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Chapter 1

General introduction
and scope of the thesis



General introduction

The vasculature reaches everywhere

The vasculature is an important transport system for blood that reaches the outer ends of every limb
and organ in vertebrate animals. It is organized as a well-connected network of blood vessels: large
arteries bring blood rich in oxygen and nutrients to the organs, where smaller capillary vessels deliver
the cargo to tissues at the cellular level. In turn, waste products from tissues and oxygen-poor blood
are carried into veins that return the blood to the heart, completing the systemic circulation.
Continuous blood flow through the vasculature ensures that all tissues receive what they need and
that waste is efficiently removed. Beyond its transport function, the vasculature plays critical roles in

tissue homeostasis, immune surveillance, and organ development.

Vessels are lined by endothelium

The inside of every vessel in the vasculature is lined with endothelium: a thin, single layer of
endothelial cells that is in direct contact with blood and which separates blood from the surrounding
tissue. This cellular lining is called the endothelial monolayer and is a remarkable multifunctional and
dynamic tissue. The endothelium not only acts as a physical barrier, but it also actively controls what
enters and exits the bloodstream. As gatekeepers, the endothelial cells manage the migration of
immune cells, and the exchange of molecules like oxygen or solutes like glucose between blood and
tissue '. Both the barrier and permeability functions are dependent on the connections between the
individual endothelial cells. The cell-cell contacts are a fascinating place where form and function
must be stably yet flexibly coordinated for vascular integrity 2. When these cell-cell contacts don’t
function properly, resulting problems could include edema (swelling when fluids from the blood
stream enter and stay in other tissue, often in legs and feet), or chronic inflammation (when the body

keeps sending immune cells to fight an infection that isn’t there, which leads to pain and fatigue) +°.

VE-cadherin forming a cell-cell bridge

The structural connections between endothelial cells are formed by a class of calcium-dependent
adhesion molecules called cadherins . Endothelial cells express different types of cadherins, vascular
endothelial cadherin (VE-cadherin) being, as the name suggests, their most characteristic and
specific one . VE-cadherin is a transmembrane protein that sticks out of endothelial cells. Two VE-
cadherin molecules on neighboring cells couple their heads in the intercellular space, while their
intracellular tails can both link to the cytoskeleton and partake in cytosolic signal transduction. In
simpler terms, VE-cadherin forms the molecular bridge between endothelial cells, which
communicates signals into the cell interior. Through these properties VE-cadherin enables

endothelial cells to sense and respond to the vascular environment.



VE-cadherin as a central signaling intersection

VE-cadherin plays a key role in a wide range of endothelial functions. It maintains barrier integrity
across different types of blood vessels, where local mechanical environments can vary greatly
(imagine cells in the aorta wall experiencing more blood pressure than in a distal vein in your foot)
0. VE-cadherin-based cell-cell connections are called adherens junctions (often shortened to AJ)
and need to adapt when the vessel wall encounters inflammatory signals, so that immune cells
recruited from the blood stream can pass through the endothelium into the affected inflamed tissue
1112 VE-cadherin is also crucial in supporting new blood vessel growth during development and
wound healing . In these remodeling settings, VE-cadherin must be tightly regulated, turning
adhesion on to strengthen cell-cell contacts in newly formed vessels, or turning it off to loosen
contacts when cells migrate. The on/off switching is controlled by recruiting specific molecular
interactors to VE-cadherin when needed . In recent years, the proteins regulating VE-cadherin itself,
as well as the proteins recruited to the cell-cell contact interface have been extensively studied.
Scientific methods for biochemical analysis and imaging techniques advance towards ever better
spatiotemporal resolution. Yet, despite increasing insight into the molecular components of adherens
junctions, the full biochemical landscape of VE-cadherin-associated complexes remains incompletely
defined. Specifically, how VE-cadherin connections are dynamically regulated in response to

mechanical forces, developmental cues, or immune signals, remains an active area of investigation.

Molecular architecture and regulation of VE-cadherin-based adherens junctions

Understanding how VE-cadherin combines mechanical coupling and signal transduction requires
examining the molecular organization and regulation of the AJ complex. The following section
outlines the current framework and discusses structural architecture, post-translational regulation,

and signaling pathways that make VE-cadherin the key molecule in controlling vascular integrity.

Structural organization of VE-cadherin complexes

Structurally, VE-cadherin is a 784 amino acid protein with 5 extracellular cadherin domains, a
transmembrane region, and an intracellular tail containing conserved binding motifs for catenin family
proteins '°. It does not possess intrinsic enzymatic or catalytic domains, but is itself subject to
posttranslational modifications: tyrosine- or serine phosphorylation, glycosylation, ubiquitination, and
proteolytic cleavage '6'8, The VE-cadherin protein folds into a crescent-shaped conformation
stabilized by calcium ions, and the homophilic adhesion that occurs at the apical-lateral interface
between neighboring cells is also calcium-dependent: a conserved tryptophan residue in the EC1
domain of one cadherin inserts into a hydrophobic pocket of its partner on the opposing membrane
921 These trans-interactions are further stabilized by lateral cis-clustering of cadherins on the same
membrane 22, resulting in adhesive assemblies that increase avidity and provide the basis for AJ
architecture.



The canonical cadherin-catenin complex

Besides these cadherin couplings outside the cell, the AJ structure is intracellularly anchored to the
actin cytoskeleton to increase adhesion stability 23. The canonical AJ complex associated with VE-
cadherin’s cytoplasmic regions consists of three main proteins. p120- and 3-catenin bind directly to
VE-cadherin and function, respectively, to ensure VE-cadherin membrane localization and to connect
to a-catenin, which in turn links the AJ structure to the cytoskeleton 2427, Junctional maturation
involves force-dependent conformational changes of a-catenin and its dimerization, allowing
cytoskeletal linkage and actin bundling 2. Mechanical tension, generated either internally or by the
pushing and pulling of neighboring cells, reinforces this coupling and promotes recruitment of
additional stabilizing proteins to the core complex 2*. Thus, endothelial AJs are both strong adhesions

and mechanosensitive assemblies that adapt to local forces.

Beyond the canonical complex: signaling and cytoskeletal coupling

Beyond this canonical cadherin-catenin complex are a plethora of other proteins and structures
associated with the AJ. For instance, VE-cadherin participates in larger transmembrane signaling
assemblies. It forms complexes with VEGFR2 and VEGFR3 through intramembrane associations:
upon VEGF stimulation, its receptor (VEGFR?2) transiently associates with VE-cadherin at junctions
2% Phosphorylation of VEGFR2 at Y951 enables recruitment of the adaptor TSAd, which binds c-Src
and facilitates localized actin reorganization and junction remodeling . VE-cadherin thus acts not
merely as a passive adhesion molecule but as a scaffold that spatially organizes growth factor
signaling at cell-cell contacts. For these functions, VE-cadherin membrane retention is vital, for which
an additional membrane retention mechanism independent of p120-catenin is employed via
AnkyrinG that binds to a membrane-proximal region of VE-cadherin and selectively inhibits
internalization of cis-dimerized VE-cadherin 322, Another example of VE-cadherin-interaction
diversity is that VE-cadherin is not only linked to F-actin, but also interacts with other cytoskeletal
factors such as spectrin and cortical actin 33-%. Additionally, VE-cadherin-catenin complexes including
a-catenin, PECAM1, and vinculin are physically coupled to cortical actomyosin, so force on the
junction changes their conformation and binding properties 3637, Altogether, the take-away message
is that all these interactions contribute to junctional organization and secure anchoring of cell
adhesions. These signaling assemblies integrate with actomyosin-generated junctional tension,

thereby linking receptor activation to mechanical remodeling of adherens junctions.

Phosphorylation-dependent VE-cadherin regulation
Phosphorylation of specific residues within the VE-cadherin cytoplasmic tail is a central regulatory
mechanism to dynamically adapt junction stability 38. Three tyrosine (Y) residues (658, 685, and 731)

and one serine residue (S665) function as regulatory switches for VE-cadherin membrane retention,



endocytosis, and AJ-cytoskeletal coupling 3°4°. These modifications are primarily mediated by Src
family kinases, including Yes, and occur in a context-dependent manner 442, Under basal flow
conditions in vivo, venous endothelium exhibits constitutive phosphorylation of Y658 and Y685, as
flow activates Src, whereas these residues remain largely unphosphorylated in arteries 3.
Consequently, arterial junctions are comparatively stable at rest, while venous junctions exist in a
more dynamic and permissive state, particularly in the postcapillary venules where immune cell

extravasation occurs 4446,

Mechanistically, Y658 lies within VE-cadherin’s p120-binding region; its phosphorylation recruits LGN
to bind and displace p120-catenin 478, reducing VE-cadherin membrane retention and promoting
clathrin-mediated internalization and junctional turnover °. Y685 phosphorylation is also regulated
by flow but as a direct target of Src kinase downstream of inflammation and VEGF signaling 4 that
induce VE-cadherin ubiquitination and internalization 3. In contrast to these sites that primarily
regulate general vascular permeability, Y731 responds to inflammatory signaling and leukocyte
extravasation through the AJs 350 |eukocyte-generated tension induces both actomyosin
remodeling of the VE-cadherin-catenin complex and activation of phosphatase SHP2 to bind directly
to VE-cadherin and enables Y731 dephosphorylation ®'. In addition to tyrosine phosphorylation,
VEGF-induced Src signaling promotes serine phosphorylation of VE-cadherin at S665 via Rac1 and
PAK activation, leading to B-arrestin recruitment further enhancing clathrin turnover 4°5253_ Hence,
serine and tyrosine phosphorylation provide parallel pathways for junction remodeling. Lastly,
phosphorylation of other AJ complex members than VE-cadherin, such as [-catenin, similarly
modulates their affinity for VE-cadherin and affects AJ stability 3°. These kinase-driven events are
counterbalanced by phosphatases such as VE-PTP, DEP1, PTPu, and SHP2, which can all directly
associate with VE-cadherin except SHP2 that binds B-catenin, to influence junctional stability 54-5°,
Together, this reversible phosphorylation network tunes endothelial barriers to be regionally

specialized and rapidly adaptable in response to mechanical and inflammatory demands.

Cytoskeletal regulation and Rho GTPases and actomyosin contractility

While phosphorylation effectively regulates VE-cadherin complex composition and turnover, junction
stability is equally determined by the cytoskeletal forces acting on these complexes 236061 AJs are
surrounded by regulatory networks of small GTPases that connect junctional to cytoskeletal
dynamics 6263, The Rac1-specific guanine nucleotide exchange factor (GEF) Trio associates
selectively with VE-cadherin, particularly at nascent or remodeling junctions 8. Trio-mediated Rac1
activation promotes actin reorganization necessary for adherens junction reassembly without
displacing B-catenin 856, Other GEFs than TRIO, such as Tiam1, Syx and TEM4, have been shown

to localize at endothelial cell-cell junctions or to co-immunoprecipitate with VE-cadherin or one of the



complex members and influence the barrier via Rho and actomyosin contractility -7°. Rap1 signaling
enhances VE-cadherin adhesive strength and barrier integrity 772, VE-cadherin recruits MAGI1 and
PDZ-GEF1, linking junctional complexes to Rap1 activation 73. Conversely, RhoA-ROCK-mediated
contractility can increase junctional tension and, depending on context, reinforce or disrupt barrier
function 7. Together, the partially overlapping yet diverse functions of small GTPase pathways

enable spatiotemporal coordination between signaling, cytoskeletal tension, and adhesion 7.

Mechanotransduction and force-dependent reinforcement

To adapt junction adhesion strength, these mechanical forces generated by GTPase signaling are
sensed and processed by the VE-cadherin complex itself: tension across VE-cadherin induces
conformational changes in a-catenin, exposing a binding site for vinculin 777, Vinculin recruitment
strengthens linkage to F-actin and enhances junctional resilience '>78. Mechanical stimuli such as
shear stress or pressure can further modulate junction stability through pathways involving Piezo1
and calpain-mediated cleavage of junctional components 782, Thus, endothelial junctions integrate
biochemical and mechanical cues to maintain vascular integrity across diverse hemodynamic

environments.

Junction remodeling in homeostasis and inflammation

Maintaining barrier integrity requires continuous spatially controlled turnover of VE-cadherin: even in
homeostasis, clathrin-mediated endocytosis, regulated by phosphorylation and adaptor proteins,
manages junctional plasticity 8. Ankyrin-G inhibits VE-cadherin endocytosis when AJ complexes are
dimerized, independently of p120-catenin binding 3'-32, whereas proteins such as PACSIN2, MICAL-
L1, and EHD4 regulate local trafficking and recycling 484, Ubiquitin ligases of the MARCH family
further modulate VE-cadherin surface levels and junction organization, through crosstalk with VEGF
signaling %8, Extracellular cleavage by proteases released during inflammation or tumor invasion
represents an additional mechanism of barrier disruption through proteases that cleave the VE-
cadherin ectodomain or by removing the B-catenin-binding region 8. Following local disengagement
during leukocyte transmigration, rapid reassembly of VE-cadherin complexes restores barrier
integrity, highlighting the reversibility of junctional opening '2. Together, these mechanisms regulating
VE-cadherin turnover prevent overstabilization of the junction, enabling rapid responses to flow,

inflammation, and leukocyte transmigration events.



Knowledge gap: the incomplete VE-cadherin interactome

Collectively, these findings depict VE-cadherin-based adherens junctions as modular,
heterogeneous signaling platforms rather than uniform adhesive structures. Distinct molecular
assemblies that are defined by specific binding partners, phosphorylation states, and mechanical
context confer functional specialization to different junctional microdomains. Despite substantial
progress in identifying individual interactors, the full biochemical landscape of VE-cadherin
complexes and their context-dependent organization remains incompletely understood. This gap
provided the rationale for the work presented in this thesis, which aims to further define and
functionally characterize novel VE-cadherin-binding proteins and to uncover new principles

governing endothelial junction stability.



Scope of the thesis

The incomplete understanding of which proteins regulate VE-cadherin motivated the research
presented in this thesis. In this PhD project, we set out to identify and characterize which proteins
bind to VE-cadherin and how these interactions contribute to vascular function. We hypothesized that
VE-cadherin engages in defined protein associations and that partners may change depending on
the biological context. Using a combination of biochemical experiments, mechanobiological
approaches, and high spatiotemporal resolution imaging, we identified new VE-cadherin-binding
partners: ARVCF, KEAP1, ARHGAP23, and NGLY1. Several of these targets were further studied
for their influence on VE-cadherin and the AJ. In addition, we investigated the role of VE-cadherin
extracellular adhesion to immune cells, and the function of a protein that stabilizes VE-cadherin
during blood vessel formation in development. Together, this thesis presents new insights that help
explain how endothelial junctions are regulated during processes such as collective cell migration,

leukocyte transmigration, and mechanotransduction.

In Chapter 1 a general overview of blood vessels was provided. VE-cadherin is introduced as
a central molecular bridge that mediates cell-to-cell adhesion for endothelial and vascular integrity.
The molecular organization of the AJ complex and its regulatory mechanisms are then discussed in
the context of vascular integrity. Together, this chapter provides a foundation for understanding how
VE-cadherin acts as a signaling platform at endothelial junctions and sets the stage for the novel

interactors studied in the following experimental chapters.

Chapter 2 presents the experimental discovery and characterization of novel VE-cadherin-
binding proteins. We used proteomics to uncover a core VE-cadherin interactome that includes
several known junctional components and we present four novel interactors of VE-cadherin: ARVCF,
KEAP1, ARHGAP23, and NGLY1. One of these proteins, ARVCF, is studied in further detail in this
chapter: we unravel the molecular mechanism by which ARVCF associates with a distinct pool of
VE-cadherin proteins and demonstrate its functional relevance for junction maturation, endothelial
barrier stability, and collective cell migration. These findings expand our understanding of the VE-

cadherin complex and introduce a new layer of regulation at the junctions.

Chapter 3 continues the analysis of the newly discovered VE-cadherin-binding proteins
identified in chapter 2. We dive deeper into VE-cadherin regulation by exploring the roles of
ARHGAP23, PKP4, and KEAP1 in endothelial cell connections. Although these proteins were less
amenable to in-depth mechanistic studies, the performed experiments revealed that these proteins
do contribute to the stability and organization of VE-cadherin-based cell-cell contacts. Together with
the previous chapter, these findings provide complementary insights into the network of proteins, and

their function, associated with the VE-cadherin complex.



Chapter 4 shifts the focus from intracellular regulators of VE-cadherin to its extracellular
domain. Sticking outside of the endothelial cell membrane, this part of the protein contains two so-
called RGD motifs, which are well-known integrin-binding sequences mediating adhesion, but their
importance had never been studied on VE-cadherin. In our experiments we made non-functional
variants and investigated their effects on junction formation, barrier integrity, and leukocyte passage.
We found that the RGD motifs are not needed for any of these key endothelial cell functions,
effectively resolving an open question and helping to refine future research to focus on the most

functionally relevant regions of VE-cadherin.

Chapter 5 continues on the role of force sensitive proteins in maintaining vascular integrity. In
this chapter, we investigate how vinculin, a protein that does not directly bind VE-cadherin but is
recruited to junctions under mechanical tension, contributes to endothelial function during blood
vessel development. By using both cell culture and a zebrafish model, we show that vinculin supports
stable endothelial cell-cell contacts and helps prevent vascular leakage in newly forming vessels.
These findings highlight the importance of mechanical reinforcement at adherens junctions and add

a developmental perspective to the regulation of endothelial barrier function.

Chapter 6 reviews a broader perspective on the theme of mechanical regulation at endothelial
adherens junctions, exploring how endothelial cells respond to mechanical cues during inflammation,
particularly in the context of immune cell interactions. Quantitative research is presented on how T-
cells, an important immune cell type, engage with and influence endothelial membranes and
junctional structures during their journey from circulation, through the junctions, into the tissue, and
how mechanotransduction pathways and proteins shape this process. By examining current
concepts and molecular players, this chapter offers an integrated view of the dynamic mechanical

crosstalk between immune cells and the vascular wall.

Chapter 7 summarizes our findings in this thesis and places them in the broader context of the
vascular biology and disease field. Moreover, read this chapter to discover the new questions and
hypotheses that our experimental work has given rise to! Altogether, this thesis has brought insight,
although there are still plenty innovative ideas and concepts to be explored, experimented, and

discussed.
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SUMMARY

Blood vessel integrity is maintained by vascular endothelial (VE)-cadherin-based adherens junctions,
which form structural links between neighboring endothelial cells. In this study, we used mass
spectrometry to identify the key proteins that interact with VE-cadherin. The proteomics identified a
core group of proteins that bind to VE-cadherin even when its intracellular domain is not tyrosine-
phosphorylated. The core VE-cadherin interactome includes known catenin proteins as well as
ARVCF, ARHGAP23, KEAP1 and NGLY1. Co-immunoprecipitation and co-localization experiments
verified that the VE-cadherin-binding protein ARVCF is a component of endothelial adherens
junctions. During junction maturation, ARVCF selectively binds to a pool of VE-cadherin that is
unbound from p120-catenin, through a mechanism involving its C-terminal intrinsically disordered
regions. Depletion of ARVCF results in instable junctions, loss of endothelial barrier function and
impaired collective cell migration. Together, this study demonstrates that ARVCF is an important

stabilizer of VE-cadherin junctions to safeguard endothelial integrity.
Nascent Junction Mature Junction
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Introduction

The luminal surface of arteries and veins is lined with a monolayer of vascular endothelial cells (ECs)
that selectively allows for the exchange of cells and solutes between blood and tissue '2. This
selective endothelial barrier is maintained through adherens junctions (AJ) formed through homotypic
interactions of the transmembrane protein Vascular Endothelial-cadherin (VE-cadherin) 3%. The
intracellular domain of VE-cadherin anchors to the actin cytoskeleton, which provides both structural
support and allows for mechano-adaptive regulation . When VE-cadherin-based junctions are
remodeled, for instance by inflammatory cytokines, angiogenic growth factors, or chronic age-related
alterations within the vessel wall, the endothelial barrier weakens, leading to (hyper)permeability,
inflammation, and progression of cardiovascular diseases "''. The importance of a resilient
endothelial barrier for vascular health is well-established, however the molecular mechanisms that

safeguard the endothelial junctions are still incompletely understood.

The stability of endothelial AJs is intricately regulated by proteins that interact with VE-cadherin’s
cytoplasmic domain. Classically, the AJ complex itself features direct and conserved VE-cadherin-
binding proteins p120- and B-catenin, the latter connecting via a-catenin to the actin cytoskeleton &12-
4 In addition, other interacting proteins are known to play a role in endothelial barrier modulation 5.
For example, tension across the VE-cadherin complex induces conformational change in a-catenin,
exposing a binding site for vinculin, whose presence stabilizes remodeling cell-cell contacts and
fortifies attachment to the cytoskeleton network '®'7. Such force-induced junctional interactions are
key for endothelial cell-to-cell communication and coordination across the tissue '®'°. Finally,
phosphorylation and ubiquitination events at the cytoplasmic domain of VE-cadherin modulate its
endocytosis, interaction partners, and association with the actin cytoskeleton, which are all important

for junction remodeling and barrier maintenance 2025,

VE-cadherin’s cytoplasmic domain contains three tyrosine (Y) residues at positions Y658, Y685, and
Y731 that play a role in remodeling of the endothelial barrier 2. VE-cadherin is phosphorylated at
Y658 and Y685 particularly in the venous side of the circulation %7, Phosphorylation of VE-cadherin
at Y685 is further promoted by inflammatory cytokines, resulting in weaker AJs and vascular
permeability 828, On the other hand, Y731 is constitutively phosphorylated in homeostatic
endothelium, and leukocyte-endothelial interactions induce dephosphorylation of pY731, which is an
essential event for leukocyte transendothelial migration 7. VE-cadherin-based AJs are thus tightly
regulated through interacting proteins and post-translational modifications, which ensures both

barrier function and selective permeability.
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Here, we aim to elucidate whether the VE-cadherin complex is regulated through additional protein
interactions. To study this, we employed a proteomics approach using mass spectrometry to
determine the proteins that bind to VE-cadherin in comparison to VE-cadherin variants in which
tyrosines were substituted for phenylalanines. Our results reveal a key set of previously unidentified
proteins binding to VE-cadherin. One of the identified core VE-cadherin complex proteins is armadillo
repeat deleted in velo-cardio-facial syndrome (ARVCF), which strongly bound to all VE-cadherin
variants. We demonstrate that ARVCF is crucial for endothelial barrier integrity of maturing
monolayers, and VE-cadherin-based adhesion stability through a unique mechanism that

complements the function of other catenin-family proteins in the core AJ complex.
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Results

Proteomics identifies VE-cadherin-binding proteins.

To investigate protein interactions with VE-cadherin we performed proteomic analysis on pull-downs
of C-terminally GFP-tagged human VE-cadherin in human umbilical vein endothelial cells (HUVECS;
hereafter referred to as EC). Mammalian VE-cadherin contains three tyrosine (Y) residues on the
intracellular domain (Figure 1a), which are relevant for AJ stability and vascular integrity 8272°. We
generated non-phosphorylatable VE-cadherin variants by substituting the cytoplasmic tyrosine (Y)
residues 658, 685, and 731 by phenylalanine (F). The VE-cadherin-GFP variants were lentivirally
expressed in ECs, which in turn were cultured to confluent monolayers. Next, we performed
immunoprecipitations using magnetic GFP-trap beads. The obtained VE-cadherin pull-down samples
were validated by Western blotting by probing for the known interactor B-catenin *, which confirmed
successful specific co-immunoprecipitations (Figure S1a). Next, we performed label-free mass-
spectrometry on the GFP-pull-downs compared to blocked beads, showing equal levels of VE-
cadherin detection of all variants (Figure 1b). The proteomic analysis, based on 3 independent IPs,
with each IP derived from a separate transduction, identified 37 proteins to bind to VE-cadherin
(Figure 1c, Figure S1b). The mass spectrometry-based identification of interaction partners of VE-
cadherin and its non-phosphorylatable variants, reveals a core VE-cadherin interactome, consisting
of nine proteins, that is independent of Y phosphorylation of the cytoplasmic domain. The core VE-
cadherin interactome includes previously reported interactors p120-catenin (CTNND1), 3-catenin
(CTNNBT1), a-catenin (CTNNAT), connexin-43 (GJA1) and plakophillin-4 (PKP4), and the identified
ARVCF, ARHGAP23, KEAP1, and NGLY1 proteins. We detected 28 additional proteins, which
displayed enriched binding to one or more of the VE-cadherin variants (Figure 1¢c). STRING analysis
using predicted protein interactions indicated that ARVCEF is closely linked to the functions of p120-
catenin, a-catenin, and B-catenin (Figure 1d). Because ARVCF emerged as a previously unreported,
but strong binding partner of VE-cadherin, we decided to further investigate their interaction and

function in endothelial cells.
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Figure 1.
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Figure 1. Identification of VE-cadherin binding proteins. a) VE-cadherin contains five
extracellular cadherin (EC) domains, a transmembrane (TM) region, and intracellular binding sites
(BS) for p120-catenin and B-catenin. Workflow is indicated from generating and overexpressing
VE-cadherin non-phosphorylatable [Y»F] variants in human umbilical vein endothelial cells
(HUVECSs) to mass-spectrometry analysis. b) Label-free quantification (LFQ) of VE-cadherin protein
abundance detected by mass spectrometry of GFP pull-down (PD) samples versus blocked beads
controls. The y-axis indicates log2-transformed LFQ intensities; each dot represents a biological
replicate. ¢) Heat map of significantly enriched VE-cadherin binding proteins stratified by their
interaction with wild-type and VE-cadherin Y»F variants. * indicates previously reported
VE-cadherin interactors. d) STRING-based protein network analysis of detected VE-cadherin binding
proteins; lines indicating interaction scores >0.4. See also Figure S1.
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Mechanism of the VE-cadherin-ARVCF interaction.

