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Chapter 1

General introduction



Chapter 1

Endothelial cells and angiogenesis

The endothelial cells (ECs) constitute the inner layer of the blood vessels, where they function
not only as supportive tubular structures for the distribution of blood, containing nutrients and
oxygen, and the removal of waste products in the whole body, but also as a barrier for blood
coagulation [1]. ECs and hematopoietic cells originate from mesodermal precursors during
embryonic development, as shown in Figure 1 [2]. In brief, splanchnopleuric mesoderm
transforms into mesenchymal cells that can differentiate into hemangioblasts. The
hemangioblasts can further differentiate into hematopoietic cells or ECs [3]. Through the de
novo differentiation of ECs and further morphogenesis of the vascular plexus different types
of vascular structures can be formed, including arteries, veins, and capillaries [4]. The ECs are
involved in and regulate many physiological processes, like immune responses and
angiogenesis [5, 6]. Importantly, a large variety of hormones, paracrine and endocrine
cytokines, metabolites (and also therapeutic drugs) are circulating in the blood, and may
thereby exert effects on ECs. The EC function is therefore critical for tissue homeostasis and
its dysfunction may trigger pathologic states.

Epiblast

Mesodern
progenitors

|

Hemangioblast

Hematopoietic cells Endothelial Progenitor  gndothelial Cells
Cells

—

Figure 1. The origin of ECs.

Angiogenesis, the process by which new blood vessels are formed from preexisting vessels, is
a phenomenon that is of key importance during embryogenesis [7]. In adults, angiogenesis is
mostly quiescent, except in some particular cases, for example, during wound healing and the
formation of the corpus luteum and endometrium of the reproductive system in females [8]. In
some pathological processes, such as tumor growth and metastasis, cardiovascular diseases and
ocular disorders, the process of angiogenesis is disrupted [9-11]. Manipulating angiogenesis,
for example, to promote it in conditions in which there is a need of vascularization, and to
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General introduction

inhibit it when there is an excess of irregular vessels, is of key therapeutic interest for vessel
related diseases. ECs line the lumen of the blood vessels, and their behavior and response to
the microenvironment strongly determines the angiogenic process. Vessel ECs receive multiple
angiogenic signals, and signaling that is initiated upon binding of vascular endothelial growth
factor (VEGF) to its receptor plays a key role; the endothelial tip cells start to sprout and
thereafter guide the talk cells to extend to establish cord and lumen [12]. The formed lumen is
the Dbasic structure for further vessel network. Following the proliferation, migration and
differentiation of ECs, the vascular loops are formed and the new vessels are established
(Figure 2).

The interaction of ECs with pericytes and smooth muscle cells, generally known as mural cells,
is also critical for the vessel architecture [13, 14]. On the one hand, mural cells secrete
diffusible factors, including fibroblast growth factor (FGF-2) and hepatocyte growth factor
(HGF), to activate ECs and facilitate angiogenesis [15]. The latent transforming growth factor
(TGF)-p form can be activated after these mural cells contact with ECs, thereby affecting cell
differentiation and angiogenesis [16]. On the other hand, the extracellular matrix produced by
these mural cells provides a scaffold to maintain the elasticity and stability of the newly formed
lumen.

Angiogenic stimuli —— ECs activation —> Lumen formation
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Figure 2. The role of angiogenic factors in angiogenesis. Pro-angiogenic factors, such as VEGF,
activate signal transduction in ECs leading to the migration of tip cells. The tip cells sprout and drive
the movement of the ECs forefront. Subsequently, the proliferating stalk cells elongate the sprouts and
form a new lumen.

TGF-p signaling in ECs

The TGF-f is the prototypic cytokine of a large family of structurally and functionally related
proteins that exert a large plethora of functions on many different cell types. Mis-regulation of




Chapter 1

TGF-B family signaling has been implicated in multitude of human diseases, including fibrosis,
cancer and cardiovascular diseases [17, 18]. TGF-p family proteins include TGF-Bs (i.e. TGF-
B1, -B2, -B3), activins and BMPs, among others. Whereas TGF-s interact with TGF- type I
and type Il receptors and induce the phosphorylation of receptor regulated (R-)SMAD2/3,
BMPs induce heteromeric complexes with BMP type Il and type | receptors of which the latter
are also termed activin receptor-like kinase (ALK)1/2/3/6 to mediate the phosphorylation of R-
SMAD1/5/8. These R-SMADs form heteromeric complexes with SMAD4, which act as
transcription factor complexes to regulate target gene expression. By controlling gene
expression, TGF-B family members exert important responses in ECs and thereby affect EC
proliferation, migration, sprouting and/or differentiation. By doing so, they regulate EC
function and angiogenesis (Figure 3 and Figure 4) [19-21]. The different effects of the TGF-B
family members on ECs, like also on other cell types, are highly dependent on the cellular
context, particular TGF-B isoform or ligand that is used in the assay, concentration of ligand
and EC subtype [22, 23]. As a result, different and even opposite effects of TGF-B family
members on EC responses in vitro have been reported [24].

