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1 Summary

1 Summary

The Notch signaling pathway plays a critical role in many developmental and disease related
processes. Furthermore, Notch regulates the differentiation of tip and stalk cells during
angiogenesis. It is widely accepted that Notch has a mechandransduction module that
regulates cleavage of the receptor. However, the role of biomechanical properties of the
cellular environment on this module and on Notch signaling in general is still poorly
understood.

In the first part of this thesis, the influence of substrate stiffness on the Notch signaling
pathway was investigated in endothelial cells. Using stiffness-tuned PDMS substratesit could
be shown that Notch signaling pathway activity inversely correlates with the phy siologically
relevant substrate stiffness, with increased Notch activity on softer substrates. In this context,
trans-endocytosis of the Notch extracellular domain, but not the overall endocytosis, is
regulated by substrate stiffness. Furthermore, Notch related adhesion pathways were studied
in connection with different substrate stiffnesses. It was observed that integrin cell-matrix
connections are both stiffnessdependent and influenced by Notch. Cadherin -mediated cell-
cell adhesion and Notch influence each other in that basal Notch signaling is cell-cell contact-
dependent. Inhibition of the Notch signaling pathwa y however also results in a reduction of
VE-cadherin levels.

In the second part of the project, 2D and 3D approacheswere used to investigate the role of
Notch and substrate stiffness in angiogenesis. It was shown that both overexpression of DIl4
and inhibition of the Notch signaling pathway drive sprouting, although Notch blocking | ed
to excessive and ineffective sprout formation. By analyzing the cell positions of Dll4
overexpressing cells, it was further identified that DIl4 expression is not a selection factor for
tip cell differentiation, but a consequence. In connection to the identified stiffness-dependent
activation of the Notch signaling pathway, it was also shown that sprouting and sprout
elongation is increased in matrices with low stiffness.

In sum, the present work demonstrates a mechanosensitivity of the Notch signaling pathway
likely associated with the process of trans-endocytosis, suggesting a second mechanial aspect
of the Notch signaling pathway besides the pulling force generated by the ligand presenting
cell. Furthermore, a new insight into the influence of stiffness on the sprouting behavior of

endothelial cells as well as the role of DIl4 overexpressionin tip cell selection is provided.
| 1



2 Introduction

2 Introduction

2.1 Mechanosensing of endothelial cells

Mechanosensing describes the ability of cells to sense and respond to the local
microenvironment [1]. In this process, the composition and structure of the extracellular
matrix (ECM) as well as changes in density and stiffness have an impact on celular behavior
[1-3]. Due to endothelial cells (ECs) being surrounded by a complex extracellular
microenvironment, these cellshave the ability to respond to cues from the surrounding matrix
and to adapt their gene expression profiles accordingly [1, 4]. Signals and dangesfrom the
ECM allow for the ada ption of different endothelial cell phenotypes that enable, among other
things, interaction with other endothelial cells or signal transduction through pathway
activation, which makes ECs also highly dependent on the local matrix [1, 5]. The cells interact
with the compon ents of the matrix through cell -matrix adhesion, i.e. integrins, and ECM
receptors, implementing transmission of the cues of ECM proteins [4, 5]. Upon cell matrix
interaction via integrin, the integrins form local clusters, recruiting intracellular molecules that
affect the actin cytoskeleton and focal adhesion sites[4]. Consequently, especially migration,
proliferation and cell-cell connections are influenced and regulated [1, 6]. Changes in the
microenvironment are i nitiated either by contractile forces, or by the expression of degradation
enzymesor crosslinking proteins by th e endothelial and surrounding cells [7, 8]. Furthermore,
matrix remodeling can becausedby the release of signaling molecules such as VEGHRnducing

deposition of the ECM proteins , which plays a major role during angiogenesis [4].



2 Introduction

2.2 The Notch signaling pathway

The Notch signaling pathway plays a crucial role in most tissues, regulating cell fate decisions,
cell cycle progression and apoptosis during tissue development and maintenance [9, 10]. This
pathway acts in a highly context-dependent manner by enabling cell-cell communication in
neighboring cells through juxt acrine signaling [10, 11]. Sgnaling is activated by the interaction
of single-pass transmembrane Notch ligands and receptors[12, 13] In mammals, five types of
ligands, divided into the groups Delta -like (DII1, DII3, Dll4) and Serrate -like (Jagl, Jag2), and
four types of receptors (Notchl-4) have been identified [11, 12] The Notch pathway leads to
the activation of Notch target genes, whereby the different ligands initiate specific target
programs [10]. In endothelial biology, mainly the receptor Notchl and its ligands Delta-like-4

and Jagged1 are involved[9, 14].

2.2.1 Notch processing and signal transduction

Before cells expressthe Notchl receptor at the plasma membrane, the receptor must undergo
a conformational change by post-translational cleavage [15, 16] A furin -like protease
proteolytically processes the extracellular domain at the S1 cleavage site, resulting in a Notch
extracellular domain (NECD), a transmembrane domain (NTM) and an intracellular domain

(NICD) non -covalently associated by the heterodimerization domain (HD) [16, 17] Processing
takes place in thetrans-Golgi network [15]. Subsequently, the Sicleaved Notch transits to the
cell surface and accumulates at the plasma membrang16, 18]

Interaction between a Notch ligand of one cell (signal sending cell) with a processed receptor
of an adjacent cell (signal receiving cell) triggers a signaling cascade in the receiver cel[11, 13,
19]. Two control mechanisms ensure the correct signal transduction: a negative regulatory
region (NRR) in the extracellular part of the receptor and the activation state of the receptor.
The NRR prevents the signaling cascade from continuing in case of absent or insufficient

activation . In addition, the ligand can acquire two different activities: in cisthe ligand inhibits

binding of a receptor of the samecell, in transthe ligand enables binding of the receptor of a
neighboring cell [11, 19] Trans interaction of receptor and ligand ensures separation of the
receptor heterodimer by tw o further proteolytic cleavage events, resulting first in separation

of the NECD, and subsequently in release of the NICD [10, 12, 20] Proteolytic separation of
| 3



2 Introduction

the extracellular porti on of the receptor (S2cleavage) is mediated by the metalloprotease
ADAM close to the membrane, leaving the transmembrane and intracellular domain [16, 20}
The NECD is pulled into the ligand presenting cell along with the ligand during trans-
endocytosis [20, 21] The intracellular domain is dissociated at an intracellular cleavage site by
wsecretase (S&leavage)[16, 22] The NICD is translocated to the nucleus of the receiver cell,
where it associates with the transcriptional regulator RBPJ (also known as CBF1 or CSL),
activating the Notch target genes such as Hairy-Enhancer of Split (HES) and HESrelated

proteins [9, 12, 21] A schematic overview of the process is presented in Figure 21.

Signal-
sending
cell

Trans-
endocytosis

pulling force

1
Ligand . /(5) :!NECD

— —
Notch y-secreta @
ADAM ~—3p | NTM
@ —
Furin
Yo
Nucleus /
@ s e
Signal- RBP) [ RBPIE [
receiving

cell Target gene repression Target gene activation

Figure 2-1: The Notch signaling pathway. (1) Furin-mediated Notch receptor processing in the trans-
Golgi network (S1 cleavage); (2)Notch transit to the plasma membrane; (3) Receptor-ligand binding;
(4) ADAM -mediated separation of the NECD from the receptor (S2 cleavage);(5) Endocytic uptake of
the NECD bound to the ligand into the signal -sending cell (trans-endocytosis); (6) trsecretasemediated
separation of the NICD from the transmembrane domain (S3 cleavage), leaving the NTM; (7)NICD
translocation to the nucleus; (8) Complex formation of the receptor with a co -activator (CO-A), MAML
and RBPJ to activate Notch target genes.

| 4



2 Introduction

2.2.2 Mechanical forces during Notch signaling

During the Notch signaling pathway, mechanical forces are involved in the form of
intercellular adhesion at receptor-ligand binding, and at trans -endocytosis during NECD
uptake into ligand presenting cells [21, 23] Receptor-ligand binding is mechanically linked to
the intercellular adhesive strength and becomes stronger as the tension betweerreceptor and
ligand expressing cells increases[23-25]. With increased tension between two neighboring
cells, receptorligand binding also increases [23]. The high force between the receptor and the
ligand originates from the Notch receptor and is based on both the extracellular and
intracellular domain [25]. For subsequent receptor activation by proteolytic cleavage,
however, a mechanical pulling force is necessary [21, 26, 27] After receptor -ligand binding in
the process of transendocytosis into the ligand presenting cell, the ligand exerts a molecular
strain on the extracellular p ortion of the receptor, thereby exposing the S2 ADAM cleavage
site [21, 27] The pullin g force acts on the negative regulatory region of the receptor, making
the NRR a mechanosensitive switch[24, 27] The maskedS2cleavage site in the receptor serves

as an autoinhibition, providing additional control over pathway activation [27].
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2.3 Physiologicabnd tumor angiogenesis

Angiogenesis describes the process bnew vessel formation from existing vascular systems [1,
28]. The process is usually induced during tissue growth and repair , serving to supply all
tissues and organs with oxygen and nutrient s as well asremoving metabolic products [29-31].
Uncontrolled and abnormal vascular growth triggers or facilitates numerous disease
processes: inadequate growth or vascular occlusion results in ischemia and necosis, excess/e
growth promotes diseases such as inflammatory disorders or cancer progression [29, 31]
Tumor angiogenesis is considered a crucial hallmark of cancer and also contributes

significantly to tumor cell metastasis [29, 32]

2.3.1 Mechanism of angiogenesis

The process of angiogenesis can be divided intofour steps: endothelial activation, tip/stalk cell
selection, vessel elongation, and vessel stabilization[29, 33] Angiogenesis is initiated by local
hypoxia, which releases angiogenic factors, including biochemical and mechanical cues.
Through these pro-angiogenic factors, ECs in the existing vessel structure are activated and
become motile [31, 34] Loosened cellmatrix connections, due to increased ECM elasticity,
allow the breakout of an endothelial cell from the vesseland its migration in the direct ion of a
VEGF gradient, released by the hypoxic tissue[8, 31, 35] The determination of which of the
cells break out of the vessel and form a new sprout is decided by the adaption of tip or stalk
cell phenotypes of the ECs[36]. The selection of tip and stalk cells is initially regulated by
biochemical signals transmitted by the surrounding tissue, with VEGF having the greatest
influence by regulating DII4 -Notch signaling, which defines the tip and stalk cells, and by
reorganizing the ECM structure, which enables the migration of tip cells [4, 8, 34] By forming
filopodia, the tip cells can mediate sprout formation and induce ECM degradation by
expression of endopeptidases (matrix metalloproteinases, MMPs) [8, 28]. The tip cells are
followed by proliferating stalk cells that collectively invade the hypoxic tissue, allowin g vessel
elongation and lumen formation [2, 3]. Cell proliferation is driven by increased matrix stiffness
as the matrix exerts a medtanical stretch on the ECs that induces morphological changes[36].
Also, the stalk cell phenotype is enhanced by increased ceHmatrix contacts due to the

increased ECM stiffness [4]. During lumen formation, stalk cells additionally synthesize a
| 6



2 Introduction

basement menbrane around the newly formed vessel [37]. The final phase of angiogenesis is
the maturation and stabilization of the newly formed vessels [38, 39] External stabilization

occurs by cell recruitment of mural cells and the basement membrane. Whereas wascular
maturation includes vessel condensation and alignment via increased cellt cell adhesion, shear

stress induces vessel shaping[34, 38, 39]

2.3.2 Mechanicalaspects of angiogenesis

The initiation of angiogenesis by hypoxia, whereby angiogenic factors are released and
subsequent cellular signaling pathways are thus activated by biochemical signals, is widely
known and well -studied [40]. However, the influence of mechanical cues in angiogenesis is
now receiving more attention [3, 33, 34] Besides the shear force due to the blood flow, most of
the mechanical forces on the endothelial cells are exerted by the ECM, caused by matrix
structural changes that can locally alter the matrix stiffness and density [2, 8, 36] Changes in
the matrix result either from biochemical and mechanical signals from the surrounding tissue ,
influencing the endothelial cell behavior or from the ECs themselves affecting the matrix
assembly and thus creating defined conditions for the different stages of angiog enesis[2, 28].
In a stable and mature vessel, m&lium mechanical forces act between the endothelial cells
lining the inner surface of the vessel and between the ECs and the surrounding tissue [3].
When a tip cell breaks out of a vessel wall, the mechanical forces between wo neighboring
cells and between matrix and tip cell decrease, allowing migration [2, 36] In addition, the
mechanical forces of the vesselstabilizing cells and the surrounding tissue breaks openas the
ECM is degraded [8, 35] During vessel elongation, the cell-matrix junctions must be
strengthened to allow proliferation of stalk cells, resulting in high mechanical forces [36]. At
the end of angiogenesis, during vessel maturation, in the process of cell recruitment stabilizing
cells and the surrounding tissue exert weak forces on the ECs but between the endothelial
cells in the newly formed vessel the medium mechanical forces already occur, guaranteeing a
stable vessel[41, 42] Thus, coordinated stiffness gradients and local matrix stiffening in the
respedive steps of angiogenesis are essential for the formation of new blood vesselg3]. The
local stiffness changes and the resulting mechanical forces acting during angiogenesis are

shown in Figure 2.2.
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endothelial cell smooth muscle cell ‘ MMPs +—» medium mechanical force
fibroblast