To assess the interaction between VE-cadherin and ARVCF, we first generated a lentiviral construct
expressing N-terminal GFP-tagged human ARVCF (canonical ‘long’ isoform 1, 000192-1, 962 amino
acids). Immunoprecipitations of GFP-ARVCF from ECs resulted in robust levels of co-precipitated
VE-cadherin, as well as the known classical cadherin-binding protein B-catenin, confirming the
interactions that were detected by mass-spectrometry (Figure 2a). Strikingly, ARVCF’s closest
relative protein: p120-catenin 3, did not co-precipitate in GFP-ARVCF pull-downs (Figure 2a). The
ARVCF protein contains an N-terminal coiled-coil domain, followed by a disordered region, central
armadillo repeats, and a C-terminal disordered region ending in a PDZ-binding motif (Figure 2b). To
investigate the molecular mechanism for binding to VE-cadherin, we compared C-terminally GFP-
tagged full length ARVCF (E9PDC3 isoform, 956 amino acids) with a truncated ARVCF variant
lacking its C-terminal disorded region and PDZ-binding domain in immunoprecipitation assays. VE-
cadherin co-immunoprecipitation from ECs was reduced in the absence of the ARVCF C-terminal
domain (Figure 2c), indicating its importance for optimal binding to VE-cadherin. We next tested
whether ARVCEF interacts through the p120-catenin-binding domain in VE-cadherin by performing
co-immunoprecipitations of ectopically expressed GFP-tagged wild-type VE-cadherin, versus VE-
cadherinPEE>AA or VVE-cadherin®®®>AAA yariants, which lack a functional juxtamembrane domain 3233,
These experiments revealed that the VE-cadherin juxtamembrane domain is essential for ARVCF
binding (Figure 2d). Together, these results indicate that ARVCF binds to the same domain in VE-
cadherin as p120-catenin does, but it engages with a separate pool of VE-cadherin proteins that is

unbound from p120-catenin.

Figure 2. Mechanism of the VE-cadherin-ARVCF interaction. a) Representative Western blot
analysis probed for GFP, VE-cadherin, -catenin, p120-catenin, and B-actin, on whole-cell lysates
(WCL) and GFP immunoprecipitation (IP) samples derived from HUVECs expressing GFP or GFP-
ARVCF. Graphs show the ratio between IP and WCL of quantified relative protein levels for VE-
cadherin, B-catenin and p120-catenin corrected for total protein loading using B-actin signal from
three independent experiments. b) Schematic overview of human ARVCF consensus protein,
containing an N-terminal coiled-coil domain, a disordered region, 10 central armadillo repeats, and a
C-terminal disordered region ending in a PDZ-binding motif. FL: full-length protein; NA: truncated
protein containing only the N-terminal disordered region and the first 9 armadillo repeats. c)
Representative Western blot analysis probed for GFP, VE-cadherin, and B-actin, on WCL and IP
samples derived from HUVECs expressing GFP, ARVCF-FL-GFP, or ARVCF-NA-GFP. Graph
shows quantified VE-cadherin protein levels in GFP IPs corrected for total protein loading using WCL
signal from three independent experiments. d) Representative Western blot analysis probed for GFP,
ARVCF, p120-catenin, and B-actin, on WCL and IP samples derived from HUVECSs expressing GFP,
VE-cadherin-GFP wild-type (WT), or its juxtamembrane domain mutants GGG>AAA or DEE>AAA.
Graphs compare quantified ARVCF and p120-catenin protein levels in GFP IPs corrected for total
protein loading using WCL signal from six independent experiments. Bar graphs show mean +SD
and values per independent experiment. Student's paired t-test (c) or ratio paired t-test (a, d),
*p<0.05, **p<0.01, ns: non-significant. See also Figures S4 and S5.
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ARVCEF localizes at VE-cadherin-based adherens junctions

ARVCEF is a member of the catenin protein family, structurally related to a-catenin, $-catenin, and
most closely to p120-catenin 334, ARVCF has been reported to regulate AJs and tight junctions in
epithelial cells %%-%7. To gain insight into where ARVCF and VE-cadherin interact in ECs, we performed
immunofluorescence to visualize endogenous ARVCF in endothelial monolayers. ARVCF was
pronouncedly localized at cell-cell junctions in both venous and arterial ECs (Figure 3a, Figure S2a).
The localization of ARVCF and VE-cadherin differed slightly, resulting in junctional regions that were
enriched for ARVCF (Figure 3a, see region of interest (ROIl)). Notably, the level of co-localization
between ARVCF and VE-cadherin increased substantially in mature junctions of 120 hours confluent
EC monolayers (Figure 3a). Similar results were obtained in immunofluorescent stainings of ARVCF
with a-catenin or 3-catenin (Figure 3b, Figure S2b). The colocalization between ARVCF and the AJ-
independent junction protein PECAM1 was unaffected by monolayer maturation (Figure S2c),
suggesting a specific role for ARVCF at mature VE-cadherin-based AJs. Strikingly, and in contrast
to ARVCEF, the level of co-localization between VE-cadherin and p120-catenin did not change upon
junction maturation in 120 hours confluent monolayers (Figure 3c). At 24 hours post-plating,
subconfluent endothelial cultures exhibited reduced ARVCF and VE-cadherin colocalization
compared with confluent cultures (Figure S2d). Western blot analysis of EC monolayers plated for
8, 24, and 120 hours showed that total ARVCF protein levels increased over time in confluency,
whereas p120-catenin levels remained unchanged (Figure 3d). We next examined VE-cadherin and
ARVCF colocalization during junction remodeling in thrombin-treated endothelial monolayers and
found that ARVCF remained recruited to VE-cadherin-based junctions, with a slight, non-significant

reduction (Figure S2e).

Figure 3. ARVCF localizes at VE-cadherin-based endothelial adherens junctions. a)
Representative widefield images of HUVECs that were fixed after 24 or 120 hours at full confluence
and stained for endogenous VE-cadherin (magenta) and ARVCF (green). Graphs showing Pearson’s
correlation coefficients of pixel intensity values between ARVCF and VE-cadherin. Data from n=5
independent experiments, unpaired Welch’s t-test. Graphs show values per image (small dots) and
means from independent experiments (large dots per color) +SD. b) Representative widefield images
of HUVECs that were fixed after 24 or 120 hours at full confluence and stained for endogenous $3-
catenin (magenta) and ARVCF (green). Graphs showing Pearson’s correlation coefficients of pixel
intensity values between ARVCF and B-catenin. Data from n25 independent experiments, unpaired
Welch'’s t-test. Graphs show values per image (small dots) and means from independent experiments
(large dots per color) £SD. ¢) Representative widefield images of HUVECs that were fixed after 24
or 120 hours at full confluence and stained for endogenous p120-catenin (magenta) and ARVCF
(green). Graphs showing Pearson’s correlation coefficients of pixel intensity values between ARVCF
and p120-catenin. Data from n=5 independent experiments; unpaired Welch’s t-test. Graphs show
values per image (small dots) and means from independent experiments (large dots per color) +SD.
d) Representative Western blot analysis of lysates derived from HUVECs after 8, 24 or 120 hours at
full confluence, probed for ARVCF, VE-cadherin, p120-catenin and -actin. Graph shows protein
expression levels. Signal corrected for background, B-actin expression levels, and normalized to
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Figure S3 and S5.
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To investigate how ARVCEF is recruited to junctions, we overexpressed GFP-ARVCF in ECs and
subsequently inhibited the homotypic binding between VE-cadherin extracellular domains using
clone 75 function-blocking antibody *® . The junctional localization of ARVCF was readily perturbed
upon clone 75 treatment, showing that junctional ARVCF recruitment depends on VE-cadherin
adhesion (Figure 4a-b, Video S1). Toghether, these experiments indicate that ARVCF-associated

VE-cadherin-based adherens junctions are enhanced during maturation.
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Figure 4. Junctional ARVCF localization depends on VE-cadherin. a) Stills from representative
live imaging of HUVEC expressing both GFP-ARVCF (green) and VE-cadherin-mCherry (magenta)
within an endothelial monolayer. VE-cadherin blocking antibody clone 75 (12.5 ug/mL) was added at
t=0 and cells were subsequently recorded for 1 hour. b) Representative widefield images of fixed
HUVEC monolayers treated with 12.5 ug/mL VE-cadherin blocking antibidy clone 75 for 1 hour and
immunostained for VE-cadherin and DAPI. Scale bars are 20 mm.
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Depletion of ARVCF perturbs endothelial AJs and barrier function

To assess the importance of ARVCF in endothelial cell-cell junctions, we silenced ARVCF expression
using two independent lentiviral short hairpin RNAs (shRNAs), both of which induced efficient
knockdown levels (Figure 5a-b). Flow cytometry analysis showed that VE-cadherin surface
expression was maintained in ARVCF knockdown cells, with levels comparable to shControl cells
(Figure S3a). Immunofluorescence imaging confirmed that ARVCF knockdown cells still formed VE-
cadherin-based AJs with an overall fluorescence intensity that was comparable to shControl (Figure
S3b). Interestingly, the junction organization was altered in shARVCF ECs, with disrupted adhesions
at cell-cell contact interfaces, resulting in non-continuous VE-cadherin distribution between ECs
(Figure S3b). To understand how ARVCF controls junctions, we next investigated the dynamics of
VE-cadherin by lentiviral overexpression of VE-cadherin-GFP in shControl and shARVCF ECs.
Subsequent live cell imaging experiments showed that the junctional interface between ARVCF-
depleted cells was highly unstable, going through repeated cycles of junction formation and
breakdown without junctional stabilization. This led to the formation of intercellular gaps along
junctions over time (Figure 5c, Video S2). Live imaging of GFP-ARVCEF in ECs further showed that
ARVCF was recruited to the junctions in a punctate pattern during nascent junction formation (Figure
5d, top row; Video S3). After initial cell-cell contact formation, and when junctions were stabilized
through cell protrusions, ARVCF was redistributed in a continuous, uninterrupted pattern between
adjoining cells (Figure 5d, lower row; Video S3). Hence, the majority of ARVCF is recruited during
cell-cell junction maturation, fitting with its role in junctional stabilization. To test whether ARVCF is
necessary for stable cell-cell contacts, we assessed the integrity of the endothelial junctions by
culturing the ECs on biotin-coated gelatin substrates. Once confluent monolayers were established,
fluorescent streptavidin was added to the apical side of the monolayers for 10 minutes to determine
the level of junction leakiness. These experiments indicate that the depletion of ARVCF induces a
considerable increase in intercellular gaps and leads to monolayer leakiness (Figure 5e). To
investigate the importance of ARVCF for endothelial barrier function, we next used electrical cell-
substrate impedance sensing (ECIS) measurements at 4000 Hz across shControl and shARVCF
endothelial cultures. These experiments showed that shARVCF cells had a significantly reduced
capacity to form stable endothelial barriers, resulting in impaired endothelial barrier function over time
(Figure 5f). We conclude that ARVCF is necessary for endothelial junction stabilization and

monolayer barrier formation.
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Figure 5.
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Figure 5. Depletion of ARVCF perturbs endothelial AJs and barrier function. a) Representative
Western blot analysis of lysates derived from HUVECs transduced with control or ARVCF shRNAs,
probed for ARVCF and B-actin. b) Graph shows the ARVCF protein expression levels. Signal
corrected for background, B-actin expression levels, and normalized to expression levels in control
cells. Data from n=12 independent experiments, ANOVA with Dunnett’s multiple comparison test.
Bar graphs show mean +SD and values per independent experiment. ¢) Representative stills from
time-lapse widefield imaging every 5 minutes for one hour of live HUVECSs transduced with shControl
or shARVCF and VE-cadherin-GFP. d) Representative stills from time-lapse imaging every 10
minutes of live HUVECs transduced with GFP-ARVCF. e) Representative images of fixed shControl
and shARVCF HUVECs grown on biotin-gelatin and stained for endogenous VE-cadherin (grey),
nucleus (blue), and streptavidin-AlexaFluor488 (green). Graph showing fold change in junction
leakiness between shControl and shARVCF HUVECs. Data from n=3 independent experiments
ANOVA with Dunnett's multiple comparison test. Graphs show values per image (small dots) and
means from independent experiments (large dots per color) +SEM. f) Line graph showing the
average resistance (+tSEM, dotted lines) measured with ECIS at 4000 Hz of shControl and shARVCF
HUVECs monolayers over time. Data from n=4 independent experiments. Bar graph showing the
relative, compared to shControl cells, resistance of sShARVCF monolayers at 4000 Hz 24 hours after
cell seeding. Data from n=4 independent experiments, ANOVA with Dunnett’'s multiple comparison
test. Bar graphs show mean +SEM and values per independent experiments. *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001. Scale bars are 10 or 20 mm. See also Figure S4 and S5.
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Junctional reinforcement restores endothelial integrity in the absence of ARVCF

Previous studies on other tissues showed that ARVCF controls intracellular force production by
linking cell-cell adhesions 33°. As such, ARVCF has been shown to regulate tension on junctions
during xenopus embryonal axis elongation *. To investigate whether the leaky junctions between
ARVCF-depleted ECs were caused by a lack of junctional reinforcement, shControl and shARVCF
ECs were treated with 8-(4-chlorophenylthio)-2'-O-methyladenosine 3',5'-cyclic monophosphate
(also known as 007-AM), a selective EPAC1 agonist that tightens the endothelial barrier through
Rap1-mediated junctional reinforcement 4. After 10 minutes of 1 yM 007-AM treatment, endothelial
cells adopted hexagonal organizations within monolayers in all conditions (Figure 6a), which is
indicative of an optimal distribution of radial forces and junctional tension in support of junction
stabilization 4143, Intriguingly, 007-AM fully restored the intercellular gaps between shARVCF ECs,
thereby reducing junction leakiness (Figure 6a-b). These results point to a role for ARVCF in

junctional reinforcement for endothelial barrier function.
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ARVCEF is needed for collective cell migration

Endothelial junctions integrate mechanical cues derived from the pushing and pulling between cells
to coordinate collective cell migration 4445, To assess the importance of ARVCF for endothelial
collective cell migration, we performed scratch wound assays in shControl and shARVCF
monolayers. The depletion of ARVCF strongly inhibited migration during wound healing (Figure 7a).
The defect in collective cell migration was related to an intrinsic lack of coordinated directionality
between migrating shARVCF cells (Figure 7a). Moreover, intercellular gaps appeared between
migrating leader and follower shARVCF cells (Figure 7b). These results show that ARVCF is

important for junction remodeling during collective cell migration.
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Figure 7. ARVCF coor-
dinates collective cell
migration. a) Represen-
tative images of HUVECs
transduced with shCon-
trol or shARVCF. Wound
closure upon scraping of
confluent monolayers was
tracked every 15 minutes
for 10 hours total. Left
graph shows wound clo-
sure in percentage after 8
hours of shControl and
shARVCF cells. Graph
shows values per scratch wound (small dots) and means from independent experiments (large dots
per color) +SEM. Right graph shows confinement ratio over 8 hours of wound closure of shControl
and shARVCF cells. Graph shows values per cell (small dots) and means from independent
experiments (large dots per color) +SEM. Data from n=3 independent experiments, ANOVA with
Dunnett’s multiple comparison test. ****p<0.0001. b) Representative images of HUVECs transduced
with shControl or shARVCF stained for endogenous VE-cadherin (grey), Golgi (green) and nucleus
(blue). Orange arrowheads indicate AJ disruptions. Scale bars are 5 or 20 mm.
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Discussion

VE-cadherin is central to the build-up of endothelial AJs, yet the molecular diversity of its composition
and its regulation remain incompletely understood. In this study, we used a proteomics approach
through which four core VE-cadherin interactors were identified: ARVCF, ARHGAP23, KEAP1, and
NGLY1. Co-immunoprecipitation and co-localization experiments verified that ARVCF is an important
component of endothelial AJs. Further functional experiments showed that ARVCF plays a significant
role in the maturation of VE-cadherin-based AJs: ARVCF associates with a selective pool of VE-
cadherin molecules that are unbound to p120-catenin through a mechanism involving the intrinsically
disordered regions of ARVCF. The direct association of ARVCF to VE-cadherin is important for
junction stabilization. The existence of two types of VE-cadherin pools, one bound to p120-catenin
and one bound to ARVCF, and the notion that ARVCF binds to E-cadherin in epithelial cells 6,
indicates that the contribution of ARVCF to junction strengthening is conserved for classical
cadherins. Together, our results present ARVCF at an essential position in the AJ complex where it

regulates junction maturation to safeguard endothelial barrier integrity.

The core VE-cadherin-interactome contains several catenins, all members of the armadillo-domain
protein family to which ARVCF also belongs. Within this family, ARVCF shares the greatest structural
similarities with p120-catenin %', a well-characterized cadherin interactor in a multitude of cell types
47.48. ARVCF has been reported to bind to E-cadherin via the same domain as through which p120-
catenin binds 4%%°, Our study shows enhanced interaction between ARVCF and VE-cadherin at
junctions as endothelial monolayers mature, while the association between VE-cadherin and p120-
catenin remains stable during this process. Furthermore, we found that ARVCF binds mutually
exclusively to unique pools of VE-cadherin that are unbound to p120-catenin, supporting the idea of
distinct or sequential roles for these proteins. This is consistent with earlier work in epithelial cells
where ARVCF competes with p120-catenin for binding to E-cadherin through their central armadillo
repeats 464950, We find that the C-terminal intrinsically disordered regions (IDR) of ARVCF support
binding to VE-cadherin. Such regions lack a stable, well-defined, three-dimensional structure and are
known for their scaffolding potential %'-52. Intriguingly, ARVCF-IDRs are sequentially distinct from the

protein domain in p120-catenin %3, pointing to a specialized function of ARVCF at AJs.

The increased junctional association of ARVCF during junction maturation indicates that ARVCF
contributes to assembly or stabilization of cadherin-based complexes. The formation of tightly packed
cadherin clusters confers strong adhesion between cells 5. We find that the genetic depletion of
ARVCF results in gaps in endothelial monolayers. This result can be explained by a potential loss of
cadherin clustering or disruption of avidity 55¢. These observations support a model where ARVCF

maintains strong cell-cell adhesions by facilitating cadherin clustering.
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An alternative mechanism of how ARVCF supports junction maturation may involve the ARVCF IDRs
in coupling of distinct adhesion systems. In epithelial cells, ARVCF has been reported to interact with
both E-cadherin and the tight junction proteins ZO-1 and ZO-2 %. Notably, ARVCF appears at early
contact sites where the formation of both junction types begins, suggesting it may participate in
coordinating the spatial or temporal assembly of AJs and tight junctions. In endothelium, tight junction
organization follows AJ formation #5758 The presence of ARVCF at sites of early adhesion, and its
known interactions with both junction types, raises the possibility that it contributes to junctional
crosstalk during cell-cell contact maturation. Additionally, the conformational flexibility of ARVCF
terminal IDRs may facilitate homotypic interactions, potentially creating a feedback loop that
promotes its junctional enrichment. A similar function has been described for the N-terminal
disordered region of the B-catenin-related protein WRM-1 in C. elegans which is required for self-
association %. Such IDR-features point to a role for ARVCF as a tunable factor in junctional

stabilization.

Given that ARVCF appears to function primarily during the maturation of endothelial junctions, we do
not assume that its junctional interaction is directly controlled by permeability-inducing factors. The
mass spectrometry analysis demonstrates that ARVCF can bind to VE-cadherin in the absence of
phosphorylation; however, we do not exclude the possibility that this interaction is maintained under
phosphorylated conditions. Notably, under standard culture conditions, phosphorylation at Y731 is
already high, yet ARVCF binding remains strong. In addition, ARVCF still colocalizes with VE-
cadherin in thrombin-treated endothelial cells, a condition in which VE-cadherin Y685

phosphorylation levels are elevated 23,

Endothelial migration and junction remodeling are inherently force-regulated '96%-62, The importance
of ARVCEF for these processes suggests that it contributes to junctional mechanotransduction. In the
mouse lens, ARVCEF is required for maintaining normal biomechanical properties; its absence leads
to lens stiffening and ultimately cataract formation 3. Interestingly, Arvcf depletion resulted in reduced
membrane localization of N-cadherin, B-catenin, and a-catenin in the lens epithelia, an effect we did
not observe in endothelial cells. These cell types differ in relative expression levels of junctional
proteins: ARVCF is markedly more abundant than p120-catenin in lens tissue, in contrast to other
connecting tissues, including endothelium, where p120-catenin typically predominates. p120-catenin
is necessary to retain (V)E-cadherin at the membrane “%83, In endothelial cells, the pool of p120-
catenin-bound VE-cadherin suffices to maintain surface levels in the absence of ARVCF. By contrast,
in xenopus, surface levels of C-cadherin were reduced after depleting both ARVCF and p120-catenin
64 indicating partial functional compensation between the two. ARVCF and p120-catenin likely act

as context-dependent regulators of VE-cadherin-mediated adhesion, with their relative abundance

40



and recruitment contributing to junctional resilience in various mechanical environments within the
vasculature. In summary, our study points to a reinforcing role for ARVCF in endothelial junction

maturation and stability.
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Resource availability

Lead contact: Stephan Huveneers, PhD; Amsterdam UMC, University of Amsterdam, Department
of Medical Biochemistry, Meibergdreef 9, 1105 AZ Amsterdam, the Netherlands. E-mail:

s.huveneers@amsterdamumc.nl.

Material availability: Materials generated and used in this study are available upon request to

the lead contact.

Data and code availability: Mass spectrometry proteomics data are available via ProteomeXchange
with identifier PXD068012.

Limitations of the study
A limitation of this study is that overexpression of fluorescently tagged proteins may not fully

recapitulate the dynamics or biochemical properties of their endogenous counterparts. In addition,
lentiviral-mediated knockdown approaches may not result in complete depletion of target proteins,
which could lead to an underestimation of ARVCF function in endothelial cells. Finally, the imaging
approaches used here are limited in spatial resolution, the application of super-resolution microscopy
in future studies may provide deeper insight into the mechanisms underlying ARVCF recruitment to

endothelial cell-cell junctions.

Acknowledgements
This work is financially supported by the Netherlands Organization of Scientific Research (ZonMw
VIDI grant 016.156.327, ZonMw Vici grant 09150182310041) and a grant from the Rembrandt

Institute for Cardiovascular Sciences. Graphical abstract was created with Biorender.com.

Author contributions
Conceptualization: R.S., T.v.K-M., S.H.; Data curation: A.H.; Formal analysis: R.S., I.d.H., A.H,;

M.v.d.B. Funding acquisition: S.H. Investigation: R.S., T.v.K-M,, I.d.H., A H., Fv.A, A.d.H., A-M.v.S.,
S.T., S.H. Methodology: R.S.; Supervision: J.v.B., M.v.d.B., S.H. Validation: R.S., l.d.H;
Visualization: R.S., T.v.K-M., S.H.; Writing - original draft: R.S., T.v.K-M., S.H.; Writing - review &
editing: R.S., J.v.B., M.v.d.B, S.H.