TGF-B signaling in ECs
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Figure 3. The role of TGF-p signaling in ECs. The TGF-p and BMP pathways are activated upon
binding of the extracellular ligands to the cell surface TGF-/BMP receptors, thereby phosphorylating
TGF-B/BMP type I receptors. The activation of TGF-B/BMP type | receptors induces the
phosphorylation of SMAD2/3 and SMAD1/5/8. Together with SMADA4, the phosphorylated SMAD2/3
and SMAD1/5/8 are translocated into the nucleus to regulate gene expression, including genes of which
the encoded proteins mediate EC proliferation, migration, sprouting and differentiation.

TGF-B can trigger the differentiation of ECs into mesenchymal cells, through a process termed
endothelial to mesenchymal transition (EndMT), which is comprehensively introduced in
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Chapter 2 (Figure 4) [25, 26]. During EndMT, ECs lose their endothelial properties and
differentiate into a mesenchymal cell type; this process is characterized by cell morphological
variations and changes in endothelial and mesenchymal marker gene/protein expression [27,
28]. Emerging evidence demonstrates that EndMT is critical for cardiovascular system
development in early embryonic stages. Recapitulating this process in adult ECs may be of
advantage for tissue engineering. EndMT also contributes to the occurrence and progression of
several diseases, such as fibrotic diseases and cancer [29]. The effects of TGF- family proteins
in EndMT is not understood in depth and more detailed insights from the underlying
mechanisms may provide benefit for the precise control of tissue regeneration and therapeutic
targeting of EndMT associated diseases.

Differentiation
Sprouting

l EndMT Angiogenesis

Migration a
Invasion Y A

ECs

Proliferation

Figure 4. The activation of certain signaling pathways, for example TGF- signaling, influences EC
proliferation, migration, invasion, sprouting, differentiation (especially endothelial to mesenchymal
transition (EndMT)) and EC associated angiogenic processes.

TGF-p signaling in angiogenesis

Angiogenesis is a complex multistep process, which is determined by the balance between the
levels of angiogenic inducers relative to levels of inhibitors to which the ECs are exposed. The
“angiogenic switch” refers to the shift from vascular quiescence to activation of angiogenic
programs [30, 31]. These pro-angiogenic and anti-angiogenic factors can be produced by ECs
themselves, neighboring cells and also can be systemic factors. If the balance is in favor of
angiogenesis stimulators, then the ECs become activated and angiogenesis is induced [32]. The
majority of the angiogenic inhibitors are polypeptide factors that inhibit the proliferation and
migration of ECs, such as angiostatin and endostatin, while the pro-angiogenesis agents play
an opposite function on ECs. Vascular endothelial growth factor (VEGF) is a major inducer of
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angiogenesis, and exerts its effects by binding to vascular endothelial growth factor receptor 2
(VEGFR2) to activate downstream signaling and thereby elicit endothelial responses [33, 34].
It has been shown that VEGF enhanced the ECs’ ability to divide, migrate and invade into
collagen gels to form capillary-like tubules [35]. Besides VEGF, multiple growth factors are
involved in the activation of angiogenesis, including FGF2, HGF, angiopoietin 1 (Angl) [36-
40].

The role of TGF-B family ligands in angiogenesis can be either stimulation or inhibition.
Evidence demonstrated the indispensable role of TGF-B in formation and remodeling of
networks during embryonic angiogenesis. Knockdown of TGF-f1 in mice leads to embryonic
lethality (E10.5) due to severe vascular defects and defective hematopoiesis [41]. Emerging
reports demonstrate that TGF-f3 signaling mediated through TBRI (also terms activin receptor-
like kinase 5 (ALKD5)) has anti-angiogenic properties. However, BMP and TGF-B signaling
mediated through ALK1 activate ECs proliferation and migration, which are necessary for
angiogenesis [42]. Thus, the vessel formation is dependent on the activation balance of the
TGF-p signaling [20, 43, 44]. However, as more studies unveiled the opposite effects of BMP
signaling mediated through ALKZ1/2/3 on ECs sprouting and angiogenesis, further
investigation is required to dissect the specific effects of BMP signaling activation in ECs [45-
48].

