically, in an ALK2 dependent manner 

BMP6 induced similar to VEGFA a SRC-dependent phosphorylation (Thr416) and 

subsequent internalization of VE-Cadherin (Benn et al., 2016) (Figure 1.18). In the 

same cell type (HUVECs) ALK2 knockdown resulted in hypersprouting and a 

significant increase in tip cell number, whereas ALK3 depletion inhibited sprouting 

angiogenesis (Benn et al., 2017). This is in line with the previous study in mice, 

showing that Alk3 depleted ECs form reduced sprouts in postnatal retinal angiogenesis 

(Lee et al., 2017). Observations for endothelial Alk2 depletion in mice show no 

significant change in sprout number but substantial reduction in vascular area and 

density (Lee et al., 2017), thereby contrasting the hypersprouting in vitro data in human 

ECs (Benn et al., 2017).  

Collectively, increasing evidence demonstrates that BMP signaling has essential 

functions in endothelial homeostasis and angiogenesis by regulating downstream 

components collectively with VEGF and NOTCH. 

Endothelial signaling of BMP2/4/6/7 via ALK2 and ALK3 were mostly reported to direct 

pro-angiogenic proliferation, sprouting and migration whereas the ALK1 ligands BMP9 

and BMP10 are known homeostatic factors. However, concentration and vascular bed 

dependent effects underlying different BMP receptor expression profiles suggests that 

BMPs context dependently function as pro- as well as anti-angiogenic factors.  

 Endothelial to mesenchymal transition (EndMT) 
EndMT was originally described in embryonic heart development in which 

endocardial cushion tissue originates from transdifferentiating ECs to mesenchymal 

cells. EndMT is essential for the formation of the anatomical heart structures, such as 

the ventricular septum, which separates the two lower chambers (ventricles) of the 

heart from each other (Eisenberg and Markwald, 1995; Kinsella and Fitzharris, 1980). 

In recent years, EndMT was reported as a frequent mechanism in pathological 
conditions in human vascular, malignant, inflammatory and fibrotic diseases (Piera-

Velazquez and Jimenez, 2019). The mechanisms of the transdifferentiation of ECs 

to mesenchymal cells in EndMT is complex and not completely understood involving 

multiple cellular processes. ECs lose their markers (VE-Cadherin, VEGFR, PECAM1), 

cell-cell junctional integrity and acquire a mesenchymal spindle-shaped migratory 

phenotype, including expression of N-Cadherin, fibronectin and fibroblast-specific 

protein 1 (FSP-1) (Piera-Velazquez and Jimenez, 2019). These phenotypic changes 

are orchestrated by several signaling pathways. TGFβ is considered as the main 
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EndMT inducer but also the contribution of BMP, WNT, FGF, TNFα, NOTCH pathways 

as well as mechanical and hypoxic triggers have been described. These pathways 

commonly induce similar EndMT associated transcription factors such as SNAIL, 
SLUG, TWIST and MSX2 which repress cadherins (Benn et al., 2017; Chen et al., 

2008; Gong et al., 2017; Piera-Velazquez and Jimenez, 2019; Sánchez-Duffhues et 

al., 2018; Weinstein et al., 2020). In fact, SMAD1/5/8 were shown to directly bind to 

the SLUG promoter via Chromatin Immunoprecipitation Sequencing (ChiP-Seq) 

(Richter et al., 2014). Furthermore, SMAD4 as a mediator of TGFβ and BMP signaling 

was found to be essential in EndMT as Smad4 deficiency in mice prevents EndMT of 

endorcardial cells in valve development (Moskowitz et al., 2011; Yoshimatsu and 

Watabe, 2011). Several studies show the contribution of EndMT to the initiation and 

progression of cardiovascular diseases, such as vascular calcification in 

atherosclerosis, PAH (Pulmonary arterial hypertension), organ fibrosis and report the 

contribution of BMP signaling (Sánchez-Duffhues et al., 2018). For example human 

biopsies of advanced atherosclerotic lesions show high levels of phosphorylated 

SMAD1 and SLUG (Sánchez-Duffhues et al., 2015). Although BMP signaling is 

generally known to induce EndMT, it also has a protective function to maintain 

endothelial homeostasis and identity. For example ALK1 can antagonize TGFβ/ALK5 

SMAD2/3 signaling (Goumans et al., 2003). 

Moreover, BMPR2 was proposed as a gatekeeper to protect ECs from increased 

TGFβ signaling and EndMT (Hiepen et al., 2019).  

In an endothelial PAH model BMPR2 deficiency increased formation of TGFβ binding 

receptor complexes enabling SMAD2/3 signaling but also ALK5 mediated lateral 

SMAD1/5 signaling via BMP type I receptors, which favored EndMT and ECM 

production. This is in line with another study, which showed that TNFα triggered 

EndMT was accompanied by the downregulation of BMPR2 levels in an atherosclerotic 

model. Absence of BMPR2 favored the formation of BMP9 binding receptor complexes 

involving ACVR2A, which promoted EndMT and thus osteogenic potential of human 

aortic ECs (Sánchez-Duffhues et al., 2019a).  

This demonstrates another example where BMP9 has an endothelial activating role 

instead of promoting homeostasis. 

In contrast the expression and activity of ALK2 was reported to promote EndMT. In 

fact, ALK2 is required for EndMT as demonstrated in endothelial specific Alk2 knockout 

mice, which fail to undergo EndMT in heart development (Wang et al., 2005). This is 
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in line with ALK2 knockdown in human venous and microvascular ECs, which 

prevented TGFβ and BMP4 induced EndMT (Medici et al., 2010). Moreover, stable 

expression of the FOP mutant ALK2-R206H receptor in ECs or FOP patient derived 

iPSC-ECs and ECFCs were prone to undergo EndMT in vitro (Barruet et al., 2016; Cai 

et al., 2015;Medici et al., 2010; Sánchez-Duffhues et al., 2019c). 

Importantly, human FOP biopsies of HO lesions showed co-expression of TIE2, and 

the EC marker vWF with chondrogenic and osteogenic markers whereas normal 

bone derived from the hip showed no co-expression, suggesting involvement of 

EndMT in HO formation (Medici et al., 2010). In addition to ALK2 the expression of 

ALK5 was required in ECs (HUVEC, ECFC) undergoing EndMT (Medici et al., 2010; 

Moonen et al., 2010). Thus, in contrast to BMPR2, ALK2 and ALK5 are considered as 

EndMT regulators and several compounds targeting ALK2 or ALK5 have been shown 

to inhibit EndMT implicating their therapeutic potential in EndMT associated 

pathologies (Man et al., 2019). 

Interestingly, EndMT was triggered by BMP4 and TGFβ in vitro and induced interaction 

of ALK5 with ALK2 but in contrast BMP7 inhibited EndMT and did not mediate 

ALK2/ALK5 interactions (Medici et al., 2010; Zeisberg et al., 2007). 

Collectively, these insights highlight the requirement of balanced BMP and TGFβ 

signaling in the endothelium to maintain physiological tissue homeostasis. 

Imbalanced signaling likely results from specific environmental tissue conditions, which 

facilitates the expression and formation of distinct BMP/TGFβ receptor complexes. 

Those receptor complexes transduce signaling responses in ECs that activate a 

transcriptional and functional machinery in favor of EndMT and other pathological 

processes.  
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1.12 Aim 
FOP is a rare disease characterized by episodic bone formation outside of the skeleton 

(ectopic bone) in soft tissues in a complex-multi-stage process called heterotopic 
ossification (HO). Bone is a highly vascularized organ and its formation requires 

osteogenesis and angiogenesis, a coupled process, which remains incompletely 

understood. Investigations of HO lesion biopsies show aberrations of vascular 

morphology suggesting involvement of pathogenic angiogenesis and Endothelial to 

Mesenchymal Transition (EndMT) but underlying mechanisms and signals remain 

elusive. The endothelium represents a fundamental component of the vasculature by 

forming the initial tubular structure. The genetic cause of FOP is a gain of function 

mutation in the BMP receptor ALK2 with R206H being the most common point 

mutation, located in the intracellular glycine-serine rich domain. Mutant ALK2 leads to 

hyperactivated SMAD1/5 signaling in response to BMP ligands. ALK2 signaling in the 

endothelium remains poorly understood compared to the well-studied endothelial BMP 

receptor ALK1.  

At the start of this study two independent groups discovered that ActivinA aberrantly 

transduces SMAD1/5 signaling in ALK2-R206H expressing cells (Hatsell et al., 2015; 

Hino et al., 2015). Blocking of ActivinA prevented HO, indicating a central role of this 

ligand in the disease (Hatsell et al., 2015). However, the tissue and cell types which 

gain ActivinA/SMAD1/5 responsiveness endogenously remain poorly understood. 

Importantly, at this time point, no patient derived FOP endothelial cell model was 

available and thus the effect of ActivinA on FOP endothelium remained unknown. 

Therefore, this doctoral thesis aimed to address one key question: 

 

Do Activin and BMP ligands activate ALK2 signaling in the FOP endothelium and how 

does it influence cellular function? 

 

To answer this question the following aims were addressed: 

1. The establishment of a patient derived FOP endothelial cell model 

2. Investigation of Activin and BMP ligand effects on ALK2 signaling and functional 

cues of angiogenesis and EndMT in FOP endothelial cells 

3. Usage of FOP endothelial disease model for drug testing.
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2. Materials and Methods 

2.1 Materials 

 Cell culture materials, reagents and media 
Sterile cell culture plastic ware was purchased from Greiner Bio-One GmbH, 

Hartenstein Laborbedarf and Corning. 

 
Table 1: Cell Culture Media and reagents 
Medium Preparation Manufacturer 

E8-Medium 

Basal medium: 
DMEM/F12 
64 mg/l L-ascorbic acid 2  
phosphate magnesium salt 
14 µg/l Sodium selenite 
100 µg/l FGF2 
19.4 mg/l Insulin 
543 mg/l NaHCO3 

10.7 mg/l Transferrin 
2 µg/l TGFβ1 
(Chen et al., 2011) 

 
Thermo Fisher Scientific 
Sigma 
 
Sigma 
PeproTech 
Sigma 
Sigma 
Sigma 
R&D 
 

E6-Medium E6-Medium w/o FGF2 and TGFβ1 Thermo Fisher Scientific 

Mesoderm Induction 
Medium  

Basal medium:  
50% DMEM/F12,  
50% Neurobasal medium 
2% B27 supplement, minus VitaminA 
1% N-2 Supplement 
50 µM β-Mercaptoethanol  
2 mM GlutaMAX 
6-7µM CHIR 99021 solution 
25ng/ml hBMP4 

 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Biovision 
PeproTech 

Endothelial 
Induction Medium 

Basal medium: 
StemPro-34 basal medium 
2.6% StemPro-34 supplement 
1% Penicillin-Streptomycin (100 U/ml) 
2 mM GlutaMax 
200 ng/µl VEGFA 165 
2 µM Forskolin 

 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
Thermo Fisher Scientific 
PeproTech 
Abcam 

Endothelial 
Expansion Medium 

Basal medium: 
Endothelial Basal Medium (EBM-2) 

 
Lonza 
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20% FCS 
2 ml hFGF-B 
0.5 ml VEGF 
0.5 ml R3-IGF-1 
0.5 ml Ascorbic Acid 
0.5 ml hEGF 
0.5 ml Heparin 
1% Penicillin-Streptomycin (100 U/ml) 
10 µM SB431542 

Biochrom 
Lonza 
Lonza 
Lonza 
Lonza 
Lonza 
Lonza 
Thermo Fisher Scientific 
Selleck Chemicals 

Endothelial Growth 
Medium modified 
(EGM2) 

Basal medium: 
EBM-2 
10% FCS 
10 ng/mL hFGF-B 
0,5 ng/mL VEGF 
20 ng/mL R3-IGF-1 
1 µg/ml Ascorbic Acid  
5 ng/ml hEGF 
22,5 µg/mL Heparin 
0.2 µg/ml Hydrocortisone 
1% Penicillin-Streptomycin (100 U/ml) 

 
PromoCell 
Biochorom 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PAA-laboratories 

Endothelial Growth 
Medium modified 
(EGM2-m) 

Basal medium: 
EBM-2 
20% FCS 
10 ng/mL hFGF-B 
0,5 ng/mL VEGF 
20 ng/mL R3-IGF-1 
1 µg/ml Ascorbic Acid  
5 ng/ml hEGF 
22,5 µg/mL Heparin 
1% Penicillin-Streptomycin (100 U/ml) 

 
PromoCell 
Biochorom 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PAA-laboratories 

Endothelial 
Starvation Medium 
(ESM) 

Basal medium: 
EBM-2 
0.5% FCS 

 
PromoCell 
Biochrom 

Endothelial Growth 
Medium- Knock 
Down (EGM2-KD) 

Basal medium: 
EBM-2 
2% FCS 
10 ng/mL hFGF-B 
0,5 ng/mL VEGF 
20 ng/mL R3-IGF-1 
1 µg/ml Ascorbic Acid  
5 ng/ml hEGF 
22,5 µg/mL Heparin 

 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 
PromoCell 

M199 Medium 
Basal medium: 
M199 basal medium 
20% FCS 

 
Sigma Aldrich 
Biochrom 



Materials and Methods 

 

 75 

2 mM L-Glutamine 
25 ng/ml Heparin 
1% Penicillin-Streptomycin (100 U/ml) 

PAN Biotech 
Sigma Aldrich 
PAN Biotech 

DMEM Basal Media  
(DBM) 

Basal medium: 
DMEM 
2 mM L-Glutamine 
1% Penicillin-Streptomycin (100 U/ml) 

 
PAN Biotech 
PAN Biotech 
PAN Biotech 

DMEM Growth 
Media  
(DGM) 

Basal medium: 
DMEM 
2 mM L-Glutamine 
10% FCS  
1% Penicillin-Streptomycin (100 U/ml) 

 
PAN Biotech 
PAN Biotech 
Biochrom 
PAN Biotech 

Cryopreservation 
medium for iPSC 

FreSR-S medium Stem Cell Technologies 

 
Table 2: Cell culture reagents 
Product Manufacturer 

TrypLE Select Thermo Fisher Scientific 

Dulbecco’s Phosphate Buffered Saline (DPBS) PAN Biotech 

Trypsin 0,05%/ EDTA 0,02% in PBS w/o Ca, Mg PAN Biotech 

Matrigel Growth Factor Reduced Basement 
Membrane Matrix Corning 

Methylcellulose Sigma-Aldrich 

EDTA (Na2EDTA• 2H2O) solution 0.5 M Thermo Fisher Scientific 

0.1% Gelatin Solution EmbryoMax, Sigma-Aldrich 

FCR Blocking Reagent Miltenyi Biotec 
CD144 MicroBeads Miltenyi Biotec 
Accutase Stem Cell Technologies 
Methylcellulose Sigma Aldrich 
DMSO Sigma-Aldrich 

 
Table 3: Cell Culture Material 
Product Manufacturer 
Culture plastic ware (Plates: 6-well, 12-well, 
24-well, 96-well) Greiner Bio-One GmbH, Falcon 

Culture plastic ware (Flasks: 75 cm2, 175 cm2) Greiner Bio-One GmbH, Falcon 

Cell scraper Sarstedt 

LS columns Miltenyi Biotec 
Perfusion set with 1,6 mm, tubing sets for FSS 
assays with the ibidi Pump System ibidi 

Terumo Syringe Luer-Lock Tip without Needle 
10 mL, medium reservoir for FSS assays ibidi 
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96-well round-well, non-adhesive (#650161) Greiner Bio-One 
Gold electrode 8W10E arrays for ECIS 
measurements ibidi 

 

 Patient Material and cell lines 
Table 4: Patient material and cell lines 
Cell line Cell type Tissue origin Source 

BCRTi005-A 
(WT-1) 

induced Pluripotent Stem Cell 
(iPSC) Urine 

Charité 
Universitätsmedizin 
Berlin 
https://hpscreg.eu 

BCRTi004-A 
(WT-2) 

induced Pluripotent Stem Cell 
(iPSC) Urine 

Charité 
Universitätsmedizin 
Berlin 
https://hpscreg.eu 

BCRTi001-A 
(FOP-1) 

induced Pluripotent Stem Cell 
(iPSC) Urine 

Charité 
Universitätsmedizin 
Berlin 
https://hpscreg.eu 

BCRTi001-A 
(FOP-2) 

induced Pluripotent Stem Cell 
(iPSC) Urine 

Charité 
Universitätsmedizin 
Berlin 
https://hpscreg.eu 

HUVEC Human Umbilical Vein Endothelial 
Cell Umbilical cord AG Knaus cell bank 

HUAEC Human Arterial Vein Endothelial 
Cell Umbilical cord PromoCell, Lot 

#397Z038.1 
C2C12 Myoblast  AG Knaus cell bank 

 Recombinant growth factors 

Growth Factor Source Manufacturer 
Recombinant 
human (rh)BMP2  produced in E.coli Gift from Walter Sebald (Ruppert et al., 1996) 

rhBMP6 produced in CHO cells Gift from Slobodan Vukicevic (Simic et al., 2006) 
rhBMP9 /GDF2 produced in CHO cells PeproTech 

1 produced in CHO cells PeproTech 
rhActivinA produced in CHO cells R&D 
rhVEGFA-165 produced in E.coli PeproTech 
rhTNFα produced in E.coli ImunoTools 

 Inhibitors 

Inhibitor Description Manufacturer 
K02288  ALK1 & ALK2 kinase inhibitor Selleckchem 
SB431542 ALK4, ALK5, ALK7 kinase inhibitor Selleckchem 
Saracatinib ALK1, ALK2 and SRC kinase inhibitor Selleckchem 

https://hpscreg.eu/
https://hpscreg.eu/
https://hpscreg.eu/
https://hpscreg.eu/
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BMS-345541 Catalytic subunits of IKK-2, IKK-1 Selleckchem 

FK506/Tacrolimus Binds to immunophilins (FK506 
binding proteins) Selleckchem 

ROCK Y-27632 
Rho-associated, coiled-coil 
containing protein kinase 
inhibitor 

Stem Cell Technologies 

 Antibodies and Fluorescent dyes 
Table 5: Antibodies 
Antibody Species Manufacturer (Clone) Dilution 
Primary antibodies 
GAPDH Rabbit Cell Signaling (14C10) 1:1000 (1) 
ID1 Rabbit Santa Cruz (C-20) 1:1000 (1) 
Phosphorylated (p)SMAD1/5 
(Ser463/465) Rabbit Cell Signaling (41D10) 1:1000 (1) 

pSMAD2 (Ser465/467) Rabbit Cell Signaling (138D4) 1:1000 (1) 
pSRC family (Tyr416) Rabbit Cell Signaling (D49G4) 1:1000 (1) 
SRC Rabbit Cell Signaling (32G6) 1:1000 (1) 
VE-Cadherin XP Rabbit Cell Signaling (D87F2) 1:1000 (1) 
pVE-Cadherin (Tyr685) Rabbit ECM Biosciences  1:1000 (1) 

p38 MAPK XP Rabbit Cell Signaling (D13EI) 1:1000 (1) 

pp38 (Thr180/Tyr182) Mouse Cell Signaling (D3F9) 1:1000 (1) 

PECAM1 Mouse Cell Signaling 1:1000 (1), 1:200 (2) 

SMAD2 Rabbit Cell Signaling (86F7) 1:1000 (1) 

SMAD1 XP Rabbit Cell Signaling (6944) 1:1000 (1) 

FKBP12 Mouse Santa Cruz (H-5) 1:1000 (1) 

AKT (AKT1, AKT3) (pan) Mouse Cell Signaling (5G3) 1:1000 (1) 

pAKT (Ser473) Rabbit Cell Signaling (193H12) 1:1000 (1) 

Cofilin Rabbit Cell Signaling 1:1000 (1) 

Conjugated antibodies 
CD144(VE-Cadherin)-FITC Human  Miltenyi Biotec (REA199) 1:50 (3) 

CD31(PECAM1)-APC Human Miltenyi Biotec (AC128) 1:50 (3) 

mouse IgG, conjugated to 
HRP Goat 

Dianova/Jackson 

ImmunoResearch 
1:5000 (1) 

rabbit IgG, conjugated to 
HRP  Goat 

Dianova/Jackson 
ImmunoResearch 

1:5000 (1) 

Alexa Fluor 488 F(ab’)2 
-mouse IgG Goat Invitrogen 1:300 (2) 

Alexa Fluor 594 F(ab’)2 
-mouse IgG Goat Life Technologies 1:300 (2) 

-rabbit IgG Goat Invitrogen 1:300 (2) 

-rabbit IgG Goat Life Technologies 1:300 (2) 

Antibodies were diluted in in 3% BSA/ TBS-T, 0,1% NaN3 for Western Blotting (1) or in blocking solution 
for immunofluorescence staining (2) or FACS (3).  
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Table 6: Fluorescent dyes 
Product Application Manufacturer  Dilution 

4'6-Diamino-2-phenylindole 
dihydrochloride (DAPI) 

Nuclei 
staining, 
1:1000 

Sigma-Aldrich 1:1000 

Phalloidin CruzFluor 594 
Conjugate 

F-actin 
staining, 1:200 Santa Cruz 1:200 

Phalloidin CruzFluor 647 
Conjugate 

F-actin 
staining, 1:200 Santa Cruz 1:200 

 Oligonucleotides 
Table 7: siRNA sequences 
Target gene Target Sequence Manufacturer  

Accell Non-targeting siRNA UGGUUUACAUGUCGACUAA  
Dharmacon 
(D-001910-01-
05) 

Accell FKBP1A GCUUGAAGAUGGAAAGAAA Dharmacon (A-
009494-15-0010 

 
Table 8: Real-time PCR Primer 
Human gene Primer name Primer Sequence  

RSP9 RSP9 forward 
RSP9 reverse 

CTGCTGACGCTTGATGAGAA 
CAGCTTCATCTTGCCCTCAT 

ID1 ID1 forward 
ID1 reverse 

GCTGCTCTACGACATGAACG 
GCTGCTCTACGACATGAACG 

ID2 ID2 forward 
ID2 reverse 

GTGGCTGAATAAGCGGTGTT 
TGTCCTCCTTGTGAAATGGTT 

ID3 ID3 forward 
ID3 reverse 

CTTCCGGCAGGAGAGGTT 
AAAGGAGCTTTTGCCACTGA 

SMAD6 SMAD6 forward 
SMAD6 reverse 

TGATGAGGGAGTTGGTACCC 
ACCTCCCTACTCTCGGCTGT 

ACVRL1 ACVRL1 forward 
ACVRL1 reverse 

ACAACATCCTAGGCTTCATCGC 
GGTTTGCCCTGTGTACCG 

ACVR1 ACVR1 forward 
ACVR1 reverse 

AAGCCTGGAGCATTGGTAA 
TCACTGGGGTACTCGGAGA 

BMPR1A BMPR1A forward 
BMPR1A reverse 

CATCTTGGAGGAGTCGTAAGAA 
TTCTGTCCTTGAACACGAGAAA 

BMPR1B BMPR1B forward 
BMPR1B reverse 

CTGCCATAAGTGAGAAGCAAAC 
ACAACGCAAGACCTTTGGAC 

ACVR1B ACVR1B forward 
ACVR1B reverse 

TGCAACAGGATCGACTTGAG 
ATGATGCCTACCAGCTCCAC 

ACVR1C ACVR1C forward 
ACVR1C reverse 

ACTTGTGCCATAGCGGACTTA 
GGTTCCCACTTTAGGATTCTGAG 

TGFBR1 TGFBR1 forward 
TGFBR1 reverse 

ACTGTAAAGTCATCACCTGGC 
GTGAATGACAGTGCGGTTGT 
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BMPR2 BMPR2 forward 
BMPR2 reverse 

CATGGAGATGCGTAGCTGTC 
GGTTCTGAGGAAGTGCGAGT 

ACVR2A ACVR2A forward 
ACVR2A reverse 

CCTGACAGCTTGCATTGCTGACTT 
TCTGCGTCGTGATCCCAACATTCT 

ACVR2B ACVR2B forward 
ACVR2B reverse 

TGAAGCACGAGAACCTGCTACAGT 
GGCATACATGTCAATGCGCAGGAA 

TGFBR2 TGFBR2 forward 
TGFBR2 reverse 

GTTCAGAAGTCGGATGTGGAA 
TCTGGTTGTCACAGGTGGAA 

INHBA INHBA forward 
INHBA reverse 

CCTCCCAAAGGATGTACCCAA 
CTCTATCTCCACATACCCGTTCT 

NOG NOG forward 
NOG reverse 

GCGAGATCAAAGGGCTAGAG 
TAACTTCCTCCGCAGCTTCT 

KDR KDR forward 
KDR reverse 

AGCGATGGCCTCTTCTGTAA 
ACACGACTCCATGTTGGTCA 

CDH5 CDH5 forward 
CDH5 reverse 

CAGCCCAAAGTGTGTGAGAA 
CGGTCAAACTGCCCATACTT 

PECAM1 PECAM1 forward 
PECAM1 reverse 

GAGTCCTGCTGACCCTTCTG 
TCAGGTTCTTCCCATTTTGC 

ICAM1 ICAM1 forward 
ICAM1 reverse 

CAAGGCCTCAGTCAGTGTGA 
CCTCTGGCTTCGTCAGAATC 

vWF vWF forward 
vWF reverse 

ACTCATGGGCTCTGAGCAGT 
GCTCTTCAGAAGCTGGCACT 

VEGFR1 VEGFR1 forward 
VEGFR1 reverse 

GTTCAAGGAACCTCGGACAA 
GCTCACACTGCTCATCCAAA 

NRP1 NRP1 forward 
NRP1 reverse 

GCCTGCAACTTGGGAAACTGG 
CCTTGGTTGGATGATGTGATCTGG 

ENG ENG forward 
ENG reverse 

ATGAGGCGGTGGTCAATATC 
AGGAAGTGTGGGCTGAGGTA 

NEDD9 NEDD9 forward 
NEDD9 reverse 

ATGGCAAGGGCCTTATATGACA 
TTCTGCTCTATGACGGTCAGG 

PMEPA1 PMEPA1 forward 
PMEPA1 reverse 

TGTCAGGCAACGGAATCCC 
CAGGTACGGATAGGTGGGC 

UNC5B UNC5B forward 
UNC5B reverse 

GGTTTCCACCCCGTCAACTT 
GGGGATTTTGTCGGTGGAGT 

SGK1 SGK1 forward 
SGK1 reverse 

AGGATGGGTCTGAACGACTTT 
GCCCTTTCCGATCACTTTCAAG 

SMAD9 SMAD9 forward 
SMAD9 reverse 

GTTCACCACGGCTTTGAAGT 
TGACATCCTGGCGATGATAC 

HEY2 HEY2 forward 
HEY2 reverse 

TTGAAGATGCTTCAGGCAACAGGG 
TCAGGTACCGCGCAACTTCTGTTA 

JAG1 JAG1 forward 
JAG1 reverse 

GGGAACCCGATCAAGGAAATCAC 
CAGCAAGGGAACAAGGAAATCTGT 

LFNG LFNG forward 
LFNG reverse 

CTGCACCATCGGCTACATCG 
GGCGTTCCGCTTGTTTTCAA 
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DLL4 DLL4 forward 
DLL4 reverse 

GACCACTTCGGCCACTATGT 
TTGCTGCAGTAGCCATTCTG 

EFNB2 EFNB2 forward 
EFNB2 reverse 

TGGACAAGATGCAAGTTCTGCT 
CTGTTGCCGTCTGTGCTAGA 

EPHB4 EPHB4 forward 
EPHB4 reverse 

CCCGCGCGGAGTATCG 
CGTCCACCTGAGGGAATGTC 

COUP-TFII COUP-TFII forward 
COUP-TFII reverse 

TGCCTGTGGTCTCTCTGATG 
CCTACCAAACGGACGAAAAA 

SNAI1 SNAI1 forward 
SNAI1 reverse 

CCAGTGCCTCGACCACTATG 
CTGCTGGAAGGTAAACTCTGG 

NRP1 NRP1 forward 
NRP1 reverse 

GCCTGCAACTTGGGAAACTGG 
CCTTGGTTGGATGATGTGATCTGG 

ENG ENG forward 
ENG reverse 

ATGAGGCGGTGGTCAATATC 
AGGAAGTGTGGGCTGAGGTA 

MSX2 MSX2 forward 
MSX2 reverse 

ATGGCTTCTCCGTCCAAAGG 
CGGCTTCTTGTCGGACATGA 

FOXC2 MSX2 forward 
MSX2 reverse 

CCTCCTGGTATCTCAACCACA 
GAGGGTCGAGTTCTCAATCCC 

CDH2 CDH2 forward 
CDH2 reverse 

AGGCTTCTGGTGAAATCGCA 
TGCAGTTGCTAAACTTCACATTG 

RHOB RHOB forward 
RHOB reverse 

CTGCTGATCGTGTTCAGTAAGG 
TCAATGTCGGCCACATAGTTC 

HEYL HEYL forward 
HEYL reverse 

ATGCAAGCCAGGAAGAAACGCAGA 
AGCTTGGAAGAGCCCTGTTTCTCA 

NRARP NRARP forward 
NRARP reverse 

TCAACGTGAACTCGTTCGGG 
TCAACGTGAACTCGTTCGGG 

PTGS2 PTGS2 forward 
PTGS2 reverse 

CTGGCGCTCAGCCATACAG 
CGCACTTATACTGGTCAAATCCC 

JAG2 JAG2 forward 
JAG2 reverse 

TGGGACTGGGACAACGATAC 
AGTGGCGCTGTAGTAGTTCTC 

ADM ADM forward 
ADM reverse 

AAGAAGTGGAATAAGTGGGCT 
TGTGAACTGGTAGATCTGGT 

TCIM TCIM forward 
TCIM reverse 

ATGAAAGCAAAGCGAAGCCAC 
TCAGTGAACTTTGATGGAATA 

FKBP1A FKBP1A forward 
FKBP1A reverse 

CTCCAGATTATGCCTATGGTGC 
AGCTCCACATCGAAGACGAGA 

TDGF1 TDGF1 forward 
TDGF1 reverse 

CACGATGTGCGCAAAGAGAA 
TGACCGTGCCAGCATTTACA 

NFKBIE NFKBIE forward 
NFKBIE reverse 

TCTGGCATTGAGTCTCTGCG 
AGGAGCCATAGGTGGAATCAG 

wtACVR1  wtACVR1 forward 
wtACVR1 reverse 

TGGTACAAAGAACAGTGGCTAG 
CCATACCTGCCTTTCCCGA 

mutantACVR1  mutantACVR1 forward 
mutantACVR1 reverse 

TGGTACAAAGAACAGTGGCTTA 
CCATACCTGCCTTTCCCGA 
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 Commercial Kits 

Kit Manufacturer 
NucleoSpin Gel and PCR Clean-up  Macherey-Nagel 
NucleoSpin RNA II isolation Kit Machery-Nagel 
Pierce BCA Protein Assay Kit  Thermo Fisher Scientific  

 Chemicals and reagents 

Standard chemicals and reagents were purchased from Sigma-Aldrich, VWR, 
neoLab, NEB or Carl Roth GmbH, unless stated otherwise.  

Table 9: Buffers and solutions 
Buffers or Solutions Preparation or supplier 

10X TBE 121.1 g Tris Base, 61.8 g Boric acid, 27.5 g 
EDTA ad 1 l dH2O, pH 8.0 

Blocking Buffer  5% NGS, 3% BSA in DPBS 

Laemmli buffer (6x)  
375 mM Tris-HCl, 25% SDS, 45% Glycerol, 
12.5% 2-Mercaptoethanol, 0.01% Bromphenol 
blue in H2O 

Lower Tris (4x) 1.5 M Tris, 0.4% SDS in H2O, pH 8.8 

RIPA lysis buffer 

150 mM NaCl, 50 mM Tris, 0.1% SDS, 1% 
NP-40 Alternative. Add freshly before usage: 
1 mM Phenylmethylsulfonyl fluoride, 2 mM 
Sodium orthovanadate, 500 mM Sodium 
fluoride, 20 mM Sodium pyrophosphate, 1x 
Protease Inhibitor Cocktail/50 mL in H2O, 
pH 7.5 

SDS-PAGE running buffer 10% Rotiphorese 10x SDS-PAGE in H2O 

TBS  
100 mM Tris pH 7.5 

150 mM NaCl 
TBS-T (0.1%) 0.5% Tween 20, 5% 20x TBS buffer in H2O 
Upper Tris (4x)  0.5 M Tris, 0.4% SDS in H2O, pH 6.8 

Western Blot transfer buffer 24 mM Tris, 196 mM Glycine, 20% Methanol in 
H2O 

Fluoromount-G Southern Biotech 
All buffers and solutions were prepared with Milli-Q water unless stated otherwise. 

 Technical devices, software and online tools 
Table 10: Technical devices 
Device Type Company 
Camera Axiocam ERc 5s Carl Zeiss Microscopy 
CCD-based detection system  FUSION FX7 Vilber Lourmat 
Cell Counter CASY Model TT Roche 

Cell Counter Countess II FL Automated Cell Counter Thermo Fisher 
Scientific 
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Cooling Centrifuge Centrifuge 5418 R and Rotor 
FA-45-18-11  Eppendorf 

Electrophoresis power supply  PowerPac High Current Bio-Rad 

Electrophoresis system  Mini-PROTEAN Tetra Cell Systems Bio-Rad 

Microscope (bright-field) Axiovert 40 CFL Carl Zeiss Microscopy 

Microscope (epifluorescence) Axiovert Observer 7, Axiovert 200M Carl Zeiss Microscopy 

Real-Time PCR System Applied Biosystems StepOnePlus Life Technologies 

Spectrophotometer NanoDrop ND-1000 
NanoDrop 

Technologies 

Wet/Tank Blotting system Trans-Blot Cell Bio-Rad 

Impedance Sensor Electric cell-substrate impedance 
sensing (ECIS) Zθ instrument 

Applied BioPhysics, 

ibidi 

Pump system with 4 Fluidic 
Units for the cultivation of cells 
under flow 

ibidi Pump System Quad Ibidi  

Flow Cytometer MACS Quant VYB Miltenyi 

Magnetic cell separator MiniMACS Separator Miltenyi 

  
Table 11: Software and online tools 
Software/Online Tool Application Company/Source 
Adobe Photoshop CC Image Processing Adobe 
AxioVision Image acquisition Zeiss 

BioRender  Generation of illustrations and 
schemes BioRender (biorender.com) 

Chimera1.13.1 Molecular modelling of crystal 
structures 

University of California, San 
Francisco 

CCTop  CRISPR/Cas9 target online 
predictor crispr.cos.uni-heidelberg.de 

FCS Express V6 FACS analysis De Novo Software 
FusionCapt Advance FX7 Immunoblot image acquisition Vilber Lourmat 

Ensemble genome browser cDNA sequence export ensembl.org/index.html 

Galaxy Europe  RNA Sequencing data analysis Open Source (usegalaxy.eu) 

Gene Expression Omnibus 
(GEO) database Export of published RNASeq data ncbi.nlm.nih.gov/geo 

ImageJ FIJI Image processing and 
quantification Open Source (imagej.net/Fiji) 

Microsoft Office Text editing Microsoft 

Primer BLAST  Primer design 
ncbi.nlm.nih.gov/tools/primer-

blast/ 

Prism8 Analysis and graphing of data GraphPad 

Snapgene DNA viewer and digital cloning Snapgene 

StepOne Software2.3 qRT-PCR evaluation Thermo Fisher Scientific 

Zotero Management of bibliography Open Source (zotero.org) 
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2.2 Methods 

 Cell culture 

All cell types were expanded and maintained at 37°C and 5% CO2 atmosphere and 

cell numbers were determined using a CasyTT cell counter or Countess  automated 

cell counter. For starvation and passaging, the cells were previously washed with 

Dulbecco´s phosphate buffered saline (DPBS) and subsequently kept in growth or 

starvation medium. Details of the medium compositions are listed in Table 1. 

Induced pluripotent Stem Cells (iPSCs) 
Cell lines iPSC-WT-1 (BCRTi005-A), iPSC-WT-2 (BCRTi004-A), iPSC-FOP-1 

(BCRTi001-A), iPSC FOP-2 (BCRTi002-A) are registered, including ethical statements 

at the global human iPSC registry https://hpscreg.eu. 

iPSCs were grown in colonies and maintained in defined conditions in E8-Medium 
(Chen et al., 2011) and routinely passaged in colony clumps at a ratio of ~1:20 every 

4– 0. . -coated 6-well plates. 

Therefore, Geltrex was diluted 1:11 in DMEM/F12 and stored in aliquots at -20°C. 

Before usage of Geltrex, aliquots were diluted 1:6 in DMEM/F12 and 6 well plates were 

coated with 1 ml/well and incubated at 37°C for 30 min. After seeding, a daily medium 

change was performed and spontaneous differentiated cells were removed manually 

with a tip using a microscope under the fume hood. For single cell seeding, iPSCs were 

harvested with Accutase and subsequently the growth medium was supplemented with 

10 µM ROCK inhibitor for 24 hours. 

 

Endothelial Cells (ECs) 
Upon thawing iPSC derived ECs (iECs) were cultured in EGM2-mod on 0.1% Gelatin 

coated culture flasks and used for all experiments in passage 2. HUAECs were 

routinely cultured in EGM2 and HUVECs in M199 Medium. Before seeding culture 

plates or flasks were incubated with 0.1% Gelatin Solution (e.g. 12-well plate 0.5 

ml/well) and incubated at 37°C for 30 min. 