Declaration of interests

The authors declare no competing interests.

42



STAR METHODS

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture: All cells were maintained in standard humidified incubators set to 37°C with 5% CO».
Pooled human umbilical vein endothelial cells (HUVECs; mix of female and male donors, P1052,
#C2519A, Lonza) and human arterial endothelial cells (HAECs; male donor, #CC2535, Lonza) were
cultured until at most passage 8 in endothelial growth medium supplemented with endothelial growth
factor-FCS mix (EGM2; #C-22211 + #C-39216, Promocell), 100 U/mL penicillin, and 100 pg/mL
streptomycin (#15140122, Gibco) on fibronectin (FN) coated surfaces. Endothelial cells tested
negative for mycoplasma and were authenticated by immunostaining for VE-cadherin. Lenti-X
HEK293T cells (#632180, Takara) were cultured in DMEM (#11320033, Gibco) + 10% FCS
(#102701086, Gibco).

Lentiviral transduction: Lenti-X HEK293T cells were used to produce lentivirus by transfecting
gene plasmids together with third generation packaging plasmids ©® and using Trans-IT-LT1 (MIR
2300, Mirus) as described previously %. HUVECs were transduced at 60% confluence by overnight
incubation with the lentiviral particles and subsequently selected overnight with 250 ng/mL puromycin
(#P8833, Sigma). Selected HUVECs were analyzed at least 72h after transduction to ensure

knockdown efficiency.

METHOD DETAILS

Plasmids and cloning: The pLV-hVE-cadherin-GFP and pLV-hp120-catenin-mCherry constructs
were described before 1667, The three VE-cadherin[Y>F] mutations were generated through site
directed mutagenesis in a pEGFP-hVE-cadherin-GFP. The [Y658F] mutation was generated using
primers 5-TACATCTACGTATTAGTCATCGCTA-3* and 5-CCTCTACAAATGTGGTATGGCT-
GATTATGATC-3'. The [Y685F] mutation was generated using primers  5'-
TACATCTACGTATTAGTCATCGCTA-3 and 5-CCTCTACAAATGTGGTATGGCTGATTATGATC-
3'. The [Y731F] mutation was generated using primers 5-TACATCTACGTATTAGTCATCGCTA-3’
and 5-CCTCTACAAATGTGGTATGGCTGATTATGATC-3'. Resulting plasmids were digested with
restriction enzymes SnaBl and Xbal and inserts were ligated into a pLV-CMV-MCS-IRES-puro-SIN
vector using enzymes SnaBl and Nhel. A GFP-human ARVCF (long isoform 1, 962 amino acids
(UniProt 000192-1)) cDNA within pLV plasmid was obtained from VectorBuilder (VB230406-1221,
VectorBuilder). pEGFP-hARVCF plasmids (based on long isoform 1, 956 amino acids (UniProt
E9PDC3)) were a kind gift from Dr. llse Hofmann 8 ([FL] = full length; [NA] = N-terminus + armadillo
regions). For protein knock-down we used shRNA plasmids targeting human genes (TSC2
MISSION® library, Sigma) or control shRNA (SHC002; Sigma-Aldrich). To deplete ARVCF we used
shRNA TRCN0000123310 as shARVCF#1; and TRCN0000123313 as shARVCF#2.
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Co-immunoprecipitation: Co-IP on untransduced HUVECs, HUVECs expressing GFP alone or
GFP-tagged proteins was performed with magnetic GFP-trap agarose beads (#gtma-20,
Chromotek). Cells were washed 2 times with cold PBS supplemented with 1 mM CaCl, and 0,5 mM
MgCl; and incubated for 10 minutes with freshly made ice-cold lysis buffer comprised of 10 mM Tris-
HCI pH 7.5, 150 mM NaCl, 0.5 mM ethylenediaminetetraacetic acid (EDTA) (all reagents Sigma
Aldrich), protease and phosphatase inhibitors (#A32955, Thermo Fisher; #4906845001, Roche), and
0.5% Nonidet P-40 substitute (NP-40, #492018, Sigma Aldrich). Cell lysates were collected in protein
LoBind tubes (#0030108116, Eppendorf; used throughout this procedure), and centrifuged at 12,000
g at4°C for 10 minutes. Supernatants were transferred to clean tubes and incubated at 4°C overnight
with GFP nanobeads that were washed and equilibrated 3 times with PBS and 3 times with lysis
buffer. The next day, immunoprecipitated beads were washed 3 times with freshly made wash buffer
(lysis buffer without NP-40) followed by 2 washes with ice-cold PBS, each time transferring to clean
tubes. The resulting samples were then used either for Western Blot analysis or processed for mass

spectrometry analysis.

Mass spectrometry sample preparation: For mass spectrometry (MS) analysis, co-
immunoprecipitated proteins were reduced on-bead in 1 M urea (#AM9902, Life Technologies), 10
mM dithiothreitol (#R0861, Thermo Scientific) in 100 mM Tris-HCI pH 7.5 (#17926, Life Technologies)
for 20 minutes at 20°C and alkylated with 50 mM iodoacetamide (#122271000, Thermo Scientific)
for 10 minutes at 20°C. Proteins were detached from the GFP nanobeads by incubation with 250 ng
MS-grade trypsin (cat# V5280, Promega) for 2 hours at 20°C. Beads were removed and proteins
were further digested for 16 hours at 20°C with 350 ng MS-grade trypsin. Tryptic peptides were
desalted and concentrated using Empore-C18 StageTips (3M) and eluted with 0.5% (v/v) acetic acid
(#695092, Sigma), 80% (v/v) acetonitrile (#012078, BioSolve). Sample volume was reduced by
SpeedVac (Thermo Scientific) and supplemented with 2% acetonitrile, 0.1% trifluoracetic acid
(#A12198, Thermo Scientific) to a final volume of 5 pl. 3 pl of each sample was injected for mass

spectrometry analysis.

Mass spectrometry processing: Eluted peptides were separated using a reverse-phase C18
column made in-house from a Silica tip emitter (New objective, Woburn, MA, USA) filled with 1.9 um
C18 particles (Dr. Maisch, Ammerbuch-Entringen, Germany) at a flow rate of 300 nL/min with a
gradient from 4% to 30% (vol/vol) acetonitrile with 0,5% acetic acid. Separated peptides were
sprayed directly into a Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific, Waltham, MA,
USA) using a nanoflow source with a spray voltage of 2.15 kV. A Higher-energy Collisional
Dissociation was performed for the most intense precursor ions selected from each 3s-duration full
scan in the Orbitrap (400 to 1500 m/z, resolution 120,000). An isolation width of 1.6 m/z was used

44



for the selected ions (charge =2). Dynamic exclusion was activated for the MS/MS scan with a repeat

count of 1 and an exclusion duration of 30s.

Mass spectrometry analysis: The RAW mass spectrometry files were processed with the
MaxQuant computational platform, 1.6.2.10 . Proteins and peptides were identified using the
Andromeda search engine by querying the human Uniprot database. Standard settings with the
additional options match between runs, Label Free Quantification (LFQ), and unique peptides for
quantification were selected. The generated ‘proteingroups.txt’ table was filtered for potential
contaminants, reverse hits and ‘only identified by site’ using R. LFQ values were transformed in log2
scale and proteins were filtered for three valid values in at least one of the experimental groups.
Missing values were imputed by normal distribution (width=0.3, shift=1.8), assuming these proteins
were close to the detection limit. Statistically significant different proteins were determined using
moderated T-tests using the LIMMA package in R, applying a Benjamini-Hochberg adjusted p-value
of 0.05 and a log fold change of 1 as thresholds.

Western blot: Cells lysates in Laemmli reduced sample buffer with 4% B-mercaptoethanol (#444203,
Sigma Aldrich) were denatured 10 minutes at 96°C and loaded on 4-12% gradient SDS-page gels
(#NW042125BOX, Thermo Fisher Scientific) and run according to the manufacturer’s instructions.
After wet or semi-dry transfer onto ethanol-activated PVDF membranes and blocking in 3% bovine
serum albumin (BSA; #A8806-5G, Sigma Aldrich) or 5% milk in Tris-buffered saline (TBS; Sigma
Aldrich) for at least 45 minutes at room temperature (RT), blots were incubated overnight at 4°C in
primary antibody in TBS+blocking buffer: rabbit anti-ARVCF (#PA5-64129, Thermo Fisher Scientific
or ab172633, Abcam), mouse anti-GFP (#SC-9996, Santa Cruz), rabbit anti-VE-cadherin (#D87F2,
Cell Signaling Technology), mouse anti-p120-catenin (#610134, BD Biosciences), rabbit anti- 3-
catenin (#C2206, Sigma Aldrich), and anti-p-actin (#4967, Cell Signaling Technology); washed 3
times for 5 minutes in TBS; incubated 1 hour at RT in secondary antibody in TBS+blocking buffer:
anti-rabbit-HRP (#170-6515, Bio-Rad) or anti-mouse-HRP (#172-1011, Bio-Rad); washed another 3
times 5 minutes in TBS; and finally imaged using enhanced chemiluminescence detection (#34580,
Thermo Fisher Scientific) on an Amersham ImageQuant 800 GxP machine (29653452, Cytiva) or by
X-ray films. Protein band intensity was quantified using the FlJI/ImageJ Gel Analyzer plugin 7%, Full
scans of the original uncropped Western blots are included as supplemental data (Figure S4 and
S5).

Immunofluorescence: For antibody stainings, HUVECs or HAECs were seeded at confluence and

grown until desired density with medium changes every 24 hours on microscope-compatible

surfaces: FN-coated glass coverslips, Labtek 8-chamber imaging slides (177380, Thermo Fisher
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Scientific), or ibidi p-slides VI°* (#80666, ibidi, Munich, Germany). Cells were fixed in 4% PFA in
PBS++ with 1 mM CaCl, and 0.5 mM MgCI, for 5 minutes at 37°C. Fixed cells were permeabilized
using 0.01% Triton (X100, Sigma Aldrich) in PBS++ for 10 minutes at RT, blocked in 3% BSA in
PBS++ at RT for 45 minutes, stained with primary antibody for 1 hour at RT and secondary antibodies
for 45 minutes at RT: rabbit anti-ARVCF (#PA5-64129, Thermo Fisher Scientific), rabbit anti-VE-
cadherin (#D87F2, Cell Signaling Technology), or mouse anti-VE-cadherin (#610252, BD
Biosciences), mouse anti-p120-catenin (610134, BD Biosciences), mouse anti-a-catenin (13-9700,
Thermo Fisher Scientific), mouse anti-pB-catenin (610153, BD Biosciences), mouse anti-CD31
(monoclonal IgG1k purified in-house from hybridoma), mouse anti-GM130 (clone 35, cat#610823,
BD Biosciences), anti-mouse AlexaFluor (AF) AF488 (A-21200), AF594 (A-21201), AF647 (A-
21463), anti-rabbit AF488 (A-21441), AF594 (A-21442), AF647 (A-21443) (all Thermo Fisher
Scientific). Coverslips and imaging slides were mounted in Mowiol/DABCO solution or ProLong
Diamond Antifade (P36961, Thermo Fisher Scientific) and stored in a dark chamber at 4°C. Cells on
coverslips were washed 2 times with PBS, once with Milli-Q, and mounted in anti-fade media.
Fluorescence was captured on a Nikon Eclipse Tl microscope with SOLA SEII light source, 60x
1.49NA Apo TIRF oil objective, standard NIKON filter cubes, using a Andor Zyla 4.2 plus sCMOS
camera. Images were analyzed and prepared for inclusion in this manuscript using FlJlI/ImageJ

software.

Intensity correlation imaging analysis: Immunofluorescent images were obtained using
fluorescent tag or label combinations specifically chosen to minimize overlapping excitation and
emission spectra. All conditions were imaged on the same day with the same microscope settings to
reduce external variation. For analysis, FlJI/ImageJ software was used to obtain junctional masks
through intensity thresholding. Within masks, raw fluorescence intensity measurements per pixel
across channels were analyzed using the Coloc2 plugin for FlJl/imageJ to calculate a Pearson’s

correlation coefficient using Costes’ method 2.

Biotin/streptavidin permeability assay: HUVEC monolayer permeability was analyzed for control
or ARVCF-depleted cells that were plated at full confluence on ibidi u-slides VI°“ (#80666, ibidi,
Munich, Germany) coated with biotinylated gelatin (produced as described previously in 7374). After
a day of confluent culture, medium was supplemented with AF488-conjugated streptavidin in a
surplus stoichiometric ratio to the amount of biotin molecules. After 10 minutes of exposure, HUVEC
monolayers were washed and immediately fixed and processed for staining with VE-cadherin
antibody as described above. Biotin-bound AF488-conjugated streptavidin was analyzed using a
Nikon Eclipse Tl microscope with SOLA SEII light source, 60x 1.49 NA Apo TIRF oil objective,
standard NIKON filter cubes, using a Andor Zyla 4.2 plus sCMOS camera. FlJI/ImageJ was used to
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quantify GFP-positive area and intensity using the Thresholding tool, excluding areas without

accompanying VE-cadherin signal, and results were corrected for cell confluence and intensity.

Electric cell-substrate impedance sensing: Endothelial barrier function was measured using ECIS
as previously described '7: gold electrodes (8w10E+, #72040, Applied BioPhysics) were treated with
10 mM L-cysteine (Sigma Aldrich) in PBS for 15 minutes at RT and coated with fibronectin for 2 hours
at 37°C and impedance was measured in real time for 50 hours at 4000 Hz to assess junction integrity
7579 starting immediately after seeding of 120,000 HUVECS per chamber, using the ZTheta machine
(Applied BioPhysics). During measurement, cells were maintained at 37°C with 5% CO,. Analysis

was done in GraphPad Prism.

Flow cytometry: VE-cadherin surface expression levels were assessed using flow cytometry. Cells
were harvested with TriplE (#12563011, Gibco) and resuspended FACS buffer (PBS supplemented
with 0.5% BSA and 1 mM EDTA pH 7.4-7.8, all from Sigma Aldrich). For surface receptor staining,
1*10° cells were incubated at 4°C in the dark with antibodies: first for 30 minutes with a surplus of
mouse anti-VE-cadherin (#610252, BD Biosciences) and then, after washing, with secondary goat
anti-mouse IgG-APC (#31981, Thermo Fisher Scientific). After staining, cells were washed twice with
FACS buffer and resuspended in 200 yL FACS buffer for analysis. Flow cytometric acquisition was
performed on a CytoFLEX flow cytometer (Beckman Coulter), and data were analyzed using FlowJo

software. Isotype and single-stain controls were included for each condition.

Scratch wound healing: A scratch wound was introduced on confluent HUVEC monolayers grown
on microscope-compatible surfaces by scraping a p200 pipette tip in a straight line across the bottom
of the plate. After rinsing with EGM2, the wounded monolayers were either used for
immunofluorescence or live-cell imaging. For IF imaging, monolayers were fixed 5 hours after wound
induction in 4% PFA in PBS++ and processed for staining as described above. For live cell imaging,
cells were placed in a humidified 37°C incubated chamber (Okolab) with 5% CO, on an inverted
NIKON Eclipse Tl microscope and phase-contrast images were captured every 15 minutes for 10
hours using a 10x CFl Achromat DL 0.25 NA dry objective and Andor Zyla sCMOS camera. Images
were analyzed and prepared for inclusion in this manuscript using ImageJ/FIJI software; scratch

wound migration was analyzed using the TrackMate plugin 8081,

QUANTIFICATION AND STATISTICAL ANALYSIS
Data analysis and statistics: FIJI/ImageJ was used for image analysis using the plugins mentioned
above, and for image preparation for inclusion in this manuscript. Data was analyzed for statistical

significance using GraphPad PRISM software. For ECIS experiments, technical duplicates were
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averaged per biological replicate. Western blots were corrected for background, for total protein
loading, and related to control band intensity within a biological replicate condition. Statistical
comparison between two groups was made using Student’s t-test after Shapiro-Wilk normality test
or Welch’s t test. Comparison between multiple groups was made using one-way ANOVA in
combination with a D'Agostino-Pearson test for normality and the corresponding Tukey’s/Dunnett’s
multiple comparisons and post-hoc tests. p-values are indicated in figure legends and denoted within
the graph as *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.

48



Supplemental Information

Document S1. Supplemental Figures S1-S5.

Video S1. Junctional ARVCF recruitment depends on VE-cadherin adhesion. Related to Figure
4. Representative widefield movie of HUVECs overexpressing GFP-ARVCF and VE-cadherin-
mCherry treated with 12.5 pg/ml VE-cadherin blocking antibody clone 75. Timescale 30s per frame.
Video S2. Depletion of ARVCF perturbs endothelial AJs. Related to Figure 5. Representative
widefield movies of shControl and shARVCF transduced HUVECs overexpressing VE-cadherin-

GFP. Timescale 30s per frame.

Video S3. ARVCF recruitment during AJ maturation. Related to Figure 5 Representative widefield
movies of HUVECSs overexpressing GFP-ARVCF. Timescale 30s per frame.
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Figure 1. Identification of VE-cadherin binding proteins. a) Representative Western blot of
lysates used for co-immunoprecipitation and mass-spectrometry analysis, probed for 3-catenin and
GFP. b) Venn diagram illustrating the amount of higher abundant proteins (Benjamini-
Hochberg-adjusted p-value <0.05 & LOG2 FC>1 versus GFP beads and blocked beads) per
VE-cadherin variant and the overlap in binding proteins between the different non-phosphorylatable
[Y»F] VE-cadherin-GFP variants. Visualized using the online tool available at
http://bicinformatics.psb.ugent.be/webtools/venn. Related to Figure 1.
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Figure S2. ARVCF localizes at VE-cadherin-based endothelial adherens junctions. a)
Representative images of human arterial endothelial cells (HAECs) that were stained for endogenous
ARVCEF (green) and VE-cadherin (magenta). b-c) Representative images of human umbilical vein ECs
(HUVECSs) that were fixed after 24 or 120 hours at full confluence and stained for endogenous ARVCF
(green) and a-catenin (b) or PECAM1 (c) in magenta. Graphs showing Pearson’s correlation
coefficients of pixel intensity values between ARVCF and a-catenin or PECAM1. d) Representative
images of HUVECS at subconfluent and confluent densities 24 hours after plating, stained for
endogenous ARVCF (green), VE-cadherin (magenta) and DAPI (blue). Graphs showing Pearson’s
correlation coefficients of pixel intensity values between ARVCF and VE-cadherin. e) Representative
images of HUVECs fixed after control or thrombin treatment (1U/mL; 10 minutes) and stained for
endogenous ARVCF (green) and VE-cadherin (magenta). Graphs showing Pearson’s correlation
coefficients of pixel intensity values between ARVCF and VE-cadherin. Graphs show values per image
(small dots) and means per independent experiment (large dots per color) £SD. Welch’s unpaired
t-test, **p<0.01, ns: non-significant. Related to Figure 3.
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Figure S3. Characterization of shARVCF HUVECs. a) Representative graphs from fluorescence
activated cell sorting analysis of VE-cadherin surface expression on HUVECs transduced with
shControl or shARVCF. b) Representative images of HUVECs transduced with shControl or
shARVCF stained for endogenous VE-cadherin (green) and F-actin (magenta). Graph showing
VE-cadherin fluorescence intensity of shControl and shARVCF cells relative to control. Values per
image (small dots) and means per independent experiment (large dots per color) +SD. Data from n=3
independent experiments, ANOVA with Dunnett’'s multiple xomparison test. ns: non-significant.
Related to Figure 5.
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Abstract

The endothelial cells lining the vessel wall maintain a selective barrier between blood and tissue.
Structural connections between endothelial cells are formed by VE-cadherin-based adherens
junctions (AJs), which are linked to the actin cytoskeleton via a multiprotein complex including a-, 3-
and p120-catenin. It is likely that potential additional molecular interactions can control VE-cadherin’s
function. Therefore, we previously used mass-spectrometry following VE-cadherin co-
immunoprecipitations to investigate the composition of the VE-cadherin interactome. This identified
a set of VE-cadherin-binding proteins that interact independently of phosphorylation events at VE-
cadherin’s cytoplasmic domain. Here, we investigated the potential roles of three of the identified
interactors being: ARHGAP23, KEAP1 and PKP4. Immunofluorescence stainings reveal that
ARHGAP23 and PKP4 colocalize with VE-cadherin at endothelial junctions, whereas KEAP1 is
distributed throughout endothelial cells. Functional assays demonstrate that knockdown of each
identified VE-cadherin-interacting protein reduces endothelial barrier function to different extents, as
measured by ECIS, indicating their role in maintaining barrier integrity. Together, these data position
ARHGAP23, KEAP1, and PKP4 as novel regulators of VE-cadherin with potential roles in Rho
GTPase signaling, redox regulation, and junctional scaffolding. While the mechanistic basis of their
association and function remains to be determined, these findings highlight new candidate regulators

of endothelial barrier function and provide a foundation for future investigation.
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Introduction

The vascular endothelium maintains barrier function through forming cell-to-cell contacts built around
the VE-cadherin adhesion receptor. Cell-cell contacts are dynamically regulated through force-
dependent integration of cytoskeletal anchoring and inputs from cellular signaling '-3. The importance
of a tightly modulated and resilient endothelium is crucial for healthy tissue properties such as the
transport between blood and tissue, angiogenesis, and immunity. Vice versa, dysregulation of VE-
cadherin-based adherens junctions (AJs) lead to endothelial permeability, hyperinflammation and
contribute to cardiovascular disease 7. The balance between endothelial barrier stability and
plasticity is achieved through the association of VE-cadherin with a diverse network of intracellular
proteins, as well as regulation by post-translational modifications including phosphorylation and
ubiquitination &%, Importantly, tyrosines Y658, Y685, and Y731 in the cytoplasmic domain of VE-
cadherin are well-established phosphorylation sites that, when (de)phosphorylated in response to

various stimuli, regulate appropriate endothelial barrier remodeling 411216,

As discussed in Chapter 2 of the thesis, we have previously performed mass-spectrometry analysis
of VE-cadherin co-immunoprecipitates which revealed a set of 37 interaction partners. Of these, we
delineated a core group of proteins that bind not only to wild-type VE-cadherin but also to its variants
in which tyrosines Y658, Y685, and Y731 were mutated to phenylalanines. The consistent
association of these proteins with VE-cadherin in the absence of its phosphorylation suggests the
existence of robust phosphorylation-independent interactions that may be preserved across diverse
endothelial microenvironmental conditions, including vascular bed type, hemodynamic blood flow, or
inflammatory state. In the current chapter we investigated the roles of three identified core VE-
cadherin-binding proteins being: ARHGAP23, KEAP1, and Plakophilin-4 (PKP4).

ARHGAP23 belongs to the family of Rho GTPase-activating (RhoGAP) proteins, which inactivate
Rho GTPases by accelerating GTP hydrolysis 7. These molecular switches are central to the
regulation of actin cytoskeletal dynamics and actomyosin contractility; with RhoA promoting stress
fibers, Rac1 driving lamellipodia, and Cdc42 controlling filopodia 823, ARHGAP23 has been shown
to interact with the planar cell polarity protein Prickle1 at the lateral cell cortex to locally inhibit RhoA
24 While ARHGAP23 itself has not been studied extensively in endothelial cells, its domain structure
includes PH and PDZ-binding motifs, which are also present in related GTPase regulating proteins
that control endothelial barrier function 2. The interaction of ARHGAP23 with VE-cadherin may thus

represent a link between cell-cell adhesion and the spatial regulation of Rho GTPase signaling.
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KEAP1 (Kelch-like ECH-associated protein 1) is known as a cytosolic adaptor that targets the
transcription factor NRF2 for ubiquitination and degradation as a function of oxidative stress, thereby
suppressing antioxidant gene expression under basal conditions 25, In endothelial cells, KEAP1-
NRF2 signaling has been implicated in regulating redox homeostasis, nitric oxide production, and
vascular aging 2. Its identification as a VE-cadherin interactor is unexpected, particularly since
KEAP1 localization in human arterial endothelial cells shows no junctional enrichment but rather a
diffuse cytosolic localization 28, as is the case in epithelial cells 3'. Hence, although KEAP1 is
therefore not traditionally linked to cell-cell adhesion, its co-immunoprecipitation with VE-cadherin
suggests a possible, previously unrecognized interface between redox signaling and endothelial
junction regulation. Such a link may be relevant in inflammatory or oxidative stress

microenvironments where endothelial barrier function is challenged.