Angiogenesis inhibitors

Anti-angiogenic agents have been used to treat vessel-related diseases, for example, neoplasia
and cardiovascular disorders. Endogenous inhibitors of angiogenesis, such as angiostatin and
endostatin, are produced by the cleavage of extracellular matrix (ECM) proteins, and
antagonize ECs proliferation and migration responses to angiogenesis inducers. Other anti-
angiogenesis agents, including small molecules and antibodies, are designed by negative
targeting of pro-angiogenic factors or their signaling. The U.S. Food and Drug Administration
(FDA) has approved several anti-angiogenic drugs for clinical use and many of them are
directed against VEGF signaling and used for cancer therapy [49]. For example, Bevacizumab,
a monoclonal antibody that prevents VEGF-A from binding to its receptors, is a FDA approved
anti-angiogenesis drug that is used in combination with standard chemotherapy for treatment
of metastatic colorectal cancer [50]. Additional angiogenesis inhibitors have been developed
in the past years, for example, ALK1 neutralizing antibodies and VEGFR kinase inhibitors.
The angiogenesis inhibitors can not only antagonize blood vessel formation to block the supply
of nutrients for cancer cells, but also enhance the normalization of immature tumor vessels to
prevent cancer cells becoming more aggressive and provide more efficient delivery of
chemotherapeutic agents [51-53]. Clinical studies have shown that the combination of
chemotherapy/radiation therapy with anti-angiogenic drugs benefits cancer patients [54-57].
More recently, clinical trials evaluating the combination treatment of immune checkpoint
inhibitors (ICIs) and anti-angiogenesis agents for cancer patients have shown improved anti-
cancer efficiency and prolonged overall survival [58-61]. However, anti-angiogenic drug
resistance is easily acquired [62, 63]. Therefore, identifying more inhibitors against other
signaling pathways, for example, BMP or other pro-angiogenic pathways, are needed to
achieve more efficient targeting of angiogenesis process.
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On the contrary, agents that can stimulate angiogenesis are beneficial in the treatment of the
diseases/cases that lack of vessels, such as coronary artery disease (CAD), cardiac failure,
tissue injury, etc. In conclusion, we anticipate that the precise control of angiogenesis using
different agents will contribute to the treatment of vessel related diseases.

Scope of the investigation

In this thesis, | start with a general introduction in Chapter 1 to briefly present the relevance
of EC behaviour in vascular morphogenesis and in angiogenesis. Moreover, | discuss how EC
function is intricately regulated by positive and negative factors, and how their function can be
manipulated for therapeutic gain in cancer and cardiovascular diseases. In Chapter 2, we
discuss in detail the role of the TGF-B signaling pathway in EndMT and discuss the
contribution of this process to disease development, as well as its potential applications in tissue
engineering. In Chapter 3, we disclose detailed work protocols to investigate TGF-B-induced
EndMT and how to assess the involvement of EndMT effectors using CRISPR/Cas9 gene
editing. In Chapter 4, we investigated the function of EndMT transcription factors and
elucidated their working mechanism. We found that the EndMT transcription factors (TFs)
SNAIL and SLUG are critical for EndMT in murine endothelial cells and that the ID proteins
counterbalance their function in EndMT. In Chapter 5, we provide a technical overview of
embryonic zebrafish xenograft assays to investigate TGF-pB family signaling in human breast
cancer progression, including tumor cell intravasation/extravasation and tumor angiogenesis.
In Chapter 6, we identify and investigate two novel BMP type | receptor macrocyclic kinase
inhibitors with therapeutic potential to normalize angiogenesis in normal and tumour vessel
formation in zebrafish. In Chapter 7, | summarize all the studies in the thesis and provide some
future perspectives related to our results.
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Abstract

Endothelial to mesenchymal transition (EndMT) is a complex biological process that gives rise
to cells with multipotent potential. EndMT is essential for the formation of the cardiovascular
system during embryonic development. Emerging results link EndMT to the postnatal onset
and progression of fibrotic diseases and cancer. Moreover, recent reports have emphasized the
potential for EndMT in tissue engineering and regenerative applications by regulating the
differentiation status of cells. Transforming growth factor f (TGF-B) engages in many
important physiological processes and is a potent inducer of EndMT. In this review, we first
summarize the mechanisms of the TGF-f signaling pathway as it relates to EndMT. Thereafter,
we discuss the pivotal role of TGF-B-induced EndMT in the development of cardiovascular
diseases, fibrosis and cancer, as well as the potential application of TGF-f-induced EndMT in
tissue engineering.

Keywords: Cancer-associated fibroblast; cardiovascular disease; EndMT; fibrosis; signal
transduction; Smad; TGF-p, tissue regeneration

Introduction

The cardiovascular system has the supportive role of supplying oxygen and nutrition to the
whole body and simultaneously removes toxic waste products from tissues and organs through
an extensive and intricated network of blood vessels. The inner surface of the blood vessels
consists of a monolayer of endothelial cells (ECs). These ECs, which may be supported by
mural cells (i.e., pericytes, vascular smooth muscle cells), regulate the interchange between the
luminal blood and the outer tissues [1]. During the development of the embryonic heart, a
specific group of ECs lining the atrioventricular canal dedifferentiate into mesenchymal cells
and migrate into the underlying extracellular matrix to form the atrioventricular cushion [2].
This process of phenotypic switching of cardiac ECs was defined as endothelial to
mesenchymal transition (EndMT) and thought to be regulated in part by the paracrine action
of ligands secreted by the myocardium. Much of the mechanistic knowledge regarding EndMT
has originated through studies focused on epithelial to mesenchymal transition (EMT). EMT
is an evolutionarily conserved developmental process, induced by cytokines, mechanical forces
and metabolic factors [3, 4], that has been shown to play a role in tumorigenesis and other
pathophysiological processes [5, 6].