 Cell stimulation with growth factors and inhibitors 
Cells were starved prior growth factor stimulation for 5 hours. iPSCs were starved in 

E6-Medium and iECs in Endothelial Starvation Medium 2 (ESM). Small-molecule 

kinase inhibitors (SMKI) were added to cells 1 hour prior ligand stimulation with 

https://hpscreg.eu/
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indicated concentrations unless stated otherwise. Growth factors and SMKIs were 

reconstituted and stored according to manufacturer instructions.  

 Cryopreservation of iPSC for differentiation (CryoPause) 
iPSCs, which were cryopreserved according the CryoPause method in a controlled-

rate freezer (Wong et al., 2017). In brief, iPSCs were harvested with Accutase for 

30 min at 37°C. Cells were washed with E8-Medium and centrifuged at 200 g for 5 min 

at room temperature. The medium was aspirated and the pellet was washed again with 

E8-Medium followed by a centrifugation step as described above. The supernatant was 

aspirated and iPSCs were resuspended FresSR-S medium to reach a cell number of 

10 million cells/ml. The cell suspension was transferred to pre-chilled cryotubes and 

transferred to a temperature controlled-rate freezer with the following program:  

 

Step 1: wait at 4°C; Step 2: 1.2°C/min (sample) to -4°C; Step 3: 25°C/min (chamber) 

to -40°C; Step 4: 10°C/min (chamber) to -12°C; Step 5: 1.0°C/min (chamber) to -40°C; 

Step 6: 10°C/min (chamber) to -90°C; Step 7: wait at -90°C. Cryotubes were rapidly 

transferred to a liquid nitrogen tank once the controlled rate freezer reached -90°C. 

 Differentiation of iECs from iPSCs 
Cryopreserved iPSCs as described in chapter 2.2.3 were thawed and immediately 

seeded for EC differentiation. iPSCs were differentiated into iECs using a modified 

version of a cell monolayer approach (Patsch et al., 2015). In brief, iPSCs were thawed 

in E8-Medium supplemented with 10 µM ROCK and seeded in at a density of 

2-3 x 105 cells/well on Geltrex coated 6-well plates. About 24 hours after seeding the 

medium was changed to mesoderm induction Mesodermal induction medium. The 

preparation of the different medias is listed in Table 1.Optimal concentration of 

Glycogen Synthase Kinase 3-  (GSK3- ) inhibitor CHIR99021 and cell density was 

established separately for each iPSC line by measuring the differentiation efficiency 

(see Table 15). 

On day 4 and day 5 the medium was changed to Endothelial induction medium. On 

day 6, cells were dissociated by TrypLE and centrifuged at 300 g for 5 min. The cell 

pellet was resuspended in MACS-buffer containing DPBS with 0.5% BSA and 2 mM 

EDTA and a single cell suspension was prepared by using a 40 µM cell strainer. 5 x 

104 cells were stained with CD144-FITC (Miltenyi Biotec) for subsequent FACS 

analysis. The rest of the cells was centrifuged at 300 g for 5 min at 4°C. The 
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supernatant was removed and the cell pellet was resuspended and a cell count 

performed. Up to 1 x 107 cells were gently resuspended in 60 µl MACS buffer 

containing 20 µl FCR Blocking Reagent (Miltenyi Biotec) and 20 µl CD144 MicroBeads 

(Miltenyi Biotec) and incubated for 15 min at 4 °C. Upon a washing step in MACS 

buffer, the cells were resuspended in 500 µl and applied on the eliquibrated LS 

columns (Miltenyi Biotec) attached to the magnetic rack. Upon collection of the 

negative fraction and three washing steps, the positive fraction (CD144+) was eluted 

in a separate tube in absence of the magnet. The cell pellet was resuspended in 

Endothelial Expansion Medium and 4 x 104 cells per cm2 were seeded on 0.1% 

Gelatin coated culture flasks. Upon confluency, cells were split (max. 1:3) or frozen in 

freezing medium containing 90% FCS and 10% DMSO. Upon thawing iECs were 

cultured in EGM2 and seeded for all experiments in passage 2. 

 Cryopreservation of Endothelial Cells 
iECs were harvested with Trypsin and washed with DGM. Cells were centrifuged at 

300 g for 4 min and the cell pellet was resuspended in freezing medium (90% FCS and 

10% DMSO) to reach a cell number of 1.5-2.0 million cells/ml for each vial. Cryotubes 

were rapidly transferred to a freezing container, which was located at -80 °C to reach 

a cool rate of approximately -1°C/min. Other ECs were cryopreserved according the 

same method but the freezing medium contained 90% full growth medium and 10% 

DMSO. 

 Fluid Shear Stress (FSS) experiments with iPSC derived ECs (iECs) 
For FSS experiments, 1x105 iECs were seeded on 0.1% G -Slides I 0.4 

Luer (ibidi) and cultured for 48 hours at 37°C and 5% CO2 atmosphere in 100 µl EGM2. 

Due to the small medium amount, the -Slides were flushed with fresh medium twice 

a day. Optimal cell growth and density was controlled before and after FSS by phase 

contrast microscopy. On day 2, FSS was applied by connecting the -Slides to the ibidi 

pneumatic pump system. After a 6 hours ramp phase to reach step-wise 30 dyne/cm2 

in full medium (EGM2, 10 ml), iECs were stimulated with FSS for 24 hours. The ramp 

phase is included to avoid detachment of the cells. For ligand stimulation ActivinA was 

diluted in 1 ml EGM2 and added to the medium reservoir. For static controls iECs were 

seeded in the same densities in silicone chambers with equal dimensions -

slides and exposed to equal volume of medium. Before seeding the silicone, chambers 

were mounted on 0.1% Gelatin coated culture plates. For harvesting the cells, the 
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- slides were put on an ice and washed three times with ice-cold PBS to wash out the 

remaining serum containing medium. For protein isolation iECs were lysed in RIPA 

buffer. Protein concentrations were measured by a BCA Protein Assay Kit according 

to the manufacturer’s instructions and adjusted for Western Blot analysis. For RNA 

isolation, iECs were lysed in RA-1 lysis buffer from NucleoSpin RNA II (Macherey-

Nagel) according to manufacturer instructions. 

 siRNA delivery 
For targeted knockdown experiments 1.3x105 iECs were seeded in one well of a 0.1% 

Gelatin coated 12-well plate in EGM2. After 24 hours cells were washed with calcium 

and magnesium containing PBS. Accell siRNA was diluted in serum reduced growth 

medium (EGM2-KD) to a final concentration of 0.5 µM or 1.0 µM and added to the 

cells. After 48 hours the medium was changed to endothelial starvation medium ESM. 

After 5 hours the cells were stimulated with respective growth factors and lysed in RIPA 

buffer. Protein concentrations were measured by a BCA Protein Assay Kit according 

to the manufacturer’s instructions and adjusted for Western Blot by which knockdown 

efficiency was analyzed. 

 Endothelial barrier function 
Endothelial barrier function was assessed by Electric Cell-substrate Impedance 

Sensing (ECIS) using the ECIS Zθ instrument (Applied BioPhysics, ibidi). Before cell 

seeding for an experiment, gold electrode arrays 8W10E (ibidi) were cleaned and 

stabilized to prevent well-to-well reproducibility and signal-to noise-ratio. Therefore, 

electrodes were pre-treated with 200 µl 10 mM L-cysteine for 15 min at room 

temperature followed by a two washing steps with Milli-Q water. Afterwards arrays 

were coated with 0.1% Gelatin for 30 min at 37°C. 3 x 104 cells/ well were grown to 

confluence for 72 hours. Cells were starved for 5 hours before stimulation with 

respective growth factors and PBS as control. Barrier function was assessed by ECIS 

measurement of resistance at 4000 Hz (Szulcek et al., 2014). 

 Tube formation assay 
iECs were seeded in growth medium on growth factor reduced Matrigel (Corning) 

coated 96 well culture plates (3 x 104/well). After an incubation for 24 hours at 37°C in 

5% CO2 images were taken using phase-contrast microscopy. 
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 Spheroid assay 
For endothelial spheroid generation 3000 cells were resuspended in 50 µL EGM2: 

Methocel solution (3:1). Beforehand, Methocel was prepared with 

12 g/L Methylcellulose in EBM2. 50 µl cell suspension was seeded on non-adhesive 

96-well round bottom plates and incubated at 37°C and 5% CO2 for 24 hours. Then 

spheroids were harvested, washed twice with DPBS and embedded in 25% growth 

factor–reduced Matrigel diluted in ESM. The Matrigel was thawed on 4°C beforehand. 

Spheroids were seeded in 150 µl on 96-well flat bottom plates and incubated for 

2 hours at 37°C and 5% CO2. Subsequently, spheroids were stimulated with respective 

growth factors and/or inhibitors for 24 hours. The next day, excess medium was 

removed and the spheroids were fixed with 4% paraformaldehyde (PFA) in DPBS for 

10 min and subsequently permeabilized in 0.5% Triton X100/DPBS for 15 min. Then 

spheroids were stained with Alexa Fluor™ 594 Phalloidin and DAPI in a 1:1000 dilution 

in DPBS for 30 min. After a washing step in DPBS, spheroids were imaged. At least 

three spheroids per experimental condition were imaged with an epifluorescence 

microscope Axio Observer 7. Spheroid outgrowth area (SOA) was measured and 

normalized to spheroid size using ImageJ. 

 Adhesion molecule expression assay 
iECs were exposed to tumor necrosis factor-alpha (TNF- ) (0.6 nM) for 2 hours. RNA 

was isolated and expression of ICAM-1 was analyzed by qPCR. 

 Western Blot analysis 
Cells were lysed in Laemmli or RIPA protein lysis buffer and frozen at -20 °C. Upon 

thawing, lysates were subjected to SDS-PAGE and transferred to PVDF membranes 

by Western Blotting. Membranes were blocked in 0.1% TBS-T containing 3% w/v BSA 

for 1 hour at RT, washed three times in 0.1% TBS-T and incubated with indicated 

primary antibodies (Table 5) overnight at 4°C following manufacturer’s instructions. For 

protein detection the Horseradish peroxidase (HRP)-based method was used and 

membranes were incubated with secondary HRP conjugated antibodies (Table 5). 

Chemiluminescent reactions were processed using WesternBright Quantum HRP 

substrate (advansta) and documented by using a ChemiSmart5000 digital imaging 

system (Vilber-Lourmat). 
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 Immunofluorescence staining 
3 × 104 cells were seeded on glass coverslips placed in 24-well plates until they formed 

a confluent monolayer. Cells were fixed with 4% paraformaldehyde (PFA), quenched 

0 0. -X-100 for 15 minutes. 

After blocking for 1 h in 3% w/v BSA and 5% v/v normal goat serum in PBS, cells were 

stained with primary antibodies (Table 5) diluted in blocking solution overnight. 

Fluorophore conjugated secondary antibodies were diluted in blocking solution and 

incubated for 1 hour at room temperature (RT). Nuclei were stained with DAPI using a 

1:1000 dilution in DPBS for 30 min at RT. After washing in ddH2O coverslips were 

mounted on glass slides using Fluoromount-G (Southern Biotech) and dried overnight 

in the dark. Slides were stored at 4 °C and imaged with a epifluorescence microscope 

(Zeiss Axiovert 200M) and analyzed in AxioVision 4 software.  

 Fluorescent activated cell sorting 

. 104 cells were centrifuged at 

300 g for 5 min and the pellet was resuspended in 40 l staining solution (DPBS with 

0.5% BSA a 2 mM EDTA supplemented with 10% FCR blocking solution (Miltenyi 

Biotec). Antibodies for surface marker staining (CD144-FITC-human clone REA199, 

CD31-APC-human clone AC128 (Table 6) were added (1:50) and incubated for 10 min 

at 4°C in the dark. Upon a washing step and resuspension in DPBS with 0.5% BSA 2 

mM EDTA cells were measured by MACSQuant VYB (Miltenyi Biotec) and analyzed 

by FCS Express V6 software. 

 Quantitative Real-Time PCR 
Cells were washed once with DPBS and RNA was isolated using NucleoSpin RNA II 

(Macherey-Nagel) according to manufacturer instructions. The amount of 0.5-1 g 

RNA was reverse transcribed into cDNA using M-MLV reverse transcriptase and 

random primers (NEB) according the protocol described in Table 12 and Table 13. 

qRT-PCR was performed with 2.5 ng cDNA using PCR Luna Universal qPCR Master 

Mix (NEB) and specific primers listed in Table 8 according the program listed in Table 

14. Expression levels were assessed by StepOne Plus, and StepOne Software 2.3 

(Applied Biosystems) and measured in technical triplicates. Target gene expression 

was quantified relative to the housekeeping gene RSP9 using the CT method 

including primer efficiency (Pfaffl, 2001). 
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Table 12: cDNA synthesis 
Mix Reagent Volume Company 

cDNA 
synthesis 
mix1 

RNA (total 500 – 1000 ng) 0,5-1 µg  
ddH20 ad 14,5 µl Macherey-Nagel 
Random Primer 0,5 µl NEB 

cDNA 
synthesis 
mix2 

5 x M-MLV (buffer) 5 µl NEB 
dNTPs (10 µM) 1,25 µl NEB 
RNAsin 0,5 µl NEB 
M-MLV-RT (Reverse Transcriptase) 1,0 µl NEB 
ddH20 17,25 µl Macherey-Nagel 

 
Table 13: Cycler program for cDNA synthesis 
Step Process Time Temperature 
1 Denaturation and Oligo Annealing (Mix1) 5 min 70°C 
2 cool down 10 min 4°C 
3 cDNA synthesis (add Mix2) 60 min  37°C 
4 cDNA synthesis  4°C 

 
Table 14: Cycler program for quantitative real-time PCR 
Step Process Time Temperature 
1 Denaturation 10 min 95°C 
2 Amplification 15 s 95°C 

Repeat of step 2 for 39 cycles 
3 

Dissociation curve 
15 sec 95°C 

4 15 sec 60°C 
5 Cooling  4°C 
    

 RNA-Sequencing: Library preparation and sequencing 
8 x 104 iECs per well were seeded in 12 well plate and grown to confluence generated 

from 4 biological independent iPSC lines. Two independent experiments of ligand and 

SMKI treatment were performed for each line. Upon starvation, ligand stimulation and 

SMKI treatment cells were lysed and RNA was isolated according to manufacturer 

instructions (Macherey-Nagel). The following processing was performed by Genewiz, 

Leipzig, Germany. RNA samples were quantified using Qubit 2.0 Fluorometer (Life 

Technologies) and RNA integrity was checked with Agilent Fragment Analyzer (Agilent 

Technologies). RNA sequencing library preparations used the NEBNext Ultra II 

Directional RNA Library Prep Kit for Illumina by following manufacturer’s 

recommendations (NEB). Briefly, mRNAs were first enriched with Oligod(T) beads. 

Enriched mRNAs were fragmented for 10 minutes at 94°C. First strand and second 
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strand cDNA were subsequently synthesized. cDNA fragments were end-repaired and 

adenylated at 3’ends, and universal adapters were ligated to cDNA fragments, followed 

by index addition and library enrichment with limited cycle PCR. The sequencing 

libraries were validated on the Agilent Fragment Analyzer (Agilent Technologies), and 

quantified by using Qubit 2.0 Fluorometer (Invitrogen). The sequencing libraries were 

loaded on the Illumina NovaSeq 6000 instrument according to manufacturer’s 

instructions. Clustering was performed directly on the NovaSeq before sequencing. 

clustered on one lane of a flowcell. After clustering, the flowcell was loaded on the 

Illumina NovaSeq 6000 instrument according to manufacturer’s instructions. The 

samples were sequenced using a 2 x 150 Paired End (PE) configuration. Image 

analysis and base calling were conducted by the NovaSeq Control Software. Raw 

sequence data (.bcl files) generated from Illumina NovaSeq was converted into fastq 

files and de-multiplexed using Illumina's bcl2fastq 2.19 software. One mis-match was 

allowed for index sequence identification.  

 RNA-Sequencing: Data analysis 
The sequencing data was uploaded to the Galaxy web platform and the public server 

at usegalaxy.eu was used to analyze the data (Afgan et al., 2018). Quality of raw reads 

was performed with FastQC before data was mapped to the reference genome (hg38) 

using STAR mapper (Dobin et al., 2013). Alignment quality was assessed with MultiQC 

(Ewels et al., 2016) and RNA-Seq alignments were assembled into potential transcripts 

by StringTie (Kovaka et al., 2019). This output was used to analyze differential gene 

expression with DESeq2 (Love et al., 2014). Cutoff for differentially expressed genes 

was a logarithmic fold change of ≥0.58 and with an adjusted p value of 0.05. Shared 

differentially expressed genes in both FOP donors were assessed with BioVenn 

(Hulsen et al., 2008). Z-score calculation and generation of heatmaps was performed 

with the „pheatmap“ package in RStudio. Functional enrichment and clustering was 

performed with DAVID Bioinformatic Resources 6.8 (Huang et al., 2009a, 2009b) and 

applying Benjamini correction. 

 Statistical analysis and data presentation 
In this study four iPSC lines and were used representing independent biological 

replicates from two healthy controls (WT) and two FOP donors harboring the ALK2 

R206H mutation. Experimental replicates are presented for each donor separately or 

grouped with the biological replicate. Statistical analysis and data illustrations were 
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performed with GraphPad Prism 8 (GraphPad Software Inc.). Normal distribution of 

data sets n < 5 were tested with the Shapiro- .

tested additionally with the Kolmogorov Smirnov test for normality. In cases of failure 

to reject the null hypothesis, the ANOVA and Bonferroni or Student´s t-test were used 

to check for statistical significance under the normality assumption. Upon rejection of 

non-parametric tests were used. P-values lower than 0.05 were considered statistically 

significant (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). Details about the RNA-

Seq data analysis is described in chapter 2.2.17. 

 Graphical design 
Graphical Schemes were created with BioRender.com. or in Microsoft PowerPoint. 

The Figures were assembled and labeled in Adobe® Photoshop (Adobe Systems). 

Densiometric protein level quantification and fluorescent microscopy image analysis 

was performed with the software Image J. 
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3. Results  
ActivinA induced SMAD1/5 signaling in an iPSC derived EC model 

of Fibrodysplasia ossificans Progressiva (FOP) can be rescued by 

the drug candidate Saracatinib 
(Hildebrandt et al., Stem Cell Reviews and Reports, in press 2020) 

3.1 Establishment of a FOP endothelial cell model  
For the investigation of Activin receptor-like kinase 2 (ALK2) signaling in FOP 

endothelium, it was aimed to establish a FOP endothelial cell (EC) disease model. Due 

to the risk to trigger heterotopic ossification (HO) upon tissue biopsy sampling and the 

limited number of patients of the rare disease, the establishment of FOP patient models 

has been challenging. Induced pluripotent stem cells (iPSCs) enable the generation of 

healthy and diseased human cell types of various human tissues via directed 

differentiation methods, which overcome the restrictions of further patient material and 

the limited expansion potential of primary cells in vitro. 

Recently, the Berlin Institute of Health (BIH) Center for Regenerative Therapies 

(BCRT) generated iPSC from two FOP patients harboring the ALK2 R206H mutation 

(FOP-1, FOP-2) and two healthy controls (WT-1, WT-2) (Hildebrand et al., 2016; 

Rossbach et al., 2017, 2016) (Figure 3.1A). Thus, a collaboration was started to use 

iPSC technology for the generation of a FOP EC model. The iPSCs were generated 

from urine samples of FOP patients. In brief, renal epithelial cells were isolated from 

urine of four donors, which were reprogrammed by transient expression of OCT3/4, 

SOX2, KLF4 and cMYC (Yamanaka factors) using Sendai Virus (Fusaki et al., 2009) 

(Figure 3.1A). The four iPSC lines are listed in the global human iPSC registry 

(https://hpscreg.eu) and express characteristic pluripotency markers such as OCT4, 

SSEA4 and are capable to differentiate into the three germ layers (Hildebrand et al., 

2016; Rossbach et al., 2017, 2016).  

In this study, iPSCs were cultured and maintained in feeder-free, serum-free defined 

conditions and showed the typical stem cell morphology, with a high nucleus to 

cytoplasm ratio and colony growth phenotype (Figure 3.1B).  



Results 

 

 93 

 WT and FOP iPSCs show differential SMAD responses 
The pluripotent and proliferative ability of iPSCs in vitro enables the generation of 

diverse tissue cell types derived from one of three germ layer (Liu et al., 2020). The 

maintenance of pluripotency requires tightly and controlled culture conditions (daily 

medium change) with defined medium and even manual removal of spontaneous 

differentiated cells (Chen et al., 2014). Moreover, iPSC colonies are typically passaged 

as small clumps, which is more tedious and time consuming but promotes viability and 

pluripotency compared to single cell culture of most other cell systems (Marinho et al., 

2015). Proper maintenance enables the orchestration of multiple signaling cascades 

towards pluripotency. Changes in signaling responses can direct stem cells towards 

spontaneous differentiation to distinct germ layers and eventually create populations 

of specific cell types (Rao and Greber, 2017). The Bone Morphogenetic Protein (BMP) 

and Transforming Growth Factor β (TGFβ) signaling pathways are known to contribute 

to maintain pluripotency and to direct differentiation (Mullen and Wrana, 2017).  

Here, BMP, Activin, and TGFβ signal responses were analyzed by the assessment of 

phosphorylated SMAD proteins in WT and FOP iPSCs. Therefore, iPSCs were treated 

with the ALK2 specific BMP ligand BMP6, which showed a dose-dependent 

phosphorylation of SMAD1/5 in both WT and FOP iPSCs (Figure 3.1D). All four iPSC 

lines responded to ActivinA with a dose-dependent increase in SMAD2 

phosphorylation (Figure 3.1C). Interestingly, a similar pattern of SMAD2 

phosphorylation was also observed upon BMP6 treatment in WT and FOP iPSCs 

(Figure 3.1D). However, SMAD1/5 phosphorylation by ActivinA was only seen in FOP 

but not in WT iPSCs (Figure 3.1C). Treatment of WT and FOP iPSCs with TGFβ 

showed a canonical response with phosphorylated SMAD2 (pSMAD2) levels and no 

phosphorylation of SMAD1/5 (Figure 3.1E).  
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Figure 3.1. WT and FOP iPSC show differential SMAD responses. (A) Graphical Scheme of iPSC 
generation from urine cells using integration free sendai virus for transient expression of the Yamanaka Factors. 
(B) Phase contrast images of WT and FOP iPSC colony morphology. (C-E) Representative Western Blot of iPSC 
after stimulation with different doses of ActivinA, BMP6 and TGFβ. Data C-D is derived from (Hildebrandt et.al., 
Stem Cell Rev Rep, in press 2020). 
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 Establishment of an optimized method to differentiate iPSCs to 
endothelial cells 

ECs can be generation from iPSCs via directed differentiation using diverse strategies, 

which aim to mimic developmental conditions in vitro (Williams and Wu., 2019). Based 

on aberrant ActivinA/SMAD1/5 signaling in FOP iPSCs, a EC differentiation protocol 

devoid of exogenous ActivinA (Patsch et al., 2015) was adjusted and optimized. 

Moreover, to overcome initial cell passage dependent variations in differentiation 

efficiency (10-80%), the EC differentiation method was combined with a controlled 

cryopreservation method (Wong et al., 2017) to immediately initiate differentiation upon 

thawing (Figure 3.2A). Therefore, iPSC colonies were harvested, separated to a single 

cell suspension from which defined numbers were cryopreserved in an automated 

step-wise temperature-controlled freezer machine. Upon thawing, iPSCs were directly 

seeded for differentiation (Figure 3.2B). On day 1, mesoderm was induced by BMP4 

and the Glycogen Synthase Kinase 3-  (GSK3- ) inhibitor CHIR99021. GSK3-  

inhibition activates the canonical beta-catenin/Wnt pathway. Balanced Wnt signaling 

is essential for stem cell pluripotency but also for differentiation (Sokol, 2011). 

Therefore, optimal CHIR99021concentration and cell density was defined for each 

iPSC line by measuring the differentiation efficiency, which was defined as the amount 

of generated EC fraction using VE-Cadherin/CD144 as a marker in Fluorescence-

activated cell sorting (FACS) analysis (Figure 3.3). Three different CHIR 

concentrations (5,6,7 µM) and two different cell numbers (2x105 or 3x105 per 6-well) 

were tested. The combination, which generated the highest amount of EC fraction is 

framed with a blue square for each donor (Figure 3.3) and are listed in the table below 

(Table 15). In brief, the cell number 3x105 achieved the best results for the iPSC donors 

WT-2, FOP-1, FOP-2 and 2x105 for FOP-1. The CHIR concentration of 6 µM resulted 

in differentiation efficiency of iPSC donors WT-1, WT-1, FOP-2 and 7 µM for donor 

FOP. Both, WT and FOP iPSC differentiated to ECs with efficiencies of up to ~80% 

(Figure 3.2C). On day 4, endothelial specification of mesodermal cells was achieved 

by Vascular Endothelial Growth Factor A (VEGFA) and Forskolin (Figure 3.2A, B). 

Forskolin increases cellular cyclic adenosine monophosphate (cAMP) levels which 

enhance EC differentiation via upregulation of the VEGFA signaling receptor VEGFR2 

and co-receptor Neuropilin1 (NRP1) (Yamamizu et al., 2009).  
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Mechanistically, cAMP binds and activates protein kinases A (PKA), which was 

suggested to mediate the upregulation of NRP1 and VEGFR2 (Yamamizu et al., 

2009).Thus, Forskolin enhances the sensitivity of progenitors to VEGFA via 

upregulation of VEGFR2 in endothelial lineage differentiation (Dyer and Patterson, 

2010). The EC fraction was purified by Magnetic Activated Cell Sorting (MACS) using 

magnetic labeled antibodies against VE-Cadherin/CD144. For initial expansion and 

maturation of CD144+ cells, optimal culture conditions were established and assessed 

by endothelial marker expression using FACS. 

The highest and most robust EC marker expression was achieved when culturing 

CD144+ cells in endothelial growth medium (EGM-2) supplemented with 20% Fetal 

Calf Serum (FCS) and the TGFβ type I receptor inhibitor SB431542 on gelatin coated 

culture dishes. SB431542 sustains ID1 expression, which is required for endothelial 

cell commitment and proliferation (James et al., 2010). Subsequently iPSC derived 

ECs were cultured in normal growth medium without SB431542 supplementation. 

 
Figure 3.2. Generation of Endothelial Cells from iPSCs (iECs). 
 (A) Workflow of iEC differentiation with modification in red. (B) Phase contrast images of cells at different stages 
during differentiation. (C) iEC differentiation efficiency analysis by FACS of CD144+ cells after the MACS sort on 
day 10. 
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Figure 3.3 Establishment of endothelial differentiation conditions for iPSC lines. (A) Optimization of 
cell density and concentration of the GSK3- inhibitor CHIR to achieve optimal iEC differentiation efficiency, 
which was assessed by FACS analysis of CD144+ cells after the MACS sort on day 10 for each of the two WT 
and two FOP iPSC lines. Experimental conditions with the highest iEC differentiation efficiency are framed with 
a blue square.(B) FACS analysisi of unstained controls. 

 
Table 15 Optimized cell numbers and GSK3-β inhibitor (CHIR99021) concentration for endothelial 
differentiation of four iPSC donors. 
 iPSC-WT-1 iPSC-WT-2 iPSC-FOP-1 iPSC-FOP-2 

CHIR99021 6 µM 6 µM 7 µM 6 µM 

Cell number/ 
6-well 

2x105 3x105 3x105 3x105 
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 WT and FOP iPSC derived ECs are functional and express endothelial 
markers comparable to primary ECs 

After successful generation of robust amounts of iPSC derived ECs, from now on called 

iECs, complementary methods were used to characterize the endothelial identity of 

WT and FOP iECs in comparison to primary ECs, using Human Umbilical Vein 

Endothelial Cells (HUVECs). WT and FOP iECs formed dense monolayers (Figure 

3.4A), showed junctional marker expression of VE-Cadherin and PECAM-1 

comparable to primary ECs (HUVECs), which was analyzed by immunofluorescence 

stainings (Figure 3.4A), FACS (Figure 3.4B), and Real Time Polymerase Chain 

Reaction (RT-PCR) (Figure 3.4C). Moreover, additional EC markers were analyzed by 

RT-PCR and revealed that WT and FOP iECs robustly expressed VEGFR1, VEGFR2 

(KDR), von Willebrand factor (vWF) and Neuropillin (NRP1) (Figure 3.4C). 

Interestingly, some endothelial markers, such as VEGFR1 and KDR were much higher 

expressed in iECs compared to HUVECs. 

The vascular system is comprised of arterial, venous and lymphatic vessels and is 

characterized by functional heterogeneity and tissue-specific vascular beds. Thus, 

primary ECs exhibit heterogenous features and function depending on their vascular 

origin. Up to date, vascular bed identity has been barely addressed in differentiation 

protocols of iPSCs to ECs (Williams and Wu, 2019), including the method adapted for 

this study (Patsch et al., 2015). Therefore, it was asked, if the here generated iECs 

show any vessel specific properties. Thus, the expression of arterial and venous 

markers was assessed in iECs compared to primary ECs of vein or artery origin using 

HUVECs and Human Umbilical Artery Endothelial Cells (HUAECs) (Figure 3.5). 

Expression of the arterial markers Ephrin B2 (EFNB2), Hes related Enhancer protein 

2 (HEY2) and the Netrin receptor UNC5B confirmed arterial identity in HUAECs, which 

were also expressed by WT and FOP iECs (Figure 3.5A). Mean expression values for 

all arterial markers were even higher in iECs compared to HUAECs. However, WT and 

FOP iECs also expressed the venous markers COUP-Transcription factor II, EPHB4 

and Inhibitor of Differentiation (ID1) (Figure 3.5B). HUVECs showed the highest mean 

expression of all venous markers compared to HUAECs and iECs. In sum, WT and 

FOP iECs robustly expressed arterial markers comparable or even higher to primary 

HUAECs but also show venous marker expression, which indicates a pre-mature not 

terminally defined EC identity.  
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Figure 3.4 WT and FOP iECs express endothelial markers. 
 (A) Phase contrast and immunofluorescence staining of EC markers CD144 and CD31 (iEC WT-1, FOP-1, 
HUVEC). (B) FACS analysis of EC markers CD144 and CD31 (WT-1, FOP-1, HUVEC). (C) RT-PCR of EC 
marker expression in WT and FOP iPSCs compared to iECs (n=4). Data is represented as mean normalized 
expression (MNE) ± Standard Deviation, * p<0.05,** p<0.01, ***p<0.001, ****p< 0.0001 significance was 
calculated using one-way ANOVA. Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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Figure 3.5 Arteriovenous identity of iECs. (A-B) RT-PCR of arterial (red box) and venous (blue box) marker 
expression in WT and FOP iECs (n=4) compared to primary vein (HUVECs) (n=3) and arterial ECs (HUAECs) 
(n=3). Data is represented as mean normalized expression (MNE) ± Standard Deviation (SD). 

 

To test the functionality of WT and FOP iECs in vitro, the ability of iECs to form a 

functional endothelial barrier was assessed by impedance measurements. For more 

detailed method description see 3.8.1. Therefore, iECs were grown to confluence on 

gold electrode arrays. WT and FOP iECs barrier formation was validated by constant 

resistance values, derived from impedance measurement at 4000 Hz (Figure 3.6A,B). 

Treatment with the known permeability inducing factor VEGFA caused disruption of 

cell-cell junctions as observed by resistance reduction with a subsequent recovery to 

baseline, similar to HUVECs (Figure 3.6B).  

Moreover, it was determined whether iECs respond to pro-inflammatory Tumor 

Necrosis Factor-  (TNF- ) with a pro-adhesive phenotype as in native vasculature. 

Indeed, TNF-  treatment for 2 hours resulted in enhanced expression of intracellular 

adhesion molecule-1 (ICAM-1) in iECs (Figure 3.6D). In addition, the ability of iECs to 

form tubular structures was validated in vitro in a 3D-like environment using Matrigel 

(Figure 3.6C,E). 

In summary, these findings show that WT and FOP iPSCs can be differentiated in high 

efficiencies to functional ECs without obvious genotype differences in the here 

assessed EC characteristics.  
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Figure 3.6 iECs show in vitro functionality. (A) Representative VEGFA induced endothelial permeability in 
iECs and HUVECs. Cells were seeded on gold electrode arrays 72 hours before measurement and grown to 
confluency. Cells were starved 4-6 hours before stimulation with VEGFA (2 nM). Impedance was measured at 
4000 Hz and is depicted as resistance, normalized to 1 hour time point before stimulation. (B) Schematic cross 
section of an Electric Cell-Substrate Impedance Sensing (ECIS) culture well. ECs are seeded on top of sensing 
and counter gold electrodes in cell culture arrays until cells have formed a confluent monolayer. During 
measurement the electrodes are connected to a lock-in amplifier and a constant alternating current signal is 
applied via a 1  resistor. (C,E) Representative phase contrast images of tube like structures formed by WT 
and FOP iECs on Matrigel after 24 hours. (D) RT-PCR of ICAM1 expression BMP upon 2 hours TNFα (0.6 nM) 
treatment in iECs (n=2). Data is shown as mean fold induction (F.I.) ± SD ** p<0.01 significance was calculated 
relative to unstimulated (w/o) using two-way ANOVA. (SD: Standard Deviation) Modified from (Hildebrandt et.al., 
Stem Cell Rev Rep, in press 2020). 
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3.2 Endothelial differentiation of iPSCs changes the BMP and 

TGFβ receptor expression profile 

 ALK2 becomes upregulated upon endothelial differentiation of iPSCs 
After differentiation of FOP patient iPSCs into ECs the FOP causing point mutation in 

the ALK2/ACVR1 locus was confirmed by genotyping PCR (Figure 3.7C). Moreover, 

expression of ALK2 in iPSCs was assessed by qPCR, which was even upregulated 

during EC differentiation of iPSCs (Figure 3.7A). Interestingly, ALK2 and ALK1 where 

the only BMP/TGF  type I receptors showing upregulated expression during EC 

differentiation. Using specific primers, ALK2 expression was further dissected in ALK2-

WT and mutant ALK2-R206H transcripts.  

The ALK2-WT transcript was expressed in WT and FOP iPSC but became only 

upregulated in WT upon endothelial differentiation to iECs (Figure 3.7B). As expected 

the mutant ALK2-R206H transcript was only expressed in FOP iPSCs and becomes 

even upregulated upon differentiation to FOP iECs with more elevated expression in 

FOP donor 2 compared to donor 1 (Figure 3.7B). 

Thus, in FOP iPSC only the mutant ALK2-R206H transcript became upregulated upon 

endothelial differentiation, suggesting an unequal stoichiometry between ALK2-WT 

and ALK2-R206H in FOP iECs. 

The other BMP type I receptors ALK3 and ALK6 did not change expression levels in 

iPSCs upon EC differentiation. Among the TGFβ type I receptors the ALK5 expression 

was reduced in iECs compared to iPSCs (Figure 3.7D). ALK7 was expressed in iPSCs 

but showed no expression upon endothelial differentiation (Figure 3.7D). 

The preferred type I receptor ALK4 for ActivinA signaling showed equal expression in 

both iPSC and iEC lineages (Figure 3.7B).  

Among the type II receptors the expression of BMPR2 and TGFBR2 receptors was 

highly increased in iECs compared to iPSCs, whereas in iPSC ACVR2A/B were higher 

expressed (Figure 3.7F).  

In sum, ALK1, ALK2, BMPR2 and TGFBR2 became upregulated upon endothelial 

differentiation. ALK2-WT transcript was expressed in both WT and FOP iPSC but in 

FOP only the ALK2 mutant transcript became upregulated after differentiation to FOP 

iECs. 
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Additionally, selected co-receptors were analyzed as its tissue specific expression 

contributes to fine tuning of BMP and TGFβ signal transduction. Endoglin is a known 

EC marker and functions as a co-receptor for BMP9 and BMP10 signaling in the 

endothelium and also binds other BMPs as well as Activin and TGFβ (Nickel et al., 

2018). Consequently, Endoglin (ENG) became highly upregulated upon endothelial 

differentiation of iPSCs (Figure 3.7G). TGFBR3, also known as Betaglycan is more 

ubiquitously expressed in human tissues, which is also confirmed by unchanged 

expression in iPSCs compared to iECs (Figure 3.7G). Cripto (TDGF1) acts as co-

receptor for Activin and Nodal signaling and is mainly expressed in embryonic tissues 

(Nickel et al., 2018). Accordingly, was high TDGF1 expression observed in iPSCs with 

minimal expression detected in iECs (Figure 3.7G). Based on recent discoveries in the 

Knaus lab (Dissertation Jatzlau Jerome, 2019) the expression of UNC5B, an arterial 

BMP co-receptor, was also analyzed and was robustly expressed in iECs but also to 

the same extend in iPSCs (Figure 3.7G).  

In sum, among the co-receptors, only Endoglin became highly upregulated whereas 

Cripto became downregulated upon endothelial differentiation of iPSCs. 

Collectively, no significant changes of receptor expression levels were detected 

between WT and FOP iECs except higher ALK2-WT transcript expression in WT iECs 

compared to FOP iECs. 
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Figure 3.7 Endothelial differentiation of iPSC changes BMP and TGFβ receptor expression profiles. 
(A,B, D-G) RT-PCR of BMP and TGFβ receptor and co-receptor expression in WT and FOP iPSCs compared 
to iECs cultured in full medium (n=3-4). Data is shown as MNE ± SD. (C) Sequencing of genomic DNA of iECs 
from 4 donors at locus of ACVR1 R206H mutation. Arrows indicate point mutation. * p<0.05,** p<0.01, 
***p<0.001, ****p< 0.0001 significance was calculated using one-way ANOVA. (MNE: mean normalized 
expression; SD: Standard Deviation). Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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 iECs show an endothelial BMP/TGFβ receptor expression profile 
Mean normalized expression (MNE) values from RT-PCR analysis may give an 

indication of transcript amounts from different genes. However, the RT-PCR 

methodology is limited to assess whole transcript abundance in a biological sample 

and whether one receptor is more expressed than the other. Receptor transcript 

amounts give an indication about possible protein receptor levels on the membrane. 