Plakophilin-4 (PKP4), also known as p0071, is an armadillo-repeat protein originally described as a
member of desmosomes, but later also found to associate with classical cadherins at adherens
junctions 2432 PKP4 has been implicated in cadherin clustering, regulation of small GTPases such
as RhoA to increase tissue tension through junctional actin remodeling 24, and intracellular trafficking
of junctional proteins 3334, A direct interaction of PKP4 with VE-cadherin has been mapped through
the armadillo-repeat domain, and its binding is competitive with p120-catenin. Notably, PKP4
overexpression can displace p120-catenin from junctions 3. Although most mechanistic insights are
derived from experiments with epithelial cells, PKP4 may regulate endothelial actin cytoskeletal

dynamics and contribute to the organization at VE-cadherin-based junctions.

Here, we present exploratory functional validations of the roles of ARHGAP23, KEAP1, and PKP4

as VE-cadherin binding partners.
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Results

KEAP1 and PKP4 co-immunoprecipitate with VE-cadherin

To further investigate findings from our previous mass-spectrometry defining the VE-cadherin
interactome (Chapter 2), we performed GFP-trap pull-downs of GFP-tagged VE-cadherin (wild-type
(WT) and phosphorylation deficient variants (Y658F, Y685F, Y731F) expressed in confluent
endothelial cell (EC) monolayers. Western blotting of these pull-downs showed strong co-
immunoprecipitation of PKP4 and KEAP1 with VE-cadherin across all variants (Figure 1a). In
contrast, ARHGAP23, despite its earlier robust detection by mass-spectrometry, was not detected in
those experiments (Figure 1a), suggesting either low abundance of the interaction, weak binding, or

epitope masking under the lysis conditions employed.

To further explore protein localization relative to VE-cadherin, we next immunostained confluent EC
monolayers for endogenous ARHGAP23, PKP4, and KEAP1. These experiments show that both
ARHGAP23 and PKP4 are enriched at cell-cell junctions and clearly colocalize with junctional VE-
cadherin (Figure 1b, c). Quantification by pixel-intensity correlation analysis demonstrated a
significant increase in ARHGAP23- and PKP4-VE-cadherin colocalization in mature endothelial
monolayers at 120 hours of confluence compared to 24 hours (Figure 1b, c). These results suggest
a progressive recruitment of these proteins during junction maturation. By contrast, KEAP1 was
localized in the cytosol as well as in the nucleus of confluent ECs (Figure 1d). However, no signal
was detected along VE-cadherin-based junctions in venous (Figure 1d) nor arterial ECs (Figure
S1a). The discrepancy between robust biochemical interaction between VE-cadherin and KEAP1,
and the absence of its junctional localization, indicates that KEAP1 may interact with VE-cadherin
elsewhere in the cells. Intriguingly, KEAP1 nuclear distribution was heterogeneous across ECs: some
cells showed cytosolic predominance, whereas others exhibited nuclear enrichment (Figure 1d,
S1A). Quantification of young versus mature monolayers revealed a modest shift toward nuclear
KEAP1 in older cultures (Figure 1d), potentially reflecting altered redox signaling or Nrf2 pathway

engagement during monolayer maturation.

Together, these experiments validated the biochemical association of PKP4 and KEAP1 with VE-
cadherin. Moreover, ARHGAP23 and PKP4 accumulate at endothelial AJs in a maturation-
dependent manner, whereas KEAP1 remains cytosolic and nuclear, implying mechanistically diverse

modes and/or functions of these VE-cadherin interactors.
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Figure 1.
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Figure 1. VE-cadherin co-immunoprecipitations and junctional localization experiments. a)
Representative Western blot analysis probed for GFP, ARHGAP23, PKP4, KEAP1, and B-actin, on
whole-cell lysates and GFP immunoprecipitation (IP) samples derived from human umbilical vein
endothelial cells (HUVEC) expressing GFP, VE-cadherin-GFP and indicated VE-cadherin non-
phosphorylatable [Y»F] variants. b, ¢) Representative widefield images of HUVECs that were fixed
after 24 or 120 hours at full confluence and stained for endogenous VE-cadherin (magenta) and in
green ARHGAP23 (b) or PKP4 (c). Graphs show Pearson’s correlation coefficients of pixel intensity
values between VE-cadherin and ARHGAP23 or PKP4. Graphs show values per image (small dots)
and means per independent experiments (large dots per color) +SD. Data from n=2 independent
experiments, Student’s paired t-test, p-values indicated. d) Representative widefield images of
HUVECSs that were fixed after 24 or 120 hours at full confluence and stained for endogenous VE-
cadherin (magenta) and KEAP1 (green). KEAP1 localization is denoted with * in the color orange in
case of nuclear enrichment and yellow for nuclear depletion relative to the immediately surrounding
cytosol. Graph shows the percentage of cell nuclei that are KEAP1-enriched (orange) versus -
depleted (yellow) as mean +SD per monolayer age condition. Data from n=2 independent
experiments, Student’s paired t-test, p-value indicated.

shRNA-mediated knock-down of ARHGAP23, PKP4, and KEAP1

To examine the function of ARHGAP23, PKP4, and KEAP1 in ECs, we silenced their expression
using two independent lentiviral short hairpin RNAs (shRNAs) targeting each gene (Figure 2a-c).
Next, we examined monolayer organization and AJ organization by immunofluorescence.
ARHGAP23- and KEAP1-deficient ECs were able to form confluent monolayers similar to shControl
cells (Figure 2d, e). The knock-down of ARHGAP23 or KEAP1 did not perturb the formation of VE-
cadherin-based junctions. Furthermore, we did not observe prominent changes in the organization
of the actin cytoskeleton in shARHGAP23 ECs (Figure 2d). Although we achieved efficient knock-
down levels of PKP4 (Figure 2b), we were unable to image PKP4-deficient cells by
immunofluorescence. shPKP4 ECs plated on glass failed to remain adherent through fixation and
washing steps; even on tissue-culture plastic and in combination with different types of extracellular
matrix coatings (fibronectin, laminin, poly-L-lysine, ibiTreat) the staining protocol resulted in
detachment. This technical limitation unfortunately prevented an assessment of junction organization
in PKP4 knock-down monolayers. Together, these results show that we have a robust knock-down
of ARHGAP23, PKP4, and KEAP1, and that ARHGAP23- and KEAP1-deficient ECs still formed AJs.
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Figure 2.
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Figure 2. shRNA-induced knock-down of ARHGAP23, PKP4, and KEAP1. a-c) Representative
Western blot analysis of lysates derived from HUVECSs transduced with control or indicated shRNAs
probed for ARHGAP23 (a), PKP4 (b), KEAP1 (c), and B-actin (all). Graphs show relative protein
levels +SD. Signal corrected for background, R-actin expression levels, and expression levels in
control cells. Data from n=3 independent experiments, Student’s paired t-test. d) Representative
images of fixed HUVECs transduced with shControl or shARHGAP23 stained for endogenous
VE-cadherin (green), F-actin (magenta), and nucleus (blue). d) Representative images of fixed
shControl and shKEAP1 HUVECs stained for endogenous VE-cadherin (green) and nucleus (blue).
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Depletion of VE-cadherin interactors perturbs endothelial barrier function

Next, we investigated whether depletion of ARHGAP23, PKP4, and KEAP1 affects endothelial barrier
function. Electrical cell-substrate impedance sensing (ECIS) was used to monitor transendothelial
resistance at 4000 Hz over 48 hours after cell seeding on electrodes. All generated cell types,
including shPKP4 ECs, adhered well in the ECIS culture wells. ARHGAP23 knock-down consistently
reduced resistance levels relative to shControl monolayers throughout the recording (Figure 3a, left).
Quantification showed significantly decreased normalized and absolute resistance of sShARHGAP24
monolayers at both 24 and 48 hours after cell seeding (Figure 3a, middle and right; Figure S2a).
The depletion of PKP4 resulted in a trend towards reduced resistance, but was only significant for
shRNA#2 after 48 hours (Figure 3b, Figure S2b). KEAP1 knock-downs yielded the most
pronounced effect: around 15 hours after seeding the shKEAP1 monolayers were unable to maintain
endothelial barrier function, with significant reductions of relative and absolute resistance at both 24
and 48 hours (Figure 3c, Figure S2c). Phase-contrast microscopy of the cells after completion of
the ECIS experiment showed that the monolayers were confluent in all conditions (data not shown).
Together, these results show that depletion of KEAP1 or ARHGAP23 weakens endothelial barrier

function under basal conditions.

VE-cadherin complex characterization in ARHGAP23, PKP4, or KEAP1 knock-down ECs

To determine whether the observed altered barrier properties might stem from changes in VE-
cadherin protein abundance, we immunoblotted lysates from shControl and knock-down ECs for VE-
cadherin and B-actin (Figure 4a, b). These experiments did not demonstrate differences in VE-
cadherin levels in ARHGAP23- or PKP4-deficient cells compared to controls (Figure 4a). Only in
shKEAP1#2 knock-down ECs a slight reduction of VE-cadherin was observed (Figure 4b). The

experiments need to be repeated to confirm these findings.

Because KEAP1 displayed a cytosolic and nuclear distribution consistent with its role in redox
signaling (Figure 1d), we next investigated whether oxidative stress influences its association with
VE-cadherin. ECs expressing VE-cadherin-GFP were stimulated with hydrogen peroxide (500uM
extracellular concentration, corresponding to ~5uM intracellular 36) for 5 and 20 minutes, after which
VE-cadherin pull-downs were performed (Figure 4c). These timepoints were chosen to reflect the
rapid redox regulation of KEAP1 in which cysteine oxidation promotes NRF2 release ¥, which can
then translocate to the nucleus for transcriptional activity 3'. KEAP1 co-immunoprecipitation was
preserved following hydrogen peroxide treatment (Figure 4c, rightmost lanes). Robust 3-catenin co-
precipitation in all conditions confirmed pulldown efficiency and indicated that the treatment did not
compromise VE-cadherin complex integrity. These results suggest that KEAP1 binding with VE-
cadherin is not regulated by acute oxidative stress. Unlike its redox-dependent dissociation from

NRF2, KEAP1-VE-cadherin binding remains stable, pointing to a distinct mode of interaction.
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Figure 3.
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Figure 3. Depletion of ARHGAP23, PKP4, and KEAP1 and assessment of endothelial barrier
function. a-c) Line graph showing the average resistance (+SEM, dotted lines) measured with ECIS
at 4000Hz of shControl and indicated knock-down HUVEC monolayers over time for a)
shARHGAP23, b) shPKP4, c) shKEAP1. Data from n=4 independent experiments. Graphs show the
normalized relative, compared to shControl cells, resistance at 4000Hz of knock-down monolayers
24 hours after cell seeding (middle panels), or after 48 hours (left panels). Data from n=4
independent experiments, means +SD, ANOVA with Dunnett’'s multiple comparison test, p-values
indicated.
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Figure 4.
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Figure 4. Characterization of VE-cadherin protein complex in ARHGAP23, PKP4, or KEAP1
knock-down ECs. a) Representative Western blot analysis of lysates derived from HUVECs
transduced with shControl or shRNAs against ARHGAP23 or PKP4, probed for VE-cadherin and
B-actin. Graphs show relative VE-cadherin protein expression levels £+SD upon shRNA knock-down
of ARHGAP23 (middle panels) or PKP4 (right panels). Signal corrected for background, R-actin
expression levels, and expression levels in shControl cells. Data from n=2 independent experiments.
b) Representative Western blot analysis of lysates derived from HUVECs transduced with shControl
or shRNAs against KEAP1, probed for VE-cadherin and B-actin. Graph shows relative VE-cadherin
protein expression levels +SD upon shRNA knock-down of KEAP1. Signal corrected for background,
R-actin expression levels, and expression levels in shControl cells. Data from n=1 independent
experiment. ¢) Representative Western blot analysis probed for GFP, 3-catenin, KEAP1, and B-actin,
on whole cell lysate and co-immunoprecipitated samples (IP) derived from HUVECs expressing GFP
or VE-cadherin GFP. Treatment time with 500uM hydrogen peroxide (H,0O,) indicated in minutes for
every condition lane.
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Discussion

In the present study, we focused on three of the core VE-cadherin-binding proteins identified in
Chapter 2. Our preliminary data on the assessment of the importance of KEAP1, ARHGAP23, and
PKP4 shows that they may serve distinct roles. PKP4 and KEAP1 co-immunoprecipitated with VE-
cadherin and its non-phosphorylatable Y-to-F mutated variants, indicating a strong biochemical
association that does not require VE-cadherin phosphorylation. For ARHGAP23 and PKP4 we could
show that they are recruited to endothelial junctions and showed increasing colocalization with VE-
cadherin as the monolayers and junctions mature. KEAP1 localization was restricted to the cytosol
and nucleus without detectable junctional enrichment. Functional assays further demonstrated that
in particular the depletion ARHGAP23 or KEAP1 led to impaired endothelial barrier function. These
findings provide exploratory but meaningful first insights into how non-canonical VE-cadherin

interactors may regulate the endothelial barrier.

ARHGAP23 is a RhoGAP that inactivates small GTPases like RhoA by stimulating GTP hydrolysis.
GAPs fine-tune the amplitude and spatial extent of GTPase signaling, thereby curbing excessive
contractility or spreading signals . In various cell types, the spatiotemporal regulation by GAPs is
important for junction integrity and to maintain a tissue barrier %. In our experiments, ARHGAP23
strongly co-localized with VE-cadherin at the cell-cell junctions. Actomyosin-generated tension
across VE-cadherin is needed for proper endothelial barrier establishment 4°. Since ARHGAP23
depletion weakens barrier resistance, our findings may point to a role for ARHGAP23 in limiting local
Rho GTPase-driven actomyosin contractility in the vicinity of VE-cadherin. To test this, future
experiments could measure local RhoA activity in ARHGAP23-deficient versus control endothelial
cells, for example by using Rho biosensors (see 4'3%). It would be interesting to include physiological
stimulations of actin contractility and junction remodeling, for example through addition of thrombin
or the application of shear stress through flow. Additionally, further investigations into the
interdependence of ARHGAP23 with related endothelial junctional adaptors, such as its known-
binding protein PKP4 24 and p120-catenin, which also controls RhnoGTPase signaling at AJs “4, may

help to unravel the mechanism by which ARHGAP23 regulates endothelial junctions.

PKP4 is structurally closely related to p120-catenin and ARVCF, both armadillo-repeat domain
proteins “°. It has been shown before that PKP4 directly binds VE-cadherin through its armadillo
domains 3546 In epithelial contexts, PKP4 localizes to junctions and competes with p120-catenin for
cadherin tail binding. PKP4 overexpression can displace p120-catenin from junctions, thereby
influencing cadherin turnover and stability 4’. PKP4 also regulates spatial RhoA signaling by
scaffolding ARHGEF2 and RhoA effectors at AJs to promote cortical actin ring formation and junction

maturation 2*. Additionally, and perhaps unsurprisingly considering this convergence in function,
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PKP4 associates with ARHGAP23 and was shown to limit the suppressive activity of ARHGAP23 on
RhoA 24, It is plausible that in endothelial cells PKP4 serves a similar junctional scaffolding role in
recruiting local GEFs or effectors to organize the junctional actin cytoskeleton. As a next experimental
step, live-cell imaging of actin dynamics and local RhoA biosensors in PKP4-depleted endothelial
cells could assess whether junctional RhoA activity is dampened or spatially mislocalized when
barrier function is compromised. However, first the technical limitations that prevent culturing the

PKP4 knock-downs cells in imaging substrates need to be solved.

KEAP1 is classically understood as the cytosolic adaptor that holds NRF2 in check via ubiquitin-
mediated degradation. Under oxidative (or electrophilic) stress, three cysteine residues in KEAP1
become oxidized, leading to a conformational change that releases NRF2, which in turn can trans-
locate to the nucleus to drive expression of antioxidant genes 8. In endothelial cells, NRF2 has been
implicated in vascular protection, resisting oxidative injury, and preserving barrier function *° as well
as in mechanosensing %°. The notion that KEAP1 co-immunoprecipitated with VE-cadherin but is not
localized at junctions, indicates that they may interact elsewhere in the cell. The VE-cadherin
pulldown experiments with hydrogen peroxide-treated ECs did not show acute loss of KEAP1 binding
under oxidative stress, indicating that their interaction is not controlled through short-term redox
shifts. This suggests that the VE-cadherin-KEAP1 association may be regulated beyond KEAP1’s
cysteine oxidation. Future studies should investigate whether KEAP1 binding to VE-cadherin
modulates ROS signaling in junctional vs. non-junctional compartments: live-cell FRET or FLIM-
based interaction sensors might resolve where KEAP1-VE-cadherin binding occurs. We think that

certain stimuli, such as changes in flow or inflammation, might result in KEAP1 recruitment to AJs.

The different localization patterns of identified VE-cadherin interactors highlights that VE-cadherin
interacts with distinct subcellular compartments, even beyond the AJ. In addition to being a stable
adhesion structure, the VE-cadherin complex’s signaling platform may include modules for regulating
RhoGTPase activities and redox sensing. This modular view aligns with emerging models in junction

biology where adhesion complexes integrate physical, signaling, and metabolic cues in parallel.

Altogether, these findings strengthen the notion that VE-cadherin does not simply rely on its classical
catenins and cytoskeletal anchors but engages with additional molecular regulators. The modest
changes in barrier function observed upon knock-down suggest that the proteins studied here act as
modulators or buffers rather than primary structural anchors, not ruling out their role under conditions
of vascular stress or inflammation. By mapping how VE-cadherin coordinates adhesion, signaling,
and homeostasis via diverse partners, these results lay the foundation for more mechanistic, context-

dependent studies that could reveal new switches for controlling endothelial barrier integrity.
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Materials & Methods

Cell culture and lentiviral transduction

All cells were maintained in standard humidified incubators set to 37°C with 5% CO,. Pooled human
umbilical vein endothelial cells (HUVECs; P1052, #C2519A, Lonza) and pooled human arterial
endothelial cells (HAECs; #CC2535, Lonza) were cultured until at most passage 8 in endothelial
growth medium supplemented with endothelial growth factor-FCS mix (EGM2; #C-22211 + #C-
39216, Promocell), 100 U/mL penicillin, and 100 pg/mL streptomycin (#151 40122, Gibco on
fibronectin (FN; CLB) coated surfaces. Lenti-X HEK293T cells (#632180, Takara) were cultured in
DMEM (#11320033, Gibco) + 10% FCS (#10270106, Gibco) and used to produce lentivirus by
transfecting gene plasmids together with third generation packaging plasmids *' and using Trans-IT-
LT1 (MIR 2300, Mirus) as described previously 52. HUVECs were transduced at 60% confluence by
overnight incubation with the lentiviral particles and subsequently selected overnight with 250 ng/mL
puromycin (P8833, Sigma). Selected HUVECs were analyzed at least 72h after transduction to

ensure knockdown efficiency or ectopic protein expression.

Plasmids and cloning

The pLV-hVE-cadherin-GFP construct was described before 5. For protein knock-down we used
shRNA plasmids targeting human genes (TSC2 MISSION® library, Sigma) or control shRNA-
scramble (pLKO.1-scrambled (136035, Addgene)). To deplete ARHGAP23 we used shRNA
TRCNO0000048468 (shARHGAP23#1) and TRCN0000048469 (shARHGAP23#2); to deplete PKP4
we used TRCN0000123179 (shPKP4#1) and TRCN0000123181 (shPKP4#2); and to deplete KEAP1
we used shRNA TRCN0000155340 (shKEAP#1) and TRCN0000154656 (shKEAP1#2).

Co-immunoprecipitation

Co-IP on HUVECs expressing GFP alone or GFP-tagged proteins was performed with magnetic
GFP-trap agarose beads (gtma-20, Chromotek). Cells were washed 2 times with cold PBS
supplemented with 1mM CaCl and 0,5mM MgCl and incubated for 10 minutes with freshly made ice-
cold lysis buffer comprised of 10 mM TrisHCI pH 7.5, 150 mM NaCl, 0.5mM EDTA (all Sigma-Aldrich),
protease- and phosphatase inhibitors (#A32955, Thermo Fisher; #4906845001, Roche), and 0.5%
NP40 (#492018, Sigma-Aldrich). Cell lysates were collected in protein LoBind tubes (#0030108116,
Eppendorf; used throughout this procedure), sonicated thoroughly, and centrifuged at 12000g at 4°C
for 10 minutes. Supernatants were transferred to clean tubes and incubated at 4°C overnight with
anti-GFP nanobeads that were washed and equilibrated 3 times with PBS and 3 times with lysis
buffer. The next day, immunoprecipitated beads were washed 3 times with freshly made wash buffer
(=lysis buffer without NP40) followed by 2 washes with ice-cold PBS, each time transferring to clean

tubes. The resulting samples were then used for Western Blot analysis.
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Western blot

Cell lysates in Laemmli reduced sample buffer with 4% 3-mercaptoethanol (#444203, Sigma Aldrich)
were denatured 10 minutes at 96°C and loaded on 4-12% gradient SDS-page gels
(#NW042125BOX, Thermo Fisher Scientific) and run according to the manufacturer’s instructions.
After wet or semi-dry transfer onto ethanol-activated PVDF membranes and blocking in 3% bovine
serum albumin (BSA; #A8806-5G, Sigma Aldrich) in Tris-buffered saline (TBS; Sigma Aldrich) for 45
minutes at room temperature (RT), blots were incubated overnight at 4°C in primary antibody in
TBS+3%BSA: rabbit anti-ARHGAP23 (#HPA019818, Sigma Aldrich), rabbit/mouse anti-PKP4
(ab222194, abcam/#85-104, Origene), rabbit anti-KEAP1 (10503-2-AP, Proteintech), mouse anti-
GFP (#SC-9996, Santa Cruz), rabbit/mouse anti-VE-cadherin (#D87F2, Cell Signaling
Technology/#610252, BD Biosciences), rabbit anti-R-catenin (#C2206, Sigma Aldrich), and rabbit
anti-R-actin (#4967, Cell Signaling Technology); washed 3 times for 5 minutes in TBS; incubated 1
hour at RT in secondary antibody in TBS+3%BSA: anti-rabbit-HRP (#170-6515, Bio-Rad) or anti-
mouse-HRP (#172-1011, Bio-Rad); washed another 3 times 5 minutes in TBS; and finally imaged
using enhanced chemiluminescence detection (#34580, Thermo Fisher Scientific) on an Amersham
ImageQuant 800 GxP machine (#29653452, Cytiva). Protein band intensity was quantified using the
FlJlI/imaged Gel Analyzer plugin 5455

Immunofluorescence

For antibody stainings, HUVECs or HAECs were seeded at confluence and grown until desired
density with medium changes every 24 hours on microscope-compatible surfaces: FN-coated glass
coverslips, Labtek 8-chamber imaging slides (#177380, Thermo Fisher Scientific), or ibidi p-slides
VI%4 (#806686, ibidi, Munich, Germany). Cells were fixed in 4% PFA in PBS++ with 1ug/mL CaCl, and
0.5 pg/mL MgCl, for 5 minutes at 37°C. Fixed cells were permeabilized using 0.01% Triton (X100,
Sigma Aldrich) in PBS++ for 10 minutes at RT, blocked in 3%BSA in PBS++ at RT for 45 minutes,
stained with primary antibody for 1 hour at RT and secondary antibodies for 45 minutes at RT: rabbit
anti-ARHGAP23 (HPA019818, Sigma Aldrich), rabbit/mouse anti-PKP4 (ab222194, abcam/#85-104,
Origene), rabbit anti-KEAP1 (#10503-2-AP, Proteintech), rabbit anti-VE-cadherin (#D87F2, Cell
Signaling Technology), or mouse anti-VE-cadherin (#610252, BD Biosciences), DAPI-AF405
(#62248, Thermo Fisher Scientific), anti-mouse AlexaFluor (AF) AF488 (A-21200), AF647 (A-21463),
anti-rabbit AF488 (A-21441), AF647 (A-21443) (all Thermo Fisher Scientific). Coverslips and imaging
slides were washed two times with PBS, once with Milli-Q, and mounted in antifade media:
Mowiol/DABCO solution or ProLong Diamond Antifade (#P36961, Thermo Fisher Scientific) and
stored in a dark chamber at 4°C. Fluorescence was captured on a Nikon Eclipse Tl microscope with
SOLA SEl!I light source, 60x 1.49NA Apo TIRF oil objective, standard NIKON filter cubes, using a
Andor Zyla 4.2 plus sCMOS camera.
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Intensity correlation imaging analysis

Immunofluorescent images were obtained using tag combinations specifically chosen to minimize
overlapping excitation and emission spectra. All conditions were imaged on the same day with the
same microscope settings to reduce external variation. For analysis, FlJI/ImagedJ software was used
to obtain junctional masks through intensity thresholding. Within masks, raw fluorescence intensity
measurements per pixel across channels were analyzed using the Coloc2 plugin for FIJI/Imaged to

calculate a Pearson’s correlation coefficient using Costes’ method 6.