: ECM <+ weak mechanical force <= strong mechanical force

Figure 2-2: Mechanical forces during angiogenesis [33]. During the different steps of angiogenesis,
mechanical forces act between the endothelial cellsor between the ECs andthe extracellular matrix.
Weak, medium, and strong mechanical forces are indicated by force arrows.
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2.3.3 Microenvironmental changes in tumor angiogenesis

The tumor microenvironment and tumor microvasculature are very different from those in
healthy ti ssue[6]. Tumor vessels show amalformed structure with deviant branching patterns
as well astortuous and permeable vessels originated by an elevated stiffness[6, 43. In the
tumor microenvironment stiffness can be changed separately from collagen density due to
enhanced collagen deposition, inter alia through up -regulated VEGF levels, and collagen
crosslinking proteins , secreted by tumor cells [6]. Since excessive matrix density reduces
angiogenic sprouting, density -independent stiffening of the matrix allows blood vessels to
form even in the tumor microenvironment. In addition, increased matrix stif fness leads to
increased MMP activity, which enablestip cells to easily invade the surrounding tissue during
the formation of new sprouts [6]. However, this makes for ineff ective sprouting, as the
pathologically high ECM stiffness affects cell-cell contacts, migration, and proliferation of
capillary -forming endothelial cells and thus vessel integrity, causing the sprouts to either
break off or become leaky [6, 43, 44] Further studies show that the abnormal tumor
microenvironment also leads to increased tumor aggressiveness and progression, metastatic

potential as well as treatment resistance[45].



2 Introduction

2.4 Notch signaling inangiogenesis

The Notch signaling pathway is instrumental in angiogenesis, regulating the selection of tip
and stalk cells [46, 47] Tip/stalk cell specification involves both DIl4 -Notchl signaling and
JaggedXNotchl signaling [47]. Tip cells are characterized by increased DIl4 expression
mediated by VEGF-VEGFR?2 signaling [1, 47]. Stalk cells, on the other hand, exhibit increased
Notchl expression, which is caused by the high DIl4 level in the tip cells [1]. Activation of the
Notch signaling pathway in stalk cells by DIl4 expression in tip cells, induces cell proliferation
of stalk cells, resulting in extension of sprouts and lumen formation [1, 40]. DIl4-mediated
Notch signaling further suppresses tip -like behavior in stalk cells and reduces VEGF receptor
expression in tip cells, restricting tip cell selection [47, 48] Thus, DIl4-Notchl signaling
supports vessel elongation [40, 47] In contrast, the Notch ligand Jaggedl antagonizes DIl4
Notchl signaling, promoting tip cell selection, and sprouting through Jaggedl-Notchl
signaling [47, 49] The expression of Dll4 and Notch1 varies in the endothelial cells, which also
changes the tip and stalk cell specifications[50]. The heterogeneity of endothelial cells allows
vessel branching. However, with high VEGF release, endothelial cells synchronize, leading to
the maintenance of either a tip or stalk cell phenotype, allowing sprout formation and
elongation to occur [50]. The process of Notch signaling during angiogenesis in connection

with tip/stalk cell selection is shown schematically in Figure 2.3.
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Figure 2-3: Notch signaling in tip/stalk cell selection. Upon VEGF/VEGFR2 signaling DIl4 expression
increases in the cells braking out of a vascular network (tip cells), leading to Notch activation in the
following stalk cells. The Notch signaling pathway terminates in activation of Notch target genes,
supporting vessel elongation. Jaggedl antagonizes DIlI4Notchl signaling. Jaggedl-Notchl signaling
promotes tip cell selection and sprouting and restricts vessel elongation.

| 11



2 Introduction

2.4.1 Notch signaling in tumor angiogenesis

Notch activity plays a major role in both tumor cells and the tumor vasculature [51, 52]
Depending on the tumor type, the signaling pathway acts either as an oncogene or as a tumor
suppressor, whereas Notch-mediated promotion of tumor progression and especially tumor
angiogenesis occus more frequently in the different cancer types [52-54]. Oncogenic
association of the Notch pathway involves DIl4/Notchl signaling, as in normal angiogenesis
[51]. The ligand DIll4 plays the major role, being strongly overexpressed in the tumor
vasculature, induced by pro -angiogenic factors, especially VEGF[51, 52, 55] Consequently,
the Notch receptors as well as Notch target genes such as Hesl are also upregulate{b1]. DIl4
overexpression associated with activation of Notch receptors reduces branching and
significantly increases the diameter of the tumor vessel[50]. Furthermore, activation of Notch
signaling influences several cell fate decisions and contributes to elevated proliferation,
decreased differentiation and dysregulated apoptosis [54]. However, especially in malignant
tumors, activation of the signaling pathway is often impaired and mutated, leading to
increasingly abnormal and uncontrolled tumor angiogenesis as well as altered endothelial
phenotypes [6, 56]. Oncogenic involvement of the Notch signaling pathway in tumor
angiogenesis and the resulting malformed vasculature not only facilitates tumor progression

but also causestherapeutic resistance[45, 54}
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2.5 Aim of the study

The Notch signaling pathway plays an important role in most tissues , enabling cell
communication in a context-dependent manner, thereby regulating cell fate decisions, cell
cycle progression and apoptosis. Thus, the Notch signaling pathway is also a key regulator of
angiogenesis. TheNotch-mediated selection of vascular endothelial cells into tip and stalk cells
controls migration and proliferation, driving sprout formation, elongation, and branching.
Angiogenesis is influenced by biochemical and mechanical signals, with the biochemical cues
being well studied and the mechanical cues only recently gaining importance. Besides the
shear force of the blood flow, most of the mechanical cues during angiogenesis are exerted by
the ECM, caused by matrix structural changes that can locally alter the ECM stiffness and
density. However , little is known about the mechanical impact via the matrix on the signaling

pathways involved in angiogenesis, like the Notch signaling pathway.

The first part of the study therefore aims to investigate the influence of different physiological
relevant substrate stiffnesses on the Notch signaling pathway and related other pathways in
endothelial cells. Using different stiffness-tuned silicone substrates and DIl4 as a ligand, a
mechanosensitivity of Notch is to be elucidated. Furthermore, this study considers the
significance of cell-cell contacts on Notch activation and the mutual influence of Notch and

adhesion proteins, as well as the crosstalk between Notch and YAP signaling, a well-known
mechanosensitive pathway.

The second pat of the study aims to investigate the Notch signaling pathway and substrate

stiffness in angiogenesis. Using both a 2D tube formation and 3D spheroid sprouting

angiogenesis model, the role of the Notch signaling pathway and DIl4 -dependent tip cell
coordination is to be investigated. Moreover, this study analyzes the influence of substrate

stiffness of angiogenic sprouting behavior in endothelial spheroids.
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3 Material and methods

3 Materialand methods

3.1 Material

3.1.1 Technical equipment

Table 3-1: Technical equipment.

Device

Manufacturer

Bold Line incubation system
Compartment drier

Digital UV Ozone Cleaner system
Desiccator

HERACEell 150i incubator

Lamina flow Heraeus, Herasafe

Leica DMil microscope
+ camera Leica MC120HD

Leica TCS SP8 confocal microscope
Megafuge 1.0 RS centrifuge

Modular Compact Rheometer MCR 100
+ PP25 measuring plates

Nanodrop® 1000 spectrophotometer

Orion Il microplate luminometer

2x]1 EUUE®%OUOUW/ OUUa wx
Vi-* 1 O0aw71wEI OOWEOUD!
Vibrax VXR basic lab shaker

Water bath Haake W19

Okolab, Pozzouli, Italy

Memmert, Schwabach, Germany

Novascan Technologies, Ames, IA, USA
Glaswerk Werthheim, Werthheim, Germany
Thermo Scientific, Waltham, MA, USA

Thermo Scientific, Waltham, MA, USA

Leica Microsystems, Wetzlar, Germany

Leica Microsystems, Wetzlar, Germany

Thermo Scientific, Waltham, MA, USA

Physica, Stuttgart, Germany

PEQLAB Biotechnologie GmBH,
Erlangen, Germany

Titertek Berthold, Bad Wildbad, Germany
Diener electronic, Berlin, Germany
Tecan, Crailsheim, Germany

Beckman Coulter, Brea, CA, USA

IKA, Staufen, Germany

Thermo Scientific, Waltham, MA, USA
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3.1.2 Consumables

Table 3-2: Consumables.

Product

Manufacturer

Cell culture flasks: 25 cn®, 75 cn?
Disposable pipettes: 5 ml, 10 ml, 25 ml
Falcon tubes: 15ml, 50 mi

Microtiter plates: 6 well, 96 well

Petri dishes: 100 mm, 40 mm

Pipette tips: 10 ul, 100 pl, 1000 pl
SafeSeal tubes: 0.5 ml, 1.5 ml, 2 ml
p-slide 2 well uncoated

p-slide 8 well ibiTreat, uncoated

u-slide angiogenesis ibiTreat

Sarstedt, Nurnbrecht, Germany
Sarstedt, Nurnbrecht, Germany
Sarstedt, Nurnbrecht, Germany
Sarstedt, NUrnbrecht, Germany
Sarstedt, NUrnbrecht, Germany
Sarstedt, NUrnbrecht, Germany
Sarstedt, Nurnbrecht, Germany
ibidi, Martinsried, Germany

ibidi, Martinsried, Germany

ibidi, Martinsried, Germany

3.1.3Chemicals and reagents

Table 3-3: Chemicals and reagents.

Reagent

Company

Amaxa HUVEC Nucleofector Kit
Amphotericin B

Ampicillin

Bovine serum albumin (BSA)

Collagen G

Crystal violet

Dimethyl sulfoxide (DMSO)
Dual-Luciferase® Reporter Assay System

#UOEI EEOzUw, OEPI P1 Ew:
(DMEM)

Lonza, Basel, Switzerland

PAN Biotech, Aidenbach, Germany
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Biochrom AG, Berlin, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, MO, USA

Promega, Mannheim, Germany

PAA Laboratories, Pasching, Austria
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Reagent

Company

Endothelial Cell Growth Medium (ECGM)
kit enhanced

Ethylenediaminetetraacetic acid (EDTA)
Ethylene glycol tetraacetic acid (EGTA)
Fetal calf serum (FCS)
%OUOU2EYI awll ETT OU
FUGENE® Transfection Reagent
Hoechst 33342

Kanamycin

L-Glutamine

M ethylcellulose

Paraformaldehyde (PFA)
Penicillin/Streptomycin 100x
Recombinant human DIl4 His -tag protein

Recombinant human vascular endothelial
growth factor (VEGF) 165

Sodium chloride (NaCl)

Targefect' 453%" &

Transferrin, Alexa Flour 488 conjugate
Trisodium citrate

Triton X-100

Trypsin

Pelobiotech GmbH, Martinsried, Germany

Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Biochrom AG, Berlin, Germany

Merck Millipore, Darmstadt, Germany
Promega, Mannheim, Germany
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA
Thermo Scientific, Waltham, MA, USA
PAN Biotech, Aidenbach, Germany

R&D Systems, Minneapolis, MN, USA

PeproTech, Rocky Hill, NJ, USA

Sigma Aldrich, St. Louis, MO, USA
Targeting Systems, El Cajon, CA, USA
Life Technologies, Carlsbad, CA, USA
Sigma Aldrich, St. Louis, MO, USA
Sigma Aldrich, St. Louis, MO, USA

PAN Biotech, Aidenbach, Germany
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3.1.4 Buffers and solutions

Table 3-4: Buffers and solutions.