Comparison of relative expression levels of different receptors enable an 

approximation, which receptor signaling complexes may form among the pleiotropic 

combinatorial possibilities. In order to estimate transcript abundance of different 

receptors, data from transcriptome analysis was generated by RNA Sequencing 

(RNASeq) for iECs and compared to data from HUVECs (Mendez et al., in preparation) 

and publicly available data from iPSCs, which was retrieved from the Gene Expression 

Omnibus (GEO) database (Figure 3.8).  

RNASeq of iECs revealed an EC specific BMP/TGFβ receptor expression profile 

comparable to HUVECs with ALK1 (ACVR1L) as the most expressed type I receptor 

and BMPR2 and TGBR2 as the most expressed type II receptors (Figure 3.8A-C). After 

ALK1 is ALK2 (ACVR1) the second most expressed BMP type I receptor in HUVECs 

(3 donors) and WT-2 and FOP-2 iECs whereas ALK6 (BMPR1B) showed no and ALK3 

(BMPR1A) minor expression (Figure 3.8A-C). Interestingly, the other donor pair WT-1 

and FOP-1 showed equal expression of ALK2 (ACVR1) and ALK3 (BMPR1A) but also 

no ALK6 (BMPR1B) expression (Figure 3.8A,B). Among TGFβ type I receptors, only 

ALK4 (ACVR1B) and ALK5 (TGFBR1) were expressed in iECs and HUVECs. But in 

HUVECs the amounts of ALK5 (TGFBR1) and ALK4 (ACVR1B) were lower compared 

to ALK2 (ACVR1), whereas in iECs ALK4 and ALK5 are equally expressed as ALK2 

or even higher (Figure 3.8A-C).  

Compared to ECs iPSCs showed a different receptor expression profile (Figure 3.8D). 

iPSCs only expressed the BMP type I receptors ALK3 (BMPR1B) and ALK2 (ACVR1) 

(Figure 3.8D). As ECs, iPSC expressed the TGF receptors ALK4 (ACVR1B) and ALK5 

(TGFBR1). All type II receptors were expressed in iPSC, but by far ACVR2B showed 

the highest levels (Figure 3.8D). Interestingly, the expression levels of co-receptors 

were more heterogenous between iEC donors, HUVECs and iPSCs (Figure 3.8). 

Endoglin (ENG) and Neuropillins (NRP1, NRP2) showed the highest expression in 

both iECs and HUVECs whereas only NRP2 is expressed in iPSCs (Figure 3.8). For 

example, Betaglycan was only robustly expressed in iECs. Additionally, UNC5B, 
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BAMBI and c-KIT were expressed in iECs and iPSCs, but only minorly detected in 

HUVECs. In contrast to ECs Cripto (TDGF1) showed the highest mean expression 

among the co-receptor in iPSCs confirming the RT-PCR results (Figure 3.7). 

In summary, transcript expression profiles of ALK1 (ACVR1L), ALK2 (ACVR1) and 

BMPR2 as well as TGFBR2 of iECs were comparable to HUVECs, whereas expression 

levels of other receptors and co-receptor were more heterogenous indicating vascular 

bed specificity. In contrast, iPSCs showed a distinct characteristic receptor expression 

profile with high ALK3 (BMPR1B) and ACVR2B expression accompanied with high 

expression of the co-receptor Cripto (TDGF1).  

 
Figure 3.8 Endothelial Cells have a specific BMP and TGFβ transcriptome. Transcript expression levels 
of BMP and TGFβ receptors and co-receptors shown as mean FPKM (Fragments Per Kilobase of transcript per 
Million reads mapped) or RPKM (Reads Per Kilobase of transcript per Million reads mapped) values ± SD of 
RNASeq data of (A-B) WT and FOP iECs (n=2), (C) HUVECs (n=3) and (D) iPSCs (n=3). RNASeq data of iECs 
is derived from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020) and HUVEC data is derived internally from 
(Mendez et al., in preparation) and iPSC from the public GEO database (ID: GSE141136). (SD: Standard 
Deviation). 
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3.3 FOP iECs gain aberrant SMAD responses 

 ActivinA and BMP6 are the most expressed ligands in iECs 
After analysis of the BMP and TGFβ receptor expression levels in the FOP iEC disease 

model the TGFβ family ligand expression was analyzed. Transcriptomics revealed that 

among the Activin/BMP ligands, INHBA (ActivinA) and BMP6 showed the highest 

expression in iECs (Figure 3.9). By far TGFβ1 was the most expressed ligand among 

the TGFβ family. The same ligand expression pattern was also observed in HUVECs, 

indicating a characteristic ligand expression pattern for ECs (Figure 3.9A-C).  

This is supported by the comparison with iPSCs, which show differential expression 

pattern of the TGFβ ligand family (Figure 3.9D). In iPSCs, BMP7 showed the highest 

expression among the BMP ligands. Only minor INHBA and BMP6 expression was 

detected, but interestingly NODAL and LEFTY1/2 were upregulated compared to ECs. 

TGFβ1 is also robustly expressed in iPSC but the highest expression was observed 

for GDF11 (Figure 3.9D). 

In sum, TGFB1, BMP6 and INHBA (ActivinA) are the most expressed ligands among 

the BMP, Activin and TGFβ ligand classes in iECs and HUVECs and became highly 

upregulated upon endothelial differentiation of iPSCs, which was confirmed by RT-

PCR (Figure 3.9E,F). 
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Figure 3.9 ActivinA and BMP6 become upregulated upon endothelial differentiation of iPSCs. 
Transcript expression levels of TGFβ family ligands are shown as mean FPKM (Fragments Per Kilobase of 
transcript per Million reads mapped) or RPKM (Reads Per Kilobase of transcript per Million reads mapped) values 
± SD of RNASeq data from (A-B) WT and FOP iECs (n=2), (C) HUVECs (n=3) and (D) iPSCs (n=3). RNA Seq 
data of iECs is derived from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020) and HUVEC data is derived 
internally from (Mendez et al., in preparation) and iPSC from the public GEO database (ID: GSE141136). (E-F) 
RT-PCR of BMP6 (n=4) and INHBA (ActivinA) (n=3) expression in WT and FOP iPSCs compared to iECs 
cultured in full medium. Data is shown as MNE ± SD. ***p<0.001, ****p< 0.0001 significance was calculated 
using one-way ANOVA. (SD: Standard Deviation; MNE: Mean Normalized Expression). A-B is derived from 
(Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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 FOP iECs gain a SMAD1/5 response to ActivinA  
Next, the signaling responses of the BMP, Activin, and TGFβ ligand classed were 

investigated in iECs. BMP6 induced phosphorylation of SMAD1/5 in both, WT and FOP 

iECs in a similar dose-dependent manner with slightly higher sensitivity in FOP iECs 

at 3 nM and 10 nM, indicating hypersensitive signaling (Figure 3.10B and Figure 

3.11C). Interestingly, high BMP6 concentrations also induced phosphorylation of 

SMAD2 in FOP iECs (Figure 3.10B). ActivinA increased SMAD2 phosphorylation in 

both WT and FOP iECs. In contrast, strong phosphorylation of SMAD1/5 was 

exclusively seen in FOP iECs but not in WT iECs (Figure 3.10A).  

 

 
Figure 3.10 ActivinA induces phosphorylation of SMAD1/5 only in FOP iECs. (A) Representative 
Western Blot of protein lysates from WT and FOP iECs after stimulation with different doses of ActivinA, for 30 
min. (B) Representative Western Blot of lysates from iECs after stimulation with different doses of BMP6 for 30 
min. Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 

 

Aberrant ActivinA signaling was confirmed on SMAD1/5 target gene expression 

(ID1/2/3) in FOP iECs only, while BMP6 induced expression of ID1/2/3 in WT and FOP 

iECs (Figure 3.11A), which was also confirmed on ID1 protein levels (Figure 3.11B). 

Additionally, BMP9 induced BMP signaling in WT and FOP iECs was assessed on 

ID1/2/3 gene transcription (Figure 3.11A), which was confirmed on pSMAD1/5 levels 

(Figure 3.12A). Even though, pSMAD1/5 levels were already saturated at low 

concentrations of BMP9, it upregulated ID1/2/3 gene transcription with the same fold 
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change as BMP6, about five-fold increase of ID1/ID2 expression and two-fold for ID3 

expression (Figure 3.11A). Of note, for BMP target gene transcription analysis ligand 

concentrations of 5 nM for BMP6 and 0.1 nM for BMP9 were used, which were 

sufficient to induce a clear pSMAD1/5 response.  

Moreover, it was analyzed whether TGFβ is also able to induce BMP signaling as it 

was observed for ActivinA. ID1/2/3 expression did not change significantly upon TGFβ 

stimulation in WT and FOP iECs (Figure 3.11A). However, mean expression levels 

were always higher in TGFβ treated FOP iECs compared to WT iECs but without 

significance. ID2 expression was even increased 2-fold by TGFβ compared to the 

control (w/o) in FOP iECs (Figure 3.11A). But this could not be confirmed on pSMAD1/5 

levels (Figure 3.12C). 

 
Figure 3.11 ActivinA induces transcription of BMP target genes only in FOP iECs. (A) RT-PCR of 
BMP target gene (ID1/2/3) expression upon BMP6, ActivinA (5 nM), BMP9 (0.1 nM) and TGFβ (0.2 nM) treatment 
of WT and FOP iECs (n=3-7) for 2 hours. Data is shown as mean F.I. ± SD. (B) Western Blot analysis of ID1 
protein levels in protein lysates from WT and FOP iECs after 2 hours BMP6 and ActivinA treatment (C) 
Densiometric quantification of pSMAD1/5 protein levels relative to GAPDH of BMP6 treated WT and FOP iECs 
(n=3). Significance was calculated using two-way ANOVA relative to unstimulated (w/o) *p<0.05, ** p<0.01, 
***p<0.001, ****p< 0.0001). (SD: Standard Deviation; F.I: Fold Induction). Modified from (Hildebrandt et.al., Stem 
Cell Rev Rep, in press 2020). 
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Compared to BMP6 and BMP9, WT and FOP iECs were not responsive to BMP2. But 

interestingly, very high BMP2 concentrations of 30 nM were able to induce 

phosphorylation of SMAD1/5 only in FOP iECs (Figure 3.12B). 

Collectively, only FOP iECs gained a SMAD1/5 response to ActivinA and a SMAD2 

response to BMP6. Thus, the generated FOP iEC disease model in this study is 

characterized by aberrant BMP6 and ActivinA SMAD signaling responses. 

 
Figure 3.12 Responsiveness of FOP and WT iECs to other ligand groups of the TGFβ ligand family. 
Representative Western Blot of protein lysates from WT and FOP iECs after stimulation with different doses of 
(A) BMP9 (B) BMP2 and (C) TGFβ for 30 min. 

3.4 ActivinA indirectly modifies the activity of the non-SMAD 
target AKT in FOP iECs 

Based on aberrant SMAD responses by BMP6 and ActivinA in FOP iECs it was 

examined if these ligands also induce aberrations in non-SMAD signaling responses. 

Treatment of different concentrations with ActivinA did not induce phosphorylation of 

Protein kinase B (AKT) in WT or FOP iECs (Figure 3.13A). However, treatment of iECs 

with 10 nM ActivinA (or higher) resulted in reduced pAKT protein levels only in FOP 

iECs but not in WT iECs (Figure 3.13A). Time kinetic experiments showed that 10 nM 

ActivinA reduced phosphorylated AKT (pAKT) protein levels after 60 min and 

significantly after 120 min in both FOP donors but not in WT iECs (Figure 3.13B,C,F). 

BMP6 also reduced pAKT levels in FOP iECs but in contrast to ActivinA also in WT 

iECs (Figure 3.13D,E,F). Pre-treatment with the ALK2 targeting kinase inhibitor 

K02288 prevented BMP6 induced reduction of pAKT in WT and FOP iECs (Figure 

3.13E,F), suggesting an ALK2 dependent effect. This is supported by the observation 

that the FOP specific reduction of pAKT by ActivinA was significantly rescued by 

K02288 in FOP iECs (Figure 3.13E,F).  
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In addition to AKT the p38 mitogen-activated protein kinase was analyzed upon BMP6 

(10 nM) and ActivinA (10 nM) treatment. Whereas, TNFα as a positive control induced 

phosphorylation of p38, there was no change in p38 phosphorylation observed after 

treatment with BMP or ActivinA (Figure 3.14B). This was confirmed by treating iECs 

with increasing concentrations of BMP6, which did not lead to phosphorylation of p38 

(Figure 3.14A).  

In sum, ActivinA did not activate the non-SMAD pathways of AKT and p38. However, 

ActivinA reduced phosphorylated AKT protein levels in FOP iECs, which was also 

confirmed for BMP6 in WT and FOP iECs. 

 
Figure 3.13 ActivinA reduces phosphorylated AKT levels in an ALK2 dependent manner only in 
FOP iECs. 
 (A) Representative Western Blot of protein lysates from WT and FOP iECs after stimulation with different doses 
of ActivinA, for 30 min. (B-C) Western Blot of protein lysates from FOP iECs after stimulation with ActivinA (10 
nM) for different time points. (D) Western Blot of protein lysates from FOP iECs after stimulation with BMP6 (10 
nM) for different time points. (E) Representative Western Blot of protein lysates from WT and FOP iECs 
pretreated with K02288 (0.5 µM) and stimulation with ActivinA or BMP6 (10 nM) for 120 min. (F) Densiometric 
quantification of phosphorylated (p) AKT protein levels relative to GAPDH in WT and FOP iECs after ActivinA 
and BMP6 treatment. Including pretreatment with the ALK1/ALK2 inhibitor K02288 (0.5 µM) for 1 hour with 
subsequent ligand stimulation. Data is shown as mean F.I. ± SD. (SD: Standard Deviation; F.I: Fold Induction). 
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Figure 3.14 ActivinA has no influence on p38 activation. (A) Representative Western Blot of protein 
lysates from WT and FOP iECs after stimulation with different doses of BMP6 for 30 min. (B) Western Blot of 
protein lysates from FOP iECs pretreated with K02288 (0.5 µM) and stimulation with BMP6 (B6) (10 nM), ActivinA 
(A) (10 nM), TNFα.(0.6 nM). 

 

3.5 Contribution of type I receptors and FKBP12 to aberrant 
SMAD responses 

 The ActivinA/SMAD1/5 response in FOP iECs is ALK2 dependent but 
independent of Activin type I receptors 

The ActivinA induced phosphorylation of SMAD1/5 in FOP iECs was validated in a 

time kinetic experiment showing the earliest response after 30 min, a peak after 60 min 

and a decrease after 120 min (Figure 3.15A). Phosphorylated SMAD1/5 levels reduced 

earlier in FOP-2 iECs (Figure 3.15A).  

To verify the contribution of type I receptors to ActivinA/SMAD1/5 signaling, iECs were 

pretreated with K02288, a specific ALK1/ALK2 kinase inhibitor or SB431542, an 

ALK4/ALK5/ALK7 kinase inhibitor (Figure 3.15B). iECs were pretreated with respective 

kinase inhibitors 1 hour before ligand stimulation.  

As observed in previous results, ActivinA treatment caused only phosphorylation of 

SMAD1/5 in FOP iECs and this was efficiently prevented by the pretreatment with 

K02288 (Figure 3.15C), indicating an ALK2 dependent effect. In comparison, K02288 

pre-treatment was also performed upon stimulation with BMP6, which prevented 

induction of SMAD1/5 phosphorylation in both WT and FOP iECs (Figure 3.15C). To 

investigate whether ActivinA/SMAD1/5 signaling in FOP iECs is dependent on Activin 

type I receptors, iECs were pretreated with different doses of SB431542 and stimulated 

with ActivinA. ActivinA induced SMAD2 phosphorylation was already inhibited at the 

lowest dose of SB431542 (Figure 3.15D). However, Activin induced phosphorylation 

of SMAD1/5 remained unchanged even when FOP iECs were pretreated with high 
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concentrations of SB431542 (Figure 3.15D). Thus, the signaling complex transducing 

aberrant ActivinA/SMAD1/5 responses is independent of ALK4/5/7 but dependent on 

ALK2. 

 

 
Figure 3.15 The ActivinA SMAD1/5 response in FOP iECs is ALK2 dependent but independent of 
Activin type I receptors. (A) Western Blot of protein lysates from FOP iECs after stimulation with ActivinA 
(5 nM) for different time points. (B) Scheme of kinase inhibitors targeting BMP or TGFβ type I receptors. (C) 
Representative Western Blot of protein lysates from WT and FOP iEC pretreated with ALK1/ALK2 inhibitor 
K02288 (0.5 µM) and treatment with BMP6, ActivinA for 30 min. (D) Western Blot of FOP iECs pretreated with 
different doses of ALK4/5/7 inhibitor SB431542 and treatment with ActivinA for 30 min. Modified from 
(Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 

 

 High BMP6 concentrations induced a TGFβ type I receptor dependent 
SMAD2 response in FOP iECs 

Specific kinase inhibitors were also used to verify type I receptor contribution to BMP6 

induced SMAD2 signaling in FOP iECs. As shown in (Figure 3.10B), BMP6 induced 

the phosphorylation of SMAD2 (pSMAD2) in FOP iECs at concentrations of 10 nM or 

higher (Figure 3.10B). This effect was even more pronounced at 30 nM of BMP6 and 

showed a significant increase of pSMAD2 protein levels in FOP iECs compared to 

unstimulated condition and BMP6 treated WT iECs (Figure 3.16A,B). BMP6/SMAD2 

signaling in FOP iECs was confirmed on target gene transcription (NEDD9), which also 

showed a minor effect in WT iECs but without significance (Figure 3.16C). 

Pretreatment with SB431542 (Figure 3.15B) prevented SMAD2 phosphorylation by 

BMP6 (Figure 3.16A,B), which indicates the formation of mixed receptor complexes at 

high BMP6 concentrations in FOP iECs.  
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Figure 3.16 BMP6 induced SMAD2 phosphorylation is dependent on TGFβ type I receptors. (A) 
Representative Western Blot of WT and FOP iECs pretreated with ALK4/5/7 inhibitors SB431542 (10 µM) and 
treatment with BMP6 for 30 min. (B) Densiometric quantification of phosphorylated (p) SMAD2 protein levels 
relative to GAPDH in WT and FOP iECs after BMP6 treatment. Including pretreatment with the SB431542 
inhibitor (10 µM) for 1 hour and subsequent ligand stimulation. (C) RT-PCR of the SMAD2/3 target gene upon 
2 hours BMP6 (30 nM) treatment of iECs. Data is shown as mean F.I. ± SD. (SD: Standard Deviation; F.I: Fold 
Induction). 

 

 Inhibition of FKBP12 increases basal SMAD1/5 signaling in FOP iECs 
The FK506-binding protein 12 (FKBP12) binds the un-phosphorylated glycine-serine 

rich (GS) domain of BMP and TGF  type I receptors to suppress the kinase activity 

(Wang et al., 1996) (in more detail described in chapter 1.7.5). Concepts explaining 

hypersensitivity of mutant ALK2 suggested its impaired interaction with FKBP12 

(Chaikuad et al., 2012; Shen et al., 2009; Song et al., 2010; van Dinther et al., 2010).  

Thus, it was analyzed whether inhibition of FKBP12 with FK506, a GS domain binding 

competitor, modifies BMP signaling in WT and FOP iECs (Figure 3.17B). Therefore, 

BMP target gene transcription of ID1 was analyzed (Figure 3.17A). 

FK506 treatment increased basal (w/o) levels of ID1 expression only in FOP iECs, but 

not in WT iECs (Figure 3.17A), which confirms above mentioned concepts of 

hypersensitivity without ligand addition. Pretreatment with FK506 and subsequent 

stimulation with BMP6 only slightly increased mean ID1 expression compared to BMP6 

treatment alone, which was not significant (Figure 3.17A). The same was observed for 

ActivinA induced ID1 expression in presence of FK506 (Figure 3.17A). TGFβ did not 
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induce ID1 expression confirming previous shown results (Figure 3.17A). Even though 

ID1 expression increased upon pretreatment with FK506 and subsequent TGFβ 

stimulation, the increase was equal to pretreatment with FK506 only (Figure 3.17A). 

Interestingly, FK506 pre-treated WT iECs showed a minor increase of ID1 expression 

upon ActivinA treatment (Figure 3.17B). However, ActivinA induced ID1 expression to 

a much lesser extent (~0.4 fold) in FK506 treated WT iECs compared to FOP iECs 

(~4 fold) (Figure 3.17A), suggesting that additional mechanisms are involved in 

ActivinA/SMAD1/5 signaling in FOP.  

 

 
Figure 3.17 Inhibition of FKBP12 increases basal BMP target gene transcription. (A) RT-PCR of ID1 
expression of +/- FK506 (1 µM) pretreated (1 hour) WT and FOP iECs with subsequent stimulation of BMP6, 
ActivinA (5 nM) (n=4-6) and TGFβ (0.2 nM) (n=2) for 2 hours. Data is shown as mean F.I. ± SD. (B) Schematic 
illustration of the effect of FK506 on FKBP12 and type I receptors. * p<0.05,** p<0.01, ***p<0.001, ****p< 0.0001 
significance was calculated relative to unstimulated (w/o) if not indicated otherwise, ##p<0.01, 
###p<0.001,####p<0.0001 significance of FK506 treated samples to unstimulated (w/o) using two-way ANOVA. 
(SD: Standard Deviation; F.I: Fold Induction). 

 

Influence of FK506 treatment on BMP signaling was additionally analyzed on 

pSMAD1/5 protein levels. Increased basal BMP signaling upon FK506 treatment was 

confirmed by pSMAD1/5 levels in FOP iECs compared to WT iECs (Figure 3.18A). 

FK506 pretreatment increased ligand induced (BMP6, ActivinA, TGFβ) mean 

pSMAD1/5 levels in WT and FOP iECs but not significantly compared to ligand 

treatment only (Figure 3.18B-G). This is in line with ID1 expression results, which 

showed no significant increase between pretreatment of FK506 and subsequent ligand 

stimulation and ligand treatment only (Figure 3.17A). Except for FK506 treated WT 

iECs, which showed minor upregulation of ID1 upon ActivinA stimulation (Figure 

3.17A). This trend was also observed upstream on pSMAD1/5 protein levels but was 

not significant (Figure 3.18C).  
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Figure 3.18 Inhibition of FKBP12 increases basal pSMAD1/5 levels. (A) Densiometric quantification of 
phosphorylated (p) SMAD1/5 protein levels relative to GAPDH in FK506 (1 µM) pretreated (1 hour) WT and FOP 
iECs. (B-G) Representative Western Blot and densiometric quantification of pSMAD1/5 levels relative to GAPDH 
of FK506 pretreated (1 hour) WT or FOP iECs stimulated with indicated ligands (BMP6, ActivinA (5 nM) or TGFβ 
(0.2 nM). Data is shown as mean F.I. ± SD. For A * p<0.05 significance was calculated using Student´s t-Test. 
(B-G) * p<0.05 significance was calculated using the non-parametric Kruskal-Wallis Test. (SD: Standard 
Deviation; F.I: Fold Induction). 
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To further validate, that inhibition of FKBP12 enables WT iECs to gain ActivinA 

dependent activation of SMAD1/5 signaling, a knock-down of the FKBP12 (FKBP1A) 

mRNA was performed. Efficient knockdown of FKBP12 was demonstrated by two 

si-RNA concentrations, which robustly reduced FKBP12 protein amounts compared to 

scrambled control siRNA (si-scr) (Figure 3.19A,B). After 48 hours of FKBP12 knock-

down, WT iECs were treated with ActivinA (10 nM) for 30 min but no pSMAD1/5 

induction was detected (Figure 3.19A,B).  

 
 
Figure 3.19 Knock-down of FKBP12 does not change ActivinA SMAD1/5 response in WT iECs. After 
48 hour treatment with two different siRNAs (scrambled (scr), FKBP1A) WT iECs were starved and treated with 
ActivinA (10 nM) for 30 min. Representative Western Blots of protein lysates from WT iECs of n=3 independent 
experiments. (A) Detection of proteins upon knock-down by Western Blot: FKBP12, pSMAD1/5 and COFILIN as 
a housekeeper protein. (B) Western Blot detection of pSMAD1/5 and GAPDH as a housekeeper upon FKBP12 
knockdown. 

 

In summary, inhibitor experiments demonstrated that ActivinA/SMAD1/5 signaling is 

equally dependent on ALK2 as BMP6/SMAD1/5 signaling but independent on Activin 

type I receptors. Moreover, inhibition of FKBP12 is not sufficient to enable a gain of 

robust ActivinA/SMAD1/5 signaling in WT iECs. This was further supported by FKBP12 

knock-down experiments and suggest that other mechanisms facilitate aberrant 

activation of SMAD1/5 by ActivinA in FOP. 
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3.6 RNA-Seq reveals a specific FOP transcriptome induced by 
ActivinA 

To investigate the consequences of the observed aberrant ActivinA signaling in FOP 

iECs the transcriptional responses mediated by the phosphorylated SMADs were 

further analyzed. Therefore, a comprehensive whole transcriptome analysis was 

performed using RNA sequencing (RNASeq). Differential gene expression was 

analyzed between ActivinA (2 hours, 5 nM) and untreated WT and FOP iECs using 

experimental replicates of each donor (Figure 3.20A).  

 ActivinA upregulates SMAD2/3 target genes in iECs and additional 
genes only in FOP iECs 

Two independent FOP donors were stimulated with ActivinA and shared 212 

differentially expressed genes (DEG) (Figure 3.20B), whereof 64 showed a fold change 

1. . Those genes were subjected to hierarchical cluster analysis comparing 

WT and FOP (Figure 3.20C). The z-score indicates that most genes in FOP iECs were 

up- and only few were downregulated by ActivinA (Cluster a, b). In WT iECs, cluster a 

and b did not show any significant regulation upon ActivinA treatment except of sub-

cluster b1, which included the SMAD2/3 target genes PMEPA1/TMEPAI and NEDD9 

(Figure 3.20C). In contrast, cluster b2 included SMAD1/5 target genes, such as ID1, 

ID3 and SMAD6) (Figure 3.20C). This indicates that ActivinA signaling leads to 

classical SMAD2/3 target gene transcription in WT and FOP iECs, whereas in FOP 

iECs additional genes were upregulated, including classical BMP/SMAD1/5 target 

genes. 
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Figure 3.20 ActivinA induces a FOP-specific transcriptome in iECs. (A) Experimental setup: RNA 
Sequencing (RNASeq) of four iEC lines, starved for 4 hours and stimulated for 2 hours with 5 nM ActivinA from 
two independent experiments. (B) Venn diagram of RNASeq data presenting the number of differentially 
expressed genes (DEG) in both iEC donors (FOP-1 and FOP-2) stimulated with ActivinA. (C) Hierarchical 
clustering of shared DEG in both FOP donors (adjusted p-value<0.05; -0. 2 0.
and untreated (w/o) iECs. Heatmap color coding shows z-score of DEG (red=high; blue=low). Labeling „up”, 
„down“ refers to DEG in FOP iECs upon ActivinA treatment. Fold Change=FC, E=Experiment). Modified from 
(Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 

 

 ActivinA induced genes in FOP iECs are involved in blood vessel 
formation and activation of BMP and NOTCH pathways  

Subsequent functional gene ontology (GO) annotation analysis revealed significant 

association between upregulated genes and the BMP signaling pathway only in 

ActivinA treated FOP iECs (Figure 3.21A). Whereas the TGF  pathway was identified 

1.

(Figure 3.21A). Interestingly, the NOTCH signaling pathway was also identified in the 

enriched gene transcripts of ActivinA treated FOP iECs (Figure 3.21A). The integration 

of BMP and NOTCH signaling is known to regulate vascular patterning of sprouting 

blood vessels (Beets et al., 2013). And indeed, the GO analysis associated biological 

processes related to blood vessel and vascular development only with the enriched 

gene set of ActivinA treated FOP iECs (Figure 3.21B and Figure 3.22A). Moreover, 

ventricular septum development, which involves Endothelial to Mesenchymal 

Transition (EndMT) was among the high significant GO terms 0.01) and only 

associated with ActivinA treated FOP iECs (Figure 3.21B). 
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Figure 3.21 The ActivinA induced transcriptome is associated with blood vessel formation and 
BMP, NOTCH pathway activation. (A-B) Selected GO terms of shared upregulated genes in ActivinA treated 
FOP iECs and respective WT values. Depiction of log2 p-value with Benjamini correction. Value is 0 if GO term 
was not identified. (C-D) Volcano Plot of DEG of ActivinA treated FOP iECs. Genes (adjusted 
p value<0.05;  0.  2 0. -/downregulation is indicated by color. Genes associated with GO terms 
are labeled. (DEG: Differentially expressed genes). Fold Change=FC. Modified from (Hildebrandt et.al., Stem 
Cell Rev Rep, in press 2020). 

 

GO analysis of upregulated genes in WT iECs identified TGF  signaling as the main 

associated pathway and the only significant biological function was related to general 

cell communication 0.0  (Figure 3.22B).  

Taken together, ActivinA induced phosphorylation of SMAD1/5 only in FOP iECs. This 

resulted downstream in the activation of a FOP specific transcriptome in both FOP 

donors consisting of hi 1. . . ID1, NOG, HEY2, LFNG, 

UNC5B (Figure 3.21C,D), which are involved in blood vessel as well as cardiac 

development and associated pathway activation of BMP and NOTCH. 
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Figure 3.22 ActivinA induced transcriptome of FOP iECs is associated with additional biological 
functions compared to WT iECs. (A) GO terms of upregulated genes in ActivinA treated FOP iECs. Depiction 
of log2 p-value of Benjamini correction (cut-off at adjusted p-value<0.01). (B) GO terms of upregulated genes in 
ActivinA treated WT iECs. Depiction of all log2 p-values of Benjamini correction (adjusted p-value<0.05). 
Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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 ActivinA upregulates the same target genes as BMP6 in FOP iECs 
To confirm FOP specific gene transcription by ActivinA and to further dissect whether 

BMP6 mediates the same downstream transcriptional responses, iECs were treated 

with BMP6 at the same concentration as ActivinA (5 nM) in independent experiments 

(Figure 3.23). For comparison iEC were additionally stimulated with BMP9 (0.1 nM). 

Moreover, iECs were treatment with the ALK2 kinase inhibitor Saracatinib before 

ligand stimulation, which will be described and explained in more detail in the next 

paragraph. 

RT-PCR analysis confirmed that classical BMP target genes (SMAD6, SMAD9, NOG, 

ID1/2/3, SMAD7) were upregulated by BMP6 and BMP9 in WT and FOP iECs (Figure 

3.23). For SMAD6 the BMP induced expression was significantly higher in FOP iECs 

compared to WT iECs (Figure 3.23B).  

In contrast, ActivinA activated BMP target genes in FOP iECs only (Figure 3.23B). 

Moreover, ActivinA upregulated genes related to NOTCH signaling such as the related 

ligands JAG1/JAG2 and the NOTCH target genes NRARP, HEY2 and HEYL in FOP 

iECs only (Figure 3.23C). In addition, genes related to blood vessel formation, such as 

the endothelial guidance receptor UNC5B were upregulated by ActivinA only in FOP 

iECs but not in WT iECs, whereas BMP6 and BMP9 upregulated these genes with 

similar fold changes in both WT and FOP iECs (Figure 3.23A,C). Importantly, 

pretreatment with Saracatinib rescued the differential gene expression by ActivinA in 

FOP iECs similar to WT levels (Figure 3.23).  

GO analysis revealed that associated genes with pathway activation of BMP and 

NOTCH are involved in blood vessel development. Formation of new blood vessels is 

characterized by dynamic tip and stalk cell shuffling, which enables blood vessel 

branching (Chen et al., 2019). Tip and stalk cell identity is defined by the transcriptional 

profile in addition to morphological and functional characteristics. Transcriptional 

regulation of specific genes, involved in VEGF and NOTCH pathways contribute to tip 

and stalk cell selection (Blanco and Gerhardt, 2013). Interestingly, tip cell associated 

genes such as the NOTCH ligand DLL4 and VEGFR2 (KDR) were downregulated by 

ActivinA only in FOP iECs, whereas stalk cell associated genes such as JAG1, HEY2 

and HEYL were upregulated (Figure 3.23A,C). In accordance with ActivinA, BMP6 

downregulation tip cell and upregulated stalk cell related genes in FOP iECs but 

additionally in WT iECs (Figure 3.23A,C). BMP6 induced reduction of KDR was even 

stronger in FOP iECs, compared to WT iECs (Figure 3.23A). 
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Figure 3.23 ActivinA upregulates the same target genes as BMP6 in FOP iECs. RT-PCR validation of 
RNASeq target groups upon 1 hour pretreatment with Saracatinib (0.2 µM) and 2 hour ActivinA (5 nM) (n=3-6), 
BMP6 (5 nM) (n=2-4), BMP9 (0.1 nM) (n=2). treatment in iECs (n=3-6). (A-C) Genes are associated with Blood 
vessel formation and additionally with (B) BMP Signaling and (C) NOTCH Signaling. Data is normalized to the 
0 hour time point (dotted line) and is represented as mean Fold induction (F.I.) ± SD. * p<0.05, ** p<0.01, 
***p<0.001, ****p< 0.0001. Significance was calculated relative to unstimulated (w/o) using two-way ANOVA. 
(SD: Standard Deviation) Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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Interestingly, the NOTCH target gene NRARP was only significantly induced by 

ActivinA in FOP iECs and not by BMP6 in either FOP or WT iECs (Figure 3.23C). To 

a lesser extent this was also observed for PTGS2 encoding the Cyclooxygenase 

COX 2, which is also involved in angiogenesis (Gately and Li, 2004) (Figure 3.23A). 

In sum, ActivinA upregulated the same genes as BMP6 and BMP9 only in FOP iECs, 

suggesting that ActivinA transduces a BMP-like response. 

 ActivinA upregulates EndMT associated genes only in FOP iECs 
Based on the identification of ventricular septum development among the high 

significant GO terms 0.01) in ActivinA treated FOP iECs (Figure 3.21B), associated 

genes were analyzed further. The ventricular septum derives from cushion tissue, 

which underwent EndMT and forms the dividing wall separating the lower heart 

chambers (ventricle) (Kovacic et al., 2012). EndMT is initiated by the activation of 

transcription factors, such as SNAI1, SLUG, TWIST, ZEB and MSX1/2 resulting in the 

repression of endothelial markers and the activation of mesenchymal markers (Chen 

et al., 2008; Gong et al., 2017; Weinstein et al., 2020). EndMT transcriptional markers 

were extracted from the RNASeq differential analysis (Figure 3.24A). Only the 

transcription factor SNAI1, MSX2 and FOXC2 were among the significant differential 

expressed genes (p< 0.05) between untreated and ActivinA treated FOP iECs (Figure 

3.24A,B). SNAI1 was among the 1.  as depicted in 

the volcano plot previously (Figure 3.21C,D). 

The significant hits were confirmed by RT-PCR analysis and additionally analyzed 

upon stimulation of iECs with BMP6 (Figure 3.24B). ActivinA treatment induced gene 

expression of SNAI1 and MSX2 only in FOP iECs, whereas FOXC2 was upregulated 

in both WT and FOP iECs. BMP6 upregulated SNAI1, MSX2 and FOXC2 significantly 

in FOP iECs but in WT iECs only FOXC2 was significantly upregulated (Figure 3.24B). 

The pretreatment of Saracatinib reduced the induction of SNAI1, FOXC2 and MSX2 

by ActivinA to WT levels (Figure 3.24B).  

EndMT associated transcription factors such as SNAI2 directly repress the expression 

of genes encoding for junctional proteins (Lamouille et al., 2014). This results in a 

Cadherin switch during EndMT, which promotes the upregulation of Neural Cadherin 

(N-Cadherin), which facilitates weaker cell-cell interaction thereby promoting migratory 

characteristics of mesenchymal cells. N-Cadherin (CDH2) becomes upregulated via 

TWIST mediated mechanisms but independent of SNAIL (Lamouille et al., 2014; Yang 

et al., 2012). Therefore, it was analyzed whether ActivinA treatment represses the 
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expression of the endothelial adherens junction proteins VE-Cadherin (CDH5) and 

PECAM1 and whether it induces N-Cadherin expression. 

WT and FOP iECs were stimulated for 2, 6, 24 and 48 hours with ActivinA, which did 

not lead to changes in the expression of PECAM1 or CDH5 (Figure 3.24C). 

Interestingly, the mean expression values increased over time but were in average 

higher in WT iECs compared to FOP iECs for all time points independent of ligand 

stimulation. In addition, N-Cadherin (CDH2) expression was assessed after 24-hour 

ActivinA treatment which showed unchanged and similar levels in WT and FOP iECs 

(Figure 3.24D). Thus, ActivinA upregulated EndMT associated transcription factors in 

FOP iECs, which did not result in long-term modification of junctional gene expression. 