Electric cell-substrate impedance sensing (ECIS)

Endothelial barrier function was measured using ECIS as previously described %. In short, gold
electrodes (8w10E+, #72040, Applied BioPhysics) were treated with 10mM L-cysteine (Sigma
Aldrich) in saline for 15 minutes at RT and coated with fibronectin for 2 hours at 37°C. Impedance
was measured in real time for 50 hours at 4000Hz to assess adherens junction integrity 5862, starting
immediately after seeding of 120000 HUVECs per chamber, using the ZTheta machine (Applied
BioPhysics). During measurement, cells were maintained at 37°C with 5% CO2. Analysis was done

in GraphPad Prism.

Data analysis and statistics

FlJl/imageJ was used for image analysis using the plugins mentioned above, and for image
preparation for inclusion in this manuscript. All data was analyzed for statistical significance using
GraphPad PRISM software. For ECIS data, data points were corrected for background signal of
medium-only conditions and technical duplicates were averaged per biological replicate. Western
blots were corrected for background, for total protein loading, and related to control band intensity
within a biological replicate condition. Comparison between two groups was made using Student’s t-
test after Shapiro-Wilk normality test. All graphs show mean and standard deviation; p-values are
indicated.
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Figure S1.
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Figure S1. KEAP1 does not localize at adherens junctions of human arterial endothelial cells.
a) Representative widefield images of human arterial endothelial cells (HAECs) that were fixed after
48 hours at full confluence and stained for endogenous VE-cadherin (magenta) and KEAP1 (green).
KEAP1 localization is denoted with * in the color orange in case of nuclear enrichment and yellow for
nuclear depletion relative to the immediately surrounding cytosol.
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Figure S2. Absolute values ECIS experiments. a-c) Graphs show the absolute raw resistance
values at 4000Hz of knock-down monolayers 24 hours after cell seeding (left panels), or after 48
hours (right panels). Data from n24 independent experiments, means +SD, ANOVA with Dunnett’s
multiple comparison test, p-values indicated.
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Figure S3.
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Figure S3. Whole western blot overlay images for Figure 1a. a) Membranes probed for GFP. b)
Upper membrane probed for ARHGAP23; corresponding lower membrane probed for 3-actin. c)
Upper membrane probed for PKP4 with corresponding lower membrane probed for R-actin. d) Upper
membrane probed for KEAP1; corresponding lower membrane probed for R-actin.
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ABSTRACT

VE-cadherin is a key transmembrane protein involved in endothelial cell-cell junctions, playing
a crucial role in maintaining vascular integrity and regulating selective leukocyte extravasation into
inflamed tissue. The extracellular domain of human VE-cadherin contains two arginine-glycine-
aspartate (RGD) motifs, which are known integrin-binding sites within extracellular matrix proteins,
particularly for integrins of the 31, 3, and 5 families. In this study, we examined the functional
relevance of these RGD motifs by generating VE-cadherin variants in which the RGD sequences
were mutated to nonfunctional RGE. Immunofluorescence analysis showed that the VE-cadherin
[D238E], VE-cadherin [D301E], and double-mutant VE-cadherin [D238/301E] variants formed stable
endothelial cell-cell junctions that were comparable to junctions based on wild-type VE-cadherin.
Additionally, electric cell-substrate impedance sensing (ECIS) confirmed that endothelial cells
expressing each VE-cadherin RGD>RGE variant maintained efficient barrier function capacity.
Moreover, monocyte transmigration assays demonstrated that the RGD>RGE mutations did not
affect monocyte-endothelial interactions during transmigration. In summary, our findings indicate
that the VE-cadherin RGD motifs are not essential for endothelial junction formation or monocyte
transmigration.

KEYWORDS

Adherens junctions; barrier
integrity; integrins; leukocyte
extravasation; RGD motif;
VE-cadherin

Introducti
niroduction adhesions mediated through selectins, ICAM-1,

The luminal surface of arteries and veins is lined ~ VCAM-1 and integrin 1‘eceptors.7’9

with endothelium, a single layer of cells that main-
tains a strong yet selectively permeable barrier
between the blood and the surrounding tissue. In
homeostasis, the endothelium prevents leakage of
plasma and other blood components by forming
interconnected cell-cell junctions."” A key compo-
nent of these structures is the adherens junction,
which is formed by the transmembrane receptor
vascular endothelial (VE)-cadherin, a mediator of
homotypic adhesion between adjacent cells.’
During inflammation, the endothelial cells capture
circulating leukocytes and direct them to exit the
bloodstream to reach the affected tissue.*® The
transmigration process is controlled by a sequence
of receptor-ligand interactions between the leuko-
cytes and endothelium, including heterotypic

VE-cadherin plays a crucial role in inflammation
by regulating the integrity of endothelial cell-cell
junctions and the paracellular extravasation of
leukocytes.” The regulation of VE-cadherin-based
junctions during transmigration involves various
signal transduction-induced phosphorylation and
ubiquitination events at the cytoplasmic domain
of VE-cadherin, which modulates its endocytosis
and the interaction of the junctional complex with
the actin cytoskeleton.'””'* VE-cadherin-based
junctions are transiently displaced during leukocyte
transmigration.">”'” In addition, the interaction of
the VE-cadherin complex with the actin cytoskele-
ton is key for junction remodeling during leukocyte
extravasation and endothelial barrier recovery
afterward.'®'”
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The extracellular domain of VE-cadherin med-
iates the homotypic binding between adjacent cells.
Intriguingly, the human VE-cadherin protein con-
tains two arginine-glycine-aspartate (RGD) motifs
that are evolutionary conserved among primates:
one in the second and one in the third extracellular
calcium-dependent cadherin-like binding
domain.'®'? RGD motifs, often present in extracel-
lular matrix proteins, are well-known potential
integrin-binding sites particularly for the B1, B3,
and B5 families.”’ > A variety of these RGD-
binding integrins are expressed on the surface of
endothelial cells, as well as on monocytes.”’
Leukocytes express integrin a4f1 (VLA-4), which
in addition to its function as a receptor for the
inflammatory adhesion protein VCAM-1, can
bind to RGD-containing ligands.***?
Furthermore, endothelial cells express various 1
integrins, which are required for the proper orga-
nization of VE-cadherin-based junctions in the
developing vasculature,” highlighting that there is
close crosstalk between these adhesion receptors.
Although, at present there is no direct evidence
for a molecular interaction between VE-cadherin
and integrin proteins, the aforementioned observa-
tions suggest that the RGD motifs of VE-cadherin
may serve as ligands for integrins on endothelial
and/or leukocytes.

Here, we investigated the potential functional
relevance of the RGD motifs in VE-cadherin.
Endothelial cells in which endogenous VE-
cadherin was replaced with variants in which the
RGD motifs were mutated to nonfunctional RGE
sequences, still formed normal adherens junctions
and maintained endothelial barrier function.
Furthermore, we show that the RGD motifs of VE-
cadherin are not needed for interactions between
monocytes and endothelial cells during transmigra-
tion. Together, this work provides evidence that
VE-cadherin’s RGD motifs are not of major impor-
tance to junction-dependent endothelial functions.

Materials and methods
Cells

Cord blood outgrowth endothelial cells
(BOECs*"?®), isolated according to protocol,”” were
cultured at 37°C with 5% CO, in endothelial growth
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medium (#c -22,211, Promocell) supplemented
endothelial growth factor (#C-39216,
Promocell), 15% heat-inactivated fetal calf serum
(#1156036, Gibco), 100 U/mL penicillin
(#11548876, Gibco), and 100 pg/mL streptomycin
(#15140122, Gibco). Cells were cultured on fibronec-
tin (FN; source Sanquin) coated surfaces. To obtain
knockdown lines, cells were lentivirally transduced
with pLKO.1-shRNA targeting the VE-cadherin
3’UTR (previously validated in Malinova et al.”’
and were selected with 2.5ng/mL puromycin
(#P8833, Sigma-Aldrich) and compared to
shControl (shC002) transduced cells. Next, the
knockdown cells were transduced with lentivirus
containing GFP-tagged VE-cadherin variants. VE-
cadherin-GFP overexpression was selected by fluor-
escence activated cell sorting (FACS).

mix

DNA plasmids

The VE-cadherin [D238E] mutation was intro-
duced using site directed mutagenesis on a pEGFP-
hVE-cadherin-GFP plasmid using 5-CCTCCGGG
GGGAGTCGGGCACGGCC-3’ and 5-GGCCG
TGCCCGACTCCCCCCGGAGG-3’ primers. The
VE-cadherin[D301E] mutation was introduced
using 5-GCATCTTGCGGGGCGAGTACCAGG
ACGCTTTCAC-3" and 5-GTGAAAGCGTCCTG
GTACTCGCCCCGCAAGATGC-3’ primers. The
generated VE-cadherin sequences were next ampli-
fied using PCR with primers 5-TACATCTACGTA
TTAGTCATCGCTA-3’ and 5- CCTCTACA
AATGTGGTATGGCTGATTATGATC -3’ and
inserted into a pLV-CMV-Puro lentiviral plasmid
using restriction-ligation protocols with enzymes
SnaBI, Xbal, Nhel, Pstl, and Xhol. Resulting
PEGFP and pLV constructs were all verified by
Sanger sequencing.

Western blotting

Cells were lysed in Laemmli reduced sample buffer
with 4% 3-mercaptoethanol, denatured for 10 min
at 96°C and loaded on 4%-12% gradient SDS-page
gels (NW042125BOX, Thermo Fisher Scientific)
and run according to the manufacturer’s instruc-
tions. After semi-dry transfer onto ethanol-
activated PVDF membranes and blocking in 3%
bovine serum albumin (BSA; A8806-5G, Sigma



Aldrich) in Tris-buffered saline (TBS; Sigma
Aldrich) for 45 min at room temperature (RT),
blots were incubated overnight at 4°C in primary
antibody in TBS + 3%BSA: rabbit anti-VE-cadherin
(D87F2, Cell Signaling Technology), mouse anti-
GFP (SC-9996, Santa Cruz), and anti-B-actin
(#4967, Cell Signaling Technology); washed 3
times for 5 min in TBS; incubated at RT in second-
ary antibody in TBS + 3%BSA: anti-rabbit-HRP (-
170-6515, Biorad) or anti-mouse-HRP (172-1011,
Biorad); washed another 3 times for 5 min in TBS;
and imaged using enhanced chemiluminescence
detection (34580, Thermo Fisher Scientific) on an
Amersham ImageQuant 800 GxP machine
(29653452, Cytiva). Protein band intensity was
quantified using the FIJI/Image] Gel Analyser
plugin.

Electric cell-substrate impedance sensing (ECIS)

Endothelial barrier function was measured using
ECIS as previously described.”" In short, gold elec-
trodes (8wl0E+, #72040, Applied BioPhysics)
were treated with 10 mm L-cysteine (Sigma
Aldrich) in saline for 15 min at RT and EN-
coated for 2 h at 37°C. Impedance measuring at
4,000 hz to assess cell-cell junction integrity and at
16,000hz to assess cell-extracellular matrix
adhesion’**° was performed for 50 h, starting
immediately after seeding of 120,000 BOECs per
chamber, using the ZTheta machine (Applied
BioPhysics). Data analysis was performed in
GraphPad Prism.

Monocyte isolation

Pan-monocytes were isolated from whole-
peripheral blood from healthy voluntary donors
that signed an informed consent from the
Amsterdam University Medical Center medical
ethical committee in accordance with the rules
and regulations within the Netherlands, based on
the declaration of Helsinki and the guidelines for
good clinical practice. Within 1 h after donation,
blood was diluted (1:1) in RT phosphate buffered
saline (PBS; #M09001/02, Fresenius Kabi) with
1:10 TNC, transferred onto 1.076 g/mL Percoll
separation medium at RT, and separated by cen-
trifuging at RT for 20 min at 800 G with start and
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brake at setting 3. After Percoll separation, the
ring fraction was taken, and erythrocytes were
lysed in ice-cold buffer (water for injection with
155 mm NH,CI, 10 mm KHCOj3;, 0.1 mm EDTA
(all Sigma-Aldrich)) on ice for 25 min.
Monocytes were then isolated using the human
pan-monocyte isolation kit (#130-096-537,
Miltenyi Biotech) according to the manufacturer’s
protocol and kept at 37°C for the duration of the
experiment.

Monocyte transmigration under physiological flow

For flow assays, 45,000 BOECs were seeded per
channel of FN-coated ibidi p-slides VI°* (#80666,
ibidi, Munich, Germany) and grown for 48 h until
confluence and stimulated for 4 h with 10 ng/mL
recombinant human TNFa (300-01A, Peprotech)
in endothelial culture medium. During micro-
scopy at 37°C and 5% CO,, ibidi slide flow chan-
nels were connected to a pump system providing
a laminar flow of 0.8 dyne/cm? of 37°C HEPES++
buffer (20 mm HEPES, 132 mm NaCl, 6 mm KCI,
1 mm MgSO,, 1.4mm K,HPO, (pH 7.4), 1 mm
CaCl,, 5mm D-glucose (all Sigma-Aldrich) and
0.4%w/v human serum albumin (Sequence). Cells
received laminar flow for 2 min before 1 million
monocytes were introduced into the system. After
monocyte introduction, transmigration was cap-
tured every 5 s during 15 min on two mid-channel
positions using an Axiovert 200 M widefield
microscope with a TL Halogen lamp at 6.06 V
exposing for 32 ms, detected through a 10x DIC
NAO0.30 Air objective (Zeiss) by an AxioCam ICc3
camera (Zeiss). In addition, immediately after the
15 min, an image overview of the channels was
generated by stitching a tile scan of 4 x 6 frames.
These images were used to quantify total adhesion
and transmigration of monocytes. Tested
endothelial monolayers were randomized to
exclude variations of leukocyte freshness post-
isolation. Analysis was performed as previously
described in Grénloh et al.””

Immunofluorescence

For immunofluorescence stainings, 90,000 BOECs
were grown until 48 h at confluence on FN-coated
ibidi p-slides VI°* (#80666, ibidi, Munich,



4 (&) R.M.SCHOON ETAL.

Germany) and fixed in 4% PFA in PBS with 1 pg/
mL CaCl, and 0.5 pg/mL MgCl, (PBS++) for 5 min
at 37°C. Fixed cells were permeabilized using 0.01%
Triton (X100, Sigma Aldrich) in PBS++ for 10 min
at RT, blocked in 3% BSA in PBS++ at RT for
45 min, stained with primary antibody for 1 h at
RT and secondary antibodies for 45 min at RT.
Alexa Fluor 488-conjugated VE-cadherin mouse
monoclonal antibody was purchased from
ABCAM (ab272345; diluted 1:250). Anti-a-catenin
mouse monoclonal antibody was purchased from
Enzo Life Sciences (ALX-804-101; diluted 1:300).
Alexa Fluor 594-conjugated chicken anti-mouse
antibody was purchased from Invitrogen (A21201;
diluted 1:400). Hoechst 33342 was purchased from
Molecular Probes (H-1399; diluted 1:25,000).
PromoFluor 415-Phalloidin was purchased from
PromoKine (PK-PF415-7-01, diluted 1:200).
Fluorescence was captured on a Nikon Eclipse TI
microscope with SOLA SEII light source, 60 x
1.49NA Apo TIRF oil objective, standard NIKON
filter cubes, using a Andor Zyla 4.2 plus sCMOS
camera. Images were enhanced for display using an
unsharp mask filter and adjusted for brightness and
contrast using FIJI/Image] software.

Statistical analysis

GraphPad Prism was used for the statistical analysis
of all data. For ECIS data, all data points were cor-
rected for background signal of medium only con-
ditions and technical duplicates were averaged per
biological replicate. Western blots were corrected for
background, for total protein loading, and related to
control band intensity within a biological replicate
condition. Comparison between multiple groups
was made using one-way ANOVA in combination
with Dunnett’s post-hoc test for multiple compari-
sons and a D’Agostino-Pearson test for normality.
All graphs show mean and standard deviation and
p-values are indicated in the graphs.

Results

Replacing endogenous VE-cadherin with VE-
cadherin-[RGD>RGE] variants in endothelial cells

Mammalian VE-cadherin contains two RGD
motifs that are located on the extracellular part
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of the protein within the second and third cad-
herin domain (Figure 1(a)). RGD motifs, as
adhesion ligand, can be rendered inactive by
substituting the aspartic acid for glutamic acid
(D>E), which retains the motif’s negative charge
while altering its steric composition® (Figure 1
(b)). We generated lentiviral plasmids expressing
GFP-tagged human wild-type VE-cadherin
(WT), its variants in which the individual RGD
motifs are converted to nonfunctional RGE
sequences (D238E and D301E), and a double
mutated variant in which both RGD motifs
were converted to RGE (D238/301E). These
point mutations would prevent potential integrin
interactions with the RGD motifs while keeping
the rest of the extracellular VE-cadherin protein
structure intact. To assess the function of each
VE-cadherin RGD>RGE variant in endothelial
cells (ECs), we first knocked down the expres-
sion of endogenous VE-cadherin by using lenti-
viral shRNAs targeting the 3’-untranslated
region (3'-UTR) of the CDH5 messenger RNA
in cord blood outgrowth endothelial cells
(BOECs) (Figure 1(c,d)). VE-cadherin endogen-
ous protein depletion was confirmed by Western
blot (Figure 1(c,d)) and resulted in a loss of
adherens junctions as verified by immunofluor-
escent (IF) imaging of VE-cadherin and a-
catenin (Figure 1(e)). Next, the VE-cadherin
knockdown ECs were rescued by stable expres-
sion of lentivirally transduced wild-type (WT)
VE-cadherin-GFP, or the RGE variants, and
GFP-based fluorescence-activated cell sorting
(Figure 1(c,d)). Total VE-cadherin protein levels
after rescue were comparable to endogenous
levels (Figure 1(c, d); Supplemental Figure SI1A,
Supplemental Figure S2). IF imaging of the gen-
erated endothelial cell lines showed that the VE-
cadherin [D238E], VE-cadherin [D301E] and
VE-cadherin [D238/301E] protein variants all
efficiently restored the formation of adherens
junctions, to similar extent as VE-cadherin
[WT] (Figure 1(e)). In addition, no obvious dif-
ferences were detected in junctional localization
of the VE-cadherin variants or the actin cytos-
keletal organization of the generated cell lines
(Supplemental Figure S1B), nor in the localiza-
tion of the core adherens junction protein a-
catenin (Figure 1(e)).



a VE-cadherin :
F EC1 Y EC2 Y EC3 Y EC4 Y EC5
I i
0 238 301 transmembrane 784
N-terminus C-terminus
b wild type RGD>RGE mutants
o
©
@
N
[=)
£
5]
F=
o
8
w
>
m)
S
52
9
£
5]
<
o
8
w
=
£
5=
£3
8%
o

TISSUE BARRIERS (&) 5

c
shCtrl shVE-cadherin 3'UTR
a
VEC-GFP
160 | ||' L (anti-GFP)
160 s SR s S | VEC
130 | WM oo meee B BSS Se |(anti-VEC)
42 |- [P
+rescue VEC - - WT D238E D301E D238/301E
d
[ Endogenous VE-cadherin
[ Overexpressed VE-cadherin
shCtrl shVE-cadherin 3'UTR
1.5
e3
g -8
T 6 10 opaaaeeennns . . . . -
S}
U3
> 5
28 oo
550
o 9 ’_|
(=%
00 T T T T T T
+rescue VEC - - WT D238E D301E D238/301E

shVE-cadherin 3’'UTR

shCtrl shVE-cadherin 33UTR VEC[D238E]-GFP

~|Ab v

VE-cadherin

™

3
of
3}
o [
<}
T
k] -
i
S
O
w
SB

Figure 1. Replacing endogenous VE-cadherin with VE-cadherin-[RGD>RGE] variants in endothelial cells. (a) Human VE-cadherin
contains two RGD sites in its extracellular EC2 and EC3 domains. The locations of the D>E mutations in the RGD domains are at
amino acid positions 238 and 301. (b) 3D visualization of the amino acid substitution using the MutationExplorer web tool.*® (c)
Representative Western blot analysis of lysates derived from wild-type BOECs and cells transduced with control shRNA or shVE-
cadherin-3'UTR and subsequent rescue lines. Blots are probed for VE-cadherin, GFP and B-actin as loading control. See Supplemental
Figure S2 for corresponding full scans of the blots. (d) Analysis of VE-cadherin blot from (C). Graph shows VE-cadherin expression levels,
signal corrected for background and relative to expression of endogenous VE-cadherin in control shRNA-treated cells. (e)
Representative immunofluorescence images of BOECs transduced shVE-cadherin-3'UTR to deplete endogenous VE-cadherin and
rescued with the indicated VE-cadherin-GFP variants (GFP, green). shCtrl and shVE-cadherin cells were stained for endogenous VE-
cadherin (Ab, green). All cells were stained for a-catenin (magenta) and Hoechst (blue).
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The VE-cadherin RGD motifs are dispensable for
endothelial barrier function

VE-cadherin mediates homotypic binding in trans
between adjacent endothelial cells through the first
extracellular cadherin (EC) domain.*® The RGD
motifs are located within the second and third EC
domains, potentially affecting the adhesive function
of VE-cadherin. In addition, we hypothesized that
the RGD motifs may contribute to barrier function
through heterotypic interactions between endothe-
lial cells binding to endothelial 81 and 33 integrins.
To examine barrier function in the RGD>RGE cell
lines we performed electric cell-substrate impe-
dance sensing (ECIS) measurements at different
frequencies: 4,000 hz to assess the tightness of
cell-cell junctions in the respective endothelial
monolayers, and 16,000 hz to assess cell adhesion
to the substrate.’**> These experiments showed
that the VE-cadherin-depleted cells show severely
impaired  barrier function as expected
(Supplemental Figure S1C-E), while cell lines res-
cued with VE-cadherin WT or RGD>RGE variants
form stable barriers (Figure 2(a)). Cells expressing
VE-cadherin RGD>RGE, in particular VE-
cadherin [D238/301E], display a slight delay in the
initial phase of endothelial barrier formation when
compared to VE-cadherin [WT] (Figure 2(a)). At
24 h after seeding, all cell lines reached maximal
barrier function, indicating the establishment of
confluent monolayers (Figure 2(b)). We observed
that monolayers formed by VE-cadherin [D238E]
and VE-cadherin [D238/D301E] were slightly less
resistant compared to the control. However, no
significant differences in the barrier function of
the endothelial monolayers were detected at
48 h post-cell seeding (Figure 2(c)). Endothelial
cells expressing VE-cadherin RGD>RGE displayed
only a minor delay in initial cell-substrate adhesion
within 2-4 h post-seeding, based on impedance
sensing at a frequency of 16,000 hz (Figure 2(d)),
but no significant differences were measured at 24
and 48 h after seeding (Figure 2(e,f)). To further
test the role of the RGD motifs in adherens junction
dynamics, we next challenged endothelial mono-
layers with the permeability factor thrombin.*"*’
These experiments showed that VE-cadherin
[D238/301E] expressing monolayers responded
normally to thrombin stimulation, as visualized by
the temporary loss of barrier function (Figure 3(a)).
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There was a minor delay in the barrier recovery
phase at 30 min after thrombin treatment (Figure 3
(b)). Hence, we conclude that the extracellular
RGD motifs might minimally support VE-
cadherin-based junction formation, but do not
contribute substantially to cell-cell junction stabi-
lity over time, nor are they critical for adhesion of
endothelial cells to the basal substrate.