Buffer / solution Composition

Collagen G 1.25ml collagen G (0.4%)
in 500 ml PBS

Methocel stock solution 1.2% (v/w) methylcellulose (autoclaved)
in ECGM

132.2mM NaCl
Phosphate buffered saline (PBS) pH 7.4 10.4mM NaHPO4

3.2mM KH 2POs

in H20

137mM NaCl
2.68mM KClI
8.1mM Na:HPO4
PBS + @G2/Mg2* (PBS) pH 7.4 1.47mM KH 2POs
0.25mM MgCl 2x 6 H20
0.5mM CaCl2x 2 H-0

in H20
1 pg/ml rhDIl4
hDIi4 in PBS + collagen G
Trypsin 0.05 % (w/v)
Trypsin/EDTA (T/E) Na:EDTA x 2 H20 0.02 % (w/v)
in PBS
3.1.5Hydrogels and polymers
Table 3-5: Hydrogels and polymers .
Hydrogel / polymer Manufacturer

Collagen | high concentration, rat tail Corning, New York, NY, USA

Matrigel, growth factor reduced,

phenol red free Corning, New York, NY, USA
PhotoCol®-IRG Advanced BioMatrix, Carlsbad, CA, USA

Polydimethylsiloxane (PDMS), _ _
Sylgard 184 silicone elastomer kit Dow Corning, Midland, M, USA
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3.1.6 Antibodies

Table 3-6: Primary antibodies.

Name Species Catalogue Manufacturer Dilution
Santa Cruz
ADAMTS -1 (3C8F4)  mouse mADb IgG1 Sc47727  Biotechnology, 1:200
Dallas, TX, USA
Cell Signaling
82?1\/7‘3‘?4;“ otchl rabbit mAb IgG 4147 Technology, 1:200
Cambridge, UK
Cell Signaling
(601 T UDPOw¢ h rabbit IgG 4706 Technology, 1:200
Cambridge, UK
(O01 1 UPOwWE F mouse IgG ab30304  Pcam 1:200
g5t Cambridge, UK '
Cell Signaling
VE-cadherin rabbit 1IgG 2158 Technology, 1:200
Cambridge, UK
. Merck KGaA, .
VE-cadherin, mouse 1gGza MABT134 Darmstadt, 110
clone BV6 (blocking)
Germany
Cell Signaling
YAP (D8H1X) XP® rabbit IgG 14074 Technology, 1:200
Cambridge, UK
Table 3-7: Secondary antibodies.
Name Species Catalogue Manufacturer Dilution
goat anti-mouse Life Technologies, _
Alexa Fluor 488 IgG (H+L) A-11001 Carlsbad, CA USA 1:400
goat anti-rabbit Life Technologies,
Al FI 4 A-11 1:4
exa Fluor 488 IgG (H+L) 008 Carisbad, ca, usa 1490
chicken anti-rabbit Life Technologies,
Alexa Fluor 647 A-21443 1:400

IgG (H+L)

Carlsbad, CA, USA
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3.1.7 Compounds

3 1 I -secovetase inhibitor DAPT was purchased from Sigma (St. Louis, MO, USA), handled

concentrations.

3.1.8 Software

Table 3-8: Software.

Software Origin

GraphPad Prism 9 GraphPad Software, San Diego, CA, USA

ImageJ National Institutes of Health, Behtesda,
MD, USA

ImageJ plugin AnalyzeSkeleton [57]

ImageJ plugin TrackMate [58]

ImageJ plugin [59]

Trainable Weka Segmentation

Gilles Carpentier, Faculte de Sciences et
Technologie Universite Paris Est Creteil
Val-de-Marne, Paris, France

ImageJ software tool
Angiogenesis Analyzer

ImageJ software tool FAIR Data Informatics Lab, University of
Intensity Ratio Nuclei Cytoplasm California, San Diego, CA, USA

LAS X Core Software Leica Microsystems, Wetzlar, Germany
Microsoft Office Standard 2016 Microsoft, Redmond, WA, USA
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3.2 Methods

3.2.1 Cell culture

3.2.1.1 Cell lines and culture media

All cells were cultivated under high humidity at 37 °C and a 5% CO: atmosphere. ECGM cell
culture medium was supplemented with the ECGM kit enhanced, 10 % FCS, 1% penicillin /
streptomycin and 1 % amphotericin B. DMEM cell culture medium was supplemented with
10% FCS and 1% L-Glutamine.

Human umbilical vein endothelial cells (HUVEC) were purchased from Promocell. Cells were
cultivated in ECGM for a maximum of six passages. All experiments were performed in
passage #6. Mouse cardiac endothelial wild type cells (MCECGWT) were a kind gift from the
laboratory of Prof. David Sprinzak (University of Tel Aviv, Israel). DIl4 overexpressing mouse
cardiac endothelial cells (MCEC-DII4-mCherry) were generated by Rose Mamistvalov (Prof.
Sprinzak, University of Tel Aviv). Both MCEC cell lines were cultivated in DMEM medium
and used in continuous passage. Before seeding, all surfaces were coated with collagere for

30min.

3.2.1.2 Passaging

Upon reaching confluence, the cellswere detached from the cell culture flask by removing the
growth medium, washing the cells twice with pre -warmed PBS, and incubatbn with trypsin /
EDTA for 5 min at 37 °C. Tryptic digestion was stopped by add ition of growth medium. Cells
were centrifuged at 1000rpm at room temperature for 5 min and resuspended in growth
medium. For sub-cultivation, cells were split 1:2 - 1:20 and reseeded in 2£m?2 or 75cm? cell
culture flasks (coated). For further experiments, cells were counted using a ViCella- w 7 dell
counter and seeded onto the appropriate substrates (coated) at the required cell

concentrations.
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3.2.1.3 Cecultures

Co-cultures were seeded at 1:1, 1:5 and 1:10 ratios by determining cell concentrations. DMEM
was used for the co-culture of both MCEC cell lines, whereas the co-cultures of HUVECs and

MCECs were incubated in ECGM.

3.2.2Polymers and hydrogels
3.22.1 PDMS preparation

PDMS base elastomer and curing agent were mixed in defined ratios. Air bubbles were
removed by degassing in the desiccator for 15¢ 20 min. Using cut pipette tips, specific volumes
of PDMS were added to the cell culture dishes used: 1000ul / 6 well, 450 ul / 2 well (ibidi),
90l / 8 well (ibidi). PDMS substrates were polymerized in compartment drier for 20 h at
60°C. The following ratios of base elastomer and curing agent were used to prepare the

indicated substrate stiffnesses.

Table 3-9: PDMS base elastomer to curing agent ratios.

Ratio of base elastomer to curing agent Resulting stiffness
10:1 70kPa
50:1 1.5kPa
75:1 0.5kPa

Before using the PDMS substrates, they were hydrophilized by plasma cleaning. The plasma
process was performed at 0.3mbar O: for 3 min. For cell seeding, the PDMS was coded as

described above (3.2.1.1

3.22.2 Rheological analyses

The stiffness of the PDMS substrates was verified using a Modular Compact Rheometer MCR
100. The substrates were prepared in 40nm petri dishes and hydrophilized by plasma
cleaning. The substrates were cut to the size of the PP25 measuring plates and measured in
amplitude sweep mode with a constant frequency of 1 Hz at 37 °C. Deformations between

0.01% and 10% in ramp mode were applied. Each measurement consisted of 30 measurement
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points, each with a duration of 15 sec. Three independent measurements per stiffness were

averaged.

3.2.2.3 Hydrogel preparation

Two different hydrogels were used: collagen | (2 mg/ml) and PhotoCol® (4 mg/ml). All
preparations were carried out on ice to avoid early polymerization.

For the collagen| gels, the collagen stock solution was diluted with 10 x PBS, IN NaOH and
dH 20 accading to the manufacturer's protocol to the final concentration of 2 mg/ml. For the
PhotoCol® gels, the lyophilized methacrylated collagen initially was diluted with 20 mM
acetic acid to a concentration of 4mg/ml. In accordance with the manufacturer's ins tructions,
the collagen solution was first mixed with neutraliz ation solution and then with photoinitiator,
depending on the volume of collagen.

Both collagen gels were used to embed the spheroids for the spheroid sprouting assay (see

3.2.8.2).

3.2.3 Celtmatrix adhesion assay

For the adhesion assay, cell culture plates were coated with collagenG and additionally
incubated with heat denatured BSA for 30 min at room temperature. Cells were prepared in
DMEM + 25 mM HEPES at a concentration of 500000 cells/ml and incubated in suspension at
37°C, 5% CO:for 10 min. The blocking solution was removed and the cells were seeded into
the cell culture plate. After 15 min, 45 min or 90 min incubation, the control was fixed directly
with 4 % methanol free form aldehyde in PBSfor 10 min. Cells from the remaining conditions
were washed twice with PBS, fixed and stained with 0.5 % crystal violet in methanol for
15min. Excess dye was removed by three washing steps with dH20. After drying, the cell -
bound dye was redissolved in trisodium citrate solution in 50 % ethanol and the optical

density was detected at 550nmusinga2 x| EUUE%OUOUw/ OUUawmp3l EEOK
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3.24 Plasmids and transfections
The following plasmid constructs were used for transient transfections:

Table 3-10: Plasmid constructs.

Name Insert Backbone Bac. Res. Source

mCitrine -VE- . o .

cadherin-N-10 VE-cadherin  mCitrine-N1 ~ Kanamycin  Addgene #56319

PCDNA3 -hN1-citrine hN1 pcDNA3 Ampicillin Prof. Sprinzak Lab
DNAS5 -TO-hDII4 - - :

pe hDIl4 pcDNA5/TO  Ampicillin Prof. Sprinzak Lab

mCherry

Renilla Luc control n.a. Ampicillin Addgene #27163

TP1-Luc TP1 reporter n.a. Ampicillin Prof. Sprinzak Lab

Primary endothelial cells were transiently transfected with two different commercially

available transfection systems: lipofection with the Targefect- 45 $" aw Ul ET 1 OUwp3 EUI
Systems) and nucleofection with the Amaxa® HUVEC Nucleofector® Kit (Lonza).

The lipofections were performed prior to the reporter gene assays. The day before transfection,
125,000cells/ml were seeded into collagen G coated 6well plates. A total amount of 1.1 ug

plasmid DNA was added to the transfection complex and incubated on the cells for 2 h before

replacing the complex with culture medium. All further experiments were performed 24 h

after transfection. For nucleofections, 1x1(° cells each were transfected in suspension with

2.5ug plasmid DNA. Cells were transferred into 6 well plates or 8 well p-slides and the

transfection solution was replaced by culture medium after 4 h incubation. All further

experiments were performed 24 h after transfection.

MCECs were transiently transfected by lipofection with the FUGENE® HD reagent (Promega).
One day prior to the transfection, 125,000cells/ml were seeded into collagen G coated 6well
plates. For each well, 2ug of plasmid DNA was mixed with the transfection reagent and

incubated on the cells for 24 h before further experiments were performed.
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3.25 Reporter gene assay

Notch-responsive luciferase reporter assays were performed 24h subsequent to the co-
transfection of endothelial cells with the CSL-binding plasmid TP1 -Luc and Renilla. Firefly
and Renilla vector levels were applied in a ratio 10:1. Using the Dual-Luciferase® Reporter
Assay System by Promega and the Orion Il microplate luminometer equipped with Simplicity

analysis software, luciferase levels were determined. Firefly RLUs were normalized to the

Renilla control.

3.2.6 Confocal imaging

Laser scanning confocal microscopy was performed with the Leica TCS SP8 microscope
equipped with an HC PL APO CS2 63x/1.4 oil objective and photomultiplier (PMT) or HyD

detectors, using the LAS X core software. In sequential scanning mode two frames were
acquired for every channel with a scanning speed of 400Hz and the pinhole size set to 1.0 airy

units. Following excitation laser lines were applied: 405 nm, 488nm, and 647 nm.

3.26.1 Immunofluorescence staining

For immunofluorescence stainings, cells were washed once with PBS and fixed with 4 %
methanol free formaldehyde in PBS for 10 min. Fixation was followed by a brief washing with
PBS and cell permeabilization with 0.1 % Triton X-100 in PBS for 10min. After another brief
washing with PBS, nonspecific binding sites were blocked with 5 % BSA in PBS for 60min at
room temperature . Cells were then incubated with the primary antibody diluted in PBS with

1 % BSA overnight at 4 °C. Next, samples were washed 3x 10min with 1 % BSA in PBS, then
incubated with the secondary antibod y and Hoechst 33342 (1:100) for nuclear counter stain,
again diluted in PBS with 1 % BSA for 1h at room temperature. Cells were washed 2x 10 min
with 1 % BSA in PBS, once 1@nin with PBS and sealed with FluorSave reagent mounting

medium. All stainings we re performed in coated 8 well or 2 well p -slides.
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3.2.6.2 Immunofluorescence staining of hydrogels

For immunostaining of spheroids embedded in collagen, hydrogels were washed with PBS *
for 10 min followed by 30 min fixation with 4 % methanol free formaldehyde in PBS. After a
10 min washing step with PBS, spheroids were permeabilized with 0.1 % Triton X-100 in PBS
for 30 min. Samples were washed again for 10 min with PBS. Nonspecific bin ding sites were
blocked with 5 % BSA in PBS for 3h at 4 °C. Spheroids were then incubated overnight at 4 °C
with the primary antibody diluted in PBSwith 1 % BSA. Samples were washed & 10 min with

1% BSA in PBS, prior to incubation with the secondary antibody and Hoechst 33342 (1:100)
for nuclear counter stain over night at 4 °C, again diluted in PBS with 1 % BSA. Embedded
spheroids were washed 2x 20 min with 1 % BSA in PBS, once 2@nin with PBS and sealed with

FluorSave reagent mounting medium. All st ainings were performed in hydrophilized 8 well

or p-slides.