 

 
 
Figure 3.24 ActivinA induces EndMT transcriptional markers in FOP iECs. (A) Transcript expression 
levels from RNASeq data of EndMT markers were normalized for each gene to the smallest FPKM (Fragments 
Per Kilobase of transcript per Million reads mapped) value among the four samples (WT/FOP, w/o, ActivinA) 
shown in %. Red squares mark the conditions, which were significant in DEG analysis using DESeq2. (B) 
Validation of significant RNASeq EndMT targets by RT-PCR of WT and FOP iECs pretreated with 
Saracatinib (0.2 µM) and 2 hours ActivinA (5 nM) (n=4), BMP6 (5 nM) (n=2) stimulation. Data is represented as 
mean F.I. ± SD. (C) Analysis of EC junctions by RT-PCR of WT and FOP iECs stimulated with ActivinA for 2, 6,24 
and 48 hours. (D) Analysis of EndMT junctional marker N-Cadherin by RT-PCR in WT and FOP iECs stimulated 
with ActivinA for 24 hours. Data is represented as MNE ± SD. * p<0.05, ** p<0.01, ***p<0.001, ****p< 0.0001. 
Significance was calculated relative to unstimulated (w/o) using two-way ANOVA. (DEG: Differentially expressed 
gene; F.I.: fold induction; MNE: mean normalized expression; SD: Standard Deviation). 
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In summary, aberrant ActivinA signaling resulted downstream in the activation of a 

FOP specific transcriptome consisting of highly upregulated genes, which are involved 

in blood vessel formation, stalk cell identity, EndMT and associated pathway activation 

of BMP and Notch. Most genes could be equally induced by BMP6 and BMP9 in WT 

and FOP iECs, suggesting that ActivinA transduced am BMP-like response only in 

FOP iECs. The BMP6 response for the BMP target gene SMAD6 and tip cell marker 

KDR was even stronger in FOP iECs compared to WT iECs, which indicates 

hyperactivated BMP signaling in FOP iECs. 

3.7 Establishment of drug testing in the FOP iEC disease model 
After the validation of the in vitro endothelial FOP disease model (iECs), it was 

discovered that aberrant ActivinA/SMAD1/5 signaling resulted in a FOP specific 

transcriptome in FOP iECs compared to healthy controls. The ActivinA/SMAD1/5 

responses recapitulate an important pathogenic mechanism in FOP (Hatsell et al., 

2015; Hino et al., 2015), which indicates that ECs may represent a disease relevant 

cell type. The ALK2-dependent pathological signaling (over-activation of SMAD1/5 

signaling) is thought to trigger HO in FOP. Drug testing approaches have focused on 

phenotypes related to HO or directly on ALK2 function as reviewed in (Wentworth et 

al., 2019). Advances in drug development to target the pathway on different levels: 

Such as specific ligand neutralizing antibodies (Hatsell et al., 2015), kinase inhibitors 

of the catalytic domain of ALK2 (Mohedas et al., 2013; Sanvitale et al., 2013; Yu et al., 

2008a, 2008b) or SMAD1/5 modulating agents, such as the retinoic acid receptor γ 

(RARγ) agonist palovarotene (Shimono et al., 2010) (Figure 3.25A). Based on the 

immediate aberrant ActivinA/SMAD1/5 signaling read-out (phosphorylation of SMADs 

after 30 min) and the transcriptional consequences in FOP iECs (after 2 hours), it was 

asked if these alterations could be rescued by inhibiting ALK2 kinase activity. 

 Saracatinib is a BMP signaling inhibitor and prevents SMAD1/5 
responses in FOP iECs 

The tyrosine kinase inhibitor Saracatinib (AZD-0530) was used for drug testing in the 

iEC model (Figure 3.25B). Saracatinib was initially developed for the treatment of 

cancer as a dual Tyrosine protein kinase inhibitor targeting SRC and ABL (Hennequin 

et al., 2006). However, its additional inhibitory effect on BMP type I receptors (Lewis 

and Prywes, 2013) (Figure 3.25B) and HO (Hino et al., 2018) (Yu et al 2016) introduced 

Saracatinib as a potential drug candidate for FOP (Wentworth et al., 2019). The effect 
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of Saracatinib on FOP endothelium has not been investigated yet. Here, it was focused 

on early mechanistic actions of Saracatinib on endogenous ALK2 signaling responses. 

iECs were pretreated with Saracatinib for 1 hour and after 30 min of ActivinA 

stimulation pSMAD1/5 levels were analyzed. Saracatinib efficiently prevented ActivinA 

induced phosphorylation of SMAD1/5 in a concentration dependent manner in FOP 

iECs (Figure 3.25B,C). When higher concentrations of Saracatinib were used, 

pSMAD2 by ActivinA was slightly reduced at 0.5 µM for FOP donor 1 and at 1.0 µM for 

FOP donor 2 (Figure 3.25B,C). This was supported by an experiment with TGFβ 

stimulation, where pretreatment of Saracatinib at 1.0 µM slightly reduced pSMAD2 

levels (Figure 3.25G). However, at 0.2 nM, Saracatinib inhibited ActivinA/SMAD1/5 

signaling in both FOP donors, whereas SMAD2/3 signaling was unaffected, which was 

confirmed on pSMAD protein levels and target gene transcription (Figure 3.27, Figure 

3.25B,C). Thus, 0.2 nM were used for subsequent experiments. In contrast to pSMAD 

levels, pSRC levels remained unaffected by Saracatinib treatment even at high 

concentration (Figure 3.25I). Next, it was asked whether Saracatinib also inhibits 

BMP6 induced phosphorylation of SMAD1/5 in the same manner. Therefore, WT and 

FOP iECs were pretreated with different concentrations of Saracatinib as above and 

subsequently stimulated with BMP6 for 30 min. Saracatinib also efficiently prevented 

BMP6 induced phosphorylation of SMAD1/5 in a concentration dependent manner in 

WT and FOP iECs (Figure 3.25D,E). The concentration dependent effect of 

Saracatinib pretreatment in BMP6 stimulated FOP iECs was in line with ActivinA 

treated FOP iECs. At a concentration of 0.05 µM Saracatinib pretreatment showed a 

reduction in pSMAD1/5 levels for both ligands (BMP6 and ActivinA) (Figure 3.25B-E). 

Based on the analysis that ALK1 showed the highest expression among type I 

receptors in iECs, the effect of Saracatinib on ALK1 signaling was investigated. 

Therefore, FOP iECs were treated with the ALK1 high affinity ligand BMP9 upon 

pretreatment with a concentration series of Saracatinib. BMP9 induced 

phosphorylation of SMAD1/5 was only prevented when Saracatinib concentrations of 

0.5 µM or higher were used (Figure 3.25J). This indicates, that higher concentrations 

of Saracatinib are necessary to prevent BMP9/SMAD1/5 signaling in comparison to 

BMP6 or ActivinA/SMAD1/5 signaling in FOP iECs. This is in line with a different type 

I receptor kinase inhibitor (K02288), which showed that the application of higher 

concentrations (2.0 µM) is necessary to prevent BMP9/SMAD1/5 signaling in 

comparison to BMP6/SMAD1/5 signaling (0.5 µM) (Figure 3.25H).  
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Figure 3.25 Using BMP type I receptor specific kinase inhibitors for drug testing in the FOP iEC 
disease model. 
 (A) Schematic depiction of strategies to target ALK2 signaling on different levels of the BMP pathway in context 
of FOP. (B-C) Representative Western Blot of protein lysates from iECs using both FOP donor. iECs were 
pretreated with different concentrations of Saracatinib and stimulation with ActivinA (5 nM) for 30 min. (D-E) WT 
and FOP iECs pretreated with different concentrations of Saracatinib and stimulation with BMP6 (5 nM) for 30 
min. (F) Chemical Structure of Saracatinib derived from supplier selleckchem.com/products/AZD0530.html (G) 
WT and FOP iECs pretreated with different concentrations of Saracatinib and stimulation with TGFβ (0.2 nM) for 
30 min. (H) FOP iECs pretreated with different concentrations of K02288 and stimulation with BMP6 (5 nM) or 
BMP9 (0.1 nM) for 30 min. (I) WT and FOP iECs pretreated with different concentrations of Saracatinib and 
stimulation with ActivinA (5 nM) for 30 min. (J) WT and FOP iECs pretreated with different concentrations of 
Saracatinib and stimulation with BMP9 (0.1 nM) for 30 min. B,C is derived from (Hildebrandt et.al., Stem Cell 
Rev Rep, in press 2020). 
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 Saracatinib prevents BMP6 induced SMAD2 signaling and rescues 
ActivinA induced reduction of phosphorylated AKT 

In addition to aberrant induced SMAD1/5 responses, it was examined if Saracatinib 

was also able to prevent aberrant BMP6/SMAD2 and dephosphorylation of AKT in 

FOP iECs. FOP iECs were pretreated with Saracatinib as described above and indeed 

phosphorylation of SMAD2 and target gene transcription (NEDD9) by BMP6 was 

prevented (Figure 3.26A,B). Thus, BMP6 induced SMAD2 phosphorylation is not only 

dependent on TGFβ type I receptors, as shown in (Figure 3.16) but also on ALK2. 

Moreover, Saracatinib prevented also the reduction of phosphorylated AKT protein 

levels by BMP6 in WT and FOP iECs and by ActivinA in both FOP iEC donors (Figure 

3.26C-E). 

 
Figure 3.26 Saracatinib prevents aberrant SMAD2 responses by BMP6 and rescues reduction of 
phosphorylated AKT levels by ActivinA in FOP iECs.(A) Representative Western Blot of of iECs 
pretreated with Saracatinib (1 hour) and BMP6 30 min. (B) RT-PCR of SMAD2/3 target gene expression of FOP 
iECs pretreated with Saracatinib (0.2 µM) (n=2) (1 hour) and BMP6 (30 nM) (n=4) for 2 hours. (C-E) 
Representative Western Blot of protein lysates from FOP iECs pretreated with Saracatinib (0.2 µM) (1 hour) and 
BMP6 and ActivinA for 120 min and (E) densiometric quantification of pAKT levels normalized to GAPDH. 
** p<0.01 significance was calculated using the non-parametric Kruskal-Wallis Test. Data is represented as 
mean F.I. ± SD. (F.I.: fold induction; SD: Standard Deviation) 
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 The kinase inhibitor Saracatinib rescues the ActivinA/SMAD1/5 
downstream transcriptional profile in FOP iECs 

After establishment of an appropriate Saracatinib concentration, which maintained 

ActivinA induced SMAD2 phosphorylation but prevented aberrant phosphorylation of 

SMAD1/5 in FOP iECs (Figure 3.27A), it was investigated if pretreatment with 

Saracatinib is sufficient to prevent the ActivinA downstream responses on gene 

transcription. Pretreatment with Saracatinib successfully prevented aberrant activation 

of BMP target gene (ID1) transcription in FOP iECs (Figure 3.27B). Of note, Saracatinib 

preserved ActivinA induced transcription of the SMAD2/3 target genes NEDD9 and 

PMEPA1 in WT and FOP iECs (Figure 3.27B-D), which confirmed pSMAD2 analysis 

(Figure 3.27A). 

 

To investigate if Saracatinib can rescue the entire FOP specific transcriptome induced 

by ActivinA, pretreated FOP iECs with Saracatinib were subjected to RNA Sequencing 

(Figure 3.28A). 

Indeed, independent hierarchical cluster analysis of RNASeq data demonstrated 

rescue of the transcriptional profile induced by ActivinA in FOP iECs (Figure 3.28B 

cluster a) to WT level after Saracatinib treatment (Figure 3.28B cluster b1 and b2). Of 

 
Figure 3.27 Saracatinib prevents aberrant ActivinA/SMAD1/5 responses but maintains SMAD2 
signaling in FOP iECs. 
 (A) Representative Western Blot of both FOP donor iECs pretreated with Saracatinib (0.2 µM) and ActivinA (5 
nM). (B-D) Analysis of downstream target gene effects by Saracatinib pretreatment and ActivinA (5 nM) 
stimulation using RT-PCR. (B) n=8, (C) (n=4-6), (D) (n=4). Data is represented as mean F.I. ± SD. * p<0.05, ** 
p<0.01, ***p<0.001, ****p< 0.0001. Significance was calculated relative to unstimulated (w/o) using two-way 
ANOVA. (F.I.: fold induction; SD: Standard Deviation). Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in 
press 2020). 
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note, Saracatinib preserved ActivinA induced transcription of the SMAD2/3 target 

genes in WT and FOP iECs (Figure 3.28B cluster II). Validation by qPCR confirmed 

that Saracatinib prevented the aberrant activation of genes by ActivinA involved in 

blood vessel formation, EndMT and associated pathway activation of BMP and Notch 

(see former Figure 3.23 and Figure 3.24). 

In summary, drug testing in the new established FOP endothelial disease model 

revealed mechanistic insight about the potential drug candidate Saracatinib in FOP 

endothelium. Saracatinib successfully prevented aberrant ActivinA induced SMAD1/5 

phosphorylation and rescued the downstream FOP specific transcriptome to WT 

expression levels in FOP iECs. Moreover, Saracatinb treatment successfully 

prevented additional signaling aberrations in SMAD2 and AKT responses in FOP iECs. 

 
Figure 3.28 Saracatinib rescues the ActivinA induced transcriptome in FOP iECs to WT levels. (A) 
Experimental setup: RNA Seq of 4 iEC lines from two independent experiments, starved for 4 hours, pretreated 
with Saracatinib and stimulated for 2 hours with 5 nM ActivinA. (B) Independent hierarchical clustering of 
upregulated genes (adjusted p-value<0.05; log2FC 0. of FOP iECs in comparison to WT and Saracatinib 
pretreated FOP iECs upon ActivinA (5 nM) treatment. Heatmap color coding shows z-score (red=high; blue=low). 
Modified from (Hildebrandt et.al., Stem Cell Rev Rep, in press 2020). 
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3.8 Functional consequences of aberrant ActivinA signaling in 
FOP iECs 

In previous chapters the establishment of an endothelial FOP disease model from 

patient iPSCs (iECs) was described and it was shown that FOP iECs recapitulate the 

pathogenic mechanism of aberrant ActivinA/SMAD1/5 signaling. Based on advances 

in FOP mouse models, it is thought that ActivinA dependent signaling is the main 

trigger of HO in FOP (Hatsell et al., 2015; Lees-Shepard et al., 2018).  

Whether observed vascular aberrations in FOP patient biopsies (Ware et al., 2019) are 

connected to aberrant ActivinA/SMAD1/5 signaling is not known. Thus, functional 

consequences of aberrant ActivinA/SMAD1/5 signaling were analyzed in the 

endothelial FOP in vitro model as ECs are a major component of the vasculature. 

Investigation of the transcriptome of ActivinA treated FOP iECs already revealed that 

the upregulated genes are associated with blood vessel formation and stalk cell identity 

(see chapter 3.6). The formation of new blood vessels postnatally is mostly mediated 

via angiogenesis. Angiogenesis is a multi-stage physiological process and occurs 

during growth but also in pathological conditions, such as wound healing and disease. 

Moreover, angiogenesis is an essential process in endochondral bone formation (see 

chapters 1.3 and 1.4). In fact, early pre-osseous HO lesions in FOP patient biopsies 

are highly angiogenic (Ware et al., 2019) (see chapter 1.6.3).  

The multiple stages in angiogenesis involve complex, coordinated processes such as 

loosening of cell-cell junctional contacts of the endothelial barrier and sprout 

elongation, which are orchestrated by multiple signaling pathways. In addition to VEGF 

and NOTCH, BMP signaling controls multiple stages in angiogenesis (García de 

Vinuesa et al., 2016; Jin et al., 2014) as it was shown by previous studies in the Knaus 

lab for the regulation of tip and stalk competence (Benn et al., 2017) and barrier 

integrity (Benn et al., 2016).  

Therefore, it was asked if ActivinA influences angiogenic processes of FOP iECs, 

which was addressed by functional in vitro assays of endothelial barrier and sprout 

formation.  
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 Influence of ActivinA on endothelial barrier integrity 

First, endothelial barrier function/permeability was analyzed in vitro as the initiation of 

angiogenesis requires the reduction in barrier integrity by the loosening of cell-cell 

junctions. Here, iECs were seeded on gold electrode arrays to form a dense endothelial 

barrier (Figure 3.29A,C). Phase contrast microscopy was used to confirm proper 

barrier formation on gold electrodes (circle) (Figure 3.29C). The cell membranes have 

insulating properties and create a resistance towards the electrical current flow. The 

application of alternating current (AC) instead of direct current (DC) enables the 

measurement of the impedance at different frequencies. Lower AC frequencies (e.g. 

4000 Hz) allow the measurement of the current flow under and between the cells, 

which represents the quality and function of the endothelial barrier. Resistance as part 

of impedance measurement describes barrier function best (Szulcek et al., 2014). 

Thus, barrier function was assessed by resistance, which was normalized to the time 

point at one hour before ligand stimulation. 

VEGFA induces a short and long-term permeability of iEC barriers 

As validated by impedance measurements of iEC characterization (Figure 3.6), WT 

and FOP iECs form tight barriers and show short-term reduced barrier integrity after 

1.5 hours upon stimulation with the permeability inducing and angiogenic factor 

VEGFA, which lasts approximately for 1 hour until base line recovery (Figure 3.29E). 

Interestingly, long-term barrier integrity assessment identified a second response of 

VEGFA, which lasted 24 hours without recovery (Figure 3.29E). 

Quantification of VEGFA induced permeability after 6 hours revealed a significant 

reduced mean resistance in WT (27%) and FOP (21%) iECs by VEGFA compared to 

controls (Figure 3.29F).  

At the 24 hours time point, VEGFA treatment reduced mean resistance of about 27-

30% in both WT and FOP iECs compared to the baseline. However, compared to 

untreated controls (w/o) the effect of VEGFA was only significant in WT iECs (27%) 

and much stronger compared to FOP iECs (15%) (Figure 3.29G). 

Importantly, FOP iECs showed a significant reduced baseline resistance (w/o) 

compared to WT iECs /w/o) (Figure 3.29G). Indicating that WT iEC barriers maintain 

more stable in starvation conditions compared to FOP iECs.  
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ActivinA destabilizes the endothelial barrier integrity  

Next, WT and FOP iECs were treated with different concentrations of ActivinA. 

Untreated WT and FOP iEC barriers remained at constant resistance levels, which 

even increased in WT iECs (Figure 3.29B). ActivinA treatment decreased resistance 

in a concentration dependent manner in FOP iECs. Concentrations of 10 and 30 nM 

ActivinA only started to reduce resistance after approximately 5 hours after stimulation 

(6 hour time point) (Figure 3.29B). In contrast, resistance values in WT iECs did not 

decrease markedly below 1.0. However, compared to the control (w/o (PBS treated)), 

which increased, ActivinA also reduced resistance in a concentration dependent 

manner in WT iECs (Figure 3.29B).  

Quantification of ActivinA (10 nM) treated WT and FOP iEC monolayers revealed that 

the mean resistance was reduced by 8.0% in FOP iECs and 0% in WT iECs at the 

6 hour time point (Figure 3.29F). After 24 hours the ActivinA effect was more 

pronounced in FOP iECs and reduced the mean resistance to the same extend as 

VEGFA (Figure 3.29G). 

For comparison WT and FOP iECs were also treated with BMP6 at the same 

concentration as ActivinA. Only in FOP iECs BMP6 reduced mean resistance after 

6 hours (Figure 3.29F), which was confirmed for the 24 hour time point (Figure 3.29G). 

In WT iECs, only long-term BMP6 treatment resulted in a significant reduction of 

resistance (Figure 3.29G). 

Pretreatment with the kinase inhibitor K02288 before BMP6 or Activin stimulation 

increased mean resistance values to control levels (w/o) (Figure 3.29F,G), indicating 

an ALK2 dependent mechanism. Moreover, Saracatinib pretreatment rescued ActivinA 

treated FOP iEC resistance to baseline levels (Figure 3.29F,G). 

 

The effect of ActivinA on VEGFA induced permeability 
Only in FOP iECs, ActivinA reduced the mean resistance as strong as VEGFA after 

long-term treatment. Whereas in WT iECs VEGFA alone showed the strongest effect 

(Figure 3.29F,G). To analyze the effect of ActivinA on VEGFA induced permeability, a 

co-treatment was performed. In FOP iECs co-treatment of ActivinA and VEGFA 

decreased the mean resistance to the same extend as VEGFA (or ActivinA) treatment 

alone, whereas in WT iECs single VEGFA treatment was stronger (Figure 3.29G). 
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Thus, co-treatment with ActivinA slightly reduced VEGFA reduced barrier resistance 

only in WT iECs. 

Collectively, the ligand induced reduction in resistance of iECs indicate destabilization 

of endothelial barrier integrity and function by BMP6 and ActivinA. 

In sum, short-term BMP6 treatment reduced endothelial barrier integrity only in FOP 

iECs, whereas long-term BMP6 treatment resulted in reduced barrier integrity of both 

WT and FOP iECs.  

ActivinA long-term treatment showed a trend of reduced endothelial barrier integrity 

and only in FOP iECs this effect was as strong as VEGFA alone or in co-treatment. 

In WT iECs, VEGFA caused the strongest reduction in barrier resistance, which was 

slightly impaired by co-treatment with ActivinA. Reduction in barrier integrity by BMP6 

and ActivinA could be increased by specific kinase inhibitors, indicating contribution of 

ALK2 in this process. 
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Figure 3.29 Influence of ActivinA on iEC barrier integrity. iECs were seeded on gold electrode arrays 72 
hours before measurement and grown to confluency. Cells were starved 4-6 hours before stimulation with 
indicated growth factors. Impedance was measured at 4000 Hz and is depicted as Resistance and normalized 
to 1 hour time point before stimulation. (A) Schematic cross section of an Electric Cell-Substrate Impedance 
Sensing (ECIS) culture well. ECs are seeded on top of sensing and counter gold electrodes in cell culture arrays 
until cells have formed a confluent monolayer. During measurement the electrodes are connected to a lock-in 
amplifier and a constant alternating current signal is applied via a 1  resistor. (B) ECIS kinetic measurement 
of WT and FOP iECs treated with different doses of ActivinA. (C) Phase contrast image of dense iEC monolayer 
on one gold electrode (circle). (D-E) ECIS kinetic measurement of WT and FOP iECs treated with ActivinA and 
BMP6 (10nM) (n=7-9), VEGFA (2 nM) (n=3-6). Resistance is depicted as mean F.I. ± SEM. (F-G) Quantification 
of resistance values of specific time points (6 and 24 hours). Resistance is depicted as mean F.I. ± SD. K02288 
inhibitor was applied 1 hour before ligand stimulation (0.5 µM) (ActivinA (A); BMP6 (B6); VEGFA (V)). * p<0.05, 
** p<0.01, ***p<0.001, ****p< 0.0001. Significance was calculated using two-way ANOVA. (F.I.: Fold Induction; 
SD: Standard Deviation). 
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ActivinA induced destabilization of iEC monolayers is independent of SRC and 
VE-Cadherin 
Reduction in measured resistance in an ECIS experiment, represents increased 

current flow under and between the cells, which indicates changes in cell-cell contact 

formation. Recently, BMP6 induced permeability by internalization and SRC mediated 

phosphorylation of VE-Cadherin was shown in venous ECs, which was ALK2 

dependent (Benn et al., 2016). Even though the reduction of ActivinA and BMP6 on 

iEC barrier function was not very strong, the effect of both ligands on SRC and VE-

Cadherin was analyzed. 

Short-term (30 min) treatment of BMP6, ActivinA (including BMP2 and TGF ) did not 

induce phosphorylation of SRC or VE-Cadherin in WT or FOP iECs (Figure 3.30E,F). 

Based on the long-term effect of ActivinA and BMP6 on iEC barrier function SRC and 

VE-Cadherin levels were analyzed upon ligand treatment for 2, 6 and 24 hours. Also 

upon long-term stimulation, BMP6 and ActivinA did not induce phosphorylation of SRC 

or VE-Cadherin in WT or FOP iECs (Figure 3.30A,B). Moreover, the total protein levels 

of the junctional protein VE-Cadherin did not change upon ligand treatment (Figure 

3.30A,B). This is supported by gene expression analysis, including PECAM-1, which 

was not significantly changed upon ActivinA treatment in iEC (see previous Figure 

3.24). Moreover, differentially expressed gene (DEG) analysis between untreated and 

ActivinA treated iECs and between WT and FOP using RNASeq data did not identify 

any differentially regulated genes encoding junctional proteins. 

However, the previously observed reduction of pAKT levels by ActivinA were confirmed 

after 2 hours and lasted even until 24 hours in FOP iECs. (Figure 3.30A,B and Figure 

3.30C,D). After 24 hours, control pAKT levels were only reduced in FOP iECs (Figure 

3.30A,B and Figure 3.30C,D). The kinetic pattern of pAKT levels was in line with the 

reduction of the measured resistance of FOP iEC monolayers, indicating an 

involvement of AKT in endothelial barrier integrity. Interestingly, recent evidence 

suggests that long-term barrier instability is associated with decreased pAKT levels 

(Gao et al., 2017). 
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Figure 3.30 ActivinA and BMP6 do not activate SRC and VE-Cadherin. 
 (A-B) Western Blot of protein lysates from WT (A) and FOP iECs (B) after long-term treatment with ActivinA 
and BMP6 (10 nM) for different time points. (C-D) Densiometric quantification of phosphorylated (p) AKT levels 
normalized to GAPDH after ActivinA, BMP6 treatment of WT and FOP iECs for different time points. Data is 
shown as mean ± SD. (E-F) Western Blot of protein lysates from WT (E) and FOP iECs (F) after short-term 
treatment with BMP6, BMP2, ActivinA (5 nM) and TGFβ (0.2 nM). (SD: Standard Deviation). * p<0.05, ** p<0.01. 
Significance was calculated using one-way ANOVA. (F.I.: Fold Induction; SD: Standard Deviation). 
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Identification of two endothelial barrier modulators in the ActivinA induced FOP 
transcriptome  
Even though RNASeq analysis of ActivinA treated iECs for 2 hours did not identify any 

differentially regulated genes encoding junctional proteins, two other interesting 

candidate genes were identified, which are associated with endothelial barrier integrity: 

TCIM (Transcriptional and immune response regulator) and ADM (Pro-

adrenomedullin) (Figure 3.31). 

TCIM and ADM were among the five most differentially expressed genes upon ActivinA 

stimulation in both FOP iEC donors (Figure 3.31A,B).  

ID1, SMAD6, SMAD7, NOGGIN (NOG) and TCIM had the highest fold change 

(FC of  2.8) of the upregulated genes among the 212 shared DEG (p<0.05), after 

ActivinA stimulation in both FOP iEC donors (Figure 3.31A,B). 

The five most downregulated genes with the highest fold change ( 1.8) 

consisted of different gene candidates in each FOP iEC donor, except the genes ADM 

and DEPP1 (Decidual protein induced by progesterone), which were shared between 

both FOP iEC donors (Figure 3.31A,B).  

The top five upregulated genes in both FOP iEC donors belong to classical BMP target 

genes except TCIM. TCIM (TC-1: Thyroid Cancer 1) is a small monomeric protein, 

originally discovered as an upregulated gene in thyroid cancer (Chua et al., 2000; 

Sunde et al., 2004). Interestingly, one study analyzed the role of TCIM in the 

endothelium and suggested TCIM as a novel endothelial inflammatory regulator, which 

enhances endothelial monocyte adhesion and permeability in overexpression (Kim et 

al., 2009). Thus, ActivinA induced upregulation of TCIM may contribute to the reduced 

barrier function of FOP iEC monolayers.  

In addition, the ActivinA induced downregulation of the peptide hormone ADM could 

also contribute to the ActivinA induced permeability in FOP iECs. ADM belongs to 

adrenomedullin family, which is associated with barrier-stabilizing effects (García-

Ponce et al., 2016). In fact, ADM was shown to reduce endothelial hyperpermeability 

in a dose dependent manner (Hippenstiel et al., 2002). FOP specific upregulation of 

TCIM expression and downregulation of ADM by ActivinA was validated by RT-PCR 

(Figure 3.31C,D).  

BMP6 treatment regulated TCIM and ADM expression in a similar manner as ActivinA 

in FOP iECs and additionally also in WT iECs (Figure 3.31C,D). Of note, basal ADM 

expression levels were lower in FOP iECs compared to WT iECs (Figure 3.31D). 
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Importantly, pretreatment with Saracatinib resuced induction of TCIM and reduction of 

ADM by ActivinA in FOP iECs (Figure 3.31C,D).  

Collectively, ActivinA triggered destabilization of iEC monolayers was independent of 

direct activation of SRC and VE-Cadherin but indicated an association with reduced 

pAKT levels (Figure 3.30). The reduction of iEC barrier function after 4 hours may 

involve transcriptional dependent mechanism, such as the contribution of the ActivinA 

regulated genes TCIM and ADM. 

 
Figure 3.31 Two top deregulated genes of ActivinA treated iECs are associated with endothelial 
barrier function. (A-B) Volcano Plot of DEG of ActivinA treated FOP iECs. Genes (adjusted 
p value<0.05;  0. 2 0. -/downregulation is indicated by color. Genes with highest fold change 

2 -0. 2 1. 1 . C-D) RT-PCR 
validation of RNASeq target groups upon 1 hour pretreatment with Saracatinib (0.2 µM) and 2 hour ActivinA 
(5 nM) (n=4-5), BMP6 (5 nM) (n=2) treatment in iECs. * p<0.05, ** p<0.01, ***p<0.001, ****p< 0.0001. 
Significance was calculated using two-way ANOVA. (F.I.: Fold Induction; SD: Standard Deviation). 
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 Influence of ActivinA on Sprouting Angiogenesis 
Measurement of endothelial barrier function indicated that ActivinA long-term treatment 

destabilized endothelial barrier integrity. To analyze whether the effect of ActivinA on 

iEC monolayers (2D) also influences the formation of endothelial sprouts (3D) in vitro, 

a Sprouting Angiogenesis assay was performed. 

  

 
Figure 3.32 ActivinA impairs VEGFA induced angiogenesis only in WT iECs. (A) Representative 
images of epifluorescence imaged iEC spheroids stained with phalloidin and DAPI after 24 hours treatment with 
respective growth factors (VEGFA (5 nM), ActivinA, BMP6 (10 nM)). (B) Spheroid outgrowth area (SOA) was 
measured and normalized to spheroid size using ImageJ. Data is represented as mean F.I. ± SD of two WT and 
two FOP donors from two independent experiments with n>3 spheroids per condition. (F.I.: Fold Induction; SD: 
Standard Deviation, ***p<0.001, ****p< 0.0001. Significance was calculated using two-way ANOVA. 

 

WT and FOP iEC spheroids were generated and seeded for sprout formation on 

growth factor reduced Matrigel for 24 hours in starvation conditions supplemented 

with growth factors or PBS as control. The spheroid outgrowth area (SOA) was 

measured and normalized to spheroid size. Stimulation with VEGFA potently induced 

the outgrowth of endothelial sprouts in both genotypes (Figure 3.32A). But 

interestingly, the quantification of the relative outgrowth area revealed that VEGFA 

induced more outgrowth in WT iECs compared to FOP iECs (Figure 3.32B). Thus, 

VEGFA induced sprouting outgrowth was significantly different between WT and FOP 

iECs (Figure 3.32B). Importantly, this difference was not significant anymore when 

FOP iECs were pre-treated with Saracatinib (Figure 3.32B). ActivinA treatment did 

not induce endothelial sprouting compared to the controls (w/o) in both genotypes 
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(Figure 3.32A,B). BMP6 only induced a minor increase in WT iECs compared to 

untreated controls (w/o) (Figure 3.32A,B).  

To assess whether the aberrant ActivinA signaling in FOP versus WT iECs may 

influence VEGFA induced angiogenesis, a co-treatment was performed. 

VEGFA induced sprouting outgrowth was markedly reduced in WT iECs in presence 

of ActivinA (Figure 3.32B). In contrast, ActivinA did not reduce the VEGFA induced 

sprouting outgrowth in FOP iECs, which remained at similar induction levels compared 

to VEGFA only treatment (Figure 3.32B). In sum, FOP iECs showed reduced VEGFA 

induced sprouting compared to WT iECs. However, ActivinA only impaired VEGFA 

induced angiogenesis in WT iECs and not FOP iECs.  

3.9 Under Fluid Shear Stress WT iECs gain aberrant 
ActivinA/SMAD1/5 signaling  

Previous investigations were conducted in static in vitro settings, however the 

vasculature in vivo is normally exposed to mechanical forces, such as fluid shear stress 

(FSS) by blood flow which integrate into growth factor signal transduction (Givens and 

Tzima, 2016). FSS was applied to iEC in full medium condition to analyze ActivinA 

signaling in a more physiological setting. Therefore, iEC were seeded on µ-slides for 

2 days to form a tight endothelial monolayer (Figure 3.33A-C). 

Arterial FSS ranges from 10-50 dyn/cm2 and in venous circulation only up to 

20 dyn/cm2 (Givens and Tzima, 2016). iECs were exposed to intermediate FSS range 

of 30 dyn/cm2. After 24 hours FSS in full medium, iEC monolayers were 

morphologically analyzed by phase contrast microscopy in comparison to static 

controls and before the application of FSS (Figure 3.33C). WT and FOP iECs formed 

dense monolayers in all conditions. Compared to static control iECs exposed to 24h 

FSS showed similar morphology and no alignment to the flow direction (Figure 3.33C). 

Interestingly, morphologic differences of cellular shape and size were also observed 

independent of FSS between “Before FSS” and “static”, indicating a growth effect upon 

24 hours incubation in full medium (Figure 3.33C). 

After application of FSS for 24 hours, ActivinA was added to the full medium and FSS 

was continued for 1 hour in presence of ActivinA. Subsequently iECs were lysed and 

ActivinA signaling was analyzed (Figure 3.33B). In the first experiment ActivinA 

treatment (10 nM) induced canonical SMAD2 phosphorylation in static and under FSS 

in WT and FOP iECs, whereas pSMAD1/5 levels in the static condition remained 



Results 

 

 144 

unchanged upon ActivinA treatment. FSS alone reduced basal pSMAD1/5 levels in 

WT and FOP iECs (Figure 3.33D). FSS and ActivinA treatment highly increased 

pSMAD1/5 levels in FOP iECs (Figure 3.33D), confirming the aberrant 

ActivinA/SMAD1/5 signaling from previous investigations under static, starvation 

conditions. Unexpectedly, WT iECs also increased pSMAD1/5 levels upon ActivinA 

stimulation under FSS (Figure 3.33D). Moreover, FSS alone minorly increased 

phosphorylated AKT levels whereas no phosphorylated AKT was observed in in static 

conditions. ActivinA treatment did not induce phosphorylation of AKT in static 

conditions, however under FSS phosphorylated AKT levels strongly increased in both 

WT and FOP iECs (Figure 3.33C). 

Based on the strong effect of 10 nM ActivinA in full medium conditions, subsequent 

experiments were performed with 3 nM ActivinA. Physiological levels of ActivinA in 

human serum were reported in concentrations of 0,0042-0,049 nM (de Kretser et al., 

2013; Harada et al., 1996), which are elevated during pregnancy (0,4 nM) (Harada et 

al., 1996). Current knowledge suggests that ActivinA serum levels in FOP patients are 

not elevated (Hildebrand et al., 2017a). 

ActivinA induced aberrant SMAD1/5 signaling under FSS was confirmed for all WT and 

FOP donors in independent experiments (Figure 3.33F). The quantification revealed 

that ActivinA equally increased pSMAD1/5 levels in both WT and FOP iECs under FSS 

(Figure 3.33G). Minor activation of SMAD1/5 was also observed in static, full medium 

conditions in WT and FOP iECs (Figure 3.33G). Thus ActivinA/SMAD1/5 signaling was 

confirmed on BMP target gene transcription (ID1) under static and FSS condition in 

WT and FOP iECs (Figure 3.33E). This indicates that ActivinA may induce SMAD1/5 

responses in WT iECs also independent of FSS bur requiring full medium conditions.  

Next, it was analyzed if changes in the intracellular type I receptor inhibitor FKBP12 

(FKBP1A) or ALK2 expression were responsible for the gain in ActivinA/SMAD1/5 

response in WT iECs in full medium and under FSS (Figure 3.33E). Even though FOP 

iECs showed slightly lower levels of ALK2 and FKBP1A expression in each condition, 

no significant differences could be assessed. 

Collectively, FOP iECs showed robust aberrant SMAD1/5 signaling in static starvation 

conditions and in full medium under FSS. In contrast, WT iECs only respond robustly 

to ActivinA with SMAD1/5 signaling in full medium under FSS. This indicates, that 

ActivinA/SMAD1/5 signaling is highly context dependent and favored but not limited to 

ALK2-R206H expressing cells. This is supported by recent evidence of 
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ActivinA/SMAD1/5 signaling in ALK2-WT expressing myeloma cells (Olsen et al., 

2020, 2018). However, it remains a task of future studies to determine the context 

dependent co-factor(s), which mediate the formation of an active ActivinA-ALK2 

receptor complex transducing SMAD1/5 signals. 