Notably, Transforming growth factor f (TGF-B), a multifunctional cytokine secreted by the
myocardium (among other tissues) with pleiotropic physiological roles, is one of the best
studied EndMT (and EMT) inducers [7, 8]. When ECs undergo EndMT, their tight cell-cell
junctions are disrupted, causing ECs to lose their cobblestone-like and well-structured
appearance, reorganize their cytoskeleton and turn into spindle-shaped, fibroblast-like cells.
During this transitional process, the expression of cell-cell adhesion proteins, such as vascular
endothelial (VE)-Cadherin, Platelet/endothelial cell adhesion molecule-1 (CD31/PECAM-1),
tyrosine kinase with immunoglobulin-like and EGF-like domains 1 (TIE1), TIE2, and von
Willebrand Factor (VWF), is diminished, while mesenchyme-specific factors, including N-
Cadherin, a-smooth muscle actin (a-SMA), smooth muscle protein 22a (SM22a), vimentin,
fibronectin and fibroblast-specific protein-1 (FSP-1), are upregulated. These endothelial-
derived mesenchymal cells gain stem cell properties as they can differentiate into different
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mesodermal cell types under certain conditions. Like EMT, EndMT is a gradual, reversible and
dynamic process. It is therefore difficult to capture in fixed biopsies; the presence of cells that
express different levels of both endothelial and mesenchymal markers is suggestive that
EndMT does occur. Partial EndMT is considered part of physiological angiogenesis [9]. ECs
that have undergone partial EndMT were identified in the mouse heart (CD31/PECAM-1 and
FSP-1) during the progression of cardiac fibrosis [10] as well as in the mouse brain
(CD31/PECAM-1 and N-Cadherin) in cerebral cavernous malformation (CCM) [11].

In recent decades, the contribution of EndMT to human disease has been demonstrated in an
increasing number of pathologies, including cardiovascular and fibrotic diseases and cancer,
[12-14]. Increased TGF-p signaling has been suggested as a common underlying mechanism
in almost every EndMT-associated disorder. Therefore, blocking TGF-f signaling might be a
promising therapy for EndMT-related diseases. In contrast, because EndMT-derived
mesenchymal multipotent cells can be used to generate various cell types within the
mesedormal lineage, researchers have just begun to explore the potential of EndMT in tissue
engineering, by recapitulating the EndMT process that occurs during embryogenesis and in
organ development [15]. In this review, we summarize the mechanisms of TGF-B signaling
and its role in driving EndMT. Furthermore, we discuss the role of EndMT in cardiovascular
diseases, fibrosis and cancer, as well as the potential applications of EndMT in tissue
engineering.

TGF-p signaling
Ligands

TGF-B signal transduction is involved in regulating a large number of cellular functions,
including proliferation, migration and differentiation, and essential biological processes, such
as embryonic development, the immune response, wound healing, angiogenesis and cancer [16,
17]. Since the discovery of TGF-B1 in the early 1980s due to its ability to induce the growth of
normal rat kidney cells in soft agar, 33 human genes encoding polypeptide members belonging
to the TGF-B family have been identified and characterized [18]. TGF-p family members can
be divided into subfamilies according to their sequences and functional similarities: TGF-fs,
activins and nodal, bone morphogenetic proteins (BMPs), growth differentiation factors
(GDFs), and anti-mullerian hormone (AMH). Whereas TGF-fs were initially associated with
the stimulation and inhibition of cell proliferation, activins (and their antagonists, termed
inhibins) were first identified by their activity in the gonad [19]. BMPs were discovered as
molecules with the potential to induce ectopic cartilage and bone formation in rodents [20].
These early discoveries have been followed by multiple studies that have unveiled the broad
roles of each TGF-$ family member in human (patho)physiology.

In response to extracellular stimuli (i.e., inflammation, hypoxia), TGF-Bs are transcribed and
secreted by cells in an inactive dimeric form. TGF-Bs are inactive due to the noncovalent
interaction between the amino-terminal pro-peptide sequence, known as latency-associated
peptide (LAP), and the carboxy-terminal of the mature TGF-f peptide. When specific enzymes
are activated, such as serine protease, plasmin and furin, the pro-peptide is cleaved thereby
releasing TGF-f in a mature and active form. TGF-3 family members may also be sequestered
by binding to extracellular matrix proteins or shielded from receptor binding by interacting
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with soluble antagonists. Together, these mechanisms carefully regulate TGF-3 family member
bioavailability [21, 22].

Receptors

TGF-p family members trigger biological processes by inducing the formation of cell surface
receptor complexes bearing intrinsic serine/threonine kinase activity. Seven human type |
receptors (activin receptor-like kinases (ALKSs) 1-7) and five human TGF-p family type II
receptors, i.e. activin type Il A and B receptors (ActRIIA and ActRIIB), BMP type Il receptor
(BMPRII), TGF-B type Il receptor (TBRII), and AMH type Il receptor (AMHRII), have been
identified. In the case of TGF-Bs, their oligomeric receptor complexes comprise the type |
(TBRI) and type II (TPRII) receptors [23, 24]. Binding of TGF-f to TRRII promotes the
recruitment of TBRI (also termed ALKS5). While both TBRI and TBRII have intracellular kinase
domains, only the type I receptor contains a glycine-serine-rich domain (GS domain) at its
juxtamembrane region. Specific serine and threonine residues in the GS domain are
phosphorylated by TBRII kinase, resulting in TBRI activation [25]. In addition to TBRI and
TBRII, there are a number of TGF-f coreceptors (including Endoglin, TBRIII (also termed
betaglycan) and Cripto) that contain a short (or lack an) intercellular domain without kinase
activity and fine-tune the interaction between extracellular ligands and membrane receptor
complexes, thereby modulating cellular responses to TGF-f stimulation [26]. While there are
differences in how TGF-f3 family members engage their cell surface receptors, the notion that
ligand-induced receptor complex formation mediates type | phosphorylation and activation by
type Il kinase is common to all TGF- family members and their signaling receptors.