3.2.6.3 Fluorescence recovery after photobleaching (FRAP)

HUVECs were transiently transfected with mCitrine -VE-Cadherin-N-10, seeded directly on
different substrates (plastic and PDMS) and incubated for 24h. The FRAP assay was
conducted with the Leica TCS SP8 SMD microscope with the HC PL APO CS2 63x/1.4 NA oil
objective and the heating and gas incubation system from Okolab ensuring constant 37°C
under 5 % CO: and 80% humidity. Using the LAS X Core Software, the FRAP settings were
adjusted to one pre-bleach iteration, 20 bleach iterations, five postbleach iterations with 30 sec
intervals and seven with 60 sec intervals. Images were taken with a pinhole size adjusted to
1.0 airy units and a scanning speed of 40(Hz. The line 488 (argon) and the PMT detector were

applied.

3.2.7 Endocytosis assays

3.2.7.1 Transendocytosis assay

Cells grown to 80 % confluency (HUVECs or MCEC-WTs) were transiently transfected
separately with the plasmids pcDNA3 -hN1-citrine and pcDNAS5 -TO-hDIl4-mCherry and

incubated on plastic for 24 h. Cells were then washed, detached, and reseeded together in a
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co-culture ratio 1:1. Doxycycline was added during reseeding in a concentration of 100 ng/ml
for activation of the DIl4 -mCherry expression. After 6 h incubation, co-cultures were fixed
with 4 % methanol free formaldehyde in PBS for 10min. Samples were washed twice with PBS
and sealed with FluorSave mounting medium. Trans -endocytosis was visualized by confocal

microscopy.

3.2.7.2 Transferrin endocytosis assay

Cells grown to 100 % confluency were washed once with PBS and then incubated for 10 min
with 5 pg/ml Transferrin, Alexa Flour 488 conjugate at 37 °C under 5% COQ.. Cells were
washed once with acid wash medium (room temperature) and then fixed with 4 % methanol
free formaldehyde in PBS for 10 min. Samples were washed twice with PBS and sealed with

FluorSave mounting medium. Transferrin uptake was visualized by confo cal microscopy.

3.2.8 Angiogenesis assays
3.28.1 Tube formation assay

Tube formation assays were performed in p-slides angiogenesis (ibiTreat) from ibidi. The
inner well of the slides was filled with 10 pl Matrigel. After polymerization at 37 °C and
5% CO2 for 30 min, 50 pl of cell suspension at a concentration of 209000 cells/ml was added
to the upper well and incubated for 24 h. For treatment with DAPT, it was diluted in the cell
suspension to the indicated concentration and seeded onto the Matrigel. Tube formation was

visualized using a Leica DMil microscope with 4x phase contrast objective.

3.2.8.2 Spheroid sprouting assay

Spheroids were generated using hanging drop cell culture. Cell suspension drops of
1000cells/drop with 20 % methocel stock solution in the culture medium were pipetted to the

lid of 100 mm petri dishes and incubated for 24 h. Spheroids were collected in PBS, centrifuged
at room temperature and 1000rpm for 5 min, and resuspended in a mixture of 80 % methocel

stock solution and 20 % FCS. Collagen and spheroid solution were mixed in a ratio of 2:1 and
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pipetted as a dome into hydrophilized 8 well slides (untreated). After incubation for 30 min at
37°C and 5% CO2, ECGM + 25nM VEGF was added to the embedded spheroids and
incubated for 24 ¢+ 48 h. For the treatment with DAPT, the DAPT was diluted in the collagen
spheroid mixture to the appropriate concentration. The embedding of the spheroids was

performed similar to the untreate d spheroids. Spheroid sprouting was either visualized using
a Leica DMil microscope with 4x phase contrast objective or stained for tip cell markers by

immunofluorescence staining (see 3.2.6.2).

3.29 Live cell imaging

Live cell imaging of tube formation was performed with the Leica TCS SP8 microscope
equipped with an HC PL APO CS2 10x/0.40 dry or an 63x/1.4 oil objective and PMT or HyD
detectors, using the LAS X core software.Slides were placed inthe Bold line incubation system
from Okolab at 37°C, 5% CO: atmosphere and 80% humidity. Tube formation was imaged
for 20 h.

3.2.10 Statistical analysis

All images and time lapse sequences were processed and evaluated using ImageJersion
1.53c.Unless stated otherwise, entire images of confluent cells were evaluated. Data was
derived from three independent experiments represented as the mean + SEM. Statistical
analysis @1 EOOWUUEOEEUEwWEIT YD E U-24 &rdnarty he -way ANOYA GO ET 00Uz U
#UOOI UUzUwOUOUDx Ol whEEGAQx E-U.p5) O ueld IUW Dbz Uw OUOUD
test) were performed using GraphPad Prism 9.2.0. Statisticalsignificances are indicated in the

respective figures.
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4 Results

4.1 Part |. Effect of matrix stiffness on Notch signaling activation

4.1.1Decreased substrate stiffness increases Notch signaling activity

To investigate the mechanosensitivity of the Notch signaling pathway, synthetic substrates
with defined stiffness i n a range from 0.5 to 70 kPa were applied.The stiffness of the PDMS
was confirmed by rheological measurements, outlined in Figure 7-1A. Endothelial cells
(HUVEC and MCEC -WT cells) were used as prototypic models for Notch signaling. The Notch
signaling pathway was first activated via cell seeding onto an rhDII4 coating. Analysis of a
Notch reporter gene assay showed a continuous increase inNotch transcriptional activity on
softer substrates (Figure4-1A). These findings were supported by intensity analysis of the
nuclear localization of the Notch intracellular domain (NICD) after immunofluorescence
staining: the softer the substrate, the higher the NICD intensity in the Notch receiver cells upon
stimulation (Figure 4-1B). Thus, mechanosensitivity of the Notch signaling pathway can be
assumed. The efficiency and reproducibility of coating of the PDMS substrates with rhDIl4
were controlled in an availability assay by immunostaining, which showed that the rhDII4
coating was evenly distributed, and showed a comparable intensity on all substrates
(Figure 4-1C).

The behavior of the endothelial cells on the PDMS substrates was verified by morphological
analysis. This shows that the cell area remained unchanged, but the cells on the PDMS became
slightly narrower and longer (indicated by the reduced aspect ratio) , shown in Figure 7-1B and
C. However, the effect was observed to the same extent on all §ffnesses, so that no stiffness

dependent morphology changes were present.
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Figure 4-1: Notch activity in endothelial cells increases on soft substrates after pathway activation

via rhDIl4 coat ing. (A,B) Induction of Notch activity by coating with rhDIl4.  (A) Normalized fold Notch

activity in confluent HUVEC cells on substrates with different stiffnesses , determined by detection of

cellular luciferase levels under control of the TP1-luc Notch reporter (mean £ SEM, oneway ANOVA

i OOO0OPT EwEaw#UOOI UUz Uwond D<00)i Goriral €novis th attviles bfindh U O w

transfected cells. (B) Nuclear NICD intensities in HUVEC cells seeded onto different plastic and PDMS

substrates. Let panel: quantitative evaluation of nuclear fluorescence intensity of NICD (mean + SEM,

#UOOI UUz UanE-Wdy ANOYA 1 *E+@<0.000}; right panel: representative images of cells stained

for NICD (shown in green, scale bar 50 um). (C) rhDII4 coating eff iciency on different substrates. PDMS

substrates were coated with rhDIlI4 and stained for DIl4 (shown in green). rhDII4 distribution was

compared by evaluation of intensity, summarized in a bar plot in the left panel (mean + SEM, two-way
-.5 wi 0000PI EwEa w3 UOI az U asd bidh sigificant ) uREfDeSentativelrmba@e®ai U1 U U

the rhDIl4 coating are shown on the right panel (scale bar 250 um).
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Further, the Notch signaling pathway was activated by co -culture of wildtype cells (receivers)
with DIl4 overexpressing MCECs (MCEC -Dll4-mCherry, senders) in a ratio of 1:1. Due to the
dependence of the primary endothelial cells in in vitro culture on a protein coat, the surfaces

were coated with collagen G. Again, a Notch reporter gene assayand intensity analysis of the
NICD were performed. The results show the sameeffect as after signal path activation via
rhDIl4 coating. The softer the substrate, the higher the Notch reporter gene activity and the
NICD intensity (Figure 4-2A and B). Activation of the Notch signaling pathway by co -culture
of HUVECSs as signal receiver cells with MCEC-DI|4s in different ratios receiver cells showed
a 1:1 ratio to be optimal. With a higher amount of sender cells overall signal intensity decreased
(Figure 4-2C).

MCEC-WT cells were used as an additional endothelial cell model. After co-culture with

MCEC-DIll4-mCherrys they showed results comparable to HUVECs and the same
mechanosensitivity (Figure 7-2A and B). In contrast to the HUVECS, the signal intensity of the
MCEC-WTs as receiver cells increases slightlybut non-significant with larger numbers of

transmitter cells (Figure 7-2C).
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Figure 4-2: Notch activity in endothelial cells also increases on soft substrates after pathway

activation by co-culture with DIl4 overexpressing cells  but is dependent on the seeding ratio . (A,B)

Induction of Notch activity by co -culture with MCEC -Dll4-mCherry cells on a collagen G coat. (A)

Normalized fold Notch activity in confluent HUVEC/MCEC -DIll4-mCherry co-cultures on substrates

with different stiffnesses , determined by detection of cellular luciferase levels under control of the TP1 -

luc Notch reporter (mean + SEM, oneway ANOVA followed Ea w# U001 Uz UwOUOUMs Ol wE OO«
1 not significant, **P<0.01, ****P<0.00Q1Control shows the activities of non -transfected cells. (B) Left

panel: nuclear NICD intensities in HUVEC cells seeded in co-culture with MCEC -DIl4-mCherry cells

on different plastic and PDMS substrates. Intensities are shown in a bar graph on the left panel (mean *

2%, Ow3 UO0I az Uwka®dANDVA UiB<0.0af), quantifiedin 2+ YY wUDOT Ol wEl OOUWET L
three independent experiments; right panel: representative images of cells stained for NICD (shown in

green, mCherry-DIl4 reporter of MCEC -Dll4-mCherry cells shown in red, scale bar 50um). (C)

Normalized f old Notch activity in endothelial co -cultures of HUVEC/MCEC -Dll4-mCherry cells in

seeding ratios of 1:1, 1:5 and 1:10. Bar plots were generated by evaluation of reporter gene assays on

substrates with different stiffnesses (two-PEaw - . 5 wi OO0 O 0 b mukiplecanparisoD test, 7

ns| not significant, **P<0.01, ****P<0.0001).
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4.1.2 Yesassociated protein (YAP) signaling and Notch are inversely
mechanoregulated

Next, the principle of the stiffness-dependent activation of the Notch signaling pathway and
the link to other pathways was aimed to be investigated. The role of the Yesassociated protein
YAP as a mechanotransducer and the related mechanosensitivity of the YAP/TAZ signaling
pathway are well known [5, 60]. This and other studies have shown that YAP activity
decreases on soft substrate$61]. To assess a possible YAP/Notch crosstalk inthis endothelial
cell model, immunofluorescence staining in HUVEC cells seeded on plastic and PDMS
substrates was performed, with and without addition of U [-seamtase inhibitor DAPT
(25uM, 24 h). As expected,the results show progressively decreased nuclear YAP intensity in
HUVEC cells on softer substrates, demonstrating the mechanosensitivity of the YAP/TAZ
signaling pathway in these cells (Figure 4-3A). However, inhibition of the Notch signaling
pathway has no clear effect on nuclear YAP intensity, only on the softest substrate of 0.5kPa
Notch inhibition rescued YAP activation to some degree (Figure 4-3B). Consistent results were
obtained with the control cell line MCEC -WT, shown in Figure 7-3A. Since YAP and Notch
activity are inversely regulated by substrate stiffness, there seems to be no directcrosstalk

between these two signaling pathways in the applied cell model .
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Figure 4-3: Nuclear YAP intensity is reduced on softer substrates but is only marginally affected by
Notch inhibition. (A) Nuclear and cytoplasmic YAP intensities. HUVEC cells were seeded on varying
substrate stiffness and were stained for YAP. Intensities were analyzed with the Intensity Ratio Nuclei
Cytoplasm Tool plugin for ImageJ and are presented in a bar graph on the left panel (mean + SEM,
2 DEE Oz Uw E Oayi AROVAFE 1849 0001). Representative images of immunofluorescence
staining are shown on the right panel, with YAP in green (scale bar 50um). (B) Nuclear YAP intensities
with and without Notch inhibition. HUVEC cells were seeded on varying substrate stiffness, treated
with 25 pM DAPT for 24 h and stained for YAP. Intensities + SEM of untreated and treated cells are
summarized in a bar graph on the left panel (wo-PEaw - .5 wi OO0OO00OPI EwWEaAawW2DPEEC
comparison test, ***P<0.001). Representative images of immunofluorescent stained HUVEC cells treated
with DAPT are shown on the right panel with YAP in green (scale bar 50um).
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4.1.3 Substrate stiffness haso significanteffect on celtmatrix adhesion