VE-cadherin’s RGD motifs do not regulate monocyte
adhesion and transendothelial migration

As the RGD motif is a recognition site for var-
ious integrins that are expressed by monocytes,”’
we next investigated whether VE-cadherin might
control the adhesion and/or transendothelial
migration of these leukocytes via its RGD motifs.
To assess this, the VE-cadherin variant endothe-
lial monolayers were grown in fibronectin-
coated channel slides and stimulated with
inflammatory mediator tumor necrosis factor
(TNF)a. Next, monocytes isolated from healthy
donor blood were allowed to transmigrate across
the inflamed monolayers under physiological
flow of 0.8 dyne/cm2 (Figure 4(a)). These experi-
ments indicate that endothelial cells expressing
VE-cadherin RGD>RGE-mutants retained their
ability to facilitate capture and rolling of mono-
cytes (Figure 4(a,b)). Moreover, monocytes
transmigrated with equal efficiency across the
different endothelial monolayers (Figure 4(c)).
Together, these data imply no major role for
the RGD motifs of VE-cadherin in monocyte
recruitment or transmigration.

Discussion

The presence of the RGD motifs in the extracellular
domain of VE-cadherin is a seemingly overlooked
molecular property with a possible role in endothe-
lial cells. In this study, we replaced the endogenous
VE-cadherin protein with RGD>RGE nonfunc-
tional variants to investigate this aspect. Our results
show that the VE-cadherin RGD motifs are not
crucial for key endothelial functions such as adhe-
rens junction formation, maintenance of endothe-
lial barrier function and monocyte transendothelial
migration.
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Figure 2. VE-cadherin RGD motifs are dispensable for endothelial barrier function. (a) Line graph showing the average resistance (+SEM,
dotted lines) measured with ECIS at 4,000 hz of indicated BOEC monolayers over time. Data from n = 8 independent experiments. (b,c) Graphs
showing the relative, compared to VE-cadherin[WT], resistance at 4,000 hz 24 (b) and 48 (c) hours after cell seeding. Data from n=8
independent experiments, mean and SD shown, ANOVA with Dunnett’s multiple comparison test, p-values indicated. (d) Line graph showing
the average resistance (+SEM, dotted lines) measured with ECIS at 16,000 hz of BOEC monolayers over time. Data from n =8 independent
experiments. (e,f) Graphs showing the relative, compared to VE-cadherin[WT], resistance at 16,000 hz 24 (e) and 48 (f) hours after cell seeding
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with Dunnett’s multiple comparison test, *p < 0.05.

The presence of the RGD motif in various extra-
cellular ligands promotes cell adhesion, migration,
and signaling in a multitude of cell types, including
endothelial cells and leukocytes, monocytes in
particular.”>**>**** The RGD motif, often part of
extracellular matrix components such as fibronec-
tin, vitronectin and fibrinogen, mediates adhesion
by £31 and £33 integrins. Other integrin subtypes are
well known to control the rolling, adhesion and
transendothelial migration cascade of leukocytes.
These steps rely for instance on the function of
leukocyte-expressed LFA-1 and Mac-1, which
both contain the £32 integrin subunit, but do not
interact to ligands through RGD. Our data show
that the RGD motifs of VE-cadherin do not signifi-
cantly alter the interaction between monocytes and
endothelial cells. This indicates that RGD-binding
integrins on monocytes, such as avP3 or a5p1, do
not use VE-cadherin’s RGD motifs during transmi-
gration. An explanation for why these RGD motifs
do not affect monocyte adhesion might be the
potential steric inaccessibility of the peptide
sequence within the VE-cadherin extracellular
domain through posttranslational modifications in
the extracellular domain. For instance, decreasing
VE-cadherin N-glycosylation has been shown to
promote the adhesion of monocytes.*> The RGD
motifs might also be inaccessible as a result of the
tertiary structure of the folded VE-cadherin protein
within the adhesion complex, or because of the
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tight cell-cell contact organization. Adherens junc-
tions are formed by VE-cadherin trans-
dimerization through the first cadherin domain of
proteins on adjacent cells,** as well as cis-
dimerization between proteins of the same cell via
the fourth cadherin domain®’ resulting in the for-
mation of cadherin clusters.*” Cluster density
might also shield the RGD motifs from passing
leukocytes, hence preventing specific monocyte
recruitment.

Another explanation for the dispensable role of
VE-cadherin’s RGD motifs is that for optimal adhe-
sion the RGD needs synergistic domains to bind to
integrins. In the field of functionalized biomater-
ials, it has been reported that the isolated RGD
motif is less potent to induce integrin-signaling
compared to RGD within the context of native
proteins.*® The cooperation with other protein
domains also explains how the RGD peptide can
bind different integrins and induce differential
signaling.”” Examples of such co-motifs are the
amino acid sequence PHSRN that allows fibronec-
tin-RGD to specifically activate integrin a581,*>*’
and the sequence NGR that specifically binds
av33.”’ Furthermore, larger protein chains like
the 140 amino acid FAS1 domain promote RGD-
av83 binding.”" Altogether, our data suggest that
VE-cadherin does not contain the proper protein
structure and composition to unlock the adhesive
potential of its extracellular RGD sites.
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Figure 4. VE-cadherin’s RGD motifs do not regulate monocyte adhesion and transendothelial migration. (a) Representative images
(4x6 stitched together) taken after 10 minutes of flowing monocytes (magenta) over TNFa-stimulated inflamed wild type and
RGD>RGE mutant VE-cadherin-expressing BOEC monolayers (gray) under physiological flow. (b) Graph indicating absolute monocyte
adhesion to wild type and RGD>RGE mutant VE-cadherin-expressing BOEC monolayers under physiological flow. Data from n=4
independent experiments, mean and SD shown, ANOVA with Dunnett’s multiple comparison test, p-values indicated. (c) Graph
showing monocyte transendothelial migration efficiency as the percentage of all adhered monocytes. Data from n =4 independent
experiments, ANOVA with Dunnett’s multiple comparison test, p-values indicated.

In summary, by using mutagenesis to disrupt the
RGD motifs, combined with assays that examined
cell-cell junctions, cell adhesion, endothelial barrier
function and monocyte transmigration, our results
suggest that there is no major role for VE-cadherin’s
RGD motifs in in vitro endothelial cells. To fully rule
out a possible function of VE-cadherin’s RGD motifs
in the vasculature one could generate transgenic
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zebrafish or mouse models. Using such transgenic
models one can determine whether the RGD motifs
of VE-cadherin are needed for vascular development
or vascular maintenance within a physiologically
perfused organism. However, with the obtained
insights from the in vitro cells generated in this
study, it currently lacks sufficient rationale to make
that effort.
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Abstract

Remodelling of cell-cell junctions is crucial for proper tissue development and barrier
function. The cadherin-based adherens junctions anchor via -catenin and a-catenin to the
actomyosin cytoskeleton, together forming a junctional mechanotransduction complex.
Tension-induced conformational changes in the mechanosensitive a-catenin protein induce
junctional vinculin recruitment. In endothelial cells, vinculin protects the remodelling of
VE-cadherin junctions. In this study, we have addressed the role of vinculin in endothelial
barrier function in the developing vasculature. In vitro experiments, using endothelial

cells in which a-catenin was replaced by a vinculin-binding-deficient mutant, showed that

Keywords

vinculin

endothelial barrier
mechanotransduction
adherens junction
zebrafish

vascular leakage

vV VvV VvV VvV VY VvYy

extravasation

junctional recruitment of vinculin promotes endothelial barrier function. To assess the
role of vinculin within blood vessels in vivo, we next investigated barrier function in the
vasculature of vc/ knockout zebrafish. In the absence of vinculin, sprouting angiogenesis
and vessel perfusion still occurred. Intriguingly, the absence of vinculin made the blood
vessels more permeable for 10 kDa dextran molecules but not for larger tracers. Taken
together, our findings demonstrate that vinculin strengthens the endothelial barrier and

prevents vascular leakage in developing vessels.

Introduction

The semi-permeable vascular barrier between the blood
and the surrounding tissue is maintained by a monolayer
of endothelial cells (1). The endothelial barrier regulates
the extravasation of leukocytes and fluid (2, 3). Changes
in permeability induced by angiogenic growth factors
or inflammatory cytokines are often temporal and
reversible, ensuring recovery of the vascular barrier
(4). Chronic disruptions of the endothelial barrier
however, perturb vascular homeostasis and contribute
to a multitude of pathologies, including atherosclerosis,

cancer and inflammatory diseases (1, 5). Hence,
maintaining a tight, yet adaptable, endothelial barrier is
important.

The endothelium in the developing vasculature is
exposed to multiple forces that are derived from the
mural cells, blood pressure and hemodynamic forces from
the bloodstream (6, 7, 8, 9). Endothelial cells sense and
transmit such mechanical cues via their cell-cell contacts,
which evoke proportional cellular responses to maintain
the endothelial barrier (10). VE-cadherin-based adherens
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junctions (AJs) are crucial adhesion structures that
form endothelial cell-cell contacts (11, 12). Endothelial
junction remodelling is required for collective endothelial
migration during sprouting angiogenesis (13, 14). The
cytoplasmic domain of the transmembrane VE-cadherin
protein binds to B-catenin and a-catenin, which in turn
couples to the actomyosin cytoskeleton and forms the
core junctional mechanotransduction complex (15,
16, 17, 18). The interaction of the VE-cadherin-catenin
complex with the actin cytoskeleton stabilises the AJs and
maintains endothelial monolayer integrity (19, 20, 21).

Tension on the VE-cadherin complex results in
unfolding of a-catenin, which enhances its actin-binding
affinity and exposes a cryptic binding site for vinculin (16,
22,23,24,25,26,27). The vinculin-a-catenin interaction
drives a-catenin-mediated mechanotransduction and
preserves junctional integrity during force-dependent
remodelling in cultured endothelial and epithelial cells
(22,25, 28, 29, 30, 31). Vinculin recruitment to AJs occurs
to different extents during agonist-induced endothelial
barrier enhancing and disrupting processes (22, 32,
33). In zebrafish embryos, vinculin associates with
endothelial junctions that are remodelled by changes in
blood flow (34) and endothelial expression of vinculin
is important for angiogenesis in the postnatal mouse
retina (35). Whether junctional vinculin has a role in
endothelial barrier function remains unclear.

In this study, we found that junctional vinculin
recruitment facilitates endothelial barrier function in
vitro. To define the importance of vinculin for endothelial
tissue integrity in vivo, we examined the vasculature of
vel-knockout zebrafish. We found that the endothelial
cells still generated a functional and perfused vasculature
in the absence of vinculin. Interestingly, the developed
blood vessels in vcl mutant zebrafish were more permeable
for small dextran molecules, whereas large dextran
molecules did not extravasate. Taken together, these
results point to a role for vinculin in strengthening the
endothelial barrier in the vasculature.

Materials and methods
Antibodies and reagents

Rabbit polyclonal anti-VE-cadherin (Cat# 36-1900,
diluted 1:200 for immunofluorescence (IF)) was from
Thermo Fischer Scientific. Purified mouse anti-vinculin
(clone hVIN-1, Cat# V9131, diluted 1:400 for IF) was
from Sigma Aldrich. Rabbit polyclonal anti-g-actin
(Cat# 48678, diluted 1:1000 for Western blot (WB)) and

5:1 €220012

rabbit polyclonal anti-phospho-paxillin-Tyr118 (Cat#
69363, diluted 1:200 for IF) were from Cell Signaling.
Mouse monoclonal anti-a-catenin (Cat# 13-9700; diluted
1:1000 for WB) was from Invitrogen/Zymed and mouse
monoclonal anti-GFP (B-2, Cat# sc-9996, diluted 1:1000
for WB) was from Santa Cruz Biotechnology. Promofluor
415 Phalloidin (Promokine, Cat# PK-PF415-7-01, diluted
1:200 for IF) was used for IF of F-actin. Alexa Fluor 488 or
594-coupled secondary antibodies were from Invitrogen
(diluted 1:250 for IF). Secondary antibodies coupled to
horseradish peroxidase (HRP) were from Bio-Rad (diluted
1:1000 for WB). Human plasma-derived thrombin (used
at 1 U/mL) was purchased from Sigma-Aldrich.

Cell culture

Pooled primary human umbilical vein endothelial cells
(HUVECs) from different donors (Lonza) were cultured
in endothelial cell growth medium 2 (EGM-2) culture
medium supplemented with the growth medium 2
supplement pack (PromoCell) on gelatin-coated tissue
flasks. HEK293T cells (ATCC) were cultured in Dulbecco’s
modified Eagle’s medium with L-glutamine and
supplemented with 10% FCS and 1% pen/strep. Cells were
recently authenticated and tested for contamination.

DNA plasmids and lentivirus production

To silence a-catenin expression in HUVECs, pLKO.1-
shRNAplasmidtargetinghumana-cateninmRNAwasused
(TRCNO0000062653). ShC0O02 was used as shRNA control
(Sigma-Aldrich mission library). The mouse a-catenin-
GFP and a-catenin-AVBS-GFP lentiviral plasmids were
previously described (22). Lentivirus was generated by
transfecting HEK293T cells with the lentiviral expression
plasmids and third-generation packaging plasmids using
Trans-IT-LTI transfection reagents (Mirus) as described
previously (42). To transduce HUVECsS, the supernatant
containing the lentiviral particles was mixed at a 5:1
ratio with EGM-2 and incubated with the HUVECs for
16 h. Subsequently, transduced HUVECs were selected
for expression of the shRNA with 2.5 pg/mL puromycin
(Sigma). shRNA-based knockdown levels were analysed at
least 72 h after transduction.

ECIS

To measure endothelial barrier resistance, we used electric-
cell impedance sensing as previously described (43).
Gold electrode arrays (8W10E, Applied Biophysics) were
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Figure 1 (Continued)
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HUVECs. n.s., non-significant (non-parametric Wilcoxon matched-pairs signed-rank test). Data are from three independent experiments. (B)
Representative immunofluorescent images of shControl and sha-catenin-transduced HUVECs rescued with lentiviral expression of a-catenin-GFP or
a-catenin-AVBS-GFP. Stained for F-actin (grey) and VE-cadherin (magenta). (C) Representative IF images of sha-catenin HUVECs rescued with a-catenin-
GFP or a-catenin-AVBS-GFP (green) that were stained for vinculin (magenta) and F-actin (grey). Colocalisation of vinculin with a-catenin-GFP or
a-catenin-AVBS-GFP was analysed by line scans displaying signal intensity (arbitrary units) across the AJs and FAs as indicated. Scale bar, 10 pm. (D)
Representative IF images of sha-catenin HUVECs rescued with a-catenin-GFP or a-catenin-AVBS-GFP (green) that were stained for vinculin (magenta) and
phosphor-Paxillin Tyr118 (grey). Colocalisation of vinculin with pPaxillin was analysed by line scans displaying signal intensity (arbitrary units) across FAs
as indicated. Scale bar, 10 pm. (E) Line graph showing the average resistance + s.e. measured with ECIS at 4000 Hz of indicated endothelial monolayers
over time. Data are from three independent experiments. (F) Bar graphs representing the average resistance + s.e. measured with ECIS at 4000 Hz of
indicated endothelial monolayers after 24 h. Data are from three independent experiments. n.s., non-significant, “P <0.05, **P <0.01, **P <0.001
(one-Way ANOVA with Tukey’s post hoc test for multiple comparisons). (G) Line graph showing the average resistance + s.o. measured with ECIS at 4000
Hz of indicated endothelial monolayers over time following treatment with the permeability factor thrombin. Data are normalised to the baseline values
prior to thrombin treatment and are derived from two independent experiments.

treated with 10 mM L-cysteine (Sigma) for 15 min at room
temperature. After washing with MQ water, the wells were
coated with 5 pg/mL fibronectin in MQ for 1 h at 37°C and
5% CO,. Subsequently, 120,000 cells per well were seeded
on the arrays and the impedance was measured during
monolayer formation at 4000 Hz using the ECIS model
ZTheta (Applied BioPhysics).

Immunofluorescence stainings

Forimmunofluorescence stainings, HUVECs were cultured
on Spg/mLfibronectin-coated coverslips and later fixed for
15 min at room temperature with 4% paraformaldehyde
in PBS+ (PBS supplemented with 1 mM CaCl, and 0.5
mM MgCl,). The fixed cells were permeabilised for 5
min at room temperature with 0.5% Triton X-100 in PBS
and blocked for 15 min in 2% BSA in PBS. Primary and
secondary antibodies were diluted in 0.5% BSA in PBS and
incubated for 45 min. Between incubations, fixed cells
were washed three times with 0.5% BSA in PBS. Coverslips
were mounted in Mowiol4-88/DABCO solution (Sigma).

Immunoblot analysis

HUVECs were lysed using reduced sample buffer
containing 4% B-mercaptoethanol. Samples were
denatured at 95°C for 5 min and subsequently loaded on
a 10% SDS page gel. Gel running was performed in SDS-
page running buffer (25 mM Tris-HCI, pH 8.3, 192 mM
glycine and 0.1% SDS) and blotted on ethanol-activated
PVDF membranes using full-wet transfer blot buffer (25
mM Tris-HCI, pH 8.3, 192 mM glycine and 20% (v/v)
ethanol). Blots were blocked in 5% milk powder in
tris-buffered saline (TBS) for 30 min and subsequently
incubated with the primary antibodies in 5% milk
powder in TBS supplemented with Tween-20 (TBS-t)
overnight at 4°C. The secondary antibodies, coupled to
HRP, were incubated for 45 min at room temperature.

Between antibody incubations, blots were washed three
times with TBS-t. As a final step before visualisation,
blots were washed one time with TBS. HRP signal was
visualised using enhanced chemiluminescence (ECL)
detection (Supersignal West Pico PLUS, Thermo Fischer)
with an ImageQuant LAS 4000 (GE Healthcare).

Zebrafish lines and maintenance

Zebrafish were maintained in standard housing conditions
according to FELASA guidelines (44). All experiments were
performed in accordance with federal guidelines and were
approved by the Kantonales Veterindramt of Kanton Basel-
Stadt (1027H, 1014HE2, 1014G). The vclahu10818 ; yc]phu11202
zebrafish lines (38) were crossed into the transgenic
Tg(flila:EGFP)¥! line, which labels all endothelial cells (45)
as described in (34).

Genotyping of the vinculin (vc/)-mutant lines

For genotyping of the vinculin-mutant alleles, genomic
DNA was extracted from adult fish fin biopsies or from
whole embryos using a standard protocol (46) with
addition of proteinase K to the sample. The extracted
genomic DNA was then used to genotype the vcla and
vclb loci. Genotyping protocol for vcla or vclb alleles was
performed as described previously (34).

Microangiography

48 hpf zebrafish embryos were anaesthetised with 1x
tricaine (0.08%, Sigma) and were injected with 250 png/mL
of 10 kDa or 70 kDa rhodamine-dextran (Molecular Probes)
in the duct of Cuvier using glass needles (Biomedical
Instruments) and standard microinjection protocols (47,
48). The injected embryos were transferred back to embryo
media (5 mM NacCl, 0.17 mM KCl, 0.33 mM CacCl,, 0.33 mM
MgSO,, pH 7.4) to recover and subsequently imaged 1 h
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Vinculin ensures vascular barrier function for 10 kDa dextran. (A) Images of ISVs from 48 hpf Tg(fli1:EGFP) vcla*+;vclb**, vcla~-vclb*~ or vcla~-vclb~-
embryos injected with 10 kDa rhodamine-dextran (red). Lower panels are single-channel images of the rhodamine signal. Scale bars, 50 pm. (A, i-iii)
Corresponding close-up images showing the dextran leakage in the perivascular area around the dorsal longitudinal anastomotic vessel (DLAV). (A, j-jjj)
Corresponding close-up images showing the dextran leakage in the perivascular area around an intersegmental vessel (ISV). Scale bars, 10 pm. (A, I-Ill)
Close-up images of an ISV and the dorsal aorta (DA) showing the rhodamine signal within these vessels. Scale bar, 20 um. (B) Violin plots showing the
average leakage = s.e. of 10 kDa dextran into the perivascular area of the DLAV or ISVs normalised to the dextran inside the DLAV or ISVs from 48 hpf
embryos. The dotted lines represent the quartiles and the straight lines represent the median, n= 10 vcla**vclb+/+, n =25 vcla7-vclb*-and n=13
vcla~-vclb~- embryos, n.s., non-significant, *P <0.05, **P <0.01, **P <0.001 (one-way ANOVA and Dunnett's post-test). PCV, posterior cardinal vein. (C)
Violin plot showing the ISV perfusion determined as the ratio between fluorescent dextran levels inside the ISV + s.e. and dextran inside the dorsal aorta
(DA) from 48 hpf embryos. The dotted lines represent the quartiles, the straight lines represent the median. n =10 vcla*/*vclb**, n = 25 vcla=-vclb*- and
n =13 vcla~-vclb- embryos.

after microinjections. For visualisation of vascular leakage, Imaging and image analysis
embryos were mounted in 0.7% low-melting-point agarose
(Sigma) and imaged with the Zeiss Axioplan Airy (25x  Fixed HUVECs were imaged using widefield microscopy on

0il/0.8 NA objective, confocal mode). aNIKON Eclipse TI, with a SOLA SE I1 light source, 60x 1.49
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Figure 3

Loss of vinculin does not impair vascular barrier function for 70 kDa dextran. (A) Images of ISVs from 48 hpf Tg(fli1:EGFP) vcla*/+;vclb**, vcla~-;vclb*- or
vcla~-;velb~- embryos injected with 70 kDa rhodamine-dextran (red). Lower panels are single channel images of the rhodamine signal. Scale bars, 50 pm.
(A, i-iii) Corresponding close-up images showing the dextran levels in the perivascular area around the dorsal longitudinal anastomotic vessel (DLAV). (A,
Jj-jij) Corresponding close-up images showing the dextran levels in the perivascular area around an intersegmental vessel (ISV). Scale bars, 10 pm. (A, I-lll)
Close-up images of an ISV and the dorsal aorta (DA) showing the rhodamine signal within these vessels. Scale bar, 20 um. (B) Violin plot showing the
average leakage + s.e. of 70 kDa dextran into the perivascular area of the DLAV or ISVs normalised to the dextran inside the DLAV or ISVs from 48 hpf
embryos. The dotted lines represent the quartiles, the straight lines represent the median, n =7 vcla**;vclb**, n =16 vcla=-vclb*- and n =7 vcla~-vclb~-
embryos, n.s. non-significant, one-way ANOVA and Dunnett’s post-test. (C) Violin plot showing the ISV perfusion determined as the ratio between
fluorescent dextran levels inside the ISV + s.e. and dextran inside the dorsal aorta (DA) from 48 hpf embryos. The dotted lines represent the quartiles, the
straight lines represent the median, n =10 vcla*+vclb**, n =16 vcla~~vclb*- and n = 8 vcla~-vclb~- embryos.
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NA Apo TIRF (0il) objective and Andor Zyla 4.2 plus sSCMOS
camera and standard CFP, GFP or mCherry filter cubes
(NIKON). For live imaging of zebrafish, a Zeiss LSM880
Airyscan inverted confocal microscope, with a 25x 0.8 NA
oil objective was used. First, live embryos were selected for
fluorescence signal and subsequently anaesthetised with
1x tricaine (0.08%) in E3 fish water and mounted in glass
bottom Petri dishes (MatTek) using 0.7% low-melting-point
agarose (Sigma) containing 1x tricaine. For live imaging,
E3 with 1x tricaine and 0.003% 1-phenyl-2-thiourea
(PTU, Sigma) was added to avoid pigmentation. Images
were acquired with a zoom of 1-1.6 and z-stack step size
of 0.5-1.0 pm, with a time interval of 25-30 min. Vascular
perfusion and vascular leakage were analysed based on the
fluorescent dextran levels in zebrafish embryos at 48 hpf.
Vascular perfusion was defined as the ratio of fluorescent
dextran levels in the ISVs to the levels of dextran inside the
dorsal aorta (DA). Vascular leakage was defined as the ratio
of the dextran fluorescent levels at the perivascular area of
the vessels to the dextran levels inside the vessels. For this
analysis, DLAV and its perivascular areas were analysed.

Statistical analysis

Graphpad Prism was used for the statistical analysis of the
data. All violin plots represent data distribution, with the
dashed line representing the quartiles and the straight
line representing the median. When two groups were
compared, a Wilcoxon test was used. When two or more
groups were compared to the control, a one-way ANOVA
was used, in combination with Tukey’s or Dunnett’s post
hoc test for multiple comparisons and a D’Agostino-
Pearson test for normality. Asterisks indicate P values and
are defined as n.s., non-significant, * P<0.05, ** P <0.01,
*** P<0.001.