 
Figure 3.33 WT iECs gain ActivinA/SMAD1/5 signaling in full medium and under FSS conditions. 
(A) Scheme depicting the Fluid Shear Stress (FSS) experimental setup using the ibidi pneumatic pump system 
(image retrieved from ibidi.de). (B) iECs were seeded on µ-slides 48 hours before application of FSS for 24 hours 
after a 6 hour ramp phase to reach step-wise 30 dyne/cm2 in full medium. iECs under FSS in full medium were 
exposed to ActivinA for 1 hour. (C) Phase contrast images of iEC on µ-slides before and after FSS as well as in 
control static conditions. (D) Western Blot of protein lysates of iECs after above described experimental 
conditions using 10 nM ActivinA. (E) RT-PCR of ID1, FKBP1A and ALK2 from RNA of iECs under above 
described FSS conditions using 3 nM ActivinA (n=2) (F) Representative Western Blot of protein lysates of iECs 
after above described experimental conditions using 3 nM ActivinA. (G) Densiometric quantification of pSMAD1/5 
protein levels relative to GAPDH of Western Blots in F. 
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4. Discussion  
Episodic extraskeletal bone formation in soft tissue by heterotopic ossification (HO) is 

a major clinical hallmark in the rare disease Fibrodysplasia Ossificans Progressiva 

(FOP). Independent of the location and initial triggers, ectopic bone in FOP forms via 

a complex-multi-stage process, which mimics the developmental process of 

endochondral bone formation. Bone as a highly vascularized organ is not only supplied 

with gases and nutrients by blood vessels, in fact increasing evidence from recent 

years show that angiogenic processes are essential for bone formation in development 

and postnatally (Sivaraj and Adams, 2016). Blockage or loss of the pro-angiogenic 

factor Vascular Endothelial Growth Factor A (VEGFA) impairs endochondral bone 

formation by disturbed vascular patterning, decreased chondrocyte differentiation and 

ossification (Gerber et al., 1999; Liu and Olsen, 2014; Maes et al., 2002). This is also 

evident for ectopic bone formation: very recent studies demonstrated that VEGFA is 

critical for HO (Hwang et al., 2019) and confirmed that HO lesions are highly 

angiogenic (Cocks et al., 2017; Hwang et al., 2019; Kaplan et al., 1993; Shore and 

Kaplan, 2010). Importantly, FOP patient biopsy analysis uncovered even increased 

vessel number in HO lesions compared to non-hereditary HO (Ware et al., 2019). 

Moreover, the endothelium has remarkable plasticity. Endothelial to mesenchymal 

transition (EndMT) is not only observed in heart development but also a hallmark of 

several pathologies ranging from atherosclerosis, tissue fibrosis and HO (Dejana et al., 

2017). Human FOP biopsies of HO lesions showed co-expression of endothelial and 

osteogenic markers (Medici et al., 2010). 

However, it remains elusive, which mechanisms orchestrate the endothelium in ectopic 

bone formation and which signals are responsible for the aberrant vascular phenotype 

in FOP lesions.  

FOP is caused by gain of function mutations in the BMP type 1 receptor ALK2 (ACVR1) 

with R206H being the most common point mutation located in the intracellular glycine-

serine (GS) rich domain (Shore et al., 2006). Mutant receptors lead to hyperactivated 

SMAD1/5 signaling in response to BMPs (Shen et al., 2009) and aberrantly transduce 

SMAD1/5 signaling in response to ActivinA (Hatsell et al., 2015; Hino et al., 2015). In 

FOP mice, blocking of ActivinA prevents HO indicating a central role of this ligand in 
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the disease (Hatsell et al., 2015). Whether ActivinA causes the vascular phenotype 

observed in human FOP biopsies is unknown. 

In the present study a patient derived endothelial cell (EC) model was generated by 

using induced Pluripotent Stem Cells (iPSCs) in a combinatorial cryopreservation and 

differentiation method. FOP iPSC derived EC (iECs) recapitulated the pathological 

aberrant ActivinA/SMAD1/5 signaling. A comprehensive transcriptome analysis of 

ActivinA treated FOP ECs identified a FOP-specific genetic profile interlinking ActivinA 

with BMP/NOTCH pathways, blood vessel formation and EndMT markers. Drug testing 

in the FOP endothelial disease model showed that the kinase inhibitor Saracatinib 

rescued the ActivinA-induced transcriptome in FOP iECs to WT levels, suggesting a 

preventive effect on aberrant vascularization in early HO lesions in FOP. 

4.1 Patient iPSCs enable the generation of a FOP disease model  
The establishment of patient-derived models of FOP has been challenging due to the 

limited number of patients and the risk to trigger HO upon tissue biopsy sampling. To 

overcome restrictions and challenges of primary patient material and the limitations of 

overexpression approaches in established EC models, induced Pluripotent Stem Cells 

(iPSCs) generated from FOP patients were used (Hildebrand et al., 2016). iPSCs are 

a versatile cell model, which enables the generation of specific cells types of various 

tissues in unlimited numbers carrying the patient specific mutations and have become 

an important technology for rare diseases (Anderson and Francis, 2018).  

The here used FOP iPSCs harboring the ALK2 R206H mutation (FOP-1, FOP-2) and 

two healthy controls (WT-1, WT-2) were previously characterized and validated 

according pluripotency and differentiation capacity in all three germ layers (Hildebrand 

et al., 2016b; Rossbach et al., 2017, 2016). However, a characterization of iPSC SMAD 

responses was lacking. Therefore, SMAD responses of FOP iPSCs in comparison to 

WT iPSCs were analyzed here.  

 iPSCs show robust SMAD2 signaling – a hallmark of pluripotency and 
differentiation potential 

Activation of SMAD2 was analyzed in iPSCs as SMAD2/3 signaling is essential for 

stem cell self-renewal, pluripotency maintenance (James et al., 2005; Xiao et al., 2006) 

but also to induce endoderm differentiation (Mullen and Wrana, 2017; Yang and Jiang, 

2020). Analysis of SMAD2 is sufficient because it plays a more significant role in 

maintaining pluripotency in ESC (Mullen and Wrana, 2017;Yumoto et al., 2013). 
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SMAD2 directly binds to the promoter of the pluripotency transcription factor NANOG 

and enhances its transcription in ESCs (Vallier et al., 2009; Xu et al., 2008). Moreover, 

OCT4 and NANOG form complexes with SMAD2 in ESCs and jointly regulate a subset 

of their target genes including the expression of pluripotency genes (Beyer et al., 2013; 

Brown et al., 2011;Vallier et al., 2009). Recent evidence shows that SMAD2/3 also 

interact with epigenetic modifiers to control pluripotency gene transcription via 

permissive or repressive chromatin environments (Yang and Jiang, 2020). However, 

SMAD2/3 activation also induces endoderm differentiation by direct binding to 

endoderm specifiers such as SOX17 (Kim et al., 2011). 

Differences in SMAD2/3 signaling intensity is crucial for divergent regulation of 

pluripotency and differentiation (Yang and Jiang, 2020). Whereas low ActivinA 

concentrations (5 ng/ml) maintain ESC pluripotency (Xiao et al., 2006), high ActivinA 

concentrations (50-100 ng/ml) lead to endoderm differentiation (Kim et al., 2011; 

Mullen and Wrana, 2017; Yang and Jiang, 2020). 

Here, it was confirmed that WT and FOP iPSCs are capable to respond with increased 

SMAD2 phosphorylation intensity to higher ligand concentrations of TGFβ and ActivinA 

(Figure 3.1). WT and FOP iPSCs were already sensitive to small concentrations of 

ActivinA (0.3 nM) and TGFβ (0.001 nM) (Figure 3.1). A high sensitivity towards ActivinA 

is in line with the high ACVR2B receptor expression levels in iPSCs (Figure 3.8). 

Compared to ACVR2B the high affinity receptor for TGFβ (TGFBR2) is relatively low 

expressed. Respective type I receptors (ALK4 (ACVR1B) and ALK5 (TGFBR1)) 

showed similar expression levels (Figure 3.8). Both, TGFBR2 and ACVR2B bind their 

ligands with very high affinities (Aykul and Martinez-Hackert, 2016). 

However, TGFBR2 only binds TGFβ ligands the ACVR2B binds to multiple ligands with 

high affinity, including Activin class ligands but also certain BMPs, such as BMP9 

(Aykul and Martinez-Hackert, 2016; Townson et al., 2012). Thus, ACVR2B is likely 

higher expressed in iPSC compared to TGFBR2 to enable signaling complex formation 

with diverse ligand groups.  
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 Aberrant ActivinA/SMAD1/5 responses in FOP iPSCs may impair their 
fate 

In addition to SMAD2 phosphorylation ActivinA also induced SMAD1/5 

phosphorylation, but only in FOP iPSCs (Figure 3.1C). Thus, already FOP iPSCs show 

the disease characteristic aberrant ActivinA/SMAD1/5 signaling. This is in line with one 

previous study showing ActivinA/SMAD1/5 in FOP iPSCs (Barruet et al., 2016) using 

the FOP iPSCs generated from (Matsumoto et al., 2013). 

However, ActivinA responses of iPSC generated from other FOP patients remain 

unknown (Cai et al., 2015; Hamasaki et al., 2012; Hayashi et al., 2016; Sánchez-

Duffhues et al., 2019b). 

For comparison TGFβ only induced SMAD2 phosphorylation in FOP and WT iPSCs 

(Figure 3.1E), which suggests that aberrant SMAD1/5 signaling in FOP iPSCs is 

specific to ActivinA. In contrast to SMAD2/3 signaling, SMAD1/5 signaling in human 

iPSCs or ESCs is associated with mesodermal differentiation (Faial et al., 2015). 

Several studies showed that BMP4 signaling is a key inducer of mesoderm in human 

ESCs (Bernardo et al., 2011; Patsch et al., 2015; Yang et al., 2008; Zhang et al., 2008). 

SMAD1 binds to the NANOG promoter in human ESCs but in contrast to SMAD2/3, 

NANOG promoter activity is decreased by SMAD1/5/8 signaling, thereby reducing 

pluripotency (Xu et al., 2008). In addition, the mesodermal transcription factor 

Brachyury (BRA) interacts with SMAD1 and the cooperative action is essential for 

mesodermal differentiation (Faial et al., 2015; Messenger et al., 2005).  

This indicates, that aberrant ActivinA/SMAD1/5 signaling may result in reduced 

pluripotency of FOP iPSC when cultured in ActivinA containing iPSC growth medium, 

such as PluriSTEM (Dakhore et al., 2018). Of note, the iPSC culture medium used 

here (E8-Medium formulation) contained TGFβ but no ActivinA (Chen et al., 2011; 

Dakhore et al., 2018). 

Thus, FOP iPSC should not be cultured in ActivinA cultured growth medium. 
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4.2 Establishment of a new FOP endothelial cell model by a 
combinatorial cryopreservation and differentiation method 
without ActivinA 

Patient iPSCs were used to generate FOP ECs (iECs) aiming to model the human 

FOP endothelium. Based on aberrant ActivinA/SMAD1/5 signaling in FOP iPSCs, a 

EC differentiation protocol devoid of exogenous ActivinA (Patsch et al., 2015) was 

adjusted and optimized (Hildebrandt et al., Stem Cell Rev Rep, in press 2020). 

The first experiments indicated a high degree of variability in differentiation efficiency 

(10-80%) independent of the donor, which most likely occurred due to different iPSC 

passage numbers.  

To overcome this problem, the iPSC EC differentiation method was combined with the 

controlled cryopreservation method CryoPause (Wong et al., 2017) (described in 

chapter 3.1.2). With this method iPSCs could be immediately seeded for differentiation 

after thawing. Thus, a batch of cryopreserved iPSCs enables that the same cell 

population can be used for several differentiations, which successfully reduced the 

passage variability in differentiation efficiency for each donor. 

Current literature suggests, that this study represents the first method combining iPSC 

CryoPause by Wong et al. with subsequent endothelial differentiation. Recently, 

CryoPause was also combined with the differentiation of iPSCs into midbrain 

dopaminergic neural progenitor cells and improved the reproducibility of neuronal 

differentiation (Drummond et al., 2020). 

Experimental variability is still a major challenge in studies using iPSC-derived models 

(Volpato and Webber, 2020). Compared to immortalized cell lines and other primary 

cells, iPSC and ESCs require more demanding culture conditions to maintain cell 

viability and pluripotency. iPSC derivation and directed differentiation methods are 

complex multistep processes lasting for several days and thus small variations 

accumulate and cause significant different outcomes (Popp et al., 2018; Volpato and 

Webber, 2020). The main sources and effects of variation in iPSC cultures are based 

on the genetic background of different donors, somatic mutations but also routine cell 

culturing, such as passage number, growth rate and culture medium (Volpato and 

Webber, 2020).  

Thus, the beneficial effect of CryoPause likely underlies the reduction of technical but 

also biological variability such as gene expression or cell cycle status.  
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Moreover, this method did not only reduce variability in EC differentiation, it also 

circumvents regular iPSC culture and maintenance between different EC differentiation 

experiments. Besides experimental advantages, this combined method also improved 

logistic and organizational hurdles for our particular collaborative project at two lab 

locations, which may also be useful for other projects.  

In future projects, efficiency and reproducibility could be further optimized by the 

generation of isogenic controls from FOP iPSC by correcting the ALK2 point mutation 

using genome editing, such as CRISPR/Cas9.  

However, even though genome editing methods have been continuously improved, 

homologues dependent recombination (HDR), which is required for Knock In 

approaches remain challenging and have lower efficiencies compared to targeted 

Knock Outs (Liu et al., 2019). So far, the first FOP iPSC rescue for gene correction 

was performed by traditional bacterial artificial chromosome (BAC)-based homologous 

recombination (Matsumoto et al., 2015). Another interesting approach simultaneously 

reprogrammed FOP foreskin fibroblasts and corrected the ALK2-R206H mutation by 

delivering reprogramming vectors together with CRISPR (Clustered Regularly 

Interspaced Short Palindromic Repeats)/Cas9 vector-based reagents including a 

single-stranded oligodeoxynucleotide for gene repair (Kim et al., 2016). 

 ActivinA is not required to generate ECs from iPSCs 
Methodological differences between the FOP iEC differentiation protocol presented 

here (Hildebrandt et al., Stem Cell Rev Rep, in press 2020) and previous studies 

(Barruet et al., 2016; Cai et al., 2015) include distinct EC isolation markers and 

monolayer versus embryoid body (EB) formation approaches (Figure 4.1). Those may 

account for lower differentiation efficiencies (up to 30%) as well as reduced viability 

and EC marker expression in previous studies (Barruet et al., 2016; Cai et al., 2015). 

FOP iECs generated here showed efficiencies up to 80% and no impaired EC 

characteristics. In addition, a key difference to previous iEC generation methods of 

previous studies is the usage of exogenous ActivinA for mesoderm induction (Barruet 

et al., 2016; Cai et al., 2015) (Figure 4.1). Here, it was demonstrated that FOP iPSCs 

show aberrant ActivinA/SMAD1/5 signaling, therefore in this study mesoderm was 

induced exclusively with BMP4 (without ActivinA supplementation) (Hildebrandt et al., 

Stem Cell Rev Rep, in press 2020 (Patsch et al., 2015), while above mentioned studies 

used established methods for iEC generation (with exogenous ActivinA and BMP4) 

(Orlova et al., 2014; White et al., 2013).  
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Figure 4.1 Methodological differences between FOP iPSC derived EC models. Summarized methodological 
differences between the endothelial FOP model presented here Hildebrandt et al., Stem Cell Rev Rep in press 
2020 and others (Barruet et al., 2016; Cai et al., 2015). 

 

ActivinA is frequently used in addition to BMP4 for mesoderm induction of PSCs. This 

is most likely based on early studies in amphibians, which show ActivinA and FGF2 as 

critical mesoderm inducers in Xenopus development (Cornell and Kimelman, 1994; 

LaBonne and Whitman, 1994). However, in human ESCs the effect of ActivinA has 

mainly been shown to maintain pluripotency (Xiao et al., 2006) or to induce endoderm 

differentiation at high concentrations (D’Amour et al., 2005) as explained previously 

(see chapter 4.1.1). There is also evidence that ActivinA treatment induces mesoderm 

formation by increasing BRA and other mesodermal genes, however it is dependent 

on the presence of BMP4 (Cerdan et al., 2012; Ludovic Vallier et al., 2009). 

Interestingly SB431542 treatment revealed that Activin/TGFβ type I receptor activity is 

required for BMP4 induced mesoderm in human ESCs (Zhang et al., 2008). Based on 

the herein observed BMP6/SMAD2- and SMAD1/5-responses in WT and FOP iPSCs, 

I propose that SMAD2 and SMAD1/5 responses are required for mesoderm induction, 

which can be both induced by BMP and do not require ActivinA.  

BMP6/SMAD2 responses in iPSCs are likely transduced via heteromeric receptor 

complexes including Activin/TGFβ type I receptors as shown for BMP6 induced 

pSMAD2 in FOP iECs. The presence of different type I receptors in the same receptor 
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complex has been reported previously:  For example in Bmp2-Bmp7 heterodimer 

activated BMP signaling in zebrafish embryos (Little and Mullins, 2009) or in TGFβ 

induced SMAD2/3 and SMAD1 signaling in ECs (Goumans et al., 2002). Moreover, 

BMP4 induced mesoderm formation in human ESCs only requires endogenous FGF2 

signaling (via ERK) and no exogenous co-treatment with FGF2 (Bernardo et al., 2011).  

Thus, exogenous BMP4 is sufficient for mesoderm induction in PSCs (Patsch et al., 

2015; Zhang et al., 2008). This is supported by Bmp4 murine knock out models, 

showing that BMP4 is required for mesoderm development (Winnier et al., 1995). In 

contrast, mesoderm forms normally in ActivinA (Inhba) and Acvr2 deficient mice 

(Matzuk et al., 1995a, 1995b; Oh and Li, 1997).  

In contrast to BMP4 exogenous ActivinA is not essential for mesoderm development 

but it may promote mesoderm formation of PSCs in vitro when co-treated with BMP4.  

In context of FOP, ActivinA only activated SMAD1/5 responses in FOP iPSCs, which 

may impair the iPSC fate in comparison to WT iPSCs. Interestingly, EC differentiation 

with ActivinA alone only abolished iEC formation (number of PECAM+/VEGFR2+ cells) 

of WT iPSCs (Barruet et al., 2016). It is likely that aberant activation of SMAD1/5 by 

ActivinA resulted in mesoderm formation in FOP iPSCs, which might compensate the 

lack of BMP4/SMAD1/5 responses, not seen in WT iPSCs. As previously described, 

SMAD1 interacts with BRA and cooperatively induces mesodermal genes (Faial et al., 

2015; Messenger et al., 2005). This is supported by the study of Cai et al., which 

reported increased BRA expression three days after mesoderm induction (including 

BMP4+ActivinA) in FOP iPSCs (Cai et al., 2015). But in contrast to Barruet et al., iEC 

formation (PECAM+ cells) of FOP iPSCs was reduced compared to WT iPSCs (Cai et 

al., 2015). The underlying mechanisms of these differences remain unknown but are 

likely caused by different ActivinA ligand concentrations and other differences in both 

EC differentiation methods (Figure 4.1). 

Collectively, both studies clearly demonstrate an impact of exogenous ActivinA 

supplementation on FOP versus WT iEC differentiation. Since exogenous ActivinA is 

not required for iEC generation, mesoderm induction for FOP iEC generation should 

be performed in absence of exogenous ActivinA, as presented here. 
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 WT and FOP iECs show endothelial functionality 
The here generated iECs were analyzed for EC identity by a series of complementary 

methods demonstrating EC marker expression and functionality comparable to primary 

isolated Human Umbilical Vein Endothelial Cells (HUVECs) (Hildebrandt et al., Stem 

Cell Rev Rep, in press 2020).  

In addition to endothelial markers, the expression of ligands and receptors of the TGFβ 

superfamily was analyzed. No differences in receptor expression levels between WT 

and FOP iECs was detected. This is in accordance with findings from another WT and 

FOP iEC model (Barruet et al., 2016). Recently, FOP ECFCs were reported to have 

increased expression levels of ALK1, ALK4, BMPR2 and the co-receptor Cripto-1 

(Sánchez-Duffhues et al., 2019c). However, these effects were not very strong and 

heterogenous among the donors. Interestingly, RT-PCR and RNA-Seq revealed that 

Cripto-1 (TDGF1) was also higher expressed in one FOP iEC donor (FOP-2) (Figure 

3.7 and Figure 3.8), suggesting donor specific effects, which may account for the 

phenotypic heterogeneity in FOP. Collectively, WT and FOP iECs showed no 

functional differences in the here assessed EC characteristics. A similar conclusion 

was reached by Barruet et al., but noted reduced VE-Cadherin levels in FOP iECs 

(Barruet et al., 2016). In contrast, Cai et al., observed reduced viability and senescence 

of FOP iECs (Cai et al., 2015). The single observations of impaired FOP iEC 

characteristics suggest rather a cell model specific effect (e.g. culture conditions, iEC 

generation method (+ActivinA) see chapter 4.2.1) than a general feature of FOP 

endothelium. 

This is supported by FOP pathology, which hasn´t reported any chronic vascular 

abnormalities. However, vascular abnormalities were observed locally in lesioned 

tissues of episodic HO in FOP biopsies, indicating the presence of responsible 

trigger(s), which act in a time and space dependent manner.  

 The vascular bed specificity of iECs is undefined 
In comparison to primary venous ECs (HUVECs), the expression of the VEGFR1 and 

VEGFR2 was even higher in iECs. This could be based on endothelial heterogeneity 

derived from different vascular beds. In fact, HUVECs were shown to have lower 

surface density of VEGFR2 in comparison to microvascular ECs (Imoukhuede and 

Popel, 2011). However, the vascular bed specificity of iECs generated de novo is rather 

undefined. Most differentiations methods up to date generate heterogenous 
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populations of ECs (Paik et al., 2018; Rufaihah et al., 2013; Williams Ian M. and Wu 

Joseph C., 2019). This is in line with the analysis of arterial versus venous EC identity 

in this study, which showed robust arterial markers but also venous marker expression 

in iECs (Figure 3.5). Current strategies, to advance iEC generation into more vessel 

and tissue specific cell types include triggers of signaling pathways associated with 

endothelial specification. For example, VEGFA and NOTCH signaling are key inducers 

of arterial differentiation. Thus, endothelial progenitors from iPSCs can be directed by 

defined VEGFA concentrations to more arterial- (high) or venous-like (low) lineages as 

shown in recent differentiation methods (Rosa et al., 2019; Sriram et al., 2015). 

However, EC specification requires a number of additional environmental triggers such 

as mechanical triggers by Fluid Shear Stress (FSS) (Sivarapatna et al., 2015), 

substrate stiffness (Xue et al., 2017) and hypoxia (Kusuma et al., 2014). Xue et al. 

proposed that based on distinct tissue stiffness between arteries and veins 

differentiation of endothelial progenitors to arterial ECs requires a stiffer environment 

compared to venous ECs (Xue et al., 2018, 2017). Based on the pre-mature 

arteriovenous EC identity of the iECs generated here, the protocol could be further 

optimized by adjusting VEGFA concentrations and by including mechanical triggers 

(FSS and/or substrate stiffness) to further specify arterial or venous iEC identity. In 

addition to arteriovenous identity, ECs have a tissue specific vascular bed identity, 

which is characterized by specific morphology, expression profiles, functional 

responses such as permeability, leucocyte adhesion and vasoconstriction (Aird, 2012). 

Up to date, most differentiation protocols lack vascular bed specificity except the 

adjustment to generate blood-brain barrier like ECs from iPSCs (Appelt-Menzel et al., 

2020; Williams Ian M. and Wu Joseph C., 2019). The generation of other specialized 

ECs such as capillary ECs has been limited and deeper understanding of vascular bed 

specific development will enhance the generation of those cell types in vitro (Williams 

Ian M. and Wu Joseph C., 2019). But in fact, EC phenotypes vary not only between 

different organs, even in specialized tissue structures the vascular tree is composed of 

specialized ECs. For disease modeling of FOP, directed iPSC differentiation of type H 

vessel ECs would be of interest. Type H vessel were discovered as unique vessel 

subtypes in coupling osteogenesis and angiogenesis (Kusumbe et al., 2014) but their 

developmental path remains unknown.  
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In sum, a new FOP disease model was established with optimized conditions to 

investigate ALK2 signaling responses in FOP endothelium (Figure 4.2A), which will be 

discussed in more detail in the following paragraphs. 

 
 
Figure 4.2 Generation of a new FOP endothelial model. (A) Depiction of the dynamic vasculature changes in 
the multi-stage process of HO. Usage of iPSCs to model FOP endothelium with iECs for the investigation of 
ActivinA signaling. Modified from (Hildebrandt et al., Stem Cell Rev Rep, in press 2020). 

4.3 FOP iECs gain aberrant SMAD responses 
ALK2 and ALK1 where the only BMP/TGF  type I receptors showing upregulated 

expression during EC differentiation.  

This indicates an important functional role for ALK2 in the endothelium, which has been 

highlighted in recent studies from the Knaus lab and others in context of endothelial 

survival, permeability, sprouting angiogenesis, vascular branching and monocyte 

recruitment (Benn et al., 2017; Benn et al., 2016; Lee et al., 2017; Medici et al., 2010; 

Mitrofan et al., 2017; Wang et al., 2005; Yao et al., 2008). However, its function remains 

less understood compared to the well-studied ALK1 receptor in the endothelium.  

BMP6, the ALK2 signaling ligand showed by far the highest expression among the 

BMP ligands and ActivinA was the only expressed candidate among the Activin ligand 

class. Both ligands became highly upregulated upon endothelial differentiation of 

iPSCs. This suggests that the WT and FOP endothelium produce ActivinA and BMP6 

already in steady state independent of external triggers. 
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However, whether the ligand expression results in synthesis of active ligands, which 

bind to respective receptors on cell surfaces in HO lesion remains unknown. Ligand 

interaction with pro-domains, ECM components or antagonists may interfere with 

ligand activity (Sengle et al., 2011, 2008) (see chapters 1.7.1 and 1.7.4). In contrast to 

pro-TGFβ1, which requires an ECM and integrin-driven mechanical activation to 

achieve full signaling activity (Shi et al., 2011), pro-ActivinA or pro-BMP9 have equal 

signaling activity compared to the mature ligand forms (Mi et al., 2015; X. Wang et al., 

2016). However, the prodomain of ActivinA facilitates binding to heparan 

proteoglycans of the ECM, which is suggested to regulate ActivinA localization and 

thereby accessibility within tissues (Li et al., 2010). The exact localization of ActivinA 

in lesioned tissue in FOP remains unknown. But very recently, it was identified that 

ActivinA was upregulated in a fibroblast population of lesioned tissue upon trauma in 

FOP mice (Hwang et al., 2020). Fibroblasts proliferate in early pre-osseous HO lesions 

accompanied by neovascularization (Shore and Kaplan, 2010), which highlights the 

importance to study ActivinA on FOP endothelium (Figure 4.2B). 

Interestingly, in a mouse model of non-genetic HO the expression of several ligands 

was enriched (BMP2, BMP4, TGFβ1, Activin) in distinct cell types (Hwang et al., 2020). 

To model signaling responses of active ligands, which represent possible local triggers 

in lesioned tissues of episodic HO in FOP, iECs were treated with recombinant ligands, 

including BMP2, BMP6, TGFβ and ActivinA. 

 FOP iECs gain ActivinA/SMAD1/5 responses 
Investigation of ActivinA signaling in the here generated FOP endothelial model 

revealed that only FOP iECs gained ActivinA/SMAD1/5 signaling (Figure 4.2B) 

(Hildebrandt et al., Stem Cell Rev Rep, in press 2020). 

In 2015, Activins were discovered to aberrantly activate SMAD1/5 responses in ALK2-

R206H expressing cells (Hatsell et al., 2015; Hino et al., 2015), which was confirmed 

for all FOP causing mutations in overexpression studies (Haupt et al., 2018). However, 

the tissue and cell types which gain ActivinA/SMAD1/5 responsiveness endogenously 

remains poorly understood. The blocking of ActivinA in FOP mice prevents HO, 

indicating a central role of this ligand in ectopic bone formation (Hatsell et al., 2015; 

Lees-Shepard et al., 2018; Upadhyay et al., 2017). Thus, FOP iECs recapitulate an 

important pathogenic mechanism of FOP, which suggests that ECs represent a 

disease relevant cell type involved in ectopic bone formation (Figure 4.2A). 
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This is supported by a recent study showing ActivinA/SMAD1/5 signaling in primary 

endothelial progenitor cells (ECFCs) isolated from peripheral blood of FOP patients 

(Sánchez-Duffhues et al., 2019c). This indicates, that the here established FOP iECs 

resemble primary FOP ECs characteristics, providing a valuable, readily available 

source. The iECs presented here differ from a previous iPSC study, which showed no 

ActivinA/SMAD1/5 signaling in FOP iECs (Barruet et al., 2016), suggesting that those 

iECs may not contribute to ActivinA dependent processes in FOP pathogenesis.  

 ActivinA/SMAD1/5 signaling is mediated by ALK2 
The underlying mechanism of ActivinA/SMAD1/5 signaling is not fully understood. 

Here, kinase inhibitor experiments in FOP iECs suggest ALK2 dependency and 

independency of ALK4/ALK5/ALK7 (Hildebrandt et al., Stem Cell Rev Rep, in press 

2020), which is in line with ALK2 and ALK4 knockdown studies in FOP iMSCs (Hino et 

al., 2015). Interestingly, besides high efficient binding of ActivinA to endogenous ALK2 

and ALK4, early crosslinking studies demonstrated ActivinA binding in lower 

efficiencies to the type I receptors ALK1, ALK5 and ALK6 when overexpressed with 

type II receptors (ten Dijke et al., 1994a). This suggests that ActivinA may also engage 

those type I receptors when sufficiently expressed in human tissues, such as ALK1 in 

the endothelium. The here applied kinase inhibitors K02288 and Saracatinib were 

more sensitive to ALK2 signaling at the used concentrations but additional targeting of 

ALK1 cannot be excluded. Thus, potential contribution of ALK1 in endothelial 

ActivinA/SMAD1/5 could be further clarified by knockdown experiments in the future. 

Knockdown experiments targeting type II receptors in FOP iMSCs revealed that 

ActivinA/SMAD1/5 signaling could only be abrogated when both, ACVR2A and BMPR2 

were targeted, suggesting an involvement of both receptors in aberrant ActivinA 

signaling (Hino et al., 2015). This is supported by earlier work, which demonstrated 

that type II receptor cooperation (ACVR2A, BMPR2) is essential for ALK2-mutant 

signaling and even independent of type II receptor kinase activity (Bagarova et al., 

2013). This suggests that the scaffolding with type II receptors is crucial and may be 

sufficient to form a functional signaling complex with ALK2-mutant receptors. 

Interestingly, knock down of ACVR2B did not reduce ActivinA/SMAD1/5 signaling in 

FOP iMSCs (Hino et al., 2015). Generally ActivinA has no preference in forming a 

complex with ACVR2A over ACVR2B (Goebel et al., 2019a), which is supported by 

similar binding affinities of ActivinA to ACVR2A and ACVR2B (Aykul and Martinez-

Hackert, 2016; Hino et al., 2015). This indicates that mutant ALK2 may preferentially 
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form a complex with ACVR2A. However, knowledge about the interactions of ALK2-

WT and ALK2-mutant with ACVR2A/B or BMPR2 are lacking. 

Thus, it remains to be shown whether ALK2-R206H facilitates distinct complex 

formation with ACVR2A, ACVR2B or BMPR2 compared to ALK2-WT in presence of 

ActivinA. Ongoing Patch- Fluorescence recovery after photobleaching (FRAP) 

experiments distinguish between transient and stable receptor interaction on cellular 

membranes and will shed light on ALK2 complex formation with respective type II 

receptors and the effect of ActivinA (Ongoing cooperation with Prof. Yoav Henis and 

Szófia Szilágyi, Tel Aviv University, Israel). The important role for type II receptors in 

ActivinA/SMAD1/5 signaling is further supported by their requirement to facilitate 

ActivinA binding to ALK2.  

 Binding to ActivinA is a general property of ALK2 
In fact, binding of ALK2 to ActivinA in complex with ACVR2A/B was already described 

when ALK2 was initially identified as an Activin type I receptor (Attisano et al., 1993; 

Tsuchida et al., 1993). About 30 years ago ALK2 was relabeled as a BMP type I 

receptor due to its inability to activate SMAD2/3 and this is likely the reason why the 

cellular consequences of ALK2 binding to ActivinA have remained largely unexplored 

until today. Recently, Activins have been recognized as competing ligands for ALK2 

binding, which antagonize BMP6, BMP7 and BMP9 (Aykul et al., 2020; Hatsell et al., 

2015; Martinez-Hackert et al., 2020; Olsen et al., 2015). Receptor binding competition 

represents an additional mechanism to fine tune complex signaling responses 

(Martinez-Hackert et al., 2020). In FOP, ALK2-WT-ActivinA complexes dampen the 

ActivinA triggered HO response as demonstrated by ALK2-WT removal in FOP mice, 

which exaggerated the amount of HO (Lees-Shepard et al., 2018). Therefore, it is 

suggested that ActivinA utilizes not only ALK4 as its type I receptor for SMAD2/3 

signaling but also engages ALK2 to form non-signaling complexes (NSCs) (Aykul et 

al., 2020). This is supported by the here analyzed transcriptome of ActivinA treated 

WT iECs, which only included a few SMAD2/3 target genes and was not associated to 

endothelial related functions upon gene ontology analysis (Figure 3.20 and Figure 

3.22). Here, it was demonstrated that FOP iECs express ALK2-WT and mutant ALK2-

R206H transcripts, suggesting that ActivinA forms also NSCs with ALK2-WT in FOP 

iECs. Targeted deletion of the WT allele in FOP iECs e.g. by CRISPR/Cas9 could be 

used to proof that ALK2-WT-ActivinA complexes dampen ActivinA/SMAD1/5 signaling 

in FOP iECs. Conclusively, binding of ActivinA in complex with type II receptors is a 
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general property of ALK2 and is independent of the intracellular FOP causing 

mutations in ALK2.  

Consequently, it has been proposed that the neofunction of mutant ALK2 in FOP to 

transduce ActivinA/SMAD1/5 signaling compared to ALK2-WT is not caused by newly 

acquired binding to ActivinA (Hatsell et al., 2015). 

Very recently structural modeling predictions pinpointed the ALK2 binding to ActivinA 

to the finger two tip loop (F2TL) (amino acids 406-409) of ActivinA (Aykul et al., 

2020). Moreover, the structures of ALK4 and ALK5 suggest a four amino acid 

extension in the β4-β5 loop, which mediates specificity for the Activin ligand class 

through interaction with the ligand fingertip, which is not observed in structures of 

ALK1, ALK3 or ALK6 (Gipson et al., 2020; Goebel et al., 2019a). Thus, fingertip 

interactions via β4-β5 loop define receptor specificity and discriminate BMP and Activin 

type I receptors. Further attempts to crystalize the ALK2 extracellular structure could 

prove that ALK2 also possesses an extension in the β4-β5 loop. 

For the investigation of ALK2 binding to ActivinA Aykul et al. designed ActivinA muteins 

of the F2TL region, which were able to engage ALK4 for complex formation but not 

ALK2. Interestingly, those ActivinA muteins were still capable to activate SMAD1/5 

signaling in ALK2-R206H expressing cells (Aykul et al., 2020), suggesting that 

ActivinA/SMAD1/5 signaling is either (1) independent on ActivinA binding to ALK2-

R206H or (2) is dependent on binding of ALK2-R206H to ActivinA but at sites different 

from the F2TL compared to ALK2-WT. Crosslinking experiments revealed that the 

binding affinity of ActivinA to ALK2-R206H in presence of type II receptors was slightly 

enhanced compared to ALK2-WT (Hino et al., 2015) (Figure 4.3B, orange label 2). This 

rather suggests that ALK2-R206H binds ActivinA at different critical contact points 

(Figure 4.3,orange label 1). Moreover, experiments with ALK2 truncation mutants 

lacking the ligand binding domain (LBD) demonstrated that ActivinA/SMAD1/5 

signaling of ALK2-R206H requires the LBD as for the ALK2 signaling ligands BMP6 

and BMP7 (Hildebrand et al., 2017b). Future studies with ALK2-R206H LBD mutants 

and truncations may shed light on critical extracellular interaction sites. Since ALK2 

WT and ALK2-R206H consist of the same LBD the different binding properties to 

ActivinA could be mediated by a different geometrical orientation of ALK2-R206H when 

forming a complex with (specific) type II receptors (Figure 4.3B, orange label 4). In 

sum, ALK2 binds BMP and Activin ligands and thus should be categorized as a dual 
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receptor, namely BMP/Activin type I receptor. Whether binding of Activin is changed 

for FOP ALK2 mutants is an interesting question for future research. 

Especially the observed ligand flexibility of ActivinA, which resulted in the crystallization 

of multiple conformations (Greenwald et al., 2004; Thompson et al., 2003) suggests 

an additional functional model to modify receptor binding specificity of Activins 

compared to BMPs. 