To investigate cell adhesion on the PDMS substrates, we performed a celmatrix adhesion
assay. Cells were seeded onto the different substrates andncubated for specific times. The
number of adherent cells was quantitatively determined by absorption measurement. The
results show that incubations of 45 min and 90 min slightly increased adhesion on softer
substrates (Figure 4-4). However, all differences in absorption are non-significant and the

influence of substrate stiffnessis notably less than that observed for Notch activity.
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Figure 4-4: Cell-matrix adhesion is non-significantly increased on soft substrates. Normalized

absorption of adhered HUVEC cells incubated on substrates with different stiffnesses for 15 min, 45 min

or 90 min. Mean + SEM ae presented as bar graphs twoP Ea w - . 5 wi OO0O0OP1T EwEa w# UOOI (
comparison test, ns| not significant ).
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Notch

Since interaction with the ECM is known to be mediated by integrin signaling [12], it should

beET I EQwBDIi w- OUET wUDT OEOPOT wEi i T EVUWOUWDPUWEIT T 1T EUI E

subchain of integrins and is involved in several biological processes such as adhesion,
migration, and cell cycle regulation [62]6 w# Ul wOOwUT 1T wbOYOOYI OIEOM woOi wé hu

mechanosensitivity of Notch lies up - or downstream of integrin signaling , total and activated

¢ vwbOUI T UDPOWOI YI OUwbPPUT WEOEwWPPUT OUUwxUI Wwasd EVOI OC
guantified on the different substrates. Previous studies have already shown that activated but
not overall integrin levels are substrate dependent and increased on softer substrates[64].
Accordingly, in the model of this study oY ] UEOOwHOUT OUPUa woOi wbdUI T UPOuw
not change on the different substrates (Figure 4-5A). In contrast, the softer the substrate, the
OOUI wbOUI T UDPOwoé hwBRY).WpoR hidokhE & baSalidpsad tléhthbe and thus
EOPOUUUI EOQwOIl w- OUET wUDT OEODPOT OwbOUI T UPOwWP WWEEUD!
correlation between softer substrates atE wb OE U1 EUIl EwbOUI T UPOwd vwEEUDVYE
degree (Figure 4-5B). This effect is alsodistinctly visible in the representative images (Figure 4-
5C). Thus, Notch signaling occurs upstream of integrin activation, as far as mechanosignaling

is concerned. This result was confirmed in the second endothelial cell line MCEC-WT

(Figure 7-3B).
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Figure 4-5: Integrin ¢1 activity relates to substrate stiffness a nd is influenced by Notch. (A) Integrin

¢1 intensities in HUVECSs. Cells were seeded on varying substrate stiffness and were stained for total

integrin 1. Mean intensities + SEM are depicted in bar graphs (onePEa w - . 5 wi OO0O00OPI EwE a w3
multiple comparison test, ns| not significant). (B) Integrin ¢1 (active) intensity in HUVECSs. Cells were

seeded on varying substrate stiffness,treated with 25uM DAPT for 24 h and stained for the activated

form of integrin ¢1. Data is presented in a bar plot and compared with the integrin ¢1 intensities withou t

# / 3wOUl EUOI OU0wpdl EOwPOUIT OU bwaywRava $P<@1y3*tPd.0acl)YauE OU Ul E U
Representative images of HUVEC cells on plastic and PDMS substrates +/DAPT treatment stained for

total or activated integrin ¢1 (green) are shown(scale bar 50um).
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4.1.5 VEcadherin levels and trafficking to cetlell borders are not affected by
substrate stiffness, although the morphology of caléll contacts changes

Since the Notch signaling pathway is a contact-dependent pathway, not only the cell-matrix
adhesion, but also the influence of substrate stiffness on the major endothelial cohesion
molecule VE-cadherin were analyzed. No correlation between VE-cadherin intensity and

substrate stiffness was detected. The junction patterns, however, shaved stiffness-related
changes. The softer the substrate, the less typically branched and interlinked junction pattern
is evident at the cell-cell contacts. Instead, a continuous VE-cadherin junction with larger

intensity area without branches or comb-like structures is visible, as shown in the
representative images (Figure 4-6A and B). Further, the influence of substrate stiffness on VE
cadherin trafficking at cell -cell contacts using a FRAP assaywas investigated. HUVEC cells
were transiently transfected with a citrine -coupled VE-cadherin plasmid and seeded on PDMS
substrate with different stiffness. VE -cadherin recovered to the same extent and with the same
kinetics on all substrates and thereforeno significant differences in the recovery half time were

observed (Figure 4-6C). Thus, the altered junction patterns on the different substrates does not

depend on or affect VE-cadherin kinetics.
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Figure 4-6: Softer substrates change VE-cadherin junction morphology but not VE -cadherin levels or

its mobility. (A) VE-cadherin intensity in HUVEC cells , shown in a bar graph (mean + SEM# U0 &1 U0z U
corrected oneway ANOVA, ns | not significant). (B) VE-cadherin junction analysis in HUVECS,
quantified by evaluation of the mean branch length. Cells were seeded on varying substrate stiffness

and were stained for VE-cadherin. Intensity and junction anal ysis are presented in bar graphson the

left panel (mean+SEM,onePEa w - .5 wi OO0OO00OPI EWEaAaw3 U0l azUwdOUOUDXx Ol wE ¢
Representative images of immunofluorescence staining are shown on the right panel, with VE -cadherin

in green (scale bar 50um). (C) Analysis of VE-cadherin mobility at the cel I-cell border in HUVEC via a

FRAP assay. Cells were transiently transfected with mCitrine -VE-Cadherin-N-10 and seeded on varying
substrate stiffness. FRAP was conducted with the Leica photo bleaching module. VE-cadherin recovery

is plotted over time (left panel) and quantified as recovery half time (middle panel), shown in a bar

graph (mean+2 $, Ow3 UOI a z UuMadANOVA (hé | EnatGidnificant ). Representative images

of the three FRAP steps, with citrine-coupled VE-cadherin in green are shown on the right panel (scale

bar 50 um).
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4.1.6 Endogenous Notch activity is affected by breaking up of-celll contacts

To investigate the importance of existing cell-cell contacts for basal Notch activity, HUVEC
cells were seededon substrates of different stiffness, VE-cadherin adhesion molecules were
first acutely destabilized by EGTA and then inhibited in a prolonged ma nner using a VE-
cadherin blocking antibody. Treated cells were stained for NICD and its intensity was
analyzed in the nuclei as readout for Notch activity. Since studies showed that EGTA can affect
the structural integrity of Notch1, leading to receptor cl eavage and activation[65, 66] the effect
of EGTA on NICD in the cells was checkedfirst. Destabilization of cell -cell contacts leads to a
reduction in nuclear NICD levels. Further blocking of VE -cadherin enhances this effect
independently of substrate stiffness (Figure 4-7A). The representative images (0.5kPa PDMS)
confirm the quantitative analyses and show that the treatment changes the cell morphology
and causes the cells to drift apart, leading to diminished cell-cell contacts. Additionally, the
effect of Notch on VE-cadherin by treatment of the cells with DAPT (25 pM, 24 h) was
investigated. The results show a significant reduction in VE -cadherin intensity after Notch
inhibition on all substrates. The junction patterns, however, do not change with th e addition
of DAPT (Figure 4-7B). Thus, changes in VEcadherin morphology due to substrate stiffness

seem to be independent of Notch signaling, while overall VE -cadherin expression is not.
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Figure 4-7: Notch and VE-cadherin influence each other: basal Notch activity is reduced by VE -
cadherin blocking and VE -cadherin intensity is decreased by Notch inhibition . (A) Nuclear NICD
intensity in HUVEC s after cell-cell contact inhibition. Cells were seeded on substrates d varying
stiffness without activation of the Notch signaling pathway, treated with 5 mM EGTA and VE-cadherin
blocking antibody for 30 min each and stained for NICD. Intensities are compared in a bar graph (mean
£+2%, Ow3UOI az U w-wa) WNOVA,U hsH unbt significant, ****P<0.0001) on the left panel.
Representative images of HUVEC cells on 0.5kPa PDMS after immunofluorescence staining are sbwn
on the right panel, with NICD in green (scale bar 50 um). (B) VE-cadherin intensity and junction analysis
in HUVEC with and without Notch inhibition. Cells were seeded on varying substrate stiffness, treated
with 25 pM DAPT for 24 h and stained for VE-cadherin. Bar plots were generated by evaluation of
intensity and mean branch length, displayed on the left panel (mean + SEM, one-way ANOVA followed
Eaw3UO0l azUwoOUOUD x @d |wnstGignifiEabt P<0001) +*¢P2@0001) Representative
images of HUVECs on plastic and 0.5kPa PDMS + addition of DAPT after immunofluorescence
staining are displayed on the right panel (VE -cadherin in green, scale bar 50um).
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4.1.7 Decreased substrate stiffness elevate NE@&ns-endocytosis but not
general endocytosis

To investigate the role of Notch receptor-ligand binding in increased Notch signaling activity
on softer substrates, a transendocytosis assaywas performed [67]. Separate cell populations
were transfected with a Notchl-citrine fusion plasmid, or a doxycycline controlled DIl4 -
mCherry fusion plasmid. DIl4 expression was induced by adding doxycycline to the co-culture
of both transfected cells. Analysis was performed in the areas where the signals of Notchl
receptor and DII4 ligand overlap at the cell -cell contacts of a signalsending and a signal-
receiving cell using ImageJ. To quantify trans -endocytosis and examine the stiffness effects,
the colocalization of Notch receptor and ligand was analyzed both in the form of intensity
analysis of the overlay areasand as a correlation analysis using Pearson'sr coefficient. Trans-
endocytosis peaked after 6h of incubation as described by Shaya et al[67]. Results show that
trans-endocytosis increases on soft substrates, which is reflected in an increased intensity of
the interaction area, as well as in a higher colocalization coefficient, the Pearson's r value
(Figure 4-8A). A transferrin endocytosis assay was performed on the substrates to exclude a
stiffness effect on endocytosis in general. The results indicate that softer substrates do not
enhance general endocytosis (Figure 4-8B), so the increased transendocytosis cannot be
attributed to general increase in endocytosis Thus, trans-endocytosis seems to selectively
exhibit mechanosensitivity in cell -cell contact dependent receptor binding. The same
experiments were performed with the endothelial cell line MCEC -WT for comparison,
showing similar results and the same effect; the softer the substrate, the more trans

endocytosis occurs upon celkcell contact (Figure 7-4).
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Figure 4-8: Trans-endocytosis is increased on softer substrates. (A). Y1 UOEawbOUI OUbUa wEOEW
value in areas of Notch receptor-ligand interactions in the course of trans-endocytosis. Overlay areas

are indicated by the white arrows. HUVEC cells were transfected separately with a citrine -coupled

Notch1 plasmid and a mCherry-coupled DIl4 plasmid. Trans -endocytosis was quantified at cell-cell

contacts in a30 cells per substrate condition in three independent experiments. Data is presented as a

bar plot on the left panel (mean value + SEM, two-way ANOVAw DUT w2 DEEOz UwOUOUDx Ol wE O¢
****P<(0.0001). Representative images of TEC are shown on the right panel (Notch1 expressh in Notch

receiver cellsis shown in green, DIl4 expression in Notch sender cells are shown in red, scale bar 5qum).