Results

Junctional vinculin strengthens the endothelial
barrier in vitro

Vinculinisrecruited totensile AJsbya-catenin. Inaddition,
vinculin localises at integrin-based focal adhesions
(FAs) through its force-dependent interaction with talin
(36). To specifically investigate the role of junctional
vinculin, we used lentiviral shRNA transductions that
deplete endogenous a-catenin from human umbilical
vein endothelial cells (HUVECs). Subsequently, we
lentivirally expressed mouse a-catenin-GFP (green
fluorescent protein) or a-catenin-AVBS-GFP, a modified

€220012

a-catenin protein in which the binding to vinculin is
prevented (22). Western blot analysis confirmed the
depletion of endogenous a-catenin and expression of the
a-catenin-GFP and a-catenin-AVBS-GFP in the rescued
cells (Fig. 1A). Immunofluorescent (IF) stainings for VE-
cadherin were performed to assess AJs in the different
experimental conditions. Knockdown of a-catenin led
to disassembly of AJs. The expression of a-catenin-GFP
and a-catenin-AVBS-GFP restored the AJs in sha-catenin
HUVECs (Fig. 1B), as shown previously (22). Next, we
examined junctional vinculin recruitment by performing
IF analysis. Vinculin localised at both FAs and AJs in wild
type a-catenin rescued HUVECs (Fig. 1C and D). Analysis
of a-catenin-AVBS-based junctions showed efficient
preclusion of vinculin from the tensile AJs, while vinculin
localisation at the FAs was maintained (Fig. 1C and D).
This confirms the junction-specific depletion of vinculin
in the a-catenin-AVBS-expressing cells. To examine
whether junctional vinculin controls endothelial barrier
function, we next performed electric cell-substrate
impedance sensing (ECIS) as readout for the tightness of
the endothelial cell monolayers. Silencing of endogenous
a-catenin expression led to a decrease in transendothelial
resistance, indicating an impairment of endothelial
barrier function (Fig. 1E). Restoring a-catenin levels by
a-catenin-GFP re-established endothelial monolayer
integrity; however, a-catenin-AVBS-GFP expression,
the mutated form lacking the vinculin binding site
did not fully restore barrier function (Fig. 1E and F). To
investigate whether the junctional depletion of vinculin
might affect barrier loss upon physiological remodelling
conditions, we performed ECIS experiments following
treatment with the permeability factor Thrombin. These
experiments showed that thrombin-induced barrier loss
occurs similarly in o-catenin-GFP or a-catenin-AVBS-
GFP rescued endothelial monolayers (Fig. 1G). Taken
together, these results indicate that junctional vinculin
promotes basal endothelial barrier function.

Vinculin mediates vascular barrier function for
small molecules

Since junctional vinculin strengthens the barrier
function of cultured endothelial monolayers, we next
investigated the consequence of vinculin ablation on
the vascular barrier in vivo. We recently showed that
vinculin is important for the formation of junctional
fingers in response to blood flow in the developing
vessels of zebrafish (34). The zebrafish genome encodes
two vinculin isoforms, vinculin a (vcla) and vinculin
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b (vclb) (37, 38). The genetic ablation of both vinculin
isoforms delays sprouting angiogenesis during early
vascular development (34). Nevertheless, the vcl-KO
embryos develop functional blood vessels and no
evident haemorrhages were observed (34). To assess
the permeability of the endothelial barrier, the 10 kDa
rhodamine-dextran tracer was injected into the duct of
Cuvier at 48 hpf of control or vcl-KO Tg(flila:EGFP)/!
embryos, in which the flila promoter drives the
endothelial-specific expression of EGFP. One hour
after dextran-microinjections, we examined vascular
perfusion and leakage by imaging the blood vessels of the
zebrafish trunk, namely the intersegmental vessels (ISVs),
the DLAV and their perivascular areas. The ISVs of control
embryos were perfused, as shown by the presence of the
10 kDa rhodamine-dextran tracer in the lumen of blood
vessels. In control zebrafish, the tracer was maintained in
the blood vessel lumen of the DLAV and the ISVs and did
not extravasate into the perivascular regions (Fig. 2A-C),
whichindicates thatendothelial junctionsaresufficiently
tight to prevent leakage of small molecular such as 10
kDa rhodamine-dextran. Conversely, in vcl mutants,
we observed extensive leakage of the tracer dye into the
surrounding tissues (Fig. 2A and B). In vcla~/~;vclb+/~, and in
particular, in vcl full-KO embryos, the 10 kDa rhodamine-
dextran intensities were lower within the perfused ISVs,
suggesting that dextran molecules extravasated from
the circulation (Fig. 2C). Our analysis shows that vcla~/-;
velb+~ and vcl full-KO embryos exhibited increased
perivascular dextran levels (Fig. 2A and B). To examine
the requirement of vinculin for vascular barrier function
of larger molecules, we next injected 70 kDa rhodamine-
dextran in flil:EGFP control and vcl KO embryos. An
hour after dextran-microinjections, no differences in
vascular permeability and perfusion between control
and vcl heterozygous or homozygous KO embryos
were observed (Fig. 3A-C). Taken together, these
experiments demonstrate that vinculin is required for
the strengthening of the endothelial barrier in newly
developed blood vessels to prevent leakage of small
molecules.

Discussion

Endothelial barrier function is tightly regulated through
force-dependent remodelling of cell-cell contacts.
Failure of the endothelial junctions to adapt to subjected
forces leads to vascular leakage and inflammation in
cardiovascular disease (1). In this study, we examined
the importance of the mechanotransduction protein

€220012

vinculin for the endothelial barrier using both in vitro
and in vivo functional approaches. These results reveal
that recruitment of vinculin to AJs strengthens the
endothelial cell-cell junctions in blood vessels.

Vinculin knockout mice are embryonically lethal
due to neuronal and cardiovascular defects at E10.5 (39),
demonstrating the importance of vinculin for mammalian
development. In addition, endothelial-specific vinculin
depletion constrains collective endothelial migration
during retinal angiogenesis in mice (35), indicating that
endothelial vinculin contributes to vascular development.
Endothelial vinculin is recruited to both integrin-based FAs
and cadherin-based AJs in a force-dependent manner (29,
36). When tensile forces remodel AJs, vinculin-mediated
mechanotransduction occurs via the VE-cadherin complex
(22). By generating endothelial cells that form junctions
through the vinculin-binding-deficient a-catenin mutant
(a-catenin-AVBS), we now specifically showed that
junctional vinculin recruitment supports strengthening
of monolayer integrity in cultured endothelial cells. Single
vcla or velb mutant zebrafish display mild developmental
defects (38, 40). We find that the vcla~/-;vclb~/- double
knockout zebrafish exhibit mild defects in vascular
morphogenesis and eventually the morphogenetic process
gives rise to a functional vasculature (34). In line with the
expectation that vinculin modulates, rather than being
needed for, endothelial cell-cell junctions (22, 27, 28), we
observed vascular leakage specifically for small molecules,
10 kDa, in vinculin knockout zebrafish, whereas the
vasculature still acted as a barrier for larger molecules. This
result is corroborated by the notion that recruitment of
vinculin to VE-cadherin-based junctions does not affect
histamine-induced vascular leakage of Evans Blue in mice,
which is a measure for the extravasation of large molecules
(27). Even though the measured resistance formed by
cultured endothelial cells expressing o-catenin-AVBS
indicated minor barrier differences upon the junctional
depletion of vinculin, the knockout of vinculin in vivo
resulted in significant leakage of small molecules. This
indicates that the endothelial dysfunction upon vinculin
depletion becomes aggravated in pressurised vascular
conditions. Potentially, the mild phenotype of the vinculin
knockout zebrafish might be aggravated under pathological
conditions that weaken the endothelial barrier, such as
during inflammation or sepsis. Together, the data show that
vinculin tightens endothelial junctions in blood vessels.

We expect that the depletion of the junctional vinculin
pool underlies the vascular phenotype of the vinculin KO
zebrafish. Cultured endothelial cells that form junctions
through a-catenin-AVBS fail to sprout in collagen gels
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(data not shown). This suggests that the junctional
pool of vinculin controls endothelial dynamics within
angiogenic sprouts, an effect that has also been observed
in endothelial-specific knockout mice (35). Moreover, we
recently observed differences in flow-induced endothelial
junction dynamics in the ISVs of control and vinculin
KO zebrafish, whereas integrin-dependent filopodia still
formed equally (34). Other groups showed that juvenile
Velb-mutant zebrafish display epicardial defects and
pericardial edema (38, 40, 41). Recruitment of vinculin
was observed during the maturation of cell-cell junctions
between cardiomyocytes in vivo (41). These findings
suggest that in vivo, vinculin’s role in cell-cell junctions
is prominent. Nevertheless, a potential contribution of
vinculin’s role in integrin-based adhesion cannot be fully
ruled out in this model system.

Finally, we surmise that junctional
recruitment fortifies the endothelial barrier for small
molecules upon vascular remodelling. Future work
targeting the protective function of vinculin using
pharmacological approaches, for instance by enhancing
its interaction with the junctions, may provide a strategy
to treat pathologies that entail vascular permeability.

vinculin
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Abstract

Endothelial cells maintain vascular integrity under homeostatic conditions. During inflammation,
however, leukocytes migrate from the bloodstream across the endothelium into tissues. This
transendothelial migration depends on mechanical cues at the leukocyte-endothelial interface that
regulate immune cell recruitment, vascular function, and the progression of inflammatory processes
and cardiovascular disease. Mechanotransduction in transmigration has been extensively studied in
neutrophils and monocytes, which play key roles in acute inflammation and rolling/adhesion
dynamics. These studies demonstrate that biomechanical forces, including shear stress, integrin
activation, cytoskeletal responses, and endothelial stiffness sensing, are central to the transmigration
process. T-cell trafficking to solid tumors or inflamed tissues also relies on these force-dependent
mechanisms. Unlike innate immune cells, T-cells engage the endothelium through distinct integrin
interactions and can uniquely establish a mechanosensitive immune synapse mediated by the T-cell
receptor. In this review, we highlight the forces at play during T-cell-endothelium interactions,
emphasizing the central role of mechanotransduction and the underlying biophysical principles that

shape immune cell behavior within the inflamed vascular microenvironment.
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1. Introduction

Mechanobiology in cardiovascular disease

Cardiovascular disease is a diverse group of disorders that involve the heart and blood vessels, and
it is the leading cause of death worldwide (World Health Organization). One key cause for stroke or
heart attack is atherosclerosis, an age- and lifestyle-related condition in which the blood vessel wall
is stiffened and inflamed . Mechanical cues play an important role in atherosclerosis: for instance,
vascular stiffening impairs the ability of endothelial cells lining the vessel wall to maintain the barrier
between blood and tissue, disrupting the regulation of selective transport of fluid, molecules, and
cells 25. The affected endothelium becomes increasingly susceptible to chronic inflammation and
allows abnormal invasion of immune cells into the surrounding tissue 2. During immune cell
extravasation, the endothelial cells experience physical forces exerted by rolling, adhering, and
transmigrating leukocytes, with emerging evidence demonstrating that these forces influence both
endothelial function and T-cell behavior °'2. Mechanosensing plays a specifically important role in
triggering the effector function the T-cell antigen receptor '35 |t is becoming clear that
biomechanical forces in the vasculature integrate with molecular signaling to regulate cell adhesion,
migration, and communication during immune surveillance and inflammation. This review aims to
overview the role of mechanotransduction at the T-cell-endothelial interface, discussing the extent
as well as the molecular basis of these processes, providing a biomechanical perspective to better

understand the development of cardiovascular diseases.

Function of the endothelium in immune surveillance

The luminal surface of arteries and veins is lined with a monolayer of vascular endothelial cells (ECs)
that selectively allow the exchange of cells and solutes between blood and tissue '®'7. In addition,
the endothelium is a central player in the immune response. When activated by inflammatory signals
(pathogen- or damage-associated molecular patterns) from surrounding tissues, tissue resident
innate immune cells activate the endothelium via pro-inflammatory cues like tumor necrosis factor a
(TNFa) '81°, Activated ECs recruit more immune cells from the circulation to the site of infection via
expression of chemoattractants and upregulation of surface adhesion molecules, and facilitate their
extravasation while simultaneously minimizing vascular leakage 2°?2. Interestingly, endothelial cells
can function as antigen-presenting cells to (re-)stimulate T-cells 2325, By combining these functions,
the endothelium is vital for maintaining vascular integrity while contributing to immune surveillance

as well as appropriate innate and adaptive immunity.
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Endothelial and T-cell mechano-interactions

The endothelial-T-cell interface is a biomechanically dynamic site where physical forces arrange
reciprocal signaling between these cells. While blood flow imposes shear stress on both endothelial
and circulating immune cells, traction and peeling forces arise as T-cells tether, arrest, and
transmigrate across the endothelium. The T-cells deform the apical endothelial membrane and
engage through membrane-tethered mechanosensitive adhesion proteins 2226, The resulting load-
dependent conformational changes in the adhesion receptors induce catch or slip bond dynamics
with ligands and trigger intracellular pathways that remodel cytoskeletal and transcriptional programs
27.28 The magnitude, vector, and duration of these forces, together with mechanical compliance of
both cell types, influence transmigration outcomes, eliciting distinct mechanosignals via context-
dependent receptor-ligand engagement that includes integrins, selectins, cadherins, and ion-
channels. Together, these components at the endothelial-T-cell interface form a tightly integrated

biomechanical signaling scaffold.

This review outlines the molecular mechanisms underlying the force-dependent interactions between
endothelial cells and T-cells. We first discuss mechanosensitive pathways and molecules in
endothelial cells and explore how hemodynamic forces govern endothelial pro-inflammatory
signaling. We then turn to the mechanical properties and force-responsiveness of T-cells, addressing
their migratory behavior, immune synapse formation, and force-induced activation. The core of the
review focuses on the endothelial-T-cell interface itself, dissecting the involved physical forces, force-

transducing receptor systems, and mechanical modulation of adhesion and transmigration.

2. Mechanotransduction in endothelial cells

Mechanosensitive pathways and molecules

Endothelial cells are rapid sensors and responders to changes in (hemodynamic) forces within the
vasculature ?°. For instance, the endothelium senses shear stress through various mechanosensors,
including membrane receptor kinases, integrins, G-coupled protein receptors, ion channels,
glycoproteins and intercellular junction proteins which, in turn, activate downstream signaling 3031,
Here, we briefly introduce general mechanotransduction pathways that explain how endothelial cells
sense and adapt to their physical surroundings. Note that later sections will provide in-depth
discussion of the specific integrins and adhesion molecules that are active during force sensing at

the endothelial-T-cell-interface.
The connections between ECs are formed by transmembrane cell-cell junctions that tightly link

adjacent cells and their cytoskeletons to provide vascular barrier integrity 3234 Endothelial

intercellular adhesion is mediated through homotypic adhesion of transmembrane vascular
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endothelial-cadherin (VE-cadherin) molecules, which on the intracellular side interact via 3-catenin
and a-catenin with the actin cytoskeleton. When VE-cadherin-based adherens junctions (AJs) are
dysregulated, this results in hyperpermeability and aberrant leukocyte extravasation, contributing to
inflammation as well as the progression of cardiovascular disease and cancer 353, Connections
between ECs and the extracellular matrix (ECM) are formed by basal cellular anchors called focal
adhesions (FAs), where ECM-binding integrins tether the cytoskeleton 383°. Based on their adhesive
function, both endothelial AJs and FAs serve as ideal molecular complexes for mechanosensing and
-transduction, converting biomechanical cues such as shear stress, stiffness, tension, and stretch
into coordinated biochemical and transcriptional responses “°. At AJs, a junctional complex consisting
of VE-cadherin, PECAM1, and VEGFR-2 detects flow-derived forces and activates PI3K and
RhoA/ROCK-dependent signaling cascades that modulate actomyosin contractility and cytoskeletal
remodeling 4'. These flow-induced signaling pathways in turn activate integrins, leading to remodeling
of the FAs “2. In addition, within the VE-cadherin complex, a-catenin acts as a key
mechanotransducer: when stretched under tension, it undergoes a conformational change that
exposes a binding site for vinculin 3. Vinculin recruitment reinforces tensile junctions following

increased blood pressure and promotes vascular barrier function 4445,

Endothelial mechanotransduction is further modulated by membrane-localized ion channels such as
PIEZO1, which directly sense membrane stretch and trigger calcium influx, thereby regulating
endothelial responses including nitric oxide (NO) production, permeability, and cytoskeletal dynamics
4648 During leukocyte adhesion and transmigration, force-dependent cytoskeletal remodeling and
changes in membrane tension facilitates the recruitment of tyrosine phosphatases such as SHP-2 to
PECAM1, modulating local phosphorylation of receptors and junctional disassembly 2. In addition,
when leukocytes engage with PECAM1, another force-activated ion channel TRPC6, which, like

PIEZO, increases intracellular calcium signaling in the endothelium 8.

Finally, a complementary class of endothelial shear-stress sensing molecules are the G protein-
coupled receptors (GPCRs). A subset of endothelial GPCRs, including GPR68, H1R, B2R, S1PR1,
and GPR116, respond to mechanical forces via ligand-independent conformational changes *°. Upon
mechanical activation, these receptors trigger downstream signaling cascades involving G proteins,
B-arrestins, PI3K/AKT, and eNOS, ultimately promoting responses such as cytoskeletal

reorganization, expression of flow-sensitive transcription factors like KLF2, and vasodilation 507,
Collectively, these general mechanotransduction systems allow endothelial cells to convert diverse

mechanical stimuli from the vascular environment into adaptive responses that maintain vascular

homeostasis and allow for normal immune surveillance.
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Shear stress, mechanosignaling, and its impact on endothelial cell state

Endothelial cells are continuously exposed to hemodynamic shear stress, which levels vary across
vascular beds depending on vessel diameter, wall structure, and flow velocity. The shear stress-
induced tangential, frictional forces on the endothelium define their cell state 52, In general, laminar,
unidirectional flow promotes endothelial quiescence, alignment of endothelial cells in the direction of
flow, and suppression of inflammatory signaling, largely via KLF2-mediated inhibition of NF-kB
signaling 4. In contrast, disturbed or oscillatory flow, often found at bifurcations in the vasculature or
in postcapillary venules, drives a pro-inflammatory endothelial cell state: it enhances NF-kB
activation, increases reactive oxygen species, and reduces nitric oxide bioavailability, together
predisposing the endothelium to dysfunction 5%. Consequently, NF-kB activation upregulates pro-
inflammatory genes, including ICAM-1 and VCAM-1, key adhesion molecules that facilitate leukocyte
tethering and transmigration. NF-kB also induces AP1 signaling, which further upregulates pro-
inflammatory cytokines and chemokines such as TNF-a, interleukins, interferon-y, and chemokine
(C-X-C motif) ligands %2%6-58_ |n addition, endothelial cells require a basal level of flow for optimal
healthy functioning: too low blood flow, resulting in shear stress on endothelium below 0.2N/m?, leads
to endothelial dysfunction by activation of angiogenic and endothelial-to-mesenchymal pathways
5253 A key example of a mechanosensor that safeguards healthy endothelial functioning is PIEZO1,
since it acts as a membrane stretch-activated ion channel that is responsive to moderate shear stress
(0.5-1N/m?) 535960 Force-activated PIEZO1 promotes calcium influx leading to calpain protease
activity which degrades Src kinase, ultimately preventing VE-cadherin lysosomal degradation 8':62,
thereby promoting vascular barrier function. This likely explains why in venules, which experience
shear stress levels under PIEZO1’s sensing range, the endothelial barrier is less tight and more

permissive of fluid and leukocyte extravasation 62,

Hemodynamic forces in the postcapillary venules direct T-cell extravasation

Postcapillary venules (PVs, vessels 10-100mm in diameter located immediately downstream of
capillaries) form a specialized site for T-cell extravasation. Unlike arteries and arterioles, PVs are
shielded from the pulsatile stretch and compression caused by cardiac output, creating a stable
biomechanical setting where shear stress is the dominant hemodynamic force acting on both
endothelium and circulating T-cells. Here, blood pressure is low and wall shear stress (WSS) can
drop from capillary levels of around 9.55N/m2 to 0.28N/m? ©3. This low-shear, low-resistance
environment is essential for vascular bed-specific endothelial functions and supports coordinated T-
cell arrest 857, Although T-cells flow through PVs at relatively low velocities (0.6-1.8mm/s), their
capture still requires finely tuned shear-dependent interactions. Studies have shown enhanced
leukocyte adhesion at the transition region from collecting venules to PVs, potentially due to flow-

induced reorientation of the endothelium %70, Under homeostatic conditions, constitutive adhesion
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molecule expression allows for basal immune surveillance; during inflammation, these molecules are
upregulated in combination with local chemokine release, promoting efficient and selective T-cell
recruitment 2'. Moreover, high endothelial venules (HEVs) are a specialized PV subtype found in
lymphoid organs that are morphologically adapted to support even greater levels of T-cell
extravasation 772, Taken together, the PV microenvironment integrates anatomical and mechanical

properties into a permissive and highly responsive niche for T-cell arrest, adhesion, and diapedesis.

3. Interplay between mechanobiology and T-cells

Mechanical properties of T-cells

Now that we have insight into endothelial mechanosensitive pathways, this section introduces the T-
cell as another mechano-adaptable component in the (inflamed) vasculature. While distinct T-cell
subsets display specialized effector functions, we will refer to T-cells in general throughout this
review, since the biomechanical principles underlying their activation, migration, and interaction with
the endothelium are often shared across lineages. T-cells are both subject to forces and are exerting
forces onto their direct environment. We will discuss how T-cells deal with the strongly varying forces
during immune surveillance, antigen recognition, the interplay between the T-cell receptor (TCR) and
antigen-presenting cells (APCs), and during diapedesis. This will set the stage for understanding how
biomechanical cues at the T-cell-endothelial interface affect T-cells and govern immune surveillance,

effector function, and extravasation.

Role of mechanosensing in T-cell activation and migration

Memory and effector T-cells circulate through the blood and lymphoid tissues until the TCR
recognizes their specific antigen on the surface of an antigen-presenting cell (APC) '°. Endothelial
cells, functioning as “semi-professional” APCs, can present antigens to, and restimulate, T-cells 2%
25 The binding between the TCR and its corresponding antigen peptide presented on the APC by a
major histocompatibility complex (MHC) molecule is a mechanosensitive process that depends on
binding affinity and specificity 737*. In addition to this TCR-MHC complex, forces are exchanged
between the interacting T-cell and the endothelium via integrins, which contribute to the formation of

a strong immune synapse .

Much research in immuno-mechanobiology has focused on the role of force in TCR-MHC recognition
and immunological synapse structure '°. T-cells sense mechanical cues from the APC, with
cytoskeleton-generated pulling forces on TCRs acting as critical determinants for signal strength and
specificity 37576, Interestingly, endothelial cells are much stiffer than classical APCs: atomic force
measurements have shown that dendritic cells have elastic moduli ranging from 0.5-1kPa 77, whereas

the stiffness of endothelial cells lies within a 1-5kPa range 787°. This implies that the interaction of the
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immune synapse with professional APCs is more stable than with endothelial cells. The exact forces
transmitted through LFA-1/ICAM-1 and TCR/antigen complexes have been spatially mapped using
high-resolution force spectroscopy and spectrally encoded DNA tension probes &. These studies
showed that pulling forces exceeding 12pN at individual LFA-1/ICAM-1 bonds significantly enhance
antigen-dependent T-cell activation by increasing T-cell engagement with the substrate; these forces
are transduced through cytoskeleton remodeling, which organizes TCRs into microclusters 8081,
Further TCR-mediated T-cell activation (T-cell spreading and cytokine upregulation) depends on 5-
19pN forces transduced across LFA-1/ICAM-1 bonds, which propagate interaction between these
proteins via feedback mechanisms 4. Moreover, changes in the endothelial cytoskeleton and its
associated adhesion receptors such as ICAM-1, influence force transduction onto the T-cell,

potentially affecting synapse stability, polarization, and the onset of transmigration.

Once efficiently adhered to the endothelium, T-cells migrate over and extravasate through the vessel
wall into the inflamed tissue. When adhesion between T-cells and the endothelium is formed, the T-
cell membrane gets stretched. The stretch-induced forces result in opening of PIEZO1 (who we met
previously in endothelial context) and rapid calcium influx that activates the cytosolic protease calpain
" In turn, calpain drives localized actin polymerization and recruitment of LFA-1 integrins at the

leading edge to promote T-cell migration.