Intracellular signaling

Upon type | receptor activation, the signal is transduced from the cell membrane into the
nucleus by phosphorylation of a specific subset of intracellular transcriptional effector proteins,
termed Mothers against decapentaplegic and Sma homologs or Smads [27] (Figure 1). Smad
proteins can be classified into three groups: (1) receptor-associated Smads (R-Smads,
Smad1/2/3/5/8), (2) common Smad (i.e. Co-Smad, also known as Smad4 in vertebrates), and
(3) inhibitory Smads (I-Smads, Smad6/7) [28]. By using different receptor complexes, ligands
of the TGF-p family induce the phosphorylation and activation of specific R-Smads. For
example, TGF-Bs (via TBRI/ALKS5) and activins (via ALK4/7) induce the phosphorylation of
Smad2 and Smad3, whereas BMPs, upon activating ALK1/2/3/6, signal via Smad1/5/8.
Activated R-Smads then associate with the Co-Smad , i.e. Smad4, to form heteromeric
complexes. These complexes can translocate into the nucleus, where they regulate specific
gene transcriptional responses [16, 29]. In ECs, while Smad1/5/8 promote the induction of
genes involved in proliferation and osteogenic differentiation (i.e., 1d-1/3, Runx2), Smad2/3
induce the expression of pro-fibrotic genes (i.e., Serpine-1, Collagen tissue growth factor).
Smad6 and Smad7 antagonize TGF-B family-induced signal transduction by inhibiting the
stability or function of the activated receptors or by interacting with Smad4 to prevent the
heteromeric complex formation of activated R-Smads and Smad4 [30].

In addition to the so-called canonical Smad pathway described above, TGF-f family members
can signal via non-Smad pathways, including various branches, such as the extracellular signal-
regulated kinase (Erk) MAP kinase (MAPK), Rho-like GTPase, phosphatidylinositol-3-kinase
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(PI3K)/AKT, p38 MAPK, Jun amino-terminal kinase (JNK), ubiquitin ligase tumor necrosis
factor (TNF)-receptor associated factor 6 (TRAF6) and TGF-p activated kinase 1 (TAK1)
pathways. The non-Smad signaling pathway used is context-dependent and will fine-tune cell-
specific biological processes [31]. Notably, the Smad and non-Smad pathways engage in
crosstalk, e.g., Erk MAPK, which can be activated through the non-Smad pathway, is able to
engage in crosstalk with the Smad pathway to regulate Smad2/3 phosphorylation [32, 33].
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Figure 1. TGF-B family signaling pathways. Left panel: TGF-p family ligands signal via type I and
type Il receptors (i.e. TLIRI and TTIRI) on the cell surface. Upon ligand engagement, the type 11 kinases
transphosphorylate the type | receptors, which are then activated. TGF-ps and BMPs are shown as an
example; TGF-Bs bind TBRI and TRRII, and BMPs bind BMPRI and BMPRII. TBRIII (also termed
Betaglycan) is a coreceptor that facilitates interaction with TBRI and TBRII. TGF-fs induce the
phosphorylation of Smad2/3, and activated BMPs mediate Smad1/5/8 phosphorylation. By forming
complexes with Smad4, phosphorylated Smad2/3 and Smad1/5/8 translocate into the nucleus to regulate
target gene expression. PAI1 and TMEPAI are typical target genes induced downstream of Smad3
phosphorylation, and 1d1 and 1d3 are induced after Smadl and 5 activation. Inhibitory Smads (i.e.
Smad6 and Smad7) can antagonize the action of signal-transducing R-Smads and Smad4. Right panel:
TGF-B family members can also activate PI3K, RHO, MAPK, TRAF6, and TAK1 through non-Smad
pathways. TGF-f is shown, but these non-Smad signaling pathways can also be activated by BMPs and
other family members.