(B) General endocytosis in HUCECs. Cells were seeded on substrates with different stiffness and a

transferrin endocytosis assay was conducted. Intensity and number of particles in individual cells are

presented in a bar plot as means+ SEM of &+ Y Y w E | (bSuates eohditien (tonducted in three

independent experiments (2 B E E Oz U w E dvayUANBVAI, Bsuw thbt Gignificant ). Representative

images of the general endocytosis are shown on the right panel (endocytosed transferrin is shown in

green, scale bar 5qum).
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4.1.8 Notch signaling can be activated either by ce#ll contact or by
interaction of single cells with exposed Notch ligands

The initial results show that after activation with the rhDIl4 coat ing, Notch receptor cells also
display increased signaling activity even without trans -endocytosis taking place. Therefore, to
investigate whether the stiffness effect of the Notch signaling pathway is also detectable
independently of cell -cell contactsand thus independently of trans -endocytosis only by Notch
activation with rhDII4, a reporter gene assay was performed in nonconfluent HUVEC s. A
significant increase in reporter gene activity after Notch activation by rhDII4 on softer

substrates can be observed(Figure 4-9). In contrast, no change in reporter gene activity was
evaluated on the substrates without Notch activation (collagen G coat).Thus, cell-cell contacts
contribute to Notch activity but are not necessary for a Notch signaling ef fect in this setting.
Although both activation approachesof the Notch signaling pathway show increased Notch

signaling activity on softer substrates, little is known about cell contact independent Notch

activation. Consequently, activation by rhDIlI4 and t he subsequent pathway may be affected

by stiffness changes differently than activation by a neighboring cell.

ns Feakokede

w
o
|

R

N
(&)}
|

*

T T
]TiT i

N
o
|

Notch reporter gene activity
(normalized fold)
o
|

1.0
0.5+ 1. e ;
0.0 1.5kPa PDMS  0.5kPa PDMS
collagen G coat rhDll4 coat HUVEC
Em plastic | 70kPa PDMS
mm 1.5kPa PDMS 0.5kPa PDMS

Figure 4-9: Cell-cell contacts are dispensable for Notch activation with rhDIl4.  Normalize d reporter

gene activity in non confluent HUVEC cells with and without Notch activation via rhDIl4 coat ing,

determined by detection of cellular luciferase levels under control of the TP1 -luc Notch reporter. Bar

plots were generated by evaluation of reporter gene assays onsubstrates with different stiffness shown
ontheleftpanel (one-PEaw - .5 wi OOO0OPI EwWEa w3 UOI a pdl wa ighitichrk, 01 wE O O x
*P<0.1, **P<0.01, ***P<0.0001). Representative images of the cell density are shown on the right panel

(scale bar50 pm).
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4.2 Part Il: Role of Notch signaling and substrate stiffness in
angiogenesis using 2D and 3D maoslel

4.2.1 Tube formation isaffected by DIl4 overexpression and Notch inhibition

To investigate the role of the Notch signaling pathway in angiogenesis, tube formation assays
on Matrigel were applied as a 2D angiogenesis model. The tube formation was performed with
HUVECs, MCEC-WTs and MCEC-DII4-mCherrys as well as co-cultures of the Notch receiver
cells with the DIlI4 overexpressing MCEC sender cells in a ratio of 1:1.Evaluation of the nodes
and tubes after 24h incubation show s that HUVECs form s a significantly more complex and
branched network than both MCEC cell lines. The co-culture of HUVEC and MCEC -Dll4 cells
did not result in an increased tubular network but categorize between the networks of sender
and receiver cells (Figure 4-10A). These findings are also confirmed in co-cultures of both
MCEC cell lines (Figure 7-5A and C). The representative imagesin Figure 4-10C support the
results and display that the networks of HUVECSs consisted of single, elongated cells, whereas
MCECs formed tubes of multiple c ells. In order to identify the extent to which Notch inhibition
influences tube formation, cells were pretreated with DAPT. Results show a significantly
reduced network (Figure 4-10B) with interrupted tubes (Figure 4-10C). Thus, the tubular
network is reduced by both Notch inhibition and DII4 overexpression, although the influence
of the different endothelial tube structures with varying cell numbers forming the tubes

remains to be determined.
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Quantification of the number of nodes and tubes 24 h after cell seeding on Matrigel. Data is normalized
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formation was incubated for 24 h. Data is presented in a bar plot and compared with the tube formation
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Representative images of tube formations of different endothelial cells and +~ DAPT treatment (scale

bar 250um).
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4.2.2 DIl4 overexpression and Notch inhibition promote spheroid sprouting,
although only Notch inhibition causes disrupted sprouts

Further, the influence of Notch signaling on angiogenesis wasinvestigated in a 3D model.
Spheroid sprouting assays were again performed with HUVECs, MCEC -WTs and MCEC-
Dll4 -mCherrys as well as co-cultures of the Notch receiver cells with the DIl4 overexpressing
MCEC sender cells in a ratio of 1:1 Spheroids were genegated using the hanging drop culture
and embedded in collagen | (2 mg/ml). Sprouting was advanced by addition of 25 nM VEGF.
Analysis of the number of sprouts and the sprouting length show s that DIl4 overexpression
led to more, but shorter sprouts compared to the HUVEC receiver cells. Co-culture of sender
and receiver cells increase both the number of sprouts and the sprouting length (Figure 4-
11A). A similar response can beobserved in co-culture of both MCEC cell lines as shown in
Figure 7-5B and C. Again, the effect of Notch inhibition on sprouting behavior was reviewed
in HUVEC spheroids . The DAPT was added during the embedding of the spheroids. While
the quantitative analysis show s that the number of sprouts as well as the sprouting length
increases with Notch inhibition, the images display that all sprouts were disconnected and
incomplete. This data suggests that DIl4 overexpression causes excessive but ineffective
sprouting, whereas in co-culture with Notch receiver cells, it increases and prolong s sprouting,
in contrast to the receiver cells alone. A similar effect can be observed with Notch pathway

inhibition.
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sprouted spheroids. Data is presented in bar graph (mean+ SEM O [ ib3spheroids per condition) with
significance determined by one-way ANOVA | OO0O0OPI EwEaw #UOOI UUzUw OUOUDXxO
(****P<0.0001).(B) Quantification of the number of sprouts and its total length in HUVEC sprouted
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analyzed, regardless of whether the sprouts were interrupted or continuous. Spheroids were incubated
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DAPT treatment (scale bar 100 pm).
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4.2.3 DIl4 overexpressing cells are distributed randomly in a@dture with
Notchreceiver cells during tube formation

The Notch signaling pathway plays an important role during angiogenesis and especially in

tip/stalk cell selection [1, 46]. To determine whether DIl4 -overexpressing cells behave in the
same way as Notchreceiving cells during tube formation, the cell velocities and displacements
during the process oftube formation were compared. Cell velocities do not change during
tube formation and also in the comparison of the different cells. Only the DIl4-overexpressing
cells in monoculture move slightly slower, but this is no longer evident in co-culture and
overall displacement (Figure 4-12A). Furthermore, the cell distributions and positions at the
endpoint of the tube formation were observed. As shown in the representative images, the
Dll4 overexpressing cells in co-culture with HUVECSs are evenly distributed according to the

seeding ratio and do not occupy any particular position (Figure 4-12B). Analysis of the co
culture of the MCEC -WT as asecond endothelial cell line with the MCEC -DII4-mCherry show s

the similar outcome (Figure 7-6A and B).
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Figure 4-12: DIl4 overexpressing cells do not have any impact in velocity and displacement during

tube formation, nor do they occupy particular positions.  (A) Velocity and displacement analysis of

tube formation live cell imaging. Here, HUVECs and MCEC-DII4s were evaluated in monoculture, as

well as separately in the co-culture ratio 1:1. Changes in velocity are plotted over time (left panel) and

the overall di splacement (right panel) is shown in a bar graph (mean +2 $, Ow# U001 UUané WEOUUI E
way ANOVA , ns| not significant). (B) Representative images of the tube formation endpoint (24 h)

with the HUVEC nuclei stained with Hoechst in blue and the mCherry -DIl4 reporter of MCEC -Dli4 -

mCherry cells in red (scale bar 250um).
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4.2.4 Dll4 overexpression does not ensure a tip cell position during spheroid
sprouting
Expression of the Notch ligand DII4 in tip cells activates the Notch signaling pathway in
subsequent stalk cells, enabling the formation and elongations of vessels during angiogenesis,
and thus making DIl4 an important tip cell marker [47, 48] To investigate whether DIl4
overexpression of MCEC-DIl4-mCherry cells has an effect oncell positions during sprouting,
as individual cells migrate directionally from the spheroid during the sprouting assay, the cell
positions in the sprouted spheroids, composed of HUVECs and MCEC-DII4 -mcherrys in the
ratios 1:1 and 5:1 were analyzed. By immunofluorescence staining of a second tip cell marker,
ADAMTS , additionally the leading cells of the spheroids independent of DIl4 overexpression
were identified . Results show that ADAMTS intensities are significantly increased at the tip of
all sprouts in contrast to the following cells, regardless of which cell is at the tip and in which
ratio cells of the spheroid are co-cultured (Figure 4-13A and B, left panel). This data suggess
that all the cells leading the different sprouts exhibit tip cell charact eristics. However, the
distribution of DIl4 -overexpressing MCECs and HUVECSs shows that the cells are distributed
depending on the seeding ratio in the spheroid and sprouts and the MCEC-DII4-mCherries
not always occupy a leading position despite their overexpression (Figure 4-13A and B, middle
panel). Accordingly , the results imply that DII4 expression is not primarily critical for tip cell
selection. Analysis of the MCEC-WT/-DIl4-mCherry spheroids results in the same findings
(Figure 7-6C).

| 50



4 Results

A
> 3.0+ 100
g ik *eskok '
g 257 2 80-
£ =
T 2.0- T 8
N 2 60+
T 15- 1 5
= >
S £ 40+
E 1.0 §
= 0.5- g 207
<
0.0- T I 0-
MCEC-DII4 HUVEC O a>
. . . . & R
in sprout tip  in sprout tip \)A <
&
Hl ADAMTS intensity in stalk cell <
ADAMTS intensity in tip cell
Spheroid sprouting in HUVEC:MCEC-DIl4-mCherry co-cultures ratio 1:1
B 3.0+ 100
2
i ) _
g 257 = 80
£ 3
-O 2.0_ et e Ne o
b 2 60
e L 3
o) £ 404
2 " 3
2 05- g 207
2
0.0- T T 0-
MCEC-DIl4 HUVEC O o>
in sprout tip in sprout tip \)AQ’ UQ\
RS &
mm ADAMTS intensity in stalk cell é\o

ADAMTS intensity in tip cell
Spheroid sprouting in HUVEC:MCEC-DII4-mCherry co-cultures ratio 5:1

Figure 4-13. Notch receiver and sender cells are distributed depending on the seeding ratio in

sprouting spheroids although all cells leading the sprouts show a tip cell characteristic. (A,B)

Analysis of tip cell characteristics and cell distribution intensities of HUVEC and MCEC -DIll4-mCherry

spheroids in the ratio 1:1 (A) and 5:1 (B). ADAMTS normalized intensities in the leading tip cells and

following stalk cells were evaluated after immunof luorescence staining and are presented on the left

panel. Probability of a HUVEC or MCEC -Dll4-mcherry cell leading a sprout was determined by

distribution analysis and is presented on the middle panel. All data is normalized to HUVEC spheroids

and is displayed in bar graphs (mean+SEMO | wa whk wUx T 1T U O®uEITT DauleEd@d WD E
ANOVA , ns| not significant, ****P<0.000). Representative images of the sprouted spheroids, with

ADAMTS in green and the mCherry -Dll4 reporter in red are shown on the right panel (scale bar 50um).
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4.2.5 Decreased substratstiffnessesenhance spheroid sprouting

Continuing the results of endothelial cell behavior on different substrate stiffnesses, the
sprouting behavior of HUVEC spheroids in different collagen matriceswas invesigated. Using
UV-inducible PhotoCol ®, different stiffnesses could be selectively adjusted by different
exposure times (Figure 4-14A, Figure 7-7). The stiffness of the previously used collagen |
corresponds approximately to that of the PhotoCol® after 30sec UV illumination. Results
show that lower substrate stiffnesses increase sprouting, while high substrate stiffnesses
decrease sprouting and also limit the spread of the spheroid core, quantified in Figure 4-14B
In this analysis, the previously used collagen | has a medium stiffness, which ensures an
average sprouting behavior, comparable to that of PhotoCol® with the same stiffness, as

shown in the evaluations and representative images (Figure 4-14C).
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Figure 4-14: Sprouting of HUVEC spheroids increases in softer substrates and decreases in stiffer

substrates. (A) Stiffness determination of collagen substrate by atomic force microscopy (AFM)
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(B) Quantification of the number of sprouts sprouting length and the spheroid diameter of sprouted

HUVEC spheroids. Data is presented in bar graphs (mean £ SEM, one-way ANOVA followed by
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(C) Representative images of HUVEC spheroids in collagen | and PhotoCol® substrates with different

stiffnesses (scale bar 10Qum).
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5 Discussion

5.1 Matrix stiffness regulates Notch signaling activity in endothelial
cells

The Notch signaling pathway plays multiple and crucial roles in developmental and
pathological processes [68-70]. Many of these scenarios are related to changes in the
composition and the biomechanical features of the extracellular matrix (ECM). During
angiogenesis the Notch signaling pathway regulates cell fate decisions such as migration,
proliferation, and differentiation, essential for vascular development and angiogenesis [14, 46]
Endothelial Notch signaling can be activated by VEGF and, at the same time, VEGF controls
matrix composition, causing local ECM softening or stiffening [1, 4]. Previous studies on
biophysical aspects of Notch signaling focus on a pulling force exerted by the bound receptor
[71] that is a prerequisite for Notch receptor cleavage. To date, however, little is known on
whether the Notch signaling pathway is modulated by substrate stiffness. To address this
guestion, an endothelial cell model based on synthetic PDMS substrates with tunable
stiffnesseswas used.