 
Figure 4.3 The FOP point mutation causes aberrant signaling responses. Proposed model of Activin, BMP 
and TGFβ responses in WT and FOP cells based on knowledge from the literature and new insight from the 
present study. (A) WT-cells: In absence of ligand FKBP12 keeps type I receptor kinases in an inactive state e.g 
as displayed for ALK2. FKBP12 becomes dissociated upon ligand receptor complex formation. ALK2 can form a 
SMAD1/5 signaling complex with BMP6 and a non-signaling complex with ActivinA and respective type II 
receptors (ACVR2A/B, BMPR2 in grey). In addition, ActivinA can form a SMAD2/3 signaling complex with ALK4. 
Based on competitive binding of ActivinA to ALK4 or ALK2 and shared type II receptors with BMP6, 
ActivinA/SMAD2/3 signaling is suggested to be weaker compared to TGFβ/SMAD2/3 signaling involving ALK5 
and TGFBR2. (B) FOP cells containing ALK2-WT and ALK2-R206H: Compared to ALK2-WT, ALK2-R206H 
breaks critical inhibitory interactions, which destabilize the inactive conformation of the ALK2 kinase (orange 
label 3) and facilitates reduced binding to FKBP12 resulting in ligand-independent hypersensitive signaling 
(orange label 2). ALK2-WT can form ligand receptor complexes as described in B. ALK2 binds ActivinA and it 
is suggested that ALK2-R206H may bind ActivinA differently (orange label 1), which might be facilitated by a 
different receptor orientation (orange label 4). In addition, ALK2-R206H favors the formation of 
ActivinA/SMAD1/5 signaling complexes. It is unknown if potential co-factors mediating ALK2-WT 
ActivinA/SMAD1/5 signaling are also involved in ActivinA-ALK2-R206H complexes. ALK2-R206H transduces 
BMP6 signals stronger (hypersensitive signaling). At high BMP6 concentrations (dashed arrow) ALK2-R206H 
cells may also transduce SMAD2/3 responses. As suggested for WT cells (see B) is TGFβ/SMAD2/3 signaling 
stronger compared to ActivinA/SMAD2/3 signaling. 
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 Inhibition of FKBP12 is not sufficient to convert ALK2 into an 
ActivinA/SMAD1/5 signaling receptor 

The FOP mutations localize around the GS domain and the ATP pocket of the kinase 

domain, which have been predicted to break critical inhibitory interactions, which 

destabilize the inactive state of the ALK2 kinase (Figure 4.3B, orange label 3) (Botello-

Smith et al., 2017; Chaikuad et al., 2012; Groppe et al., 2007). Biochemical studies 

confirmed reduced binding of the inhibitory FK506 binding protein 12 (FKBP12) to 

ALK2 leading to hypersensitive signaling (Figure 4.3B, orange label 2) (Chaikuad et 

al., 2012; Fukuda et al., 2009; Shen et al., 2009; Song et al., 2010; van Dinther et al., 

2010).  

Here, treatment with the FKBP12 inhibitor FK506 increased basal pSMAD1/5 levels 

and ID1 expression only in FOP iECs, but not in WT iECs and thereby confirms ALK2-

R206H hypersensitivity without ligand addition (Figure 3.17A). Another study 

confirmed that the hypersensitivity of all FOP causing ALK2 mutants is indeed ligand-

independent by using LBD deletion constructs (Haupt et al., 2018). Ligand stimulation 

and subsequent phosphorylation of the type I receptor GS domain by type II receptors 

releases FKBP12 and activates type I receptor kinases (Wang et al., 1996, 1994) as 

also demonstrated for mutant ALK2 and FKBP12 (Machiya et al., 2018). In line with 

this, inhibition of FKBP12 by FK506 treatment did not significantly increase SMAD1/5 

signaling after BMP6 and ActivinA ligand treatment in FOP iECs, likely because the 

ligand concentration was already high enough to completely release FKBP12. 

However, at lower ligand doses FK506 may further increase signaling responses in 

iECs. This is in line with an early study demonstrating that FK506 increased signaling 

only at low doses of TGFβ whereas high doses had no effect (Wang et al., 1996). 

Interestingly, a minor ActivinA/SMAD1/5 downstream response was observed in 

FK506 pretreatment WT iECs suggesting that the conversion of an inactive ALK2-

ActivinA complex to an active signaling complex could be mediated by FKBP12. 

This confirms an earlier study using the same FK506 concentration (Hino et al., 2015) 

but is contradictory to another study (Hatsell et al., 2015), which is likely due to the 

usage of lower FK506 concentrations. However, the ActivinA response in FK506 

pretreated WT iECs was not nearly as strong as in FOP iECs and was not significantly 

confirmed upstream on phosphorylated SMAD1/5 protein levels.  
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Moreover, knock-down of FKBP12 in WT iECs did not enable ActivinA/SMAD1/5 

responses. It is likely that the minor Activin/SMAD1/5 response in FK506 treated WT 

iECs resulted from the inhibition of another FK506 binding protein. 

Interestingly, FKBP12 has a close homolog, named FKBP12.6 with 83% sequence 

identity (Tong and Jiang, 2015), which was crystalized in complex with ALK2 (PDB ID: 

4C02) and thus also interacts with ALK2. Therefore, in addition to FKBP12 a 

knockdown of FKBP12.6 WT iECs should be performed in future studies. 

Collectively, the minor effects of FKBP12 inhibition on ActivinA responses and recent 

findings that FKBP12 overexpression did not rescue aberrant signaling of mutant ALK2 

(Machiya et al., 2018) suggest that additional or other co-factor(s) contribute to 

ActivinA/SMAD1/5 signaling.  

 ActivinA/SMAD1/5 signaling is not limited to FOP 
That additional factors than FKBP12 contribute to ActivinA/SMAD1/5 signaling is 

further supported by the unexpected observation that WT iECs gained 

ActvinA/SMAD1/5 signaling to the same extent as FOP iECs in full medium and under 

fluid shear stress (FSS) after 24 hours (Figure 3.33). The activation of SMAD1/5 

signaling by ActivinA was already visible in static full medium condition and to a higher 

extend under FSS (Figure 3.33). The expression of FKBP12 or ALK2 did not change 

under this condition and suggests that other, so far unknown co-factors are modified 

which mediate ActivinA/SMAD1/5 signaling in WT iECs. However, mechanical forces, 

such as FSS modulate not only transcription but in fact integrate on several levels of 

the TGFβ/BMP pathway in ECs, such as receptors, SMADs but also cytoskeletal and  

chromatin re-organization (reviewed in Hiepen et al., 2020). For example in venous 

ECs it was demonstrated that FSS enhanced association of ALK1 and Endoglin, which 

increased BMP9-ALK1 signaling (Baeyens et al., 2016). Thus, it is tempting to 

speculate that FSS may modulate ActivinA receptor complex formation in comparison 

to static conditions.  

In sum, the observation that WT iECs also gain ActivinA/SMAD1/5 signaling 

emphasize that ActivinA/SMAD1/5 responses are not limited to FOP. However, based 

on the observations that under starvation conditions only FOP iECs showed 

ActivinA/SMAD1/5 signaling, it can be concluded that FOP iECs are susceptible for 

ActivinA/SMAD1/5 responses in conditions not permissive for WT iECs. 

Increasing evidence suggests that under certain cellular context, Activins induce 

SMAD1/5 signaling also in ALK2 WT cells such as myeloma cells (Olsen et al., 2018), 
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hepatocytes (Besson-Fournier et al., 2012; Canali et al., 2016) and in iMEFs under 

ectopic ALK2-WT expression (Haupt et al., 2018) (Figure 4.3A).  

It is not known whether ActivinA transduces SMAD1/5 responses via the same 

signaling mechanism in WT and FOP iECs. Current evidence suggest mechanistic 

similarities of ActivinA/SMAD1/5 signaling in ALK2 WT and FOP cells, demonstrating 

that the signaling complex requires ALK2 and is independent of ALK4, ALK5, ALK7 

expression and kinase activity (Canali et al., 2016; Hino et al., 2015; Olsen et al., 2020). 

The requirement of certain type II receptors is less clear. Upon Knockdown of BMPR2 

ActivinA/SMAD1/5 responses were reduced in FOP iMSCs and potentiated in 

myeloma cells and hepatocytes (Canali et al., 2016; Olsen et al., 2018). 

In line with the observations in myeloma cells is the proposed role of BMPR2 as a 

gatekeeper, which protected the endothelial hybrid cell line EAHy926 from a gain in 

ActivinA/SMAD1/5 responsiveness (Hiepen et al., 2019). This study of the Knaus lab 

from Hiepen, Jatzlau, Hildebrandt et al., showed that the gain of ActivinA/SMAD1/5 

signaling in BMPR2 deficient EAHy926 was also dependent on ALK1/ALK2 and 

independent of ALK4, ALK5 and ALK7 (unpublished), thereby confirming the above-

mentioned result here and from others. Further understanding of the underlying 

mechanism how ALK2-WT iECs gain ActivinA/SMAD1/5 signaling may also shed light 

on the mechanistic action of ActivinA in FOP.  

The Holien group recently proposed a general dual specificity mechanism for 
Activins via Activin-SMAD2/3 and BMP-SMAD1/5 type I receptors (Olsen et al., 2020). 

However, the context dependent factors, which mediate ActivinA non-signaling 

complexes into active SMAD1/5 signaling complexes remain elusive. Moreover, the 

physiological and pathophysiology role of aberrant Activin/SMAD1/5 mechanisms 

remain incompletely understood and should be addresses in future research. In FOP, 

ActivinA/SMAD1/5 signaling has been defined as the main pathogenic mechanism 

driving ectopic bone formation. 

In ALK2-WT hepatocytes ActivinB/SMAD1/5 signaling is suggested to have a 

physiological role in hepicidin induction during inflammation, which causes reduction 

of iron blood levels and is associated with anemia (Canali et al., 2016). 

In context of myeloma, ActivinA and Activin B induced ALK2-WT-mediated SMAD1/5 

responses are associated with myeloma cell death (Olsen et al., 2018).  
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Future Activin studies should always analyze both SMAD2/3 and SMAD1/5 

downstream responses to underpin the concept of dual Activin signaling and to 

increase the knowledge about aberrant Activin/SMAD1/5 signaling,  

 ActivinA and TGFβ transduce SMAD1/5 differently  

Interestingly, TGFβ a ligand of the same family, also transduces SMAD1/5 responses 

by a mechanism termed lateral signaling (see chapter 1.11). TGFβ/SMAD1/5 

signaling is transduced by complexes comprised of TGFBR2, ALK5 and the BMP type 

I receptor ALK1/2 in ECs and ALK2/3 in epithelial cells (Byfield and Roberts, 2004; 

Daly et al., 2008; Goumans et al., 2003, 2002; Hiepen et al., 2019; Ramachandran et 

al., 2018). In contrast to ActivinA/SMAD1/5 signaling all TGFβ/SMAD1/5 responses 

were shown to be dependent on ALK5, suggesting two distinct mechanisms. 

 Potential secondary factors in endothelial ActivinA/SMAD1/5 signaling  
The observation that ActivinA/SMAD1/5 signaling in FOP iECs also occurs under 

certain cellular context in WT iECs suggests that secondary factor(s) independent of 

the ALK2-R206H mutation mediate the aberrant ActivinA mechanism.  

It is tempting to speculate that a co-receptor becomes upregulated, which modulates 

ligand-receptor sensitivity and the formation of an active ALK2-ActivinA signaling 

complex. ActivinA binding was reported for the co-receptors Endoglin (Barbara et al., 

1999) and Cripto1 (Gray et al., 2003) in presence of type II receptors. FSS dependent 

enhancement of ALK1 signaling via Endoglin in ECs (Baeyens et al., 2016) suggest 

that Endoglin may also contribute to ActivinA/SMAD1/5 signaling under FSS in WT 

iECs. Moreover, co-receptor binding to ActivinA could potentially convert non-signaling 

ActivinA-ALK2 complexes for activation by displacement of FKBP12 from the ALK2 GS 

domain, which destabilizes the inactive receptor kinase.  

The co-receptors BAMBI and Betaglycan modulate Activin signaling via indirect 

mechanisms independent of direct ligand binding. Betaglycan binds with high affinities 

to Inhibins and enhances binding to Activin type II receptors and thereby antagonize 

ActivinA signaling (Lewis et al., 2000). 

BAMBI is suggested to modulate Activin, BMP and TGFβ signaling through interaction 

with type I and type II receptors (Nickel et al., 2018; Onichtchouk et al., 1999). 

Interestingly, BAMBI interacts with all type I receptors except for ALK2 and inhibited 

the downstream signaling of constitutive active (ca) type I receptors (Onichtchouk et 

al., 1999). Moreover, to a lower extent BAMBI also inhibited the signaling of (ca)ALK2, 
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indicating a gain in interaction of BAMBI with caALK2 compared to ALK2-WT 

(Onichtchouk et al., 1999). It is tempting to speculate that caALK2 or other gain of 

function ALK2 mutants related to FOP may gain interactions with Bambi compared to 

ALK2-WT. Thus, in addition to ACVR2A (Onichtchouk et al., 1999) BAMBI may also 

interact with mutant ALK2, which should be addressed in future studies including the 

consequences for ActivinA induced SMAD responses in presence or absence of 

BAMBI.  

The dynamic transcriptional regulation of BAMBI further highlights this co-receptor as 

an interesting candidate to modulate (ActivinA) signaling responses in space and time. 

BMP7 and hypoxia were shown to upregulate BAMBI expression (Higashihori et al., 

2008; Raykhel et al., 2018) whereas FGF1 and FGF2 (Higashihori et al., 2008; Luo et 

al., 2012) were shown to downregulate BAMBI. Early human FOP lesions are hypoxic, 

which is thought to promote HO (Wang et al., 2016). BMP and FGF signaling control 

chondrocyte proliferation and hypertrophic differentiation (Minina et al., 2002; Yoon et 

al., 2006), which are essential processes in endochondral ossification (see 

chapter 1.3) during HO in FOP. FGF2 is also a growth factor for endothelial function 

(Yang et al., 2015) and a main component in the full medium condition of the observed 

ActivinA/SMAD1/5 signaling in WT iECs. Moreover, synergism and antagonism 

between FGF and the TGFβ family has been reported on different levels of the 

signaling cascade (Derynck and Budi, 2019; Schliermann and Nickel, 2018).  

In sum, the transcriptional regulation of co-receptors and their role in 

ActivinA/SMAD1/5 signaling should be analyzed further in WT and FOP iECs. 

 FOP iECs foster aberrant BMP/SMAD responses  
Hypersensitive SMAD1/5 signaling in response to BMP ligands (Chaikuad et al., 2012; 

Fukuda et al., 2009; Haupt et al., 2018; Shen et al., 2009; Song et al., 2010; van Dinther 

et al., 2010) was discovered much earlier than aberrant ActivinA/SMAD1/5 signaling 

in FOP (Hatsell et al., 2015; Hino et al., 2015). 

In line with the concept of hypersensitive BMP signaling in FOP, BMP6 showed a trend 

towards increased SMAD1/5 signaling in FOP iECs compared to WT iECs (Figure 3.11). 

On ID1/ID2/ID3 target gene transcription the trend of increased BMP6/SMAD1/5 

signaling was not observed (Figure 3.11). Chromatin Immunoprecipitation Sequencing 

(ChIP-Seq) defined IDs as high affinity BMP target genes, based on a higher number 

of SMAD1/5 binding element (SBE/GC-SBE) motifs with shorter relative distance 

(Morikawa et al., 2011). Thus, ID genes are not an optimal sensor for small changes 
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in SMAD signaling strength. In comparison SMAD6, which was described as a low 

affinity SMAD1/5 target gene (Morikawa et al., 2011), requires high levels of 

phosphorylated SMAD1/5 and is therefore a better indicator of aberrant SMAD1/5 

signaling in FOP. Indeed, SMAD6 was significantly higher upregulated in FOP 

compared to WT iECs after BMP6 stimulation. Thus, FOP iECs recapitulate 

hypersensitive BMP signaling on pSMAD1/5 levels and selected BMP target gene 

transcription. 

 

FOP iECs gain BMP2/SMAD1/5 signaling 
BMP2 did not induce SMAD1/5 signaling in iECs. This finding is supported by low 

expression levels of the BMP2 high affinity type I receptors ALK6 and ALK3. While 

there was no detectable expression of ALK6, some ALK3 expression was measurable 

in iECs but likely in insufficient amounts to foster BMP2/SMAD1/5 signaling. This data 

is in line with a recent study, demonstrating that  BMP2/SMAD1/5 signaling is vascular 

bed specific and dependent on high expression levels of ALK3 and ALK6 (Benn et al., 

2017). Recently, it was demonstrated that ALK3 mediated SMAD1/5 signaling 

regulated venous identity during zebrafish and murine development (Neal et al., 2019) 

Compared to its type I receptors (ALK3, ALK6), BMP2 has low affinity to type II 

receptors (Heinecke et al., 2009). Consequently, BMP2 did not bind BMPR2 

homodimers in cross-linking experiments when ALK3, ALK6 were not co-expressed 

(Gilboa et al., 2000). However, at high ligand concentrations (20 nM), BMP2 binds 

weakly to BMPR2 (Gilboa et al., 2000). Interestingly, very high BMP2 concentrations 

(30 nM) induced phosphorylation of SMAD1/5 only in FOP iECs (Figure 3.12) 

suggesting a BMP2 signaling complex involving ALK2-R206H. Compared to ALK3 and 

ALK6, BMPR2 is highly expressed in iECs. Thus, increased interaction of ALK2-R206H 

with BMPR2 or with the much lower expressed ALK3 is likely the underlying reason 

why a functional BMP2/SMAD1/5 signaling complex only forms in FOP iECs. 
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FOP iECs gain BMP6/SMAD2 signaling  
In addition to BMP6/SMAD1/5 signaling, high concentrations of BMP6 also activated 

SMAD2 signaling in FOP iECs. The usage of selective kinase inhibitors (SB434142, 

Saracatinib) indicated that BMP6 activated SMAD2 via heteromeric receptor complex 

formation comprising of ALK2 and ALK5 or ALK4. It was reported that ALK5 interacts 

with ALK2-R206H and with ALK2-WT upon BMP4 stimulation in HUVECs (Medici et 

al., 2010). This suggests that BMP6/SMAD2 signaling in FOP iECs and the minor trend 

in WT iECs is mediated via ALK2 and ALK5. The Type II receptor composition of those 

heteromeric receptor complexes remains unknown. BMP2 induced SMAD2 signaling 

was suggested to be mediated via heteromeric complex formation comprised of 

TGFBR2/ALK5 and ALK3 in epithelial cells (Holtzhausen et al., 2014).  

 

BMP9/SMAD2 signaling is a general mechanism in the endothelium 
BMP9 induced SMAD1/5 signaling very potently in iECs. In addition, higher 

concentrations of BMP9 (1.0 nM) also activated SMAD2 signaling in iECs. 

BMP9/SMAD2 signaling has been observed in other WT ECs such as Human 

Pulmonary Artery Endothelial Cells (HPAECs), HUAECs and HUVEC derived 

EA.hy926 (Hiepen et al., 2019; Jatzlau Jerome, 2019; Park et al., 2012). Moreover, 

BMP9/SMAD2 responses are not limited to the endothelium and were also reported in 

in chondrocytes (van Caam et al., 2015) and fibroblasts (Muñoz-Félix et al., 2016) 

suggesting a general signaling mechanism of BMP9. 

Knockdown and receptor kinase inhibitor experiments suggest that ALK1 is essential 

for BMP9/SMAD2 signaling in ECs (Jatzlau Jerome, 2019; Upton et al., 2009). Whether 

ALK5 is part of the BMP9/SMAD2 signaling complex remains unclear. 

ALK5 Knockdown experiments by Upton et al. suggested that BMP9/SMAD2 

responses are independent of ALK5. In contrast, another study suggested ALK5 

contribution to BMP9/SMAD2 signaling based on kinase inhibitor (SB-431542) 

experiments in HUAECs (Jatzlau Jerome, 2019). However, the kinase inhibitor SB-

431542 also targets the Activin type I receptors. Thus, BMP9/SMAD2 signaling may 

also be transduced via ALK4. This assumption is supported by the observation that a 

Knockdown of the Activin type II receptor ACVR2 reduced BMP9/SMAD2 

phosphorylation to a greater extent compared to a BMPR2 knockdown (Upton et al., 

2009). In fact, BMP9 has equal high affinity to ACVR2B as ALK1 (Townson et al., 

2012).  
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In sum, based on current evidence I suggest that BMP9/SMAD2 signaling is likely 

mediated by a complex consisting of ALK1, ALK4 and Activin type II receptors 

(ACVR2A/B).  

For experimental validation of this assumption, studies with targeted receptor deletion 

as well as complementary experiments should be performed. Moreover, the functional 

consequences of BMP induced SMAD2 signaling in ECs remain unclear. 

 Understudied signaling diversity of the TGFβ superfamily 
Traditionally, the analysis of cellular SMAD1/5 versus SMAD2/3 responses has been 

determined by the specificity of the used ligands to certain type I receptors (BMP type 

I receptors for SMAD1/5/8; Activin and TGFβ type I receptors for SMAD2/3 (see 

chapter 1.7.6). However, increasing evidence suggests that TGFβ family ligands may 

also signal via heteromeric receptor complexes in a context dependent manner.  

These signaling modes are referred to as lateral signaling for TGFβ (Goumans et al., 

2003, 2002) or as dual specificity for Activins (Olsen et al., 2020). The context may 

underly receptor expression levels, ligand availability, affinity and/or co-factors.  

This study and others suggest that ALK2 is an important component of those signaling 

complexes, which transduces Activin/SMAD1/5 responses (Alessi Wolken et al., 2018; 

Olsen et al., 2020) (see chapter 3.3), TGFβ/SMAD1/5 (Daly et al., 2008; Hiepen et al., 

2019; Ramachandran et al., 2018) and BMP/SMAD2/3 (Medici et al., 2010) signaling 

(see chapter 3.3). Especially in respect to ActivinA this study and others suggest that 

underlying co-factors mediate Activin/SMAD1/5 signaling, which are still unknown 

(Olsen et al., 2020). The here collectively termed aberrant SMAD responses were 

shown to involve heteromeric receptor complex formation, which was favored by 

mutant ALK2 but under certain context also observed for WT ALK2. 

Thus, aberrant SMAD signaling responses are not limited to FOP and may represent 

a general mechanism to fine tune complex signaling responses in diverse tissue and 

physiological context. By heteromeric receptor complex formation the diversity of 

signaling responses from over 30 ligands to a limited number of receptors becomes 

expanded. This suggests that the activation of both SMAD branches by ligands is not 
aberrant but rather rare. Therefore, I propose to generalize the term dual specificity 

for Activin ligands (Olsen et al., 2020) to dual SMAD signaling for the entire TGFβ 

ligand family. 
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Many studies of the past may not have detected dual SMAD signaling responses 

because likely they simply didn’t analyze both SMAD branches. 

Future investigations are necessary to clarify the underlying molecular mechanism(s) 

of dual SMAD signaling responses by the TGFβ super family and its role in tissue 

homeostasis and disease. 

4.4 ActivinA induces a specific FOP transcriptome in FOP iECs 
Downstream effects of ActivinA/SMAD1/5 signaling in human tissue remain poorly 

understood. This study provides first insight of whole genome responses to ActivinA in 

ECs and revealed a FOP specific transcriptome in FOP iECs consisting of highly 

enriched genes associated with blood vessel formation, EndMT and activation of BMP 

and NOTCH pathways (Hildebrandt et al., Stem Cell Rev Rep, in press 2020).  

 ActivinA transduces a BMP like response in FOP iECs 
ActivinA upregulates classical BMP/SMAD1/5 target genes only in FOP iECs, such as 

ID1, ID2, ID3, SMAD6, SMAD7 and Noggin, which could be prevented by ALK2 kinase 

inhibition using Saracatinib (Figure 4.5). The inhibitory SMADs 6 and 7 are negative 

feedback regulators which inhibit for example the C-terminal phosphorylation of 

Receptor (R-) SMADs by BMP as well as Activin and TGF type I receptors (see 

chapter 1.7.6). 
In contrast, Noggin is a negative feedback regulator that antagonizes certain BMPs but 

not ActivinA or TGFβ (Gipson et al., 2020). ActivinA antagonists like Follistatin and 

Follistatin like proteins were not upregulated after 2 hours of ActivinA stimulation. 

Follistatin is a direct target gene of ActivinA (Blount et al., 2009) but likely the SMAD2/3 

signaling duration and/or intensity was not sufficient to induced Follistatin in these 

experimental conditions. This suggests that iECs don’t activate an early negative 

feedback mechanism of soluble antagonists, which block the receptor binding of 

ActivinA. FOP iECs rather stimulate an ActivinA feed forward mechanism by blocking 

BMPs with Noggin, which represent ALK2 binding competitors for ActivinA (Martinez-

Hackert et al., 2020). However, it is not excluded that Follistatin becomes upregulated 

at later time points, which should be analyzed in iECs. 

Here, independent experiments confirmed that ActivinA upregulates the same genes 

as BMP6 in FOP iECs, indicating that ALK2-R206H lacks ligand specificity by 

transducing a BMP-like response. This is in line with analyzed ActivinA responses in 
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FOP mesenchymal stem cells (MCSs) using predefined gene expression profiling by 

a microarray (Hino et al., 2015).  

Collectively, the first whole transcriptome analysis presented here (Hildebrandt et al., 

Stem Cell Rev Rep, in press 2020) and the microarray by Hino and colleagues (Hino 

et al., 2015) represent the first studies, which independently analyzed global 

downstream signaling responses in human FOP patient derived cells.  

 ALK2 inhibits canonical Activin/SMAD2/3 signaling 
ActivinA also induced SMAD2/3 signaling via ALK4 in FOP iEC similar to WT iECs 

(Figure 3.10 and Figure 3.15), which was also observed in previous mentioned MSCs 

(Hino et al., 2015). But in contrast to SMAD1/5, SMAD2/3 signaling activated only a 

few target genes, which were not among the high fold change gene clusters (Figure 

3.21C,D). This is in line with principle component analysis (PCA) data of ActivinA 

treated control MSCs by Hino et al., which was close to the untreated controls (Hino et 

al., 2015). Thus, both gene expression analysis independently support the current 

model that WT-ALK2 forms a non-signaling complex with ActivinA while binding of 

ActivinA to ALK2-R206H results in an active receptor complex promoting SMAD1/5 

signaling (Aykul et al., 2020; Hino et al., 2015) (Hildebrandt et al., Stem Cell Rev Rep, 

in press 2020). This proposes that ALK4 competes with WT and mutant ALK2 for 

complex formation with ActivinA and type II receptors (ACVR2A/B, BMPR2) and may 

explain why canonical ActivinA-ALK4-SMAD2/3 signaling responses are so weak. 

In contrast, the TGFβ induced transcriptome was shown to depend to 75% on 

canonical SMAD2/3 signaling and only a quarter accounted for lateral TGFβ/SMAD1/5 

responses (Ramachandran et al., 2018). This supports previous assumption (see 

chapter 4.3.6) that ActivinA and TGFβ activate SMAD1/5 via distinct mechanisms. 

Compared to ActivinA, TGFβ has limited promiscuity and forms complexes only with 

ALK5 and TGFBR2 and does not compete with BMPs for other type I or type II 

receptors (Aykul and Martinez-Hackert, 2016; Olsen et al., 2015).  

Consequently, I propose that based on receptor availability TGFβ results generally in 

higher SMAD2/3 signaling intensities compared to ActivinA (Figure 4.4). 

This hypothesis ties well with two independent studies, where 10-100 fold smaller 

TGFβ concentrations induced higher levels of phosphorylated SMAD2 and 

downstream responses compared to ActivinA in WT MSCs (Hino et al., 2015; Kroon et 

al., 2017) and FOP MSCs (Hino et al., 2015). 
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In sum, ActivinA induced BMP target genes via ALK2-R206H-SMAD1/5 only in FOP 

iECs. In contrast, canonical ActivinA signaling only induced minor target genes via 

ALK4-SMAD2/3 in WT and FOP iECs, which is possibly based on competitive binding 

of ALK4 and ALK2 to ActivinA. Moreover, I propose that ActivinA-ALK2 complexes 
generally reduce Activin/SMAD2/3 signaling and thereby discriminate canonical 

Activin signaling from canonical TGFβ signaling (Figure 4.4).  

 

Figure 4.4 ALK2 inhibits canonical Activin/SMAD2/3 signaling. Proposed model for the role of ALK2 in 
canonical Activin/SMAD2/3 signaling in comparison to TGFβ/signaling. Activin forms complexes with ALK4/7 for 
canonical SMAD2/3 signaling but also binds to ALK2 for a non-signaling or SMAD1/5 signaling complex using 
the same type II receptors as ALK4 (ACVR2A/B, BMPR2). Thus, it is proposed that ALK4 competes with ALK2 
for complex formation with Activin and type II receptors (ACVR2A/B, BMPR2), which limits the Activin/SMAD2/3 
response. In contrast to Activin, TGFβ has limited promiscuity and forms complexes only with ALK5 and TGFBR2 
and does not compete with BMPs for other type I or type II receptors. This proposes that Activin-ALK2 complexes 
generally reduce Activin/SMAD2/3 signaling and thereby discriminate canonical Activin signaling from canonical 
TGFβ signaling. 

 ActivinA activates BMP and NOTCH and thereby modifies tip and stalk 
cell competence of FOP iECs  

In addition to BMP target genes, ActivinA also upregulated classical NOTCH target 

genes (e.g. JAG1, NRARP, HEY2, HEYL), which were regulated by BMP6 in the same 

manner (Hildebrandt et al., Stem Cell Rev Rep, in press 2020) suggesting a synergism 

between SMAD1/5 and NOTCH signaling. 

Indeed, BMP signaling synergizes and antagonizes with the NOTCH pathway on 

different levels to control tip and stalk cell identity in angiogenesis (Beets et al., 2013; 

Larrivée et al., 2012; Mouillesseaux et al., 2016; Moya et al., 2012). 

BMP induced SMAD1/5 signaling synergizes with activated NOTCH to induce stalk cell 

genes, such as the transcriptional repressors HEY1 and HEY2, which downregulate 
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VEGFR2 expression and thereby repress VEGF signaling and tip cell competence 

(Larrivée et al., 2012; Moya et al., 2012). Several NOTCH target genes, including 

LFNG, JAG1, HEY2, were confirmed as SMAD1/5 targets by ChIPSeq (Morikawa et 

al., 2011). BMP and NOTCH regulate selected target genes even cooporately via 

complex formation of pSMAD1/5 and the NOTCH downstream effector NICD (NOTCH 

Intracellular Domain) (Itoh et al., 2004), which is suggested to be required in stalk cells 

for robust target gene expression of both pathways (Moya et al., 2012).  

The involvement of SMAD1/5 signaling in promoting stalk cell identity and repressing 

tip cell identity was recently shown to be mediated by ALK2 in HUVECs (Benn et al., 

2017). This is in line with the stalk cell gene induction (JAG1, HEY2, HEYL) and 

repression of the tip cell genes (DLL4 and KDR) by ActivinA in FOP iECs, which was 

prevented upon ALK2 kinase inhibition with Saracatinib (Figure 4.5). 

Thus, ActivinA aberrantly induced ALK2 dependent SMAD1/5 signaling, thereby 

promoting stalk cell competence and concomitantly repressing tip cell competence. 

A very recent study demonstrated in a delicate computational model of early stage 

angiogenesis that increasing JAG1 resulted in pathological vasculature with thinner 

and more abundant vessels (Vega et al., 2020). This vascular phenotype is in line with 

the described vasculature in early pre-osseous HO lesion (Cocks et al., 2017) and 

suggests that upregulated JAG1 in FOP ECs by ActivinA is involved in the underlying 

mechanism. 

Collectively, these results propose that Activin/SMAD1/5 signaling cooperates with 

the NOTCH pathway to modify tip and stalk cell competence in the FOP 
endothelium and represents the first report interlinking ActivinA with NOTCH in 

context of FOP.  

Interestingly, EC-specific disruption of NOTCH signaling in mice impaired postnatal 

growth of a specific bone vessel type and thereby reduced osteogenesis postnatally 

(Ramasamy et al., 2014), suggesting that ActivinA could promote coupled 

angiogenesis and osteogenesis in FOP lesions via NOTCH activation. Moreover, 

active NOTCH signaling was shown to be required for BMP9-induced ectopic bone 
formation from MSCs (Cui et al., 2019). The aberrant activation of NOTCH signaling 

in FOP endothelium may be further promoted by a feed-forward mechanism because 

endothelial promoter activity of ActivinA is directly induced via binding of the NOTCH 

downstream mediator RBPJ (Chang et al., 2011) (Figure 4.6). 
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Figure 4.5 ActivinA transduces a BMP-like response only in FOP iECs. ActivinA induces phosphorylation of 
SMAD1/5 and SMAD2/3 in FOP iECs whereas in WT iECs only SMAD2/3 is phosphorylated. This leads to 
induction of specific FOP transcriptional profile consisting of target genes related to blood vessel formation and 
pathways of BMP and NOTCH exemplarily upregulated genes are shown in the nucleus. ALK2 kinase inhibition 
by Saracatinib prevented ActivinA/SMAD1/5 signaling in FOP iECs. It is suggested that ActivinA primes FOP 
iECs differently compared to WT iECs, which may result in functional changes and impact the outcome of 
secondary triggers. 

 

4.5 The ActivinA induced transcriptome primes FOP iECs for 
angiogenesis and EndMT  

Collectively, stalk cell identity and pathway activation of BMP and NOTCH in ActivinA 

treated FOP iECs suggest that ActivinA may aberrantly trigger new blood vessel 

formation via sprouting angiogenesis in FOP. This was supported by gene ontology 

analysis, which associated blood vessel formation and vascular development only with 

the ActivinA induced transcriptome of FOP iECs (Hildebrandt et al., Stem Cell Rev 

Rep, in press 2020).  

In fact, vascularization precedes bone formation and is also coupled to ossification in 

bone homeostasis and repair, orchestrated by pro-angiogenic factors such as VEGFA 

(Grosso et al., 2017). Endochondral ossification in bone healing and angiogenesis is 

inhibited when VEGF was blocked and enhanced in presence of exogenous VEGFA 

(Street et al., 2002). Heterotopic bone is formed by endochondral ossification and a 

recent study demonstrated that loss of mesenchymal VEGFA also reduced trauma 

induced HO (Hwang et al., 2019). This highlights the interlink of angiogenesis and 
osteogenesis in HO, which is also evident by the high vascularity of human HO 

lesions prior ossification (Cocks et al., 2017; Kaplan et al., 1993). However, the role of 

BMP signaling in this context remains poorly understood. 
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 FOP iECs lack the anti-angiogenic effect of ActivinA 
Here, gene ontology analysis identified blood vessel formation and vascular 

development only in the ActivinA induced transcriptome of FOP iECs suggesting 

involvement of the activated SMAD1/5 branch.  

Indeed, SMAD1/5 signaling is essential for the developing vasculature and 

phosphorylated SMAD1/5 levels are ubiquitously detected in vascular cells (Moya et 

al., 2012). However, SMAD1/5 transcriptional activity is dynamic during blood vessel 

formation, such as ID1 expression, which was only observed transiently in early stalk 

cells and absent in tip cells (Moya et al., 2012). Notably, a dynamic model in blood 

vessel development suggests that pSMAD1/5 activates distinct target genes in single 

ECs thereby pre-patterning the endothelium for tip/stalk cell mediated sprouting (Moya 

et al., 2012). 

Thus, I propose that ActivinA acts as a 1st trigger that induces a FOP specific 

transcriptome via ALK2/SMAD1/5 signaling, which pre-patterns the FOP endothelium, 

affecting tip/stalk cell shuffling leading to pathological angiogenesis in presence of 

VEGFA (2nd trigger) in early HO lesions (Figure 4.6).  

This hypothesis is supported by an 3D sprouting angiogenesis experiment in vitro, 

which revealed that ActivinA modulates endothelial sprouting differently in FOP iECs 

compared to WT iECs. ActivinA alone had no effect but reduced VEGFA induced 

sprout outgrowth only in WT iECs, suggesting that ActivinA normally has an inhibitory 

function on new blood vessel formation which is not active for the FOP endothelium. 

This is in line with the literature, which reported ActivinA mostly anti-angiogenic and as 

an inhibitor of EC growth (Breit et al., 2000; Kaneda et al., 2011; Maeshima et al., 2011; 

McCarthy and Bicknell, 1993).  

Thus, the ActivinA induced transcriptome may indeed prime the FOP endothelium pro-

angiogenic instead of antagonizing the second trigger hit by VEGFA. 

This is further supported by the destabilizing effect on endothelial barrier integrity after 

long term ActivinA treatment. In presence of VEGFA, ActivinA slightly counteracted the 

destabilizing effect of VEGFA on the endothelial barrier in WT iECs but not in FOP 

iECs. Endothelial barrier disruption is essential for angiogenesis and represents an 

early characteristic stage in the multi-step process (Adair and Montani, 2010; Gerhardt, 

2008; Ribatti and Crivellato, 2012).   

Interestingly, deregulated BMP signaling due to mutations in ALK1 and Endoglin 

results in the vascular pathology hereditary hemorrhagic telangiectasia (HHT), which 
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predisposes the formation of malformed, immature leaky vessels (Roman and Hinck, 

2017). The variable age of onset and severity of HHT also suggest a 2nd hit model, in 

which aberrant ALK1 signaling primes the endothelium and 2nd triggers eventually 

initiate pathological angiogenesis and/or remodeling resulting in leaky vessels. 

Moreover, the association of the ActivinA binding co-receptor Endoglin to vessel 

wall hemostasis and HHT (Park et al., 2009; Rossi et al., 2018; Salles-Crawley et al., 

2014) suggest a potential involvement of Endoglin in the destabilizing effects of 

ActivinA on the endothelial barrier. 

 Implications for ActivinA in the FOP specific vascular phenotype of HO 
lesions 

Interestingly, the increased vessel number, are and size in FOP lesions was not 

observed in non-hereditary HO lesions, distinguishing both pathologies (Ware et al., 

2019). That genetic versus non-hereditary HO underlie separate mechanisms is also 

supported by recent evidence that ActivinA does not induce post-traumatic HO in WT 

mice (Hwang et al., 2020). Interestingly, the study revealed that ActivinA was 

upregulated in both FOP and non-hereditary pre-osseous HO lesions but originated 

from different cell types. In FOP lesions ActivinA was only upregulated in 
fibroblasts (Hwang et al., 2020), which are crucial in normal wound healing 

(Bainbridge, 2013) and are present in early pre-osseous FOP lesions accompanied by 

neovascularization. In fact, the angiogenic fibroproliferative stage transitions normal 

wound healing to endochondral bone formation in FOP (Shore and Kaplan, 2010).  