TGF-g-induced EndMT
TGF-p family members in EndMT

EndMT is a process of pivotal importance for proper cardiac cushion formation during
embryonic development [2, 34, 35]. Similar to EMT, a variety of autocrine and paracrine
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signaling molecules can drive EndMT, including TGF-B, Wnt/B-catenin Notch and
inflammatory cytokines [36-41]. In recent years, valuable insights regarding the role of TGF-
B family members (TGF-Bs, BMPs and activins) in controlling the dynamic EndMT process
have been obtained (Figure 2). All three mammalian isoforms of TGF-p (TGF-1, TGF-f2,
TGF-B3) can induce EndMT, although different isoform- and species-specific functions have
been reported [42, 43]. Recently, Sabbineni and colleagues showed that in human dermal
microvascular ECs (HMECs) TGF-B2 is more potent than TGF-B1 or TGF-B3 in inducing the
expression of the mesenchymal transcription factors Snail and FoxC2 [44]. Treatment with
TGF-B1 and TGF-B3 induced the expression of TGF-B2, suggesting that they can act in an
indirect manner. Furthermore, TGF-B2-induced EndMT has been reported to increase the pool
of cancer-associated fibroblasts (CAFs) in colon cancer [45]. The function of TGF-f signaling
in regulating EndMT in vivo has been interrogated in part by investigating different transgenic
and knockout animal models. Both TGF-B2 and TGF-B3 were shown to be required for the
EndMT process involved in the formation of atrioventricular (AV) cushions in chick embryos
[46]. By histological examination of cushion morphology in E14.5-specific TGF-§3 deficient
mouse embryos, no obvious valvular defects were observed in Tgff1- or Tgf3-knockout mice.
Tofp2 deficient mice, however, demonstrated multiple defects in AV cushion formation. This
is line with the observation that only TGF-pB2 is strongly expressed in the cushion myocardium
and invading mesenchymal cells in mice [34, 47]. Furthermore, Jiao et al. used the Cre/loxp
system to specifically inactivate the TBRII in mice. They showed that inactivation of this
receptor in either the myocardium or the endothelium of mouse embryos did not prevent
EndMT and atrioventricular cushion formation, suggesting that other TGF-f family ligands
compensate for this pathway [48]. While BMPs were found to induce EndMT ex vivo and in
vitro, the specific deletion of different BMPs in mice did not unveil their functions in early
cardiac differentiation due to the early lethality of the loss of specific BMPs or functional
redundancy. While BMP5- or BMP7-deficient mice survived, without obvious cardiac
abnormalities [49, 50], the BMP5/7 double knockout mice did show defects in AV cushion
formation [51]. BMPG6-deficient mice did not show any cardiac abnormalities, although
BMP6/BMP7 double-knockout mice did have cardiac defects [52, 53]. BMP2 plays a vital role
in modulating AV canal morphogenesis, as mice with BMP2 specifically inactivated in AV
myocardium showed abnormal AV canal morphology at 9.5 dpc and pericardial effusion and
growth retardation at 10.5 dpc [54]. ALK2 or ALK3 deficiency within the endothelium in mice
resulted in AV canal defects, indicating that these two BMP type | receptors are important in
inducing EndMT for endocardial cushion formation [55, 56]. Medici et al. showed that both
TGF-B2 and BMP4 induce EndMT in human umbilical vein ECs (HUVECs) and human
cutaneous microvascular ECs (HCMECs) in an ALK2- and TRI-dependent manner [12]. In
summary, both the TGF-f and BMP signaling pathways have pivotal functions in EndMT.

Transcription factors involved in TGF-p-induced EndMT

TGF-p family members mediate EndMT via Smad or non-Smad signaling propagated by
inducing the expression of specific transcription factors, such as Snail, Slug, Twist, ZEB1, SIP-
1/ZEB2 and LEF-1 [8]. The Snail family of transcription repressors, including Snail (SNAI1)
and Slug (SNAI2), are the most studied downstream EndMT effectors induced by TGF-f [36,
57]. Snail family members are proteins containing four to six C2H2-type zinc finger motifs in
their carboxy-terminal domain that bind a specific DNA region (E-box) [58]. Snail represses
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the expression of EC cell-cell adhesion molecules by binding to the promotor of CDH5
(encoding for VE-Cadherin) or PECAML1 (encoding for CD31) and inducing the expression of
mesenchymal markers such as ACTA2 (encoding for a-SMA) [36, 59]. Snail has a higher
apparent DNA-binding affinity than Slug, which can result in more potent inhibition of
endothelial specific target genes [60]. Kokudo et al. showed that Snail is essential for TGF-p2-
induced EndMT in mouse embryonic stem cell-derived ECs (MESECS) [36]. Snail expression
was upregulated by TGF-B2, whereas Snail knockdown abrogated TGF-B2-induced EndMT in
these cells. The transcription factor Forkhead Box M1 (Foxm1), which can be induced by TGF-
B, was found to drive EndMT by binding to Snail and enhancing its activity [61]. Twist can be
transcriptionally activated in a signal transducer and activator of transcription (STAT)3
dependent manner by the recruitment of the transcriptional modulator magakaryoblastic
leukemia (MKL)1 to its promotor region. Depletion of MKLL1 or treatment with a Twist small
molecule inhibitor attenuated TGF-p induced EndMT in human vascular endothelial cells
(HVEC) and liver fibrosis [62]. In addition, basic helix—loop-helix (bHLH) transcription
factors, such as E2A (including E12 and E47) and ID (DNA-binding protein inhibitor), are
master regulators of EMT [63]. ID proteins bind E2A to form heterodimers and thereby
regulate E2A activity [64]. The E2A protein contributes to EMT by regulating the expression
of target genes, such as ACTA2 (a-SMA) and CDH1 (E-Cadherin). Due to the similarity
between the EMT and EndMT processes, the bHLH proteins might also play an important role
in regulating EndMT.