Interestingly, nuclear NICD localization and transcriptional activity of Notch both increase
with decreasing substrate stiffness. This phenomenon occurs irrespective of whether Notch
activation was achieved by surface bound ligand (rhDII4) or DIl4 overexpr essing sender cells
(Fig. 4-1, Fig.4-2).

The role of the Yesassocided protein YAP as a mechandransducer and the related
mechanosensitivity of the YAP/TAZ signaling pathway are well known and studied. Upon
YAP activation, for example by higher ECM rigi dly or substrate stiffness, YAP/TAZ are not
phosphorylated and can thus be relocated from the cytoplasm to the nucleus, where binding
to a transcription factor regulates genes necessary for cell migration and proliferation [60, 72]
Accordingly, it was investigated how the YAP/TAZ pathway relates to stiffness modulated
Notch signaling. As expected, YAP activity decreased with lower stiffness of the substrate
(Fig. 4-3). It has been previously shown that activation of YAP reduces Notch signaling by
repression of the ligand DII4, while knockdown of YAP increases DIl4 [72]. However, this
mechanism is not sufficient to explain the correlation between substrate stiffness and Notch

activity in the model of this study since the Notch activation after co-culture with a stably
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overexpressing cell line was examined. Additionally, increased activity of Notch with lower

stiffness was also observed after activation by rhDII4, which is independent of YAP activity.

There also seems to be no feedback loop between Notch and YAP translocation, since DAPT

treatment did not alter the stiffness dependence of YAP translocation to the nucleus(Fig. 4-3).

However, a concomitant activation of YAP and Notch on a transcriptional level, which has

been described previously, cannot be excluded[11].

Endothelial cells sense changes of matrix properties via cellmatrix adhesion proteins [8, 44].

To investigate the effect of the synthetic PDMS substrates on celmatrix binding, the adhesion

of endothelial cells to the different substrates was examined. The adhesion assaydisplay s that

the general adhesion on the PDMS substrates was not significantly affected and, most

importantly, show s no stiffness dependency (Fig. 4-4), suggesting that the previously shown
mechanosensitivity of the Notch signaling pathway may no t be due to the PDMS but to the

lower stiffnesses. Especialy POUI T UPOwd hwux OEAaUWEWEUUEPEOQWUOO! wbhO
enable migration and proliferation [4, 5]. Since integrins have beenpreviously identified both

up- [73] and downstream of Notch in signaling pathways [12], this issue wasinvestigated first.
%OUwWPOUI T UPOwWd hOwbUwl EVWEOUI EEaAwWET | OwUT 6pOwUT ECu
The data confirm s these observations inthe applied model. Furthermore, results show that

cell-matrix adhesion is directly influenced by the Notch signaling pathway. Notch inhibition

Eaw# /3wUUI EVUOI OUwUDT OPi PEEOUOGawUl EVUET EwUT T wbhOl
although substrate-dependent activation was further observed (Fig.4-5). These results

corroborate the findings of Hodkinson et al ., which show that Notch1, through NICD cleavage

and subsequent Rras binding, can induce a conformational change in the membrane-bound

integrin from a | ow affinity state to a high affinity state , promoting the active form [12]. This

clearly positions integrins downstream of Notch. Despite Notch inhibition, a continuous

POEUI EUI wbOwbOUI T UD batep tawitiobsén@d) hod®edend) Onuthi lowen U U E U
extent. Thus, either pharmacological Notch inhibitio n was not complete, or integrin activity is

additionally influenced by substrate stiffness via an alternative pathway.

In addition to the cell -matrix adhesions, a stiffness effect has already been established for cell

cell contacts. On stiffer substrates, VE-cadherin junctions are wider and discontinuous,

whereas on soft substrates they are narrower but continuous [6]. This finding was
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corroborated by analyzing VE -cadherin patterns through mean branch length evaluation. The
VE-cadherin junctions on plastic show a branched, comb-like structure with larger branch
length in contrast to the narrower junctions on softer substrates with smaller branch len gth,
which appear more distinct and continuous (Fig. 4-6). A role for cadherins in the regulation of
the Notch signaling pathway was previously described by Kwak et al ., who demonstrated that
cadherin-based adherens junctions control Notch-trsecretase inteactions [74]. In this context,
the changes in VE-cadherin junctions on the soft substrates could be related to the increased
Notch activities. However, it should be noted that the VE-cadherin patterns on the changing
substrate stiffnesses have no influence on VE-cadherin intensity level or trafficking.
Furthermore, Notch signaling is regulated by the cell -cell contact area[11, 67] as signaling is
directly linked to the contact area of two interacting cells [67]. By destabilizing and blocking
the VE-cadherin cell-cell contacts,results show that, as expected, Notch activity is significantly
reduced. This effect is, however, independent of substrate stiffness (Fig. 4-7). With these
results, it should be noted that the Notch receptor has a Ca&* dependency, which means that
the use of EGTA to destabilize the cellcell contacts could also destabilize the receptor, leading
to Notch cleavage and activation [65, 66] However, analysis of NICD levels after EGTA
treatment shows that in the applied model a reduced NICD nuclear intensity was detected and
thus no EGTA-mediated Notch activation occurred, additionally noting that EGTA was
dissolved in medium here in contrast to other studies [65]. Blocking the Notch signaling
pathway leads to a uniform decline of VE -cadherin on all substrates. The change of junctional
patterns due to variation of stiffness is not influe nced by DAPT treatment (Fig. 4-7). These
findings argue against an upstream role of VE-cadherin in stiffness-dependent Notch
signaling.

By endocytosis of the Notch ligand after binding to the receptor into the signal -sending cell,
the accumulation of the N otch receptor on the cell surface of the signatreceiving cell can be
counteracted on the one hand and serves primarily for receptor activation on the other [47, 75]
During trans -endocytosis, the extracellular part of the Notch receptor bound to the Notch
ligand is pulled into the ligand -presenting cell, thus releasing the intracellular part of the
receptor (activated form), which can be released from the membrane in a further cleavage
event [20]. Data from the TEC assay on the different substrates shows that trans-endocytosis

is significantly enhanced on soft substrates, which is consistent with the enhanced Notch
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activity on softer substrates (Fig. 4-8). A stiffness effect on the general endocytosis can be
excluded. Taken together, the observations demonstrate a mechanosensitivity of the Notch

signaling pathway that may in part be due to trans -endocytosis.

5.1.1 Critical view on Notch activation by a surface bound ligand

The initiation of the canonical Notch signaling pathway via Notch activation through binding

of the receptor to the ligand is well studied and understood [9, 76]. In this process, the ligand
of a neighboring cell binds to the Notch receptor, which is facilitated in vivo by cell-cell contact
[13, 19] In vitro , stimulation of the Notch signaling pathway is also achieved by a surface
bound ligand. Among others, You et al . demonstrated that stimulation with the immobilized
ligand increased both Notch receptor levels and expression of Notch target genes, comparable
to that observed after cell-cell contact-dependent activation [77-79]. Blocked Notch signaling
after inhibition of wsecretase following surface bound ligand activation further demonstrated
that the processing of the receptor is alsocomparable to Notch activation in vivo [80].

As previously described, through nuclear NICD localization and increased Notch activity,
activation of t he Notch signaling pathway by immobilized rhDIl4 can also be demonstrated
The mechanosensitivity of the Notch signaling pathway is further confirmed in this activation
approach (Fig. 4-1). Interestingly, by activation of the Notch signaling pathway in a cell -cell
contact independent manner using rhDIl4 as a stimulus for subconfluent single cells, results
indicate that the cell-cell contacts are to a certain degree dispensable in this settingwith the
stiffness dependence of Notch still shown (Fig. 4-9). However, compared with the results of
Notch pathway activation by interaction with a ligand -presenting cell, these data suggest that
receptor activation and processing are different in the two ligand presentati on models. Notch
activation by cell-cell contact-dependent ligand binding shows a mechanical aspect of the
pulling movement of the ligand into the sender cells, proposing a link between the trans -
endocytosis and the mechanosensitivtiy of the Notch signalin g pathway (Fig. 4-8). The absence
of trans-endocytosis at Notch activation by a surface bound ligand and a nevertheless existing
mechanosensitivity of the Notch pathway , however, indicates a different mechanism and a

further mechanical force. The mechanosesitive effects in course of the Notch signaling
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pathway for the two different activation approaches are s ummarized graphically in
Figure 5-1.

The role and process of trans-endocytosis in the Notch signaling pathway is highly
controversial. The majority of data suggest that during uptake of NECD into the ligand cell,
mechanical pulling forces act to expose the S2 cleavage site and thus enable Notch receptor
activation [21, 26, 47] The assumption is supported by further work showing inhibition of
Notch signaling after blocking receptor internalization [81, 82] and this mechanism is also
considered for the model of this study . Other studies, however, suggest that trans-endocytosis
regulates the number of receptors on the surface of signal recéver cells and thus down-
regulates Notch [20, 75] In this context, using a NEXT construct (receptor after S2 cleavage)
Sorensen et al show that S3 receptor processing byursecretase can occur even in the absese
of endocytosis [83]. Although this again reflects only a small part of the signaling pathway and
is a model approach, this type of receptor cleavage could also occur inthe experiments after
Notch activation by the immobilized ligand.

In summary, a surface bound ligand can be applied to activate the Notch signaling pathway,
demonstrating both activation of Notch targ et genes and mechanosensitivity of Notch.
However, the signaling pathway is not completely overlapping with that following cell  -cell
contact-dependent Notch activation, and the potentially altered effects associated with this

should be considered and investigated.
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Figure 5-1: Graphical summary of the mechanosensitive effects in the course of the Notch

signal pathway with comparison of the two activation approaches

. After activation by a

surface bound ligand as well as by a signalsending cell, an increased Notch activity on softer
substrates and thus a mechanosensitive effecat Notch transcription complex formation in the

nucleus can be shown. At cell-cell contact, this mechanosensitive effect can already be
observed during trans-endocytosis (right panel). In contrast, receptor processing after the
surface bound ligand activation is unknown due to th e absence oftrans-endocytosis (left

panel).
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5.2 A newinsight into the role of Notch signaling in angiogenic
sprouting and tip/stalk cell selection

The Notch signaling pathway is one of the main mediators of angiogenesis by driving the
adaption of a tip or stalk cell phenotype in endothelial cells [1, 46] In a feedback system
together with VEGF, Dll4/Notch regulates the number of tip and stalk cells, enabling sprout
formation and elongation [47, 50] The tip cells are characterized by elevated DIl4 and VEGFR2
expression, whereas stalk cells exhibit high Notch. The Notch signaling in these stalk cells is
activated by the tip cells [1, 40]. While it is known that DII4 expression in the tip cells is initiated
by binding of VEGF and VEGFR2 [47], the relationship between the reactivation of quiescent
cells in the vessel complex, the escape of a cell by loosening of celinatrix junctions, and tip
cell selection by Notch are poorly understood. To investigate this connection, both a 2D and a
3D angiogenesis model were applied, using wild -type and DIl4 -overexpressing endothelial
cells.