This highlights the relevance to investigate ActivinA effects on FOP vasculature further. 

The here generated iECs could be used to model human vascularized, 
fibroproliferative lesions in future co-culture experiments with fibroblasts. Via indirect 

co-culture experiments using trans-well inserts secreted factors could be analyzed. 

Moreover, a 3D co-culture sprouting angiogenesis assay (Shah et al., 2019) using 

fibroblasts and ECs could be performed to firstly model angiogenic fibroproliferation in 

FOP lesions. 

Collectively, fibroblasts as the origin of ActivinA in HO expands the above-mentioned 

hypothesis in time and space.  

Thus, ActivinA may derive from invading fibroblasts in early pre-osseous FOP lesions 

and thereby trigger pathological angiogenesis in HO.  
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Moreover, the here demonstrated FOP specific ActivinA effects on iEC ALK2 
signaling may contribute to the underlying molecular mechanism of the aberrant 
vascular phenotype in human FOP lesions, which is not observed in non-genetic 

HO (Figure 4.6).  

The role of ActivinA in non-hereditary HO lesions upon poly-trauma remains unknown. 

Recent evidence demonstrated ActivinA as a negative regulator of muscle mass 

(Latres et al., 2017). ActivinA inhibition with a specific antibody increased muscle mass 

in mice, suggesting ActivinA as a modulator in muscle growth and regeneration (Latres 

et al., 2017).  

Nevertheless, antibodies that neutralized ALK2 and interestingly also ALK3 reduced 

also non-hereditary HO (Hwang et al., 2020) highlighting the crucial role of ALK2 and 

BMP signaling in both HO forms, which likely become activated by different triggers 

in both pathologies.  

 Implications for EndMT 
EndMT is characterized by the expression of several transcription factors (e.g. SNAIL, 

SLUG, ZEB, TWIST), which trigger ECs to disintegrate from the endothelial barrier to 

become migratory mesenchymal cells by downregulation of endothelial and junctional 

markers (Ma et al., 2020). The ActivinA induced FOP transcriptome was associated 

with ventricular septum development involving EndMT (Kovacic et al., 2012) and 

classical EndMT transcriptional markers (e.g. SNAI1, MSX2) were identified. 

Moreover, the FOP specific upregulation of the NOTCH ligand JAG1 in iECs was 

shown to induce EndMT in microvascular ECs (Noseda et al., 2004). Moreover, strong 

JAG1 expression in endocardial cushions suggested even the requirement of JAG1 in 

developmental EndMT (Luxán Guillermo et al., 2016; Noseda et al., 2004). 

However, ActivinA did not reduce the expression of genes encoding cell-junction 

proteins (VE-Cadherin (CDH5), PECAM1) in FOP iECs, suggesting that ActivinA only 

induces partial-EndMT and requires 2nd  trigger(s).  
Interestingly, primary ECFCs from FOP patients were demonstrated to undergo 

EndMT only in presence of the inflammatory trigger TNFα (Sánchez-Duffhues et al., 

2019c). Generally, inflammatory cytokines have been suggested to corporately induce 

EndMT with TGFβ family members (Sánchez-Duffhues et al., 2019a). 
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Compared to TGFβ, TNFα alone even repressed more efficiently the expression of 

CDH5 and PECAM1 in human aortic ECs (Sánchez-Duffhues et al., 2019a). 

Thus, similar as for angiogenesis, ActivinA may prime FOP iEC for enhanced TNFα 

induced EndMT (Figure 4.6). 

In sum, ActivinA induced SMAD1/5 signaling only in FOP iECs resulting in a FOP 

transcriptome which activates BMP and NOTCH pathways and is associated with 

angiogenesis and EndMT.  

ActivinA induced only partial EndMT and alterations in angiogenesis were only 

observed in presence of VEGFA, which suggests a second hit model for 

pathological endothelial function in FOP (Figure 4.6). 

Here, VEGFA and inflammatory triggers such as TNFα are suggested to induce 

pathological angiogenesis and EndMT respectively as 2nd hit triggers (Figure 4.6). 

That EndMT may occur in human FOP lesion is supported by co-expression of the 

endothelial marker vWF and osteochondrogenic markers in patient biopsies (Medici et 

al., 2010). However, based on different Cre and HO mouse models the role of ECs in 

ectopic bone formation remain controversial (Lees-Shepard and Goldhamer, 2018) 

and requires more investigations. 
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Figure 4.6 Model of early endothelial ActivinA signaling and its consequences on Endothelial Cell 
function in the angiogenic and fibroproliferative stage of FOP lesions. 
Initial inflammation in skeletal muscle tissue in FOP lesions is followed by a fibroproliferative angiogenic 
transition stage, and subsequent endochondral bone formation. Fibroblasts in FOP lesions upregulate ActivinA 
(Hwang et al., 2020) suggesting that fibroblast derived ActivinA induces aberrant SMAD1/5 signaling in FOP ECs 
resulting in a FOP specific transcriptome interlinking ActivinA with BMP/NOTCH pathways, blood vessel 
formation and EndMT. Moreover, the activation of only the BMP binding antagonist (Noggin) in the transcriptome 
suggests a feed forward mechanism for ActivinA signaling by removing BMPs as ALK2 binding competitors. 
BMP6 stimulation upregulated the same genes as ActivinA, indicating that ActivinA transduces a BMP like 
response and that BMP6 can also function as a 1st trigger. Importantly, FOP iECs expressed BMP6 and ActivinA 
suggesting autocrine signaling. Since ActivinA induced only partial EndMT and alterations in angiogenesis were 
only observed in presence of VEGFA a second hit model for pathological endothelial function in FOP is 
suggested:  
I propose that the ActivinA induced FOP specific transcriptome (1st trigger) pre-patterns the FOP endothelium 
and thereby challenges endothelial identity and plasticity, which leads to pathological angiogenesis and 
EndMT in presence of 2nd triggers.  
Drug treatment of FOP endothelial disease model with the kinase inhibitor Saracatinib prevented aberrant 
signaling responses and rescued the ActivinA-induced transcriptome in FOP iECs to WT levels, suggesting a 
preventive effect on aberrant vascularization in early HO lesions in FOP 
The role of ECs in ectopic bone formation remains controversial (Lees-Shepard and Goldhamer, 2018). But co-
expression of the endothelial marker vWF and osteochondrogenic markers in patient biopsies suggest that 
EndMT may occur in human FOP lesions (Medici et al., 2010). 
Fibro/adipogenic progenitors (FAPs) in the muscle interstitium represent a major progenitor cell type in ectopic 
bone formation in FOP (Lees-Shepard et al., 2018). FAPs closely associate with blood vessels in skeletal muscle 
(see Figure 1.9) (Uezumi et al., 2010). However, a potential crosstalk between FAPs and the vasculature 
remains unexplored.  
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4.6 Implications for a crosstalk between ALK2 and VEGF 
signaling 

Interestingly, the VEGFA induced sprouting outgrowth is reduced in FOP iECs, which 

could be partially rescued by targeting ALK2. This indicates, an ALK2 dependent 

crosstalk with VEGFA signaling and suggests impaired angiogenesis capacity of FOP 

iECs representing an interesting topic for future work.  

Whether this potential crosstalk occurs upstream on the receptor level or by ALK2 

induced target genes remains unknown. ALK2 mediated crosstalk with VEGFA should 

be further validated by complementary analysis of up and downstream targets from 

both signaling pathways in a time resolved manner. Crosstalk of VEGF and BMP 

signaling on the transcriptional level has been observed previously.  

Haploinsufficient Alk1 mice (HHT model) have reduced Vegfr1 levels, which is 

suggested to cause the hypersprouting phenotype in retinal angiogenesis (Thalgott 

Jérémy H. et al., 2018). Moreover, Vegfa levels were elevated in Alk1 deficient mice 

(Shao et al., 2009). This is in line with increased VEGFA plasma levels in HHT patients 

with mutations in either Endoglin or ALK1 (Sadick et al., 2005b, 2005a). 

Mechanistic analysis suggest that VEGFA expression is enhanced via 

TGFβ/ALK5/SMAD2 signaling and reduced by BMP9/ALK1/SMAD1 in aortic ECs 

(Shao et al., 2009). Thus, aberrations in SMAD responses modulate VEGFA 

expression. In general, most adult tissues express low levels of VEGFA and it becomes 
upregulated in pathological conditions such as inflammation, wound healing, bone 

repair and tumor formation (Nagy et al., 2007). A classical inducer of VEGFA 

expression in pathological angiogenesis is hypoxia via the hypoxia-inducible factor 

(HIF) (Nagy et al., 2007). 

Upregulated VEGF in bone formation and regeneration has a dual role by promoting 

new blood vessel formation but also stimulating osteogenesis and thereby couples 

angiogenesis and osteogenesis (Grosso et al., 2017). As mentioned previously 

VEGFA is required for proper bone repair and regeneration (Hu and Olsen, 2016) and 

ectopic bone formation (Hwang et al., 2019). VEGFA is expressed by ECs but also by 

osteogenic cells and in particular maturating osteoblasts are thought to be the main 

source of VEGFA in bone formation (Hu and Olsen, 2016). Recently, MSCs were 

identified as the main source of VEGFA in ectopic bone formation (Hwang et al., 2019). 

Moreover, it was suggested that VEGFA promotes (ectopic) bone formation 

synergistically with BMP2 (Kempen et al., 2009; Wang et al., 2018) but whether this is 
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mediated by direct  signaling crosstalk remains unknown and should be addressed in 

future studies.  

VEGFA expression levels were not modified in FOP iEC after 2 hours ActivinA 

treatment. Interestingly, it was reported that FOP monocytes show highly increased 

VEGFA secretion upon inflammatory triggers compared to controls (Barruet et al., 

2018), suggesting that ALK2 signaling modifies VEGFA expression context-

dependently. 

In sum, current evidence suggests a SMAD dependent crosstalk of BMP and VEGF 

signaling on the transcriptional level, which should be investigated further. 

Monocytic VEGFA upregulation suggests recruitment of ECs by monocytes in FOP 

lesions, which may mediate the transmission from inflammation to angiogenesis and 

fibroproliferation (Figure 4.2A). 

4.7 Endothelial barrier disruption initiates angiogenesis, 
Inflammation and EndMT – possible implications for FOP 

The endothelium forms a dynamic semi-permeable barrier between the blood and the 

tissue. In homeostasis basal permeability enables exchange by diffusion of small 

molecules (< 40 kDa) and gases but prevents extravasation of larger molecules and 

cells (Claesson-Welsh, 2015; Egawa et al., 2013). During inflammation, edema, wound 

healing or diseases vascular permeability dramatically increases, mediated by acute 

(short-term) or chronic (long-term) exposure to permeabilizing factors, particularly 

VEGF, which enables the influx of larger molecules and cells (Nagy et al., 2008). 

Moreover, the dissolution of cell-cell contacts facilitate the loosening and migration of 

selected cells of the endothelial barrier and thus is essential for the initiation of new 

blood vessel formation in angiogenesis, wound healing (Tonnesen et al., 2000) and 

also for EndMT (Sánchez-Duffhues et al., 2018). 

The multi-stage process of HO in FOP is characterized by several above mentioned 

tissue responses such as inflammation, edema formation, angiogenesis (Shore and 

Kaplan, 2010) and also suggested to involve EndMT (Medici et al., 2010; Sánchez-

Duffhues et al., 2019c). Thus, any aberration in FOP endothelial barrier function may 

help to unreveal the underlying mechanisms of several stages in HO.  

Here, long-term BMP6 treatment triggered destabilization of WT and FOP iEC 

monolayers in an ALK2 dependent manner and a trend was also observed for ActivinA 
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in FOP iECs (Figure 3.29). This is in line with a recent study of BMP6 induced 

permeability in venous ECs via ALK2 (Benn et al., 2016). 

However, ActivinA and BMP6 induced permeability of iEC monolayers was 

independent of direct activation of SRC and VE-Cadherin, which is in contrast to the 

previous mentioned study (Benn et al., 2016). The complex underlying mechanisms 

destabilizing endothelial barriers are diverse, involving junctional rearrangements 

cytoskeletal dynamics and also vary between vascular bed specificities (Claesson-

Welsh, 2015; Goddard and Iruela-Arispe, 2013). Moreover, the short and long-term 

induced permeability by VEGFA in WT and FOP iECs with a short recovery even 

suggest two distinct underlying mechanisms, which was observed previously in 

microvascular ECs (Gao et al., 2017). The authors suggested that the early VEGFA 

induced barrier disruption was SRC dependent whereas the long term effect was 

mediated by AKT (Gao et al., 2017). AKT1 kinase is essential for vascular function and 

Akt1 deficient mice have enhanced angiogenic responses with impaired blood vessel 

maturation and increased vascular permeability (Chen et al., 2005). 

Importantly, long-term TGFβ induced barrier disruption was suggested to be mediated 

via inhibition of AKT phosphorylation (Ser 473) (Chen et al., 2005). This is in line with 

the analysis of iEC barriers: ActivinA long term treatment also resulted in reduced 

phosphorylated AKT levels in FOP iECs, which was confirmed for BMP6 in WT and 

FOP iECs. The kinetic pattern of pAKT levels were in line with the reduction of the 

measured resistance of FOP iEC monolayers, suggesting an involvement of AKT in 

endothelial barrier integrity. Thus, ActivinA inhibition of AKT activity could be 

associated with increased angiogenesis in pre-osseous FOP lesions. 

Even though most mechanisms in the regulation of endothelial barriers are non-

transcriptional and show direct effects on kinases and junctional proteins, long term 

effects on barrier disruption as shown here suggest that transcriptional targets are 

involved, which is supported by several reports (Clark et al., 2015; Goddard and Iruela-

Arispe, 2013). Highly upregulated TCIM and downregulated ADM were identified as 

potential endothelial barrier modulators in the ActivinA induced FOP transcriptome and 

were confirmed to depend on ALK2 (see Figure 3.31). Both hits were associated with 

endothelial permeability previously (Hippenstiel et al., 2002; Kim et al., 2009) and 

should be analyzed by rescue experiments in FOP iEC barrier function further. 

Interestingly, overexpression of TCIM was shown to induce edema formation in 

zebrafish and to increase endothelial inflammatory mediators, monocyte adhesion and 
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permeability in human arterial ECs (Kim et al., 2009). In contrast, the peptide hormone 

ADM stabilizes endothelial barriers. ADM reduced endothelial hyperpermeability in 

HUVECs dose dependently and blocked edema formation in rabbit lungs (Hippenstiel 

et al., 2002). Thus, it is tempting to speculate that TCIM and ADM could contribute to 

permeability in edema formation in FOP lesions. 

4.8 Saracatinib rescues aberrant signaling responses in FOP 
iECs 

 Saracatinib is an efficient ALK2 inhibitor and prevents aberrant 
signaling responses in FOP iECs 

The ALK2-dependent over-activation of SMAD1/5 signaling is thought to trigger HO in 

FOP. Thus, activation of SMAD1/5 responses in iECs by ActivinA recapitulate an 

important pathogenic molecular mechanism in FOP (Hatsell et al., 2015; Hino et al., 

2015). Drug testing approaches have focused on phenotypes related to HO or directly 

on ALK2 function as reviewed in (Wentworth et al., 2019). Based on the early read out 

of aberrant ActivinA signaling in the iEC disease model, the mechanistic action of the 

investigational drug candidate Saracatinib was analyzed, which directly targets the 

ALK2 kinase (Kitoh, 2020).  

Saracatinib, initially discovered as a tyrosine kinase inhibitor and developed for the 

treatment of cancer (Hennequin et al., 2006) was later extended as an inhibitor for 

BMP type I receptors (Lewis and Prywes, 2013) and HO (Hino et al., 2018; Wentworth 

et al., 2019; Yu et al., 2016). From 2007 until today 33 clinical trials have been 

completed with Saracatinib (clinicaltrials.gov). Saracatinib has been reported to be well 

tolerated by patients (Baird et al., 2020) but due to insufficient efficacy in several 

therapeutic applications in clinical trials, Saracatinib hasn’t received any drug approval 

for any indication up to date. As a repurposed drug a first phase II clinical trial was 

recently initated to assess the efficacy of Saracatinib in HO prevention in FOP patients, 

named STOPFOP (NCT04307953).  

Very recently, the related comprehensive pre-clinical study describing Saracatinib as 

a candidate for ALK2 inhibition to prevent HO in FOP has been published on a preprint 

server (Williams et al., 2020). The authors demonstrate the identification of Saracatinib 

in a library screen of clinically tested small molecules and solved the crystal structure 

of Saracatinib in complex with ALK2 kinase showing that Saracatinib interacts with the 

ATP-binding pocket (Williams et al., 2020). 
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However, the effect of Saracatinib on FOP ECs has not been reported yet. In the 

present study Saracatinib efficiently inhibited aberrant ALK2 signaling in both FOP 

donors in response to ActivinA on phosphorylated SMAD levels and downstream target 

gene transcription (Hildebrandt et al., Stem Cell Rev Rep, in press 2020). Moreover, 

Saracatinib prevented aberrant BMP6/SMAD2 responses and rescued ActivinA 

induced reduction of phosphorylated AKT. BMP6 signaling responses were inhibited 

by Saracatinib in both WT and FOP iECs (Hildebrandt et al., Stem Cell Rev Rep, in 

press 2020) (Figure 3.25). This is in line with recent data from the above mentioned 

preprint demonstrating Saracatinib induced inhibition of BMP6/SMAD1/5 responses in 

WT and FOP cells and inhibition of ActivinA/SMAD1/5 responses in FOP cells 

(Williams et al., 2020). Thus, Saracatinib is an ALK2 inhibitor and prevents ALK2 

activation independent of the ligand.  

Interestingly, a recent study developed macrocyclic compounds (OD36, OD52), which 

were even more effective to block ActivinA/SMAD1/5 responses compared to BMP6 

(Sánchez-Duffhues et al., 2019c). Thus, remaining BMP6 responses could be 

mediated by ALK2-WT since the macrocyclic compounds showed enhanced activity 

for mutant ALK2-R206H (Sánchez-Duffhues et al., 2019c).  

Interestingly, the macrocyclic compounds also blocked BMP9 signaling more efficiently 

compared to BMP6 (Sánchez-Duffhues et al., 2019c). Here, higher concentrated 

Saracatinib (>0.5 µM) also inhibited BMP9 induced SMAD1/5 and SMAD2 signaling. 

This indicates off-target effects to ALK1 at high doses, which is in line with in vitro 

kinase assays with Saracatinib (Lewis and Prywes, 2013) and the macrocyclic 

compounds (Sánchez-Duffhues et al., 2019c). However, increasing evidence suggest 

that ALK2 also binds BMP9 and mediates signaling (Olsen et al., 2018, 2015; Salmon 

et al., 2020).  

At concentrations of 0.5 µM or higher, Saracatinib also slightly reduced pSMAD2 levels 

upon BMP9 and ActivinA treatment, which is in line with reported reduced CAGA 

reporter activity by another study using 0.1 µM (Hino et al., 2018). This indicates minor 

concentration dependent ALK4 and ALK5 off target by Saracatinib.  

In the iEC model Saracatinib inhibited ActivinA/SMAD1/5 signaling in both FOP 

donors, whereas SMAD2/3 signaling was unaffected at 0.2 µM, which was also 

confirmed on target gene transcription. This supports the clinical trial design of 

STOPFOP, treating patients with a dose of 0.1 µM Saracatinib (NCT04307953). 

Moreover, Saracatinib, originally discovered to target SRC kinases, was not affective 
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to inhibit SRC activity in iECs at low doses (up to 0.5 µM), which is in line with reported 

SRC inhibition at 5 µM (Cavalloni et al., 2012). 

Collectively, Saracatinib efficiently inhibits ALK2 signaling at minimal dose, whereas 

higher doses increase off-target effects to other kinases.  

This highlights the importance of optimal dosing aiming to achieve efficacy and low 

side effects, which remains to be shown for Saracatinib in FOP patients in near future. 

 ALK2 kinase inhibitors as potential therapeutic drugs to prevent HO in 
FOP 

Importantly, Saracatinib successfully restored the ActivinA induced FOP transcriptome 

to WT expression levels and counteracted impaired endothelial function of FOP iECs, 

suggesting a preventive effect of Saracatinib on aberrant vascularization in early HO 

lesions in FOP (Hildebrandt et al., Stem Cell Rev Rep, in press 2020). This is supported 

by an independent clinical model of biliary tract carcinoma showing that Saracatinib 

inhibited tumor angiogenesis in vivo (Cavalloni et al., 2012). But the authors used in 

latter study high doses of Saracatinib, suggesting that ALK1 and SRC were targeted 

in addition to ALK2 in this context. 

Besides target specificity, for clinical applications in humans, kinase inhibitors have to 

withstand a safety evaluation with low off target effects on essential systemic 

physiological functions. For example LDN-212854 showed increased selectivity for 

ALK2 than to ALK1 compared to Saracatinib but treatment with LDN-212854 in mice 

was associated with weight loss up to 25% relative to vehicle controls, whereas 

Saracatinib was well tolerated, as demonstrated in the patent by (Yu et al., 2016). The 

data from FOP iECs suggest that Saracatinib prevents aberrant ALK2 signaling 

responses in the vasculature of FOP patients and contributes to a better understanding 

of the specific mechanistic action of Saracatinib in human tissues. 

Thus, the here established FOP iECs represent a powerful patient model for further 

studies on disease mechanism(s) under endogenous receptor levels and for drug 

testing.  

Besides Saracatinib, the toolbox of compounds targeting the ALK2 kinase has been 

expanded through discovery of BLU-782 (IPN60130), BCX9250, KER-047 (IFOPA, 

n.d.), including the previous mentioned macrocyclic inhibitors (Sánchez-Duffhues et 

al., 2019c). Thus, iECs could be also applied for drug comparison and to investigate 

patient specific differences. In fact, disease progression is very heterogenous 

among FOP patients and the underlying causes remain unknown. Moreover, most pre-
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clinical evaluation of compound activity was performed in models with the most 

common ALK2 mutation R206H, excluding the other FOP causing mutations.  

This highlights the potential iPSC derived human disease models for personalized 
medicine approaches for patient specific compound screening platforms and pre-

clinical testings. Although there is no effective treatment for FOP approved today, 

within the time frame of this project the clinical trials in FOP excitingly increased from 

1 to 8. The majority includes 5 clinical trials with small molecule kinase inhibitors from 

which Saracatinib as a repurposed drug will be the first kinase inhibitor tested in a 

phase II trial in FOP patients (Figure 4.7). The efficacy and safety of those drugs 

remains to be shown in near future and optimally a range of treatment strategies will 

become available to ensure the best treatment strategies for individual FOP patients. 

Besides prevention of ectopic bone formation, it will be interesting to determine if these 

treatment options are also beneficial to reduce or prevent the degenerative joint 

disease (see chapter 1.6.1) (Kaplan et al., 2020) which is associated with the life-

threatening thoratic insufficiency in FOP patients (Kaplan et al., 2010; Towler et al., 

2020). 
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Figure 4.7 Ongoing Clinical Trials in FOP. After promising findings in basic research and pre-clinical animal 
testing an integral part of drug development includes clinical trial research in humans. Currently, no drug has 
been approved for FOP but 8 investigational drugs are in clinical studies. For clinical testing a drug is first 
evaluated for dosing and safety in healthy volunteers (Phase 1). In a proof of concept study efficacy and 
continued safety assessment is performed in the patient target group, optimally in a randomized controlled trial 
format (Phase 2). In a confirmatory study efficacy and safety is analyzed in a more heterogenous and often larger 
patient target group (Phase 3). Authorities, such as the European Medicines Agency (EMA) in Europe or the 
Food and Drug Administration (FDA) in the US. Assess and evaluate the benefit and risk of novel drugs to decide 
on its approval. Graph was retrieved from the International FOP Association (IFOPA) 
(https://www.ifopa.org/ongoing_clinical_trials_in_fop). 
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4.9 Conclusion 
In the present study a new FOP patient derived endothelial cell model was generated 

by using iPSCs in a combinatorial cryopreservation and differentiation method. FOP 

iECs recapitulated the pathomechanism of aberrant ActivinA/SMAD1/5 signaling and 

a comprehensive transcriptome analysis identified a FOP-specific genetic profile 

interlinking ActivinA with BMP/NOTCH pathways, blood vessel formation and EndMT. 

Collectively, the results propose a model in which ActivinA primes FOP ECs in favor of 

pathological angiogenesis and EndMT in presence of angiogenic and inflammatory 

factors as 2nd triggers.  

The model is in line with FOP pathology, which is characterized by episodic flare ups 

from which 20% do not result in heterotopic bone (Eekhoff et al., 2018). This suggests 

that besides the ALK2 mutation additional triggers are involved, which represent a 

critical switch to induce bone formation or not. Those triggers likely create a pro-

osteogenic niche in the lesioned tissue, including a pro-angiogenic environment as 

observed in FOP patient biopsies, which show even increased vascularity compared 

to non-hereditary lesions prior ectopic bone formation (Cocks et al., 2017; Ware et al., 

2019). The here investigated aberrant ActivinA and BMP effects on ALK2 signaling 

and angiogenic processes of FOP ECs contribute to a better understanding of the 

underlying molecular mechanism of the differential vascular phenotype in FOP lesions. 

Drug testing in the FOP endothelial disease model showed that the kinase inhibitor 

Saracatinib rescued the ActivinA induced transcriptome to WT levels, suggesting a 

preventive effect on angiogenesis in early HO lesions in FOP.  

The tight interlink of osteogenesis and angiogenesis and the requirement of pro-

angiogenic factors in ectopic bone formation (Hwang et al., 2019) suggest further 

investigations (e.g. with the iECs model) on anti-angiogenic therapies for FOP.  

The results in this study support that ALK2 is an essential component of the 

ActivinA/SMAD1/5 signaling complex whereas ALK4 is not required. It remains to be 

shown, how ActivinA/SMAD1/5 signaling is favored by mutant ALK2 and which co-

factors enable it for WT ALK2. The results here and from others suggest that reduced 

binding of FKBP12 is not sufficient to convert the ActivinA-ALK2 into a signaling 

complex. In conclusion, this work strengthens the role of ECs as a disease relevant 

cell type in FOP, which indirectly and/or directly contributes to each stage of ectopic 

bone formation. 
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4.10 Future perspectives 

 Investigation of the ActivinA/SMAD1/5 signaling complex in WT and 
FOP iECs 

Besides ALK2, little is known about the composition of the ActivinA/SMAD1/5 signaling 

receptor complex. Type II receptors are essential for ALK2 signaling (Bagarova et al., 

2013) but which type II receptor(s) form a complex with ActivinA and ALK2 remains 

incompletely understood. It remains to be shown whether ALK2-R206H facilitates 

distinct complex formation with ACVR2A, ACVR2B or BMPR2 compared to ALK2-WT 

in presence of ActivinA. Ongoing, type II receptor knockdown experiments remain 

challenging due to lack of specific antibodies for knockdown validation. Generally, due 

to the lack of specific antibodies for most BMP and TGFβ receptors the primary cell 

model with endogenous receptor expression is limited for interaction studies and high-

resolution microscopy. Strategies and efforts to generate an endogenously ALK2-GFP 

tagged iPSC line in an Einstein Kickbox collaboration is described in the appendix (see 

chapter 5.1). Based on the limitation of endogenous systems, traditional 

overexpression construct encoding tagged receptors offer additional methods to 

unravel the composition of ligand receptor complexes. 

As mentioned in chapter 4.3.2 ongoing Patch-FRAP experiments with tagged 

receptors in overexpression will shed light on ALK2 complex formation with respective 

type II receptors and the effect of ActivinA (Ongoing cooperation with Prof. Yoav Henis 

and Szófia Szilágyi, Tel Aviv University, Israel). 

Moreover, the recently expanded tool-box of fluorescently labeled ligands in the Knaus 

group (J. Jatzlau, P. Knaus in cooperation with M. Hyvönen, University of Cambridge, 

UK and J. Broichhagen, FMP, Berlin) represent useful tools to visualize ligand binding 

on endogenous receptors but also to investigate ligand-receptor interaction by using 

fluorescently tagged receptors and co-receptors in Stimulated Emission Depletion 

(STED) microscopy. 

In addition, the unexpected discovery of ActivinA/SMAD1/5 signaling in WT iECs in full 

medium conditions suggests a context dependent switch from ActivinA-ALK2 non-

signaling to SMAD1/5 signaling complexes and offers a promising experimental model 

to explore the co-factor X, which controls this switch. 
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 Potential contribution of iECs to a future human FOP organoid 
In the previous chapters it was highlighted that ECs contribute to each stage of ectopic 

bone formation in FOP ranging from inflammation and coupled angiogenesis, 

osteogenesis. Thereby the vasculature undergoes dynamic changes, which have been 

barely modeled with human systems.  

According the mechanistic and functional investigations of the here generated FOP EC 

disease model, it is proposed that the aberrant ActivinA/SMAD1/5 signaling responses 

induce a transcriptome, which pre-patterns the FOP endothelium favoring initiation of 

pathogenic angiogenesis in early HO lesions. Potentially, this underlying molecular 

mechanism contributes to the vascular phenotype found in HO lesions of FOP patients. 

However, to functionally recapitulate the complex vascular phenotype in FOP lesions 

during HO, iECs should be integrated in more advanced 3D organoid models. Recent 

progress in skeletal muscle organoid models (Maffioletti et al., 2018) could be used to 

establish a first human FOP organoid from patient iPSCs for future studies. Maffioletti 

et al., generated artificial muscle with characteristics of human skeletal muscle tissue 

containing myofibers, satellite cells and integrated isogenic ECs and pericytes derived 

from the same iPSC donors used for myogenic differentiation, which could be 

implanted in mice (Maffioletti et al., 2018). 

It is a question for future research to investigate if a human FOP skeletal muscle 

organoid would also recapitulate the observed muscle resident progenitor cells of 

ectopic bone in FOP mice (e.g. FAPs). In fact, until now the different progenitor cell 

populations have been solely described in FOP mouse models (Dey et al., 2016; Lees-

Shepard et al., 2018; Medici et al., 2010). Human FOP organoids with human FAP 

populations would also offer a model to study the above depicted interaction of ECs 

and FAPs.  

 Potential role of the Endothelial Barrier in preventing enhanced BMP 
signaling and (trans)-differentiation  

In this study it was shown that FOP iECs have increased basal permeability compared 

to WT controls. FOP basal permeability could be further enhanced upon BMP6 and 

ActivinA stimulation. This suggests, that permeability is favored in the FOP 

endothelium. This is supported by early electron microscopy of human FOP lesions 

showing that vessels are leaky and hemorrhagic (el-Labban et al., 1995). 

Since the here observed effects in the in vitro setting were not very strong, permeability 

measurements should be validated in more physiological conditions, using full medium 
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and co-cultured mural cells, such as pericytes. Pericytes contribute to vessel stability 

and aberrant TGF/BMP signaling has been suggested to induce defective endothelial-

mural cell interaction impairing vessel stability and permeability (Thalgott et al., 2015). 

Local leakiness of FOP vasculature would enable permeability of blood plasma 

proteins (e.g BMPs, Activins), which would boost or even trigger the aberrant bone 

formation in soft tissues. This aspect is of particular interest in respect of a recent study, 

which demonstrated that circulating BMPs (e.g BMP4, BMP7) in the blood stream can 

be further cleaved N-terminally by serum proteases (thrombin, plasmin), which result 

in “Super BMPs” with 30-fold more potency (Wagner et al., 2017).  

Accordingly, it can be hypothesized that growth factor transmission from blood into the 

tissue by vascular leakage would further enhance BMP signaling in lesioned tissue in 

FOP. In a limb model, the super BMPs induced cell cycle re-entry and dedifferentiation 

of skeletal muscle (Wagner et al., 2017) suggesting that enhanced BMP signaling 

impairs cellular fate of mature tissue or in other words, cellular plasticity. 

A study of (Murgai et al., in preparation) confirmed this observation for murine 

myoblasts in vitro. Moreover, in an embryonic in vivo model of enhanced BMP signaling 

(Noggin deficient mice) the authors observed trans-differentiation capabilities of 

myogenic cells to other mesodermal lineages, including osteogenic and chondrogenic 

cells. Whether, cell cycle re-entry and dedifferentiation of skeletal muscle with trans-

differentiation capabilities also occurs in adult mammals with enhanced BMP signaling, 

for example in FOP mice, is unknown. 

It is tempting to speculate, that vascular leakage contributes to episodic excessive 

BMP signaling in FOP lesions by opening the barrier for blood derived BMPs, super 

BMPs and Activins, which hit ALK2 expressing cells and thereby induce (trans)-

differentiation in skeletal muscle. Importantly, FAPs, which are considered as the major 

progenitor cell population in HO in FOP were reported to accumulate around blood 

vessels in skeletal tissue (Uezumi et al., 2010) (see Figure 1.9 and Figure 4.6). This, 

indicates direct contact of ECs to FAPs, which facilitates short diffusion distance of 

blood derived growth factures upon vascular leakage.  
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 Mechanical cues as additional triggers in FOP 
Even though HO often becomes initiated spontaneously in FOP patients, it is also 

triggered by minor trauma. In non-hereditary forms of HO, trauma and injury represents 

a major inducer of the aberrant tissue repair process. In general, proper tissue repair 

and regeneration is not only controlled by biochemical signals but also by mechanical 

forces (Tsata and Beis, 2020). Increasing evidence suggests a crosstalk of the BMP 

signaling pathway with mechanical forces such as tension, compression, shear force 

and substrate stiffness, which has been mostly studied in the context of bone formation 

and remodeling as reviewed in (da Silva Madaleno et al., 2020). However, also the 

endothelium is exposed to multiple mechanical forces, which orchestrate with TGFβ 

and BMP to control endothelial function (Hiepen et al., 2020).  

Interestingly, two recent studies demonstrated that the FOP causing ALK2 mutation 

R206H elevated cellular mechanical signaling and altered mechanosensing as well as 

tissue stiffness in HO (Haupt et al., 2019; Stanley et al., 2019).  

The elevated tissue stiffness in murine FOP lesions (Haupt et al., 2019) suggests a 

modulation of mechanical properties during HO. The composition of extracellular 

matrix (ECM) proteins modulates tissue stiffening and becomes for example temporary 

replaced to provide instructive cues for progenitor cells in amphibian limb regeneration 

(Calve et al., 2010). Interestingly, in the above mentioned embryonic in vivo model of 

enhanced BMP signaling (Noggin deficient mice) (see chapter 4.10.3) the trans-

differentiation of myogenic cells into osteochondrogenic lineages was accompanied by 

changes in ECM proteins, such as Tenascin-C (Murgai et al., in preparation). The ECM 

components in human HO biopsies are still unknown and it would be interesting to 

analyze if for example Tenascin becomes upregulated.  

Murine FOP in vitro and in vivo models indicate that the collagen composition at the 

fibroproliferative stage is altered (Haupt et al., 2019). The fibroproliferative stage in HO 

is highly angiogenic (Shore and Kaplan, 2010) and the property of ECs to sense 

substrate stiffness in crosstalk with TGFβ/BMP signaling (Hiepen et al., 2020) suggests 

that an altered ECM composition may modulate endothelial signaling and cellular fate 

in FOP. Moreover, ECs themselves also modulate mechanical forces and ECM 

stiffness as a result of unbalanced TGFβ/BMP signaling responses, as recently 

demonstrated for BMPR2 deficient ECs (Hiepen et al., 2019). 
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Whether FOP ECs modulate and transduce mechanical stimuli differently is unknown. 

It is tempting to speculate that those cues further modulate signaling overactivation by 

BMPs and Activins and represents an interesting question for future research. 

The iEC experiments under Fluid Shear Stress (FSS), in which WT iECs also gain 

ActivinA/SMAD1/5 signaling, suggest that FSS may integrate in signaling responses 

by modulating ActivinA receptor complex formation. 

In fact, a complete understanding of the FOP lesion niche, which directs FOP 

progenitors to aberrant endochondral bone formation requires not only the mechanistic 

investigation of growth factor signaling. To the same extend the knowledge about ECM 

composition and the ultimately connected mechanical cues and their transduction in 

cellular function are of great importance. 

As stated by a recent review, `cells live in a complex world´ and only the 

comprehensive integration of the above mentioned context will reveal the actual 

signaling state and ultimately cell function in tissue context (Stricker et al., 2017). 

Consequently, the here generated versatile FOP endothelial cell model can be  

put into context by using more physiological cell culture conditions with incorporated 

mechanical and biochemical triggers in space and time in future. 
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5. Appendix 

5.1 Visualization of the endogenous BMP receptor ALK2 in 
endothelial cells using CRISPR/Cas9 and iPSC technology 
(Einstein Kickbox: iPSC-GenEd) 

The ability to generate induced pluripotent stem cells (iPSCs) from somatic cells 

provides tremendous opportunities to establish in vitro disease models. The discovery 

of the Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 

technology has improved to introduce precise changes in the genome of iPSCs. Bone 

morphogenetic protein (BMP) signal transduction requires two receptor types (type I 

and type II), which form heterotetrameric complexes. Besides receptor oligomerization 

and binding affinities of ligands, the localization of BMP receptors in distinct plasma 

membrane domains contribute to signaling specificity.  

Previous studies demonstrated the impact of lateral mobility of BMP receptors within 

distinct plasma membrane domains on their signaling specificity using single particle 

tracking microscopy (Guzman et al., 2012). The localization and lateral mobility of 

ALK2 within the plasma membrane remains unknown. 