, SNAIL SLUG
TGF-B R ZEB  TWIST T

¢
’ ’ ,/, SIP-1 ...
/’ ”"”- 7 is/r‘.r-—'
\ ) — 4 )

N-Cadherin
VE-Cadherin a-SMA
PECAM-1 SM22a
Tiel, Ttie2 FSP-1
vWF Vimentin

MMPs

Figure 2. A schematic representation of TGF-p-induced EndMT. The activation of TGF-f signaling
leads to the accumulation of nuclear Smad transcription factor complexes. These complexes can induce
the expression of transcription factors (SNAIL, SLUG, ZEB, TWIST and SIP-1) and trigger EndMT in
which cell morphological changes occur, including a switch from the cobblestone-like endothelial
morphology to a spindle-like fibroblast morphology. Upon EndMT, endothelial cells lose polarity, and
the expression of endothelial markers, such as VE-Cadherin, PECAM-1, Tiel, Tie2 and Vwf, is
decreased, while the expression of mesenchymal markers, including N-Cadherin, a-SMA, SM22a, FSP-
1, Vimentin and MMPs, is increased.
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Interplay with other signaling pathways that mediate or regulate EndMT

In addition to the Smad/non-Smad signaling pathway, TGF-B interacts with other signaling
pathways that mediate and/or regulate EndMT, such as the Notch [65], fibroblast growth factor
(FGF) [66], Wnt, and Sonic Hedgehog pathways [67]. As such, Notch signaling is critical for
heart formation during embryonic development [68]. TGF-p and Notch signaling cooperate to
induce the expression of Snail, thereby downregulating the expression of VE-Cadherin and
promoting EndMT [65]. In contrast, Patel and colleagues demonstrated that EC specific
deletion of Notch signaling resulted in enhancement of EndMT since more CD31FSP* cells
were detectable in skin wounds of endothelial specific transcription factor Rbpj-deficient mice.
Interestingly, TGF-B1 expression was found to be increased in these CD34/FSP-1* wound ECs,
which suggests that TGF-f is the main driver of EndMT in mice deficient for endothelial
specific Notch signaling [69].

Several studies indicate that miRNAs are regulated in response to TGF-B-induced EndMT. For
example, Ghosh et al. reported that several miRNAs are regulated during TGF-B2 induced
EndMT in mouse cardiac endothelial cells (MCECs). After promoting EndMT by stimulating
MCECs with TGF-f2 for 7 days, miR-125b, Let7C, Let-7g, miR-21, miR-30b and miR-195
were upregulated while miR-122a, miR-127, miR-196, and miR-375 were downregulated [70].
Correia and colleagues found that miR-20a is decreased during TGF-B1-induced EndMT.
miR20a regulates the expression levels of the TGF-B receptors TBRI and TBRIl. FGF2 was
found to induce miR-20a and antagonize TGF-B1-induced EndMT [71].

FGF is known to inhibit TBRI expression [72]. An increasing number of studies have shown
that FGF and TGF-p crosstalk in more complex ways. Endothelial specific deletion of Fgfrl
or Frs2a inhibited FGF signaling, resulting in enhanced TGF-f signaling and EndMT induction
[73]. Moreover, let-7 miRNA seems to have a crucial function in establishing a bridge between
FGF and TGF-B. FGF signaling activation is necessary for the expression of let-7 miRNA,
which binds in multiple sites on the untranslated region of human TBRI. Antagonizing FGF
signaling diminished the expression of let-7 miRNA, which increased TGF-f1 and TPRI
expression and thereby promote TGF- signaling [74]. Recently, FGF2 was shown to not only
inhibit TGF-B-induced endothelial-to-myofibroblast transition (End-MyoT) mediated via the
transcription factor ELK1, but also promoted the formation of active fibroblastic cells with
migratory and proliferative characteristics. This revealed the opposing and cooperative action
between FGF and TGF-B signaling during the modulation of different mesenchymal cell
phenotypes [75]. In mouse embryos with ECs deficient in B-catenin, the cardiac cushion had
fewer cells, suggesting that B-catenin in ECs is needed for efficient EndMT and invasion of the
mesenchymal cells into the cardiac jelly to form cardiac septa and valves. In vitro, TGF-p-
induced EndMT was strongly inhibited in p-catenin-KO ECs, as much less a-SMA was
expressed after TGF-B2 stimulation and VE-cadherin levels or Snaill expression did not
change [76]. Consistent with this notion, we showed that endothelial cells lacking primary cilia
expressed high levels of B-catenin, which was needed to induce Slug expression and subsequent
BMP-induced osteogenic differentiation [77]. The Sonic Hedgehog pathway cooperates with
TGF-B signaling to stimulate fibroblast differentiation [67]. Furthermore, inflammatory
interleukin (IL)-1p and TGF-f synergistically induce EndMT in HUVECs [78]. Liguori and
colleagues showed that the IL-13/TGF-B2 induced EndMT in HUVECS could be reduced by
conditioned medium of adipose derived stromal cells [79]. Katsura and co-workers
demonstrated that TGF-B signaling engages in crosstalk with the TNF-a pathway to enhance
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EndMT by inducing more miR-31 as a molecular hub, which is required for induction of
EndMT [80]. TGF-B suppresses VAV3 and Stk40, which are a negative regulator of MRTF-A
(involved in induction of EndMT related gene a-SMA) and a suppressor of NF-xB pathway,
respectively, in a miR-31-dependent manner. Thus, the lack of Stk40 augments the positive
function of miR-31 in EndMT [80]. Recently, Glaser et al. demonstrated that TGF-B2 as well
as a combination of IL-1B/TGF-B1 or hypoxia increased the expression of the histone
demethylase Jumonji domain-containing protein 2B (JMJD2B) in HUVECs. Interestingly,
both siRNA-mediated silencing and pharmacological inhibition of IMJD2B greatly reduced
TGF-B2 induced EndMT in HUVECs as demonstrated by a deceased SM22 expression,
preserved CDH5 expression and reduced endothelial permeability. The critical function of
JMJID2B in EndMT was verified in vivo; endothelial specific depletion of IMJD2B in mice
resulted in substantial fewer EndMT positive cardiac ECs in the heart after experimentally
induced myocardial infarction. However, the reduced EndMT only resulted in a modest rescue
of cardiac function 2 weeks after infarction [81].