Tube formation (2D) and sprouting (3D) assays show that overexpression of DIl4 in
endothelial cells result in increased sprouting with many short tubes, whereas inhibition of
the Notch signaling pathway causes increased but ineffective and incomplete sprouts (Fig. 4-
10, Fig.4-11). This is consistent with the characteristic of DIl4 expression in tip cells leading to
vessel sprouting, whereas Notch signaling in stalk cells contributes to vessel elongation and
lumen formation [1, 40]. The effects of DIl4 overexpression and Notch inhibition in in vitro
angiogenesis assays have also been shown by Williams et al and Caliceti et al among others,
comparable with the results of the model of this study [84-87]. However, interestingly, the
applied 3D angiogenesis modelalso demonstratesthat DIl4 overexpression in endothelial cells
does not ensure a tip cell position in spheroid sprouts (Fig. 4-13). In sprouting spheroids
consisting of co-cultured DIl4-overexpressing Notch sender cellsand Notch receiver cells, all
tip cells show high intensities of the additional tip cell marker ADAMTS, but the DIl4 -
overexpressing cells are distributed according to seeding ratio in spheroid and sprouts. This
suggests that DIl4 expression and Notch-mediated control of angiogenic sprouting is a
consequence of prior tip cell initiation by other biochemical and mechanical signals. Thus,
expression of the tip cell phenotype and breakout of this cell from an existing vesselwould
first be triggered by ECM remodeling [2, 8] and coherently loosened cellF-matrix adhesions [8,

35]. Consequently, only afterw ards VEGF would drive expression of VEGFR2 and DIl4 [47].
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The adaption of the stalk cell phenotype would therefore still be selected by the Notch

signaling pathway [1]. This assumed initiation of angiogenesis is also shown schematically in
Figure 5-2. Individual factors of th e proposed tip cell selection process have already been
investigated and confirmed, although the exact timing of tip cell migration from an existi ng
vessel has not yet been conclusively determined.

Thus, the results of this study can help to clarify the process of tip/stalk cell selection and the
influence of the Notch signaling pathway during the early stages of angiogenesis, indicating

the importance of mechanical celFmatrix interactions and its impact on the signaling pathways

involved dur ing angiogenesis.

®
endothelial cell VEGF receptor
it Dll4 ligand
. VEGF ‘ Notchl receptor
€ wvmps I. nNotch transcription
complex

Figure 5-2: Schematic overview of the proposed tip cell selection process. Local release of VEGF
initiates angiogenesis and induces matrix remodeling at sites where the new sprout is to be formed.
Matrix remodeling and the associated increase in matrix elasticity and loosening of the cell-matrix
contacts allow a cell to break out of the existing vessel. The release of MMPs further promotes the
migration of the first cell (tip cell). Binding of VEGF to VEGFR in the tip cells leads to increased
expression of DIl4 in the tip cells, which activates Notch signaling in the following stalk cells.
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5.2.1 Matrix stiffness influences the sprouting behavior of endothelial cells

Initiation of angiogenesis is based on biochemical cues, such as VEGF, which are emitted by
the surrounding tissue or transmitted by cell interactions [3, 40]. In addition to biochemica |
signals, the influence of mechanical cues on the process of angiogenesis, mainly originating
from stiffness changes of the extracellular matrix, is receiving more attention [3, 5]. ECM
stiffness affects endothelial cell functions, regulating migration and proliferation and thus
angiogenic sprouting [5, 88]. To investigate the influence of overall stiffness changes during
angiogenesis, the spheroid sprouting model was extended with stiffness tunable collagen
matrices. The sprouting behavior of HUVECs show s that the number of sprouts, the sprouting
length as well as the spheroid diameter behave in a stiffnessdependent manner (Fig. 4-14).
The softer the surrounding matrix, the stronger the sprouting with the opposite behavior at
higher stiffnesses. Thus, the results also indicate that the lower matrix stiffness supports
migration of the cells, which results in the increased sprouting behavior. In summary, this 3D
in vitro angiogenesis model allows the analysis of the influence of Notch and DIl4 expression
as well as the impact of stiffness changes of the extracellular matrix during angiogenic
sprouting. However, the focus of angiogenesis sudies with th e applied model is on the onset
of sprouting and tip cell differentiation and migration, where only an overall matrix stiffness
can be adjusted During in vivo angiogenesis an ongoing adjustment of ECM stiffness is
necessary to regulate migraion and proliferation of endothelial cells and thus vessel

elongation and lumen formation [2, 88].
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5.3 Clinical and pharmacological relevance

While most cell types are surrounded by or even form a tissue with a stiffness of 50¢ 15000Pa,
the behavior of these cells is mostly studied in in vitro approaches on plastic or glass, which
have stiffnesses of 2¢ 4 GPa, comparable to the stiffness of bone[44, 89] Sudies on plastic
facilitate the investigation of cellular s tructures and functions but may differ from in vivo
behavior [44]. Particularly for endothelial cells, a mechanosensitivity has already been
demonstrated, whereby these cells adapt their gene expression profiles depending on the
stiffness of the surrounding organ tissue [1, 6], demonstrating the need for 2D and 3D cell
models with adapted matrices for these cells. In addition to studying general cell behaviors ,
including migration and proliferation, those cell models can also be used toinvestigate the
regulation of various signaling pathways in endothelial cells, such as the Notch signaling
pathway. During angiogenesis, the Notch signaling pathway controls the number of
endothelial tip and stalk cells, re gulating vessel sprouting and elongation [47, 50] This process
also requires tight regulation of matrix elasticity and stiffness, which enables migration and
proliferation through mechanical signaling [2, 88] Thus, the findings of this study might be of
importance to better understand the effect of matrix remodeling on endothelial cell behavior
and adjustment of their gene expression. The data of the Notch signaling pathway as a
mechanosensor and the interplay with cell -matrix and cell-cell adhesion could further
demonstrate the influence of mechanical cues on cellular signaling pathways. This suggests
that the changes in matrix stiffness during angiogenesis affect not only migration and
proliferation but also angiogenesis-regulating signaling pathways in endothelial cells.
Modifications in the extracellular matrix towards matrix stiffening also play a role in several
pathologies, such as fibrosis, diabetes, cardiovascular diseases, rad cancer [90, 91] In
particular, the microenvironment of tumors exhibits a marked increase in stiffness due to
enhanced collagen deposition on the one hand and crosslinking by cell -secreted enzymes on
the other [43]. These changes in theECM increase the solid stress and mechanical pressure on
the tumor tissue, but also affect the tumor microvasculature [92]. Tumor vessels are mostly
malformed, permeable, increasingly branched, and tortuous and t hus exhibit disturbed blood
flow, caused both by the mechanical influences of the ECM and by upregulated VEGF
expression [6, 92, 93] The perturbed structure of the tumor vasculature increases fluid

pressure and shear stress on the vessel and tissue and may also affect the surrounding healthy
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tissue, promoting tumor invasion [91, 92] The increased permeability of the tumor vessels
limits the perfusion of the tissue, on the one hand further promoting branching and outgrowth,
on the other hand also complicating the administration of drugs in cancer therapy [6, 93]. Most
approaches to cancer therapy by normalizing the tumor vasculature involve inhibition of pro -
angiogenic factors, such as VEGH93, 94] Several studies have shown that restriction of VEGF
signaling can reduce tumor growth [45, 93, 94] However, the administration of VEGF
inhibitors is not successful in all cancers and, even when initially effective, is often short -lived
and subsequently leads to resumption of tumor progression [94, 95] Due to the significant
influence of matrix stiffening and mechanical forces on tumor vasculature and progression,
newer treatment strategies are based on therapeutically targeting tumor stiffness, which has
already been shown to normalize vasculature [6, 92, 93] This can reduce pressure on the tissue
and improve blood flow through the tumor tissue , also adapting angiogenic key factors, like
VEGF binding and Notch signaling [6, 92]. In this context, the results of this study can give a
deeper insight into the consequences of normal and pathological matrix changes on
endothelial behavior and sprout morphology during angiogenic sprouting in development
and maintenance, especially regarding the data showing Notch as a mechanosen®r with an
upregulation on softer substrates and the role of DIl4 expression and Notch signaling during
tip/stalk cell selection. This could help to better understand and predict the consequences of
targeting vascular-specific targets in cancer treatment,and will also allow the therapy itself to
be adapted according to the type of cancer and the disease patternminimizing the risk of

metastasis and treatment resistancd6, 45, 96]
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5.4 Conclusion and outlook

In conclusion, this study indicates a role of substrate rigidity as a modulator of Notch
signaling, in that the Notch signaling pathw ay can be activated via mechandransduction in
dependence on substrate stiffness.This mechnanosensitivity may likely be associated with
trans-endocytosis. Based on two different angiogenesis models, the results of this thesis also
confirm the function of Notch during angiogenesis by ligand overexpression and Notch
inhibition. However, further investigation of the properties of tip cells implies that DIl4
overexpressing cells do not automatically adopt a tip cell position. Thus, the increased DIl4
expression characteristic of tip cells does not appear to be a selection factor, but rather occurs
as a result of tip cell determination by other factors. Together, this study provides a better
understanding of the impact of substrate stiffness on the Notch signaling pathway and its
influence especially during angiogenic sprouting and tip/stalk cell selection. This may have
important implications in pathological situations, such as tumor growth, associated with

stiffening of the extracellular matrix.

For further investigation, the two models of cellular Notch investigation on different

substrates and angiogeness analysis should be combined. Using stiffness tunable collagen,
such as PhotoCof®, the stiffness-dependent behavior of Notch during angiogenesis can then
be determined. The role of DIll4 expression in tip cell selection should also be further
investigated. Using DIl4 overexpression at different time points during angiogenic sprouting

(e.g., with an inducible plasmid), the effect of DII4 on sprouting behavior and cell positions in

the sprouts can be analyzed. It can be suggested that tip cell selection first proceeds from
changes in matrix density that allow mobility and migration of these cells [36]. Inducing a local
change in stiffness in a collagen matrix can be a major challenge without affecting or damaging
the cells. However, stiffness sensing probes can be used to detect the changes in the mex in
a spheroid sprouting assay [97]; at the same time, the expression of DIl4 or other tip cell
markers, for example with SmartFlare reagents [98], can be stidied to clarify the processes of

tip cell selection.
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Notch activity in confluent MCEC-WT/MCEC-DII4-mCherry co-cultures on substrates with different

stiffnesses determined by detection of cellular luciferase levels under control of the TP1-luc Notch
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50um). (C) Normalized fold Notch activity in endothelial co -cultures of MCEC-WT/MCEC-DII4 -

mCherry cells in seeding ratios of 1:1, 1:5 and 1:10determined by detection of cellular luciferase levels

under control of the TP1-luc Notch reporter . Bar plots were generated by evaluation of reporter gene

assays on substrates with different stiffnesses twobPEaw - .5 wi O0OO0OPI EwEaw3UO0I a
comparison test, ns| not significant, *P<0.1, ****P<0.0001).
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Figure 7-3: YAP and integrin ¢1 intensity in MCEC -WT cells are dependent on substrate stiffness as
well as the Notch signaling pathway, whereas the integrin ¢1 intensity is also influenced by the
Notch signaling pathway but the nuclear intensity of YAP does not chang e after Notch inhibition
(A,B) MCEC-WT cells were seeded on varying substrate stiffness, treated with 25 uM DAPT for 24 h
and stained for either the activated form of YAP or integrin ¢1. The nuclear intensities for YAP and the
mean overall intensity for integrin  ¢1 + SEM of untreated and treated cells are summarized in bar graphs
@3 UO0I az Ur 2 bEE Oyay &OYA, Unis |E bt skgnificaintO***P<0.001, ****P<0.0001).
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Figure 7-4: Trans-endocytosis is increased in MCEC -WT cells on softer substrates. Overlay intensity

EOQE w/ 1 E Udilé®id aréhsudd No¥ch receptor-ligand interactions in the course of trans-endocytosis.

Overlay areas are indicated by the white arrows. MCEC-WT cells were transfected separately with a

citrine-coupled Notchl plasmid and a mCherry -coupled DIl4 plasmid. Notchl expressing Notch

receiver cdls are shown in green, DIl4 expressing Notch sender cells are shown in red. Trans
endocytosis was quantified atcell-E1 OOWEOOUEEUUwPOwat YwETI OOUwx]1 UwUUEUUUE
experiments. Data is presented as a bar plot (mean value + SEM, tw-bEaw - .5 wbbUl w2PEE
multiple comparison test, ****P<0.0001).
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Figure 7-5: DIl4 overexpressing cells reduce tube formation but enhance sprouting in co  -culture with

MCEC-WT Notch receiver cells. (A) Quantification of the number of nodes and tubes 24 h after cell

seeding on Matrigel. Data is normalized to HUVEC tube formation and is presented in bar graph (mean

+ SEM) with significance determinedbyone-pEa w - . 5 wi OO000OPI EwEaw# U001 UUz Uwo
test (**P<0.01, ***P<0.001, ***P<0.000{R) Quantification of the number of sprouts and its length in

sprouted spheroids. Data is normalized to HUVEC spheroids and is presented in bar graph (mean

+SEMOI wa whik wU x T 1 U O)BvihUsignificanaa Befedrinedbpddéway ANOVA followed by

#UOO1I U0z Uw OUOUDXxO1 wEOOx EUDUO Q) Represeniatiop ishaggsy df YuheO w d d d d /
formations of different endothelial cells (left panel, scale bar 250 um) and sprouted spheroids of

different endothelial cells (right panel, scale bar 100 pm).
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