Subcellular localization defines the access of proteins to interaction partners and 

enables the integration of proteins into functional biological domains. Up to date, 

endogenous subcellular localization and functionality of transmembrane receptors is a 

major unsolved question in the field of growth factor signaling. Due to a lack for 

functional specific antibodies, subcellular localization and functionality of BMP 

receptors are still limited to overexpression studies, which may lead to aberrant 

receptor localization and thereby restricts clinical translation of research findings. 

Interestingly, overexpression studies indicated alterations in the subcellular distribution 

of ALK2 due to the R206H mutation (Song et al., 2010b).  

As patient material of rare diseases and other primary cell models, such as endothelial 

cells (ECs), are limited due to their availability and mortality in culture, iPSC technology 

was used approach the question about the subcellular function of mutant and WT ALK2 

receptor. 

Thus, the aim was to take advantage of the genome editing technology CRISPR/Cas9 

to generate an endogenously Green Fluorescent Protein (GFP) tagged ALK2 iPSC line 
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(ALK2-meGFP iPSC) for direct receptor visualization by super-resolution microscopy. 

The N-terminal GFP tag enables the possibilities to enhance the signal with GFP 

specific nanobodies, that are suitable for super resolution microscopy. As an outlook, 

it is aimed to use the ALK2-meGFP iPSC line for the endothelial differentiation from 

iPSC as established and described in chapter 3.1. The usage of WT and FOP iPSCs 

enables to study endogenous ALK2 location and functionality in disease relevant cell 

types such as ECs for the first time. Shedding light of ALK2 subcellular localization 

accelerates the understanding of BMP receptor biology and is beneficial for the 

development of targeted treatment strategies in FOP. The pluripotency and immortality 

of the genetically engineered cell model enables the production of various cell types 

for future projects addressing ALK2 receptor functionality in regenerative mechanisms. 

ALK2-meGFP expression and localization could be potentially followed during 

differentiation from the stem cell fate to the formation of a specialized cell type. 

 CRISPR/Cas9 strategy to generate an ALK2-meGFP iPSC line 
To assess functionality of the ALK2 N-terminal GFP tagged fusion protein in terms of 

signaling capabilities (e.g. ligand binding, receptor complex formation) an 

overexpression construct according the genetic design was generated beforehand 

(Figure 5.1A). The ALK2-GFP fusion protein was designed with a flexible glycine linker 

to monomeric enhanced (me)GFP at the N-terminus (Figure 5.1B). Therefore, GFP 

insertion had to be targeted to exon 2 for GFP insertion after the signal peptide (Figure 

5.1A). In general, as a tag, monomeric enhanced GFP (EGFP) was chosen in order to 

prevent the dimerization of GFP fusion proteins. Moreover, it enables the possibilities 

to further enhance the signal with GFP specific nanobodies, that are suitable for super-

resolution microscopy and single particle tracking (Fridy et al., 2014; Platonova et al., 

2015). A N-terminal hemagglutinin (HA)-tagged human (h) WT ALK2 overexpression 

construct referred as control. Furthermore, hALK2-WT-HA was used as a cloning 

template to replace the HA tag by a meGFP tag by site directed mutagenesis including 

different linker sequences. Linkers with variable length and amino acid (AA) 

composition, distinguishing between flexible (F) and rigid (R) linkers were located 

between the ligand binding domain and the meGFP. The fusion protein hALK2-WT-

mEGFP-L1 localized at the plasma membrane as confirmed with fluorescent 

microscopy (Figure 5.1C) and had the expected size as shown in Western Blot analysis 

(Figure 5.1D).  



Appendix 

 

 196 

Signaling properties were assessed by the BMP Responsive Element (BRE) luciferase 

reporter assay, an artificial promoter construct of the BMP target gene ID1. C2C12 

cells overexpressing differently tagged ALK2 receptors were stimulated with BMP6 for 

6 hours (Figure 5.1E). Overexpression of HA-tagged ALK2 receptor and mEGFP-

tagged receptor increased the promoter activity with and without BMP6 stimulation in 

comparison to the control (ß-galactosidase overexpression). Some linker designs 

impaired BMP6 induced signaling responses, whereas the flexible (F) linker F1 

(containing three glycines) performed best for WT and FOP ALK2-mEGFP in 

comparison to HA tagged ALK2 controls (Figure 5.1E). Finally, the CRISPR donor 

repair template was constructed according the validated GFP-F1 linker design genetic 

design for functional GFP tagged ALK2. 

In sum, N-terminal GFP tagged ALK2 receptor functionality requires a flexible glycine 

linker to monomeric enhanced (me)GFP. This highlights the importance of functionality 

testing’s of tagged receptor proteins with proper linker designs.   

Targeted nucleases are powerful tools for mediating genome alteration with high 

precision. The RNA-guided Cas9 nuclease from the microbial CRISPR adaptive 

immune system can be used to facilitate efficient genome engineering in eukaryotic 

cells by simply specifying a 20-nt targeting sequence within its guide RNA (gRNA). The 

gRNA consists of the sequence specific CRISPR (cr) RNA and transactivating 

tracrRNA. The 20- -

NGG PAM, and base pairs with the opposite strand to mediate Cas9 cleavage at ~3 

bp upstream of the protospacer adjacent motif (PAM) (Ran et al., 2013). The online 

CRISPR Design Tool (http://tools.genome-engineering.org) was used to design the 

two target gRNAs in silico for human ALK2. First, gRNAs were designed to target the 

exon 2 for GFP insertion after the signal peptide of the ALK2 locus (Figure 5.1F). The 

chosen gRNAs were cloned into the commercially available CRISPR px459 V2 

(hSpCas9-2A-Puro V2.0) and additionally in the pEF1a-Cas9-GFP expression vector 

as described (Ran et al., 2013). In brief, phosphorylation and annealing was performed 

harboring a BbsI overhang. Afterwards, BbsI (#R0539S, NEB) digestion and ligation 

was performed according manufacturer’s instructions and the plasmids were validated 

by Sanger sequencing. 

The aim was to transfect the cells with the CRISPR targeting constructs, followed by 

an enrichment of Cas9+ cells by a GFP sort. As with other designer nuclease 

technologies such as Zink Finger Nucleases (ZFNs) and Transcription Activator-like 

http://tools.genome-engineering.org/


Appendix 

 

 197 

Effector Nucleases (TALENs), Cas9 facilitates targeted DNA double stranded breaks 

DSBs at specific loci of interest in the mammalian genome and stimulate genome 

editing via non-homologous end-joining (NHEJ) or homology-directed repair (HDR) 

(Ran et al., 2013). While the NHEJ pathway for DNA damage repair can lead to 

frameshift mutations in exon regions that will lead to a knockout of the target gene, 

insertions of foreign DNA fragments (Knock In) are mediated by the HDR pathway. 

Traditionally, targeted DNA modifications require the use of plasmid-based donor 

repair templates that contain homology arms flanking the site of alteration (Smithies et 

al., 1985; Thomas et al., 1986). The homology arms on each side can vary in length, 

but are typically longer than 500 base pairs (bp) (Hasty et al., 1991; Thomas et al., 

1986). This method was used to generate large modifications by insertion of a GFP. 

For the GFP Knock In approach, repair templates were designed and cloned which 

compose of 600bp homologues arms framing monomeric enhanced GFP (meGFP) 

and a flexible linker sequence, from now on referred as GFP-Repair Template/Plasmid 

1 or 2 dependent on the gRNA (Figure 5.1A). The 600 bp homology arms were 

amplified from bacterial artificial chromosome (BAC) by Phusion polymerase-based 

PCR. The homology arms were cloned via restriction cloning in a self-cleavable repair 

plasmid Tial1 (Lackner et al., 2015) resulting in a GFP tag framed by the homology 

arms which is flanked by two tial1 recognition sites, as well as a U6 promoter driving 

the expression of the tial1 gRNA. Consequently, the tag of interest will be released 

upon co-expression of Cas9 from px459 V2 and spontaneously integrated at the site 

specified by the genomic gRNA. gRNAs were validated for activity based on efficient 

DNA cleavage using in vitro cleavage of target DNA with ribonucleoprotein (RNP) 

complex. ALK2 target sequence (1250 bp) was amplified by PCR from genomic iPSC 

DNA (QuickExtract™ DNA Extraction Solution) using specific primers, which was 

incubated with the Cas9 RNP complex (recombinant Cas9 protein, gRNA, tracrRNA). 

After incubation the DNA was separated on an agarose gel and showed the 

noncleaved product (1250 bp) and the successful cleavage products of gRNA1 (659 

bp, 588 pb) and gRNA2 (641 bp, 606 bp) (Figure 5.1G). Thus, both designed gRNAs 

are functional and show DNA cleavage at the ALK2 target site in a cell free context (in 

vitro). 
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Figure 5.1 CRISPR/Cas9 strategy to generate an ALK2-meGFP iPSC line. (A) Scheme of the GFP knock-
in strategy targeting the human ALK2 (ACVR1) locus, showing the repair construct design with meGFP and a 
flexible linker sequence, framed with 600 bp homology arms (HA) on both sides with the insertion site at exon 2. 
(B) Schematic illustration of the N-terminal meGFP tagged ALK2 transmembrane protein. (C) Membrane 
localization for ALK2-F1-mEGFP was confirmed by fluorescence microscopy in C2C12 cells (D) and the 
expected protein size was shown in Western Blot analysis. (E) Functionality testing of WT/R206H ALK2-meGFP 
fusion protein comparing different linker sequences F (flexible linker); R (rigid linker)) in overexpression for 
signaling functionality using BMP Responsive Element (BRE) reporter gene assay in comparison to HA-tagged 
ALK2 in C2C12 cells. (F) Scheme depicting the mechanism of CRISPR-Cas9-induced DNA double strand breaks 
and cloning of the necessary components gRNA, Cas9 in an overexpression plasmid including a GFP gene 
(pEF1a-Cas9-GFP-gRNA1, pEF1a-Cas9-GFP-gRNA2) and the respective GFP repair templates for homology-
directed repair (G) CRISPR/Cas9 targeting strategy approach, showing two different gRNAs targeting exon 2 of 
the ALK2 gene after exon 1 coding for the signal peptide (SSP) (H) Validation of gRNA activity for efficient DNA 
cleavage using in vitro cleavage of target DNA with ribonucleoprotein (RNP) complex. Target sequence 
(1250 bp) was amplified by PCR from genomic iPSC DNA using specific primers, which was incubated with the 
Cas9 RNP complex (Cas9, gRNA, tacrRNA). Product was separated on an agarose gel and shows the 
noncleaved product (1250 bp) and the cleavage products of gRNA1 (659 bp, 588 bp) and gRNA2 (641 bp, 606 
bp). 
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 Establishment of delivery and screening method for CRISPR/Cas9 in 
iPSCs 

In order to deliver the CRISPR reagents (gRNA, GFP repair template, Cas9) into 

iPSCs, two different electroporation-based transfection methods were established 

(Figure 5.2A). 1. Cas9 ribonucleoprotein (RNP) complex, containing the gRNA 

(sequence specific CRISPR (cr) RNA and transactivating (tracr) RNA), recombinant 

Cas9 and the GFP repair plasmid (GFP coding sequence framed by 600 bp 

homologues target sequence). 2. Cas9 overexpression plasmid containing Cas9 gene 

and the gRNA and the repair plasmid (GFP coding sequence framed by 600 bp 

homologues target sequence) (Figure 5.2A). Transfection efficiency was quantified by 

Flourescence Activated Cell Sorting (FACS). To evaluate the transfection efficiency of 

the Cas9 ribonucleoprotein complex a fluorescently labeled tracrRNA was used. Upon 

transfection of the Cas9 ribonucleoprotein complex, including the labeled tracrRNA by 

electroporation the cells were thoroughly washed and analyzed by FACS. Delivery of 

CRISPR reagents using ribonucleoprotein complex by electroporation achieved 

transfection efficiencies up to 99% of the fluorescent labeled tracrRNA (Figure 5.2B), 

which indicates that the CRISPR reagents can be successfully delivered in iPSCs by 

electroporation. Delivery of labeled tracrRNA was also confirmed by fluorescence 

microscopy (Figure 5.2D). However, screening for GFP positive iPSC clones 2-4 days 

after transfection with Fluorescence High Content Screener (HCS) (Opera Phenix 

HCS) did not detect GFP positive iPSC colonies. 

Additionally, a genotyping PCR with specific primer pairs was established to detect the 

insertion of the meGFP fragment in cells (positive clones) within a cell population 

(Figure 5.2C). Genotyping PCR using the primer pairs 1,2 and 3,4, which detect 

meGFP insertion in Exon 2 of the ALK2 locus only showed a PCR product in the 

transfection condition containing the meGFP repair vector (Figure 5.2C). This indicates 

the generation of ALK2-meGFP positive clones within the cell population by CRISPR 

Cas9. As a negative control, to exclude false positive clone detection, a genotyping 

PCR was also performed using only the repair plasmid as PCR templates. Unspecific 

bands were detected, however at different size as for the conditions using the CRISPR 

Cas9 reagents (Figure 5.2C). Primer pair 1,4 would also detect a complete GFP 

insertion as the product size would increase by the size of inserted GFP (714 bp) 

(Figure 5.2C).  



Appendix 

 

 200 

 
Figure 5.2 Establishment of delivery and screening methods for CRISPR/Cas9 in iPSC using the 
Ribonucleoprotein complex. (A) Working scheme to deliver CRSPR reagents and to screen for CRISPR 
events in iPSC. CRISPR/Cas9 reagents (gRNA (sequence specific CRISPR RNA) and trans-activating 
tracrRNA), Cas9 nuclease and GFP repair plasmid) were transfected in iPSC using electroporation by two 
different delivery methods. Following data is based on the 1. Delivery method using the ribonucleoprotein 
complex (framed with a red square). (B) Transfection of Ribonucleoprotein complex in iPSCs. Transfection 
efficiency was analyzed by FACS using a fluorescently labeled tracrRNA. (D) Analysis of positive clones by 
genotyping PCR. Four specific primers were designed to detect the insertion of the GFP fragment (positive 
clones) in a cell population. Genomic DNA was isolated of iPSCs 48 hours after transfection of the 
ribonucleoprotein complex containing gRNA1 or gRNA2 with and without the GFP repair plasmid (see labeling). 
Primer 1 and 4 were designed outside of the homology region contained in the repair plasmid. As an additional 
control genotyping PCR using exemplarily primer 1 and 2 was performed only on the repair plasmids as a 
template. (D) Representative image of immunofluorescence microscopy showing iPSC transfected with labeled 
tracrRNA (Alt-R CRISPR-Cas9 tracrRNA-ATTO550). Kristin Fischer and Valeria Fernandez Vallone contributed 
to these experiments.  
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Figure 5.3 Establishment of delivery and screening method for CRISPR/Cas9 in iPSC using Cas9-GFP 
overexpression constructs. (A) Working scheme to deliver CRSPR reagents and to screen for CRISPR events 
in iPSC. CRISPR/Cas9 reagents were transfected in iPSC using electroporation by two different delivery 
methods. Following data is based on the 2. Delivery method using Cas9/gRNA overexpression constructs 
(framed with a red square). (B) Transfection of overexpression constructs (pEF1a-Cas9-GFP-gRNA, GFP repair 
plasmid; condition 1: 8 µg; condition2: 10µg) in iPSCs. Transfection efficiency was analyzed by FACS of iPSCs 
transfected with the Cas9-GFP-gRNA construct and the respective GFP repair template using different total 
plasmid DNA amounts. Kristin Fischer and Valeria Fernandez Vallone contributed to these experiments. 

 

In this condition, the size of the product did not increase in the cell population 

containing the ribonucleoprotein complex and the GFP repair plasmid compared to WT 

cells (Figure 5.2C). This is not surprising, as product detection by electrophoresis on 

an agarose gel is not sensitive enough to detect individual positive clones in a cell 

population and indicating at the same time a very low Knock In efficiency.  

In parallel an alternative delivery method 2. was established using transient 

overexpression of plasmids including a GFP reporter to enrich Cas9 transfected cells 
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(Figure 5.3A). iPSCs were transfected with two different plasmid DNA concentrations 

(pEF1a-cas9-GFP-gRNA, GFP-Repair Template) in 1:1 ratio by electroporation 

(AMAXA Nucleofector, Roche). Transfection efficiency was assessed by measuring 

GFP positive cells using FACS, which reached up to 39% (Figure 5.3B). Thus, about 

40% of transfected iPSCs successfully overexpressed Cas9 and respective gRNA. 

Based on the robust GFP expression, iPSCs overexpressing Cas9 were enriched by 

GFP using a cell sorter 24 hours after transfection. GFP expression in the positive 

iPSC fraction was confirmed by FACS analysis and the positive cell fraction was 

replated in a well of a 12-well plate (Figure 5.4A). Four days after the sort single iPSC 

were vital and have formed characteristic cell colonies. Automated Fluorescence High 

Content Screener (HCS) was used for detection of GFP positive colonies but except 

single unspecific signals of none iPSC structures, no GFP positive iPSC colonies were 

detected (Figure 5.5C). 

 

 
Figure 5.4 Enrichment of Cas9 transfected cells by GFP sort. (A) Transfected cells with Cas9-GFP-
gRNA1 construct were enriched using a cell sorter (MACSQuant Tyto). Sorted cells were analyzed by FACS and 
replated into wells of a 12-well plate. Kristin Fischer and Valeria Fernandez Vallone contributed to these 
experiments. 
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In addition, 24 hours after transfection GFP sorted iPSCs were stained with a labeled 

(AlexaFluor647) GFP antibody to increase the GFP signal of possible positive clones. 

About 1.5 million stained with the anti-GFP were analyzed by FACS but no positive 

signal was detected (Figure 5.5A). To confirm the functionality of the anti-GFP 

antibody, an iPSC-GFP reporter line was stained as a positive control. Here, iPSC-

GFP reporter cells were successfully stained with the GFP antibody using the same 

dilution (Figure 5.5B). Thus, enrichment of Cas9 transfected cells via cell sorting did 

not enhance the Knock In efficiency as no ALK2-GFP positive iPSC colonies could be 

detected. One possible reason for that could be that the gRNAs do not cut the genomic 

target DNA at the ALK2 gene locus in iPSCs as efficiently as in a cell free environment 

as shown before (Figure 5.1G). Consequently, the gRNA cutting efficiency was 

analyzed in cellular context using a restriction digest screening. Therefore, CRISPR 

reagents were transfected as described above and 24 hours later genomic DNA was 

isolated, the target sequence was amplified by PCR and subjected to specific 

restriction enzymes, which recognize the uncut targeting site of gRNA1 and gRNA2 

(Figure 5.6). WT controls (untransfected) show the expected band pattern of StyI 

digest. For HincII an additional band was observed above 1200bp, which may 

represent remaining uncut PCR product (1291 bp) (Figure 5.6). The restriction digest 

of cells transfected with CRISPR reagent did not show any different band pattern 

compared to WT controls (Figure 5.6). This indicates, that the of CRISPR/Cas9 

mediated cutting efficiency on genomic DNA in iPSCs of gRNA1 and 2 is either too low 

and requires a more sensitive method for detection or does not happen at all. Based 

on the validated functionality of gRNA1 and 2 in a cell free context in vitro, it is 

suggested that the ALK2 DNA locus in the cellular environment may not be accessible. 

In fact, the targeting efficiency of gRNAs varies widely between target loci based on 

the chromatin structure, which is independent of the targeting sequence (Lee et al., 

2016). 
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Figure 5.5 Anti-GFP staining after delivery of CRSPR reagents (A) Staining of GFP sorted iPSCs with an 
Alexa Fluor 647 (APC) labelled anti GFP antibody (1:1000) and subsequent FACS analysis in the APC channel. 
(B) Validation of Alexa Fluor 647 (APC) labelled anti GFP antibody (1:1000) on a GFP iPSC reporter line by 
FACS analysis. (C) Representative Image of automated screening for GFP positive iPSC clones 4 days after 
sorting with Fluorescence High Content Screener (HCS) (Opera Phenix HCS). Kristin Fischer and Valeria 
Fernandez Vallone contributed to these experiments. 
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Collectively, two independent delivery method of the CRISPR/Cas9 reagents and a 

screening platform were successfully established in iPSCs. The targeting activity of 

two distinct guide RNAs was validated in a cell-free environment. However, the 

targeting activity could not be confirmed in the cellular context using plasmid 

overexpression. For future experiments the following aspects should be considered. 

First, analysis of gRNA cutting efficiency upon using restriction digest screening should 

be also performed on RNP transfected iPSCs. In general, analysis of single clones 

early after transfection may increase the sensitivity to detect positive clones (with DSB 

or GFP insertion). The design of alternative gRNAs is limited in the N-terminal GFP 

tagging approach as the targeting frame is small due to proximity of the insertion to the 

splice site of exon 2 and the signal peptide. A C-terminal tagging may be an additional 

option and would also allow the insertion of a floxed selection cassette. However, N-

terminal tagging is preferred for most imaging methods. If successful CRISPR/Cas9 

mediated DSB could be detected at the ALK2 locus targeted by gRNA1 and gRNA2 

additional experiments should be performed to increase the likelihood of Knock In 

events. Knock In efficiencies can be below 1% based on the preferred non-

homologous end joining (NHEJ) DNA repair mechanism after a DSB over homology-

directed repair (HDR) (Song et al., 2016). Small molecules inhibiting NHEJ and 

upscaling of the experiments can be used to increase Knock In efficiencies. Moreover, 

it should be considered that epigenetic modifications such as DNA methylation may 

cause silencing of transgenes as GFP (Krishnan et al., 2006). 
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Figure 5.6 Analysis of gRNA cutting efficiency in iPSCs. Analysis of gRNA cutting efficiency upon 
transfection of CRISPR reagents into iPSCs using restriction digest screening. Genomic DNA of iPSCs was 
isolated and incubated with specific restriction enzymes recognizing the uncut targeting site of gRNA1 and 
gRNA2. Digested DNA was separated on an agarose gel and expected band pattern of ALK2-WT (uncut) and 
ALK2-GFP upon digest with StyI (orange) or HincII (purple) are indicated on the right. Kristin Fischer and Valeria 
Fernandez Vallone contributed to these experiments. 
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5.2 ActivinA upregulates the novel BMP target gene TCIM in FOP 
iECs 

TCIM (Transcriptional and immune response regulator) was identified as one of the 

most upregulated genes upon ActivinA treatment in FOP iECs only. In FOP-1 iECs 

TCIM represented the gene with the highest fold change induction (see chapter 3.6 

Figure 3.31A,B). The other four most deregulated genes consisted of classical BMP 

target genes (ID1, SMAD6, SMAD7, NOG) (p<0.05, 2.8). However, a search 

in a Chromatin Immunoprecipitation DNA-Sequencing (ChiPSeq) data list from 

HUVECs revealed TCIM as a direct SMAD1/5 target gene. The loci of TCIM, also 

named as C8orf4, was bound by SMAD1/5 after 2 hour of BMP9 stimulation (Morikawa 

et al., 2011). This binding was HUVEC specific as TCIM was not regulated in PASMCs 

(arterial smooth muscle cells) with the same experimental conditions (Morikawa et al., 

2011). The authors did not comment on TCIM or validated the BMP induced TCIM 

expression in HUVECs further.  

In general, further investigations of TCIM as an endothelial specific BMP target gene 

are lacking. Originally, TCIM 1, also named (TC-1: Thyroid Cancer 1), was discovered 

as an highly upregulated gene in thyroid cancer (Chua et al., 2000; Sunde et al., 2004) 

and shown to induce the expression of downstream genes in cancer cells,  involved in 

proliferation and invasiveness (Jung et al., 2006; Kim et al., 2006). However, besides 

its discovery in cancer the knowledge about TCIM and its physiological role is limited. 

It was reported that TCIM is a small monomeric protein with a putative nuclear 

localization signal, which positively regulates Wnt signaling by interacting with the 

transcriptional Wnt antagonist Chibby (Jung et al., 2006). TCIM is conserved among 

vertebrates. Zebrafish has two Tcim homologous, where one was predominantly 

expressed in the developing blood vessels and the other in hematopoietic precursor 

cells (Kim et al., 2009). This study investigated TCIM further in context of the human 

endothelium and showed that basal TCIM expression levels were low and became 

upregulated by inflammatory cytokines such as TNFα and IL-1β using HAECs (Human 

Aortic Endothelial Cells), which was NF-κB-dependent (Kim et al., 2009). Moreover, 

TCIM itself modified NF-κB signaling by enhancing DNA binding activity and nuclear 

translocation of NF-κB in human umbilical vein endothelial cells (HUVECs) and HAECs 

and induced inflammatory cytokine expression when overexpressed. In line with this, 

resulted a knockdown of TCIM in reduced inflammatory cytokine expression levels 
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(Kim et al., 2009). As a functional consequence monocyte adhesion and endothelial 

permeability was shown to be increased, which was mediated by increased ICAM1 

expression when TCIM was overexpressed. Moreover, TCIM RNA injection in 

zebrafish caused edema formation. Thus, the authors suggested TCIM as a novel 

endothelial inflammatory regulator and a potential therapeutic target for vascular 

inflammatory diseases (Kim et al., 2009). 

Based on the identification of TCIM as a FOP specific target gene in ActivinA treated 

FOP iECs, regulation of TCIM gene expression was analyzed further.  

First, TCIM induced expression by ActivinA in FOP iECs was confirmed by RT-PCR 

(Figure 5.7A). As a positive control TNFα was used. Whereas ActivinA increased TCIM 

already by 4-fold, showed TNFα an induction up to 20-fold (Figure 5.7I), which 

confirmed previous reported upregulation of TCIM by TNFα in ECs (Kim et al., 2009). 

Moreover, TCIM is also upregulated by BMP6 treatment in both WT iECs and FOP 

iECs (Figure 5.7A). This supports the ChiPSeq data by Morikawa et al. and confirms 

TCIM as a SMAD1/5 target gene, which is aberrantly induced by ActivinA/SMAD1/5 

signaling in FOP iECs. Moreover, ActivinA induced TCIM transcription is ALK2 

dependent as shown by a pretreatment with Saracatinib (Figure 5.7A). 

Based on previous evidence that TCIM transcription is dependent on NF-κB signaling 

WT and FOP iECs were pretreated with a NF-κB signaling inhibitor (BMS-345541) 

before ligand stimulation. Indeed, ligand (ActivinA, BMP6, TNFα) induced TCIM 

induction in WT and FOP iECs could be completely blocked by a pretreatment with 

BMS-345541 (Figure 5.7A,I). BMS-345541 targets the inhibitory-κB-kinase complex 

(IKK), which is required for NF-κB activation (Israël, 2010). A titration experiment with 

different concentrations of BMS-345541 showed that 5 µM is sufficient to inhibit TCIM 

expression by ActivinA in FOP iECs whereas ActivinA induced ID1 expression levels 

remained unaffected (Figure 5.7D,F). This was confirmed on pSMAD1/5 protein levels, 

which were not impaired even when concentrations up to 10 µM BMS-345541 were 

used (Figure 5.7B). For WT iECs the results indicated that 2.5 µM are proffered to 

block BMP6 induced TCIM expression without impairment of ID1 expression (Figure 
5.7E,G).  

This suggests, that transcriptional regulation of TCIM by BMP6 and ActivinA in iECs is 

not only dependent on ALK2 signaling but also NF-κB dependent, which is in line with 

NF-κB dependent TCIM induction by TNFα and IL-1β in HAECs (Kim et al., 2009) as 
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also confirmed here for TNFα in iECs (Figure 5.7I). This suggests a crosstalk of ALK2 

and NF-κB-signaling. Interestingly, ActivinA also upregulated the inhibitor of kappa B-

like protein (NFKBI), which was also observed upon BMP6 treatment in WT and FOP 

iECs (Figure 5.7C).  

Remarkably, analysis of RNASeq Data of HUVECs under FSS revealed that TCIM is 

induced after 24 hours of low and high FSS (Figure 5.7J), which indicates a 

mechanosensitive transcriptional regulation of TCIM.  

In sum, TCIM represents an interesting endothelial specific BMP target gene, which is 

aberrantly regulated in the FOP endothelium by ActivinA. Especially the role of TCIM 

in context of endothelial inflammation should be analyzed further in context of FOP. 

Even though initial experiments did not show an upregulation of the potential TCIM 

downstream target ICAM1 after long term ActivinA stimulation (Figure 5.7H). TCIM 

knockdown approaches and co-treatment with inflammatory triggers may shed light on 

the role of TCIM in FOP endothelium. Moreover, future investigations should also focus 

on the role of TCIM as a general endothelial specific BMP target gene with a putative 

role in mechanotransduction. 
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Figure 5.7 ActivinA upregulates the novel endothelial BMP target gene TCIM in FOP iECs. (A) RT-PCR 
validation of RNASeq target upon 1 hour pretreatment with Saracatinib (0.2 µM) or BMS-345541 (10 µM) and 
2 hour ActivinA (5 nM), BMP6 (5 nM) treatment in iECs. (B) Western Blot of protein lysates of FOP iECs 
pretreated with different doses of BMS-345541 for one hour and subsequent stimulation with ActivinA (5 nM) for 
30 min. (C) RT-PCR of RNA from 1 hour pretreatment with Saracatinib and 2 hours ActivinA in iECs. (D-G) RT-
PCR of RNA from iECs pretreated with different doses of BMS-345541 for one hour and subsequent stimulation 
with ActivinA (5 nM) for 2 hours. (H) RT-PCR of ActivinA treated WT and FOP iECs. (I) RT-PCR of RNA from 1 
hour pretreatment with BMS-345541 (10 µM) and 2 hour ActivinA (5 nM) or TNFα (0.6 nM) treatment in iECs. 
(J) RPKM (Reads Per Kilobase of transcript per Million reads mapped) values were retrieved from RNASeq 
experiment of Mendez et al., unpublished. In brief. HUVECs were seeded on µ-slides 48 hours before application 
of FSS for 24 hours after a 5 hours ramp phase to reach step-wise 1.0 or 30 dyne/cm2 in full medium. 
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6. List of Abbreviations 
 

ABL kinase Abelson murine leukemia viral oncogene homolog 1 
ACVR2A/B Activin receptor type 2A/B 
ADM Adrenomedullin 
AKT Protein kinase B 
ALK1-7 Activin Receptor-Like Kinase 
AMH Anti-Mullerian hormone  
AMHR2 Anti-Mullerian hormone receptor type 2 
BAECs Bovine Aortic Endothelial Cells  
BAMBI BMP and activin membrane-bound inhibitor  
BISC BMP-induced signaling complex  
BMP bone morphogenetic protein 
BMPR2 BMP receptor type 2  
BMPRs BMP receptors 
bp base pairs 
BRA Brachyury 
BRE-Luc BMP responsive element luciferase reporter 
BSA bovine serum albumin 
cAMP cyclic adenosine monophosphate 
C-terminus carboxy-terminus 
CDH2 N-Cadherin 
CDH5 VE-Cadherin 
cDNA complementary deoxyribonucleic acid 
ChIP-Seq sequencing of immunoprecipitated chromatin 
cm² cubic centimeter 
Coup-TFII Chicken ovalbumin upstream promoter-transcription factor II 
CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 
Ct threshold cycle 
DAPI -Diamidino-2-phenylindole dihydrochloride 
dH2O  double distilled water 
DIPG Diffuse intrinsic pontine glioma 
DLL1-4 Delta-like1-4 
DMEM  
DMSO dimethyl sulfoxide 
DNA deoxyribonucleic acid 
dNTP deoxyribonucleotide triphosphate 
EC endothelial cells 
ECD extracellular domain 
ECFCs endothelial colony forming cells 
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ECIS Electric Cell-Substrate Impedance Sensing 
ECM extracellular matrix  
EDTA ethylenediaminetetraacetic acid 
EGFL7 epidermal growth factor-like domain 7 
EGR1 Early growth response protein 1 
EndMT Endothelial to mesenchymal transition 
ENG Endoglin 
EPC Endothelial Progenitor Cells 
EPC Endothelial progenitor Cells 
Ephb4 Ephrin type-B receptor 4 
ERK extracellular signal-regulated kinases 
ESC Embryonic stem cell 
et al. (lat.) et altera; and others 
FBS fetal bovine serum 
FGF Fibroblast growth factor 
FI Fold induction 
FKBP12 FK506 binding protein 
FOP Fibrodysplasia ossificans progressive 
FOXC2 Forkhead Box C2 
FRAP Fluorescence recovery after photobleaching 
FSS fluid shear stress 
g gram / gravity 
GDFs Growth and Differentiation Factors 
GSK3-  Glycogen Synthase Kinase 3-  
gRNA guide RNA 
GS-Box/Domain glycine serine-rich domain  
h hour 
HAEC Human Aortic Endothelial Cells 
HDAC histone deacetylases 
HDMEC Human Dermal Microvascular Endothelial Cells 
HES1 hairy and enhancer of split-1 
hESC-ECs Human Embryonic-Stem-cell-derived Endothelial Cells  
HEY1/2 Hairy/enhancer-of-split related with YRPW motif protein 1/2 
HEYL Hairy/enhancer-of-split related with YRPW motif like 
HHT Hereditary hemorrhagic telangiectasia 
HHT hereditary haemorrhagic telangiectasia 
HIF1 Hypoxia-inducible factor 1 
HJV Hemojuvelin 
HLX H2.0-like homeo box transcription factor 
HMEC human microvascular endothelial cells 
HO Heterotopic Ossification 
hpf hours post fertilization  
HSP27 heat shock protein 27 
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HUAEC Human Umbilical Arterial Endothelial Cells 
HUVEC Human Umbilical Vein Endothelial Cells 
ID1-4 Inhibitor of Differentiation 1-4 
IDR interdigital region 
iEC induced pluripotent stem cell derived endothelial cell 
Ig immunoglobulin 
iMEF immortalized mouse embryonic fibroblasts 
iMSC induced mesenchymal stem cell 
iPSC induced pluripotent stem cell 
JAG1/2 Jagged1/2 
JNK c-Jun N-terminal kinases 
KD kinase domain 
KLF Krüppel-like Factor 
L liter 
LAP Latency Associated Peptide 
LATS1 Large tumor suppressor kinase 1 
LBD Ligand binding domain 
LSS laminar shear stress 
LTBP  
MACS Magnetic Activated Cell Sorting 
MAML Mastermind-like protein 
MAPK mitogen-activated protein kinase 
MCAM melanoma cell adhesion molecule  
MEF2 myocyte enhancer factor-2 
MEK5 mitogen-activated protein kinase kinase 5 
MMPs Matrix metalloproteinases 
mEpiSCs mouse epiblast stem cells  
Mfsd2a Major facilitator superfamily domain-containing protein 2 
min minute 
ml milliliter 
mm millimeter 
mM millimolar 
MMPs matrix metalloproteases 
mRNA messenger-RNA 
MSCs mesenchymal stem cells 
MSX2 Msh Homeobox 2 
MuSK Muscle-Specific Kinase 
MW molecular weight 
MyoX myosin X 
N-terminus amino-terminus 
NECD NOTCH extracellular domain 
NEDD9 Developmentally Down-Regulated 9 
NEO Neogenin 
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ng nanogram 
NHEJ Non-homologous end joining  
NICD intracellular domain of NOTCH 
NMD nonsense-mediated decay  
NOG Noggin 
NOG noggin 
NRARP NOTCH Regulated Ankyrin Repeat Protein 
NRP1/2 Neuropilin1/2 
OCT4 Octamer-binding transcription factor 4 
OSR1 odd-skipped related transcription factor 1/2 
PAEC pulmonary arterial endothelial cells 
PAH Pulmonary arterial hypertension 
PAH pulmonary arterial hypertension 
PAM Protospacer adjacent motif 
PBS phosphate buffered saline 
PCR polymerase chain reaction 
PECAM1 Platelet endothelial cell adhesion molecule 
PFA paraformaldehyde 
PFCs preformed complexes  
pH potentia Hydrogenii 
RHOB Ras homolog family member B 
PI3K phosphoinositide 3-kinase 
PMEPA1 Prostate Transmembrane Protein, Androgen Induced 1 

RBPJ 
Recombination signal binding protein for immunoglobulin kappa J 
region 

RGMs repulsive guidance molecules 
PTGS2 Prostaglandin-endoperoxide synthase 2 
RNA ribonucleic acid 
RNA-Seq RNA-Sequencing 
Robo1-4 Roundabout homolog 1-4 
ROCK Rho-associated protein kinase 
rpm rounds per minute 
Rrs regulatory enhancer regions  
RUNX2 Runt-related transcription factor 2  
SBE SMAD binding element 
SCF stem cell factor 
scr scrambled 
scRNA-seq Single-cell RNA sequencing  
SD Standard deviation 
SDS sodium dodecyl sulfate 
siRNA small interfering RNA 
SLUG/SNAI2 Zinc finger protein SNAI2 
SMAD Mothers against decapentaplegic homolog  
SMAD Sons of mothers against decapentaplegic 
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SNAI1 Zinc finger protein SNAI1  
SNAI1 Snail 
SOX2 sex determining region box 2 
SP signal peptide  
SRC  Proto-oncogene tyrosine -protein kinase Src 
SSEA4 Anti-stage specific embryonic antigen 4 
TCIM Transcriptional And Immune Response Regulator 

  
TMD transmembrane domain 
TWIST Twist-related protein 1 
TGFBR2 2 
UNC5B Uncoordinated 5B 
VEGF vascular endothelial growth factor 
VEGFR Vascular endothelial growth facor receptor 
WT Wildtype 
µ micro 
µg microgram 
µl microliter 
µm micrometer 
µM micromole 
°C degree Celsius 
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