EndMT -related diseases

While endothelial cell plasticity and EndMT are important for proper embryonic development,
preserving the function of endothelial cells during adult life is an active process and crucial
for tissue homeostasis. Endothelial dysfunction can be the consequence of EndMT and can lead
to pathological tissue remodeling, thereby contributing to the progression of a variety of
diseases, such as fibrotic disorders and tumor development (Figure 3).
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Figure 3. EndMT can contribute to the development of multiple diseases, including fibrotic diseases
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and cancer. Cardiac fibrosis: Endothelial cells that undergo EndMT can differentiate into cardiac
fibroblasts that enable cardiac fibrosis. Pulmonary arterial hypertension (PAH): The accumulation of
EndMT-derived SMA-overexpressing fibrosis cells can thicken and narrow the arterial walls and favor
the development of PAH. Atherosclerosis (AS): The accumulation of EndMT-derived fibroblasts can
lead to plaque growth and facilitate the thickening of AS plaques. Organ fibrosis: EndMT-induced
fibroblasts have been demonstrated as a source of fibroblast-like cells in liver fibrosis, renal fibrosis
and intestine fibrosis. Cancer: (i) Up to 40% of cancer-associated fibroblasts (CAFs) in pancreatic
cancer or melanoma animal models were shown to be derived from EndMT. Tumor cells secrete
abundant growth factors, including TGF-f, which stimulates endothelial cells to differentiate into CAFs.
CAFs can promote cancer invasion and metastasis and immune evasion. (ii) Cancer cell-secreted growth
factors (e.g., TGF-B) induce the EndMT of endothelial cells that line tumor blood vessels. EndMT-
derived mesenchymal cells weaken the endothelial barrier permeability due to elongation of the cell
shape and the loss of adhesion molecules such as claudins and VE-cadherin. These effects facilitate
cancer cell intravasation and extravasation.

EndMT in fibrotic diseases

Fibrotic disorders are characterized by the excessive deposition of matrix produced by an
increased number of activated fibroblasts and/or myofibroblasts, which eventually leads to
organ dysfunction and systemic disease [82]. Although the contribution of endothelial cells to
fibrosis is still debatable, results obtained in the past years suggests that EndMT provides an
additional source of fibroblasts in fibrotic organs [10, 83, 84]. The origin and composition of
these fibrosis associated fibroblasts may vary depending on the affected organ. Due to the lack
of effective and safe therapies that do not compromise physiological healing, fibrotic diseases
constitute a serious health problem and contribute to high mortality. Therefore, there is an
urgent need to gain a deeper understanding of the mechanism underlying fibrotic disease to
provide the basis for the development of potential antifibrotic treatments, perhaps through the
modulation of EndMT.

Cardiac fibrosis

Fibrosis in the heart, the accumulation of excessive extracellular matrix in the myocardial and
perivascular tissues, is an important determinant in the pathogenesis of cardiovascular
disorders. Cardiac fibrosis is a response of the heart to stress and injury. Interstitial fibrosis is
characterized by unbalanced turnover and excessive deposition of diffuse collagen in the
interstitial space and it is often found under conditions of pressure and/or volume overload, in
metabolic disorders, or following ischemic insults [85]. Replacement fibrosis mainly occurs
after myocardial infarction in the healing ventricle, where dead myocardial cells are substituted
by a collagen-based fibrotic scar [86]. Cardiac fibrosis compromises the contractile function of
the heart, leading to impaired ventricular relaxation and eventually ventricular hypertrophy,
reduced cardiac output and heart failure [87]. Whether EndMT contributes to the pool of
cardiac fibroblasts remains controversial and depends on the affected tissue. Using a
TielCre;R26RstoplacZ fate mapping strategy, Zeisberg et al. showed an increase in LacZ-
positive cells that co-expressed the fibroblast marker FSP1 surrounding the cardiac capillaries
[10]. Furthermore, the authors demonstrated how activated Smad2/3 was increased in these
cells, and that the knockout of Smad3 decrease