Both during migration and during its squeezing through the vessel wall, the T-cell cytoskeleton
extensively reorganizes. Force transduction through firm LFA1-ICAM-1 adhesions promotes T-cell
lamellipodia formation through ARP2/3-mediated actin polarization, nucleation, and branching at the
leading edge. At the same time, actomyosin contractility at the trailing end of the migrating T-cell is
driven by non-muscle myosin Il activity. Actomyosin contraction supports migration by first elongating
the T-cell body to squeeze through the endothelium, next by pushing the nucleus forward, and finally
retracting the trailing end of the T-cell to enable forward movement. Especially passaging the nucleus
through the endothelium is a physical hurdle: although the leukocyte membrane itself is quite elastic
(Young modulus 0.1-0.4kPa #2), the nucleus is large and way stiffer (1-5kPa, 8%). To constrict it
through the vessel wall, actomyosin contractility is complemented by the activity of actin assembly
proteins such as formin family members 8'84 85 Together, these actin remodeling pathways allow for
cytoskeletal resilience to promote T-cell migration under confinement 2. Overall, the T-cell actin
cytoskeleton needs to be tightly, yet flexibly regulated, integrating both mechanical and molecular

signals for transmigration.
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4. Endothelium-T-cell interface: a dynamic interaction

Mechanisms of adhesion and transmigration

The transendothelial migration of T-cells consists of several sequential steps, as summarized in
previous reviews -8, During this process physical forces are transmitted between the endothelium
and the transmigrating leukocytes %1%, |n the following parts, we will describe how forces allow T-
cells to adhere, roll, and transmigrate through the endothelium. To envision these forces, it helps to
imagine the system as a round T-cell sticking to the flat endothelial surface. Shear flow generates
both a drag force (horizontal pulling force, like wind on a kite) and a torque (twisting force that tries
to roll the cell off) on an adherent spherical cell. These forces would cause the T-cell to rotate or to
be ripped off, if not counterbalanced by a peeling force at the cell’s trailing edge (like pulling on tape)
and a vertical impingement stress across the adhesion interface (also called contact stress, which
presses the T-cell against the endothelium). By representing the T-cell as a rigid sphere and
assuming uniform stress distribution across the contact zone, theoretical models have been
developed to quantify how cell geometry and adhesion strength determine whether the cell rolls,
arrests, or °92, This biophysical framework also provides insight into the physical limits that adhesion
molecules, or molecular complexes, need to resist during immune cell trafficking within blood vessels,

complementing biological observations with understanding from a mechanical perspective.

BOX 1 — Overall forces at play at the T-cell endothelial interface

Immune surveillance through the vessels, the formation of an immune synapse between EC and T-
cell, and leukocyte extravasation into the tissue: these are all multistep processes that involve
coordinated transitions between hemodynamic-, intracellular-, and extracellular forces 31489,
Everywhere in the vasculature, cells deal with shear force from blood flow, which in postcapillary
venules is particularly conducive to the extravasation ®. During adhesion dragging, twisting, and
peeling forces have to be resisted as circulating T-cells are captured from the flow through selectin-
mediated tethering and crawling %-%. These forces also play a role in immune synapse formation 314
and in the modulation of contact stress that presses the T-cell against the endothelial surface
12229697 Meanwhile, both endothelial and T-cell cytoskeletons exert protrusive force resulting in
actin-rich protrusions to respectively flag down leukocytes from the lumen, and to probe the
endothelial membrane to find a suitable extravasation spot %1% In turn, the probed endothelial cell
resists membrane deformation by meeting these protrusions with contractile force '°'. Actomyosin
contraction is also necessary to elongate the T-cell body and nucleus to squeeze through the
endothelium, while the ECs contract to wrap around the transmigrating T-cell and prevent vascular
leakage ©®. Dissecting the mechanobiological dynamics of immune-vascular interactions is promising

for both basic research and potentially therapeutic innovation in inflammatory cardiovascular disease.

121



Adhesion of surface receptors and their ligands in mechanosensing

Adhesion of T-cells to the endothelium begins with selectin-mediated tethering and rolling 39,
Selectins are transmembrane glycoproteins expressed on endothelial cells that bind to ligands on T-
cells. These interactions not only resist shear forces imposed by blood flow but are paradoxically
stabilized by them due to the formation of force-dependent catch-bonds. Catch-bonds are non-
covalent receptor-ligand interactions whose lifetimes increase under tensile load up to an optimal
force, contrasting with so-called slip-bonds that destabilize under stress '°%1%, This property enables
selectin-mediated adhesions to become more stable under moderate shear, which facilitates T-cell

capture and firm adhesion.

Selectin-adhesions & shear-dependent binding kinetics

Inflammatory cytokines regulate the surface availability of selectins: for instance interleukin-4 induces
P-selectin mobilization from Weibel-Palade bodies, the storage units of endothelial cells, whereas
TNF-a induces de novo E-selectin synthesis %1%, These endothelial selectins engage with T-cells-
expressed L-selectin and PSGL1 ligands 93-95108.109  Selectin-ligand interactions are stabilized by a
conserved lectin domain that recognizes specific carbohydrate residues, and which displays shear-
dependent binding kinetics. Below a threshold shear of 0.3-0.5N/m?, bond lifetimes are too short to
mediate rolling, while optimal shear levels induce catch-bond stabilization and downstream signaling
102103110,111 " Flow-enhanced catch-bonding of E- and P-selectin binding with T-cell L-selectin and
PSGL1 ligands triggers upregulation of 32-integrins lymphocyte function-associated antigen 1 (LFA1)
and macrophage antigen 1 (Mac1) on the T-cell surface, converting them into high-affinity, shear-
resistant states 29103112113 Ag the rolling T-cell slows down, the contact area with the endothelium

increases, further stabilizing adhesion between the cells through integrins.

Integrins enhance adhesion

Integrin-mediated adhesions are functionally stronger and longer-lived than selectin-based contacts,
which supports stable T-cell arrest and transmigration 4. Inflammatory signaling promotes
endothelial ICAM-1 clustering and the formation of ICAM-1-rich membrane protrusions '"5. The T-cell
integrins Mac1 and LFA1 bind to endothelial ICAM-1 to mediate rolling and firm adhesion to the
vessel wall 16119 As T-cells roll under flow, they experience torque across the contact zone with the
endothelium, generating a combination of tangential and impingement stresses at the leading edge
and tensile peeling forces at the trailing edge %'°7.'2°_ Interestingly, experiments have shown that the
integrin density at the interface increases 5-10-fold under these force conditions and further increases
the cell-cell contact area %2. Altogether, the process of rolling thus self-propagates integrin availability

and clustering, thereby rapidly promoting cellular adhesion.
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Biomechanical properties during T-cell rolling

Theoretical models based on '?' predict that under physiological shear stresses (0.1-1nN/um?), a T-
cell with a 2-4pm radius contact zone experiences tensile peeling forces of ~100-1500pN at the
trailing edge, counterbalanced by compressive contact stresses of ~5-50mN/um? at the leading edge
122123 These calculations align with experimental measurements: single-molecule force probes
report LFA1-ICAM-1 resting loads around 2pN "4, with rupture forces around 12-56pN ', or up to
30-70pN in micropipette assays. Adhesive strength across the interface has been measured to be
28-38pN/um? for LFA1 and Mac1-mediated contacts, supporting cumulative loads exceeding 50-
100pN across the contact area '?%. In torque-based models 2, a shear force of 0.2N/m? applied to a
4um-radius cell generates a torque of 4x107"®Nm, balanced by a reaction force of 125pN across a
contact area of 35um?. Taken together, these calculations and measurements support the notion that
physiologically relevant flow-generated forces are sufficient to drive the integrin clustering observed
experimentally, providing a mechanical mechanism for the amplification of adhesion strength during

rolling.

To migrate over the endothelium, T-cells engage in a coordinated cycle of adhesion at the front and
rear detachment, organized by external shear and internal cytoskeletal dynamics. As the cell
advances, membrane tension and contractile forces rise at the trailing edge, focusing stress on
mature adhesions. Rear detachment primarily proceeds via peeling forces, which mechanically unzip
bonds under tensile load. Under physiological flow, peeling forces at the trailing edge can approach
hundreds of piconewtons '2'123, This mechanical release is complemented by cytoskeletal
disassembly of the adhesion complex, ensuring forward motility. Selectin-mediated adhesions can
withstand shear stresses up to 15.2dynes/cm? (1.52N/m?) of twisting forces before breaking 2, while
membrane tethers formed under flow maintain adhesions through stretched L-selectin and PSGL1
bonds '%. Force measurements indicate that L-selectin tethers experience 45pN tensile forces, while
integrin-B2 interactions sustain forces up to 120pN '?7:'28_ This indicates strong T-cell-endothelial
adhesion through these molecules within shear ranges as found in the PV and HEV. When shear
levels exceeds the catch-bond optimum of these interactions, they switch to slip-bond behavior,
resulting in reduced adhesion lifetime and facilitating T-cell detachment 102193, As the rear of the
migrating T-cell needs to let go, the molecular interactions rupture with a force-dependent rate '2°.
Thus, rear-detachment is not governed by passive rupture-rates alone, but by a finely tuned balance
between cytoskeletal force generation, receptor mechanics, and the distribution of forces imposed

by migration and shear flow.
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Endothelial cell-cell junctions as mechanosensitive gateways for leukocytes

Endothelial cells form a tightly regulated barrier through the formation of adherens junctions (AJs)
and tight junctions (TJs), both of which anchor the intercellular contacts to the actin cytoskeleton
130.131 Both junction types are mechanically sensitive, and their structural integrity is modulated by
inflammatory and hemodynamic stimuli 26132135, TJs, located apically, are based on adhesion of
claudins, occludins, and junctional adhesion molecules (JAMs) that link to actin through scaffolding
proteins such as ZO-1 36137 AJs locate more basally on the lateral membrane and are based on
adhesion through VE-cadherin 43138140 \/E-cadherin is a principal component of a force-sensitive
junctional signaling complex. It forms mechanically resilient intercellular bonds and links to the actin
cytoskeleton via a multiprotein complex including p120-catenin, B/y-catenin, a-catenin, and vinculin.
This arrangement enables the transmission of cytoskeletal tension across cells in the endothelial
monolayer and enables the junction’s responsiveness to biomechanical signals 4338, FRET-based
molecular tension sensors have shown that VE-cadherin experiences baseline myosin-dependent
tension, which decreases in response to fluid shear, with forces approximating ~2.5nN per molecule
141142 These findings illustrate the role of AJs in integrating biomechanical signals and modulating

endothelial responses accordingly.

Inflammatory cytokines further modulate the structure and permeability of junctions 37:67.143-146 TNF-
a promotes phosphorylation of VE-cadherin at Y685, weakening barrier integrity and facilitating
leukocyte extravasation 4748, Conversely, engagement of leukocyte adhesion molecules such as
ICAM-1 and PECAM1 triggers dephosphorylation of VE-cadherin at Y731, promoting clathrin-
mediated endocytosis and local disassembly of the junction 36149150 |Interestingly, the
dephosphorylation of VE-cadherin depends on actomyosin-derived pulling forces, which unmask the
Y731 for the phosphatase SHP2 3°. Thus, VE-cadherin integrates both biochemical and mechanical

signals to regulate paracellular transmigration of leukocytes.

Junctional force integration during T-cell transmigration

T-cell diapedesis, in the case of paracellular transmigration, requires localized remodeling of the
endothelial junctions and cytoskeleton to accommodate the passage. Live-cell imaging and traction
force microscopy have shown that transmigrating leukocytes locally disrupt VE-cadherin at junctions,
with pronounced displacement and force generation at the point where the leukocyte inserts between
endothelial cells '%'-'%2, The latter group found that VE-cadherin disassembly began upon leukocyte
arrival at the junction, even before a significant increase in traction force was detected. Only when
the bulk of the T-cell has squeezed through did forces jump from baseline (~3-4 nN per pillar) to over
100 nN per pillar, in a radial outward orientation from the diapedesis site, coinciding with marked VE-

cadherin loss at those foci. These findings suggest that early VE-cadherin weakening may be initiated
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by inflammatory signaling, while subsequent force spikes, induced by the transmigrating leukocytes,

contribute to more extensive junctional opening.

Experimental fusion of VE-cadherin to a-catenin in mice, which stabilizes the junctional complex
through strong anchoring with the actin cytoskeleton, significantly reduced leukocyte extravasation,
highlighting the necessity of junctional weakening or uncoupling from the cytoskeleton during
diapedesis '%. Leukocyte-induced remodeling of the endothelial actin cytoskeleton is also important
for the generation of diapedesis pores '54. In turn, actomyosin contractility is needed to maintain
endothelial barrier integrity during the transmigration process: VE-cadherin localizes to the edges of
a contractile, F-actin-rich endothelial pore that forms around the transmigrating leukocyte, restricts
the pore size and prevents fluid leakage while facilitating passage at the same time 198, Actin
remodeling and actomyosin-generated contractile forces together thus drive the cytoskeletal
remodeling in endothelial cells during leukocyte diapedesis. The junctional VE-cadherin complex not
only senses such mechanical changes but also coordinates appropriate cytoskeletal responses that

maintain vascular integrity during inflammatory and transmigratory events 3155156,

Besides VE-cadherin, other junction-associated receptors such as PECAM1 control transmigration.
PECAM1 is expressed on both endothelial cells and T-cells, enabling transient homophilic
interactions that guide leukocytes through junctional openings '57-'%°. Its expression is upregulated
during inflammation and enriched at wider junctions, which may favor leukocyte passage 8160161,
PECAM1 was one of the first mammalian molecules that was identified as directly mechanosensitive:
force applied via magnetic beads triggered conformational responses, and PECAM1 was shown to
respond to shear stress %2, Subsequent studies using FRET-based molecular tension sensors
confirmed that PECAM1 experiences cytoskeleton-linked tension only under flow conditions, with the
intermediate filament component vimentin as mediator of force transmission '#2. Furthermore, other
junctional molecules like CD99 and occludin control leukocyte passage via homophilic interactions

109.163.164 byt it is as of yet unclear whether these involve force-dependent regulation.

Altogether, these studies indicate that junction remodeling during diapedesis is a force-coordinated
process in which VE-cadherin and PECAM1-based adhesions actively integrate forces and
cytoskeletal adaptation upon T-cell transmigration. Here, external forces are integrated with
inflammatory signals to coordinate local cytoskeletal responses, modulate adhesion molecule

dynamics, and maintain barrier function while allowing controlled leukocyte passage.
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T-cell protrusive forces in endothelial junction remodeling

During the final step of transendothelial migration (TEM), leukocytes traverse the endothelium either
transcellularly or paracellularly, with the latter being the predominant route (90%) '8%-'%7. This section
discusses the paracellular route, which requires remodeling of inter-endothelial junctions. T-cells
exert mechanical force on the endothelium to disrupt junctions %2 and use force-generating actin-rich
protrusions to probe the endothelial surface before crossing the endothelial barrier 918170 The
studies of these T-cell protrusions led to the hypothesis of ’‘tenertaxis’, which proposed that
leukocytes transmigrate through the path of least resistance '°. Diapedesis often occurs at locations
with lower cortical F-actin density in the endothelium 7! and breaching efficiency inversely correlates
with local actin density and stiffness %. Efficient transmigration thus requires not only a permissive

endothelial cell state but also T-cell probing activity to detect optimal locations for transmigration.

In addition, leukocyte transmigration occurs most frequently at ICAM-1 rich and ruffling endothelial
areas 2% _Clearly, T-cells appear to be able to select transmigration hotspots based on mechanical
and biochemical cues '72. Such hotspots typically localize at the poles of elongated endothelial cells
67, where F-actin stress fibers terminate and caveolae are abundant '°. Moreover, leukocyte

protrusions frequently target tricellular junctions: locations where three endothelial cells converge

8,137,161

T-cells use LFA1-rich extensions to navigate across the endothelium "3, while lamellipodia aid in
probing for optimal transmigration sites %. Despite the global distribution of selectins on endothelial
surfaces %8, leukocytes exhibit directional migration toward specific sites before diapedesis.
Inflammatory conditions induce elongation of endothelial cells, creating mechanical polarity and
guiding leukocytes to favorable transmigration zones. Quantitative observations confirm that

leukocytes migrate across distances up to 30um on top of the endothelium before transmigration 174,

Experimental data confirm that leukocytes exert measurable forces during endothelial probing. T-
cells apply forces in the range of 1-100pN through podosome-like structures "2, enabling them to
sense local endothelial stiffness and cytoskeletal organization %. Podosome formation and function
appear sensitive to the nanoscale distribution of ICAM-1, further underscoring the importance of
spatial molecular organization in mechanosensing '"°. Mechanistically, podosomes transmit two
opposing forces: a protrusive force from the T-cell’s actin cytoskeleton toward the endothelium, and
a reciprocal compressive force transmitted through the endothelial integrin ligands, membrane, and
cortical actin. Protrusion force microscopy showed that individual leukocyte podosomes can exert
forces in the 1-100pN range, depending on substrate stiffness '76. This work was extended by studies

combining atomic force microscopy with 3D super-resolution imaging and computational modeling to
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show that podosomes exert forces up to 10nN, balanced by tractional components within the same
structure %. The integrin-related proteins talin, vinculin, and paxillin were identified as essential

components for sustaining these forces and enabling protrusive activity.

Overall, leukocytes are not passive players in transmigration but actively probe and deform the
endothelium using nanoscale forces. These biomechanical interactions (see Table 1) help locate
mechanically permissive sites and facilitate endothelial junction opening, acting in concert with

inflammatory signaling pathways to enable efficient diapedesis.

5. Summary and perspective

Forces play a central role in the interaction between T-cells and the endothelium within inflamed
vasculature. Transendothelial migration involves tightly coordinated mechanical and molecular
interactions between immune cells and endothelial cells. Increasing evidence highlights the
fundamental role of mechanobiology in regulating vascular barrier function and transmigration. As
interest in interdisciplinary biophysical research continues to grow, so too does the range and
sophistication of tools available to address outstanding questions in this field. Ultimately, advancing
these research tools and deepening our understanding of mechanotransduction will provide insights
into the biomechanics of the immune response at the endothelial interface. Currently,
mechanotransduction cascades are not yet widely recognized as potential therapeutic targets for
inflammatory or cardiovascular diseases. However, the activation of mechanosensitive proteins, ion
channels, and adhesion complexes represents a promising avenue for drug development in
conditions such as hypertension and atherosclerosis, where the vascular environment becomes

stiffened.
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Table 1: Existing literature regarding forces at the leukocyte-endothelial interface
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General Discussion

Adherens junctions (AJs) are dynamic structures that bridge neighboring endothelial cells in the
vessel wall, balancing mechanical stability in diverse hemodynamic environments with the capacity
to adapt to homeostatic and inflammatory cues. This thesis set out to determine how vascular
endothelial (VE)-cadherin, the core adhesion receptor of AJs, orchestrates molecular organization,
intracellular signaling, and mechanotransduction at endothelial junctions to control vascular integrity.
By uncovering new VE-cadherin-binding partners and their regulatory principles, the work presented
here moves beyond the classical view of VE-cadherin as a static adhesive link and instead positions
it as a responsive, multifunctional, scaffold that defines endothelial behavior. The roles of these
junctional interactions were studied across hierarchical scales, from protein structure to cellular
dynamics and ultimately tissue-level force adaptation.

At the molecular scale, we showed that VE-cadherin’s extracellular domain forms a structurally intact
adhesive interface that can function independently of its arginine-glycine-aspartate (RGD) integrin-
binding motifs (chapter 4), even though these RGD motifs are highly conserved for VE-cadherin
across species. Within the cell, the VE-cadherin complex associates with a versatile set of catenins
and regulatory factors, including PKP4 and the newly identified interacting proteins ARVCEF,
ARHGAP23, and KEAP1. These interacting proteins modulate junction organization, cytoskeletal
tension, and redox balance (chapters 2&3). At the mechanical level, we investigated the importance
of the mechanosensitive a-catenin-vinculin module, which converts actomyosin activity into
reinforced cell-to-cell adhesion. Our findings showed that intracellular tension is linked to enhanced

barrier resilience in developing vessels (chapter 5).

The significance of mechanotransduction becomes especially apparent during leukocyte
transmigration (chapter 6), where endothelial surface and junction receptors are challenged by
highly localized and rapidly changing mechanical loads. As overviewed in chapter 6, arresting and
transmigrating leukocytes exert pushing, pulling, and shear-related rolling forces onto the apical
endothelial surface, which are interpreted by mechanosensitive receptors which, in turn, trigger
signaling pathways that reorganize the junctions and actin cytoskeleton. During this process, the AJs
function within a broader biomechanical framework in which external stress, receptor mechanics,

and cellular compliance collectively determine whether the vascular barrier resists or remodels.
Together, the findings presented in this thesis uncover previously unrecognized mechanisms

governing endothelial junction stability and remodeling in vascular homeostasis, development and
inflammation.
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Junctions as signaling bridges

By further exploring the molecular diversity of the VE-cadherin adhesion complex, this thesis
identified several novel intracellular proteins that interact with VE-cadherin and may contribute to AJ
compositions that are tailored to various environmental demands. We have focused on
characterization of the roles of ARVCF, ARHGAP23, KEAP1 and PKP4 in endothelial junctions. PKP4
belongs to the same armadillo-repeat family as ARVCF and p120-catenin '. This raised the question
whether these proteins may have redundant roles or whether they have specialized tasks. As shown
in chapter 2, ARVCF binds to a pool of VE-cadherin protein that is distinct from those bound to p120-
catenin, indicating that multiple armadillo proteins can interact with the VE-cadherin cytoplasmic
domain in parallel or sequential manners. From these findings, combined with the notion that the
domains within ARVCF that bind to VE-cadherin are sequentially distinct from those of p120-catenin
2, despite them binding to the same part of VE-cadherin 34, we hypothesize that ARVCF and p120-
catenin may diversify how VE-cadherin links with the actin cytoskeleton and/or associated signaling
machinery. In addition, PKP4 (chapter 3) can also influence the organization of the actin cytoskeleton
via RhoA 3. The diversity of armadillo-repeat proteins able to interact with VE-cadherin suggests the
existence of a broad spectrum of AJ conformations, acting in parallel or sequentially, fit to deal with

spatiotemporal demands.

Redundancy and buffering

Differences in the relative abundance of ARVCF, p120-catenin, and PKP4 protein levels across
tissues ® suggest that members of the armadillo family provide a buffering system that safeguards
cadherin function in diverse cellular and mechanical environments. In endothelium, the predominant
abundance of p120-catenin maintains VE-cadherin basal surface retention ¢, whereas ARVCF levels
increase when junctions transition towards a mature state (chapter 2). Importantly, of the armadillo
containing proteins ARVCF and p120-catenin have the greatest structural similarities '7. Studies
have demonstrated that armadillo proteins compete for overlapping binding sequences within the
juxtamembrane domain of classical cadherins: direct competition has been documented between
p120-catenin and PKP4, and between p120-catenin and ARVCF 3489 Whether ARVCF and PKP4
also directly compete for cadherin binding remains unresolved and warrants future investigation.
Interestingly, ARVCF and p120-catenin can compensate for each other’s expression '°, while this is
not the case between p120-catenin and PKP4 5. In endothelial cells, we find that the pool of p120-
catenin-bound VE-cadherin suffices to maintain cell surface levels even in the absence of ARVCF
(chapter 2) while overall barrier integrity is compromised. Differences in spatiotemporal recruitment
of the armadillo family might enable a certain division of labor between them, which could explain

why VE-cadherin remains on the endothelial surface upon ARVCF or PKP4 depletion (chapter 2).
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The moderate junctional defects that we observed upon depletion of individual proteins PKP4 and
ARVCEF, rather than complete loss of barrier function, points to a model in which these proteins form
an adaptable network around VE-cadherin rather than acting as essential determinants for
endothelial junctions. Within such a network, | suspect that ARVCF primarily tunes mechanical
coupling, while PKP4 organizes local RhoA signaling through the recruitment of GEFs and GAPs 5.
Of note, in other cell types ARVCF has been reported to control Rho activity levels '°, which may
potentially contribute to junction maturation in the endothelium as well. The presence of multiple,
parallel VE-cadherin complex assemblies could explain why endothelial junctions remain remarkably
resilient when individual AJ complex components are removed in experimental settings:

compensatory pathways may absorb perturbations while preserving overall tissue integrity.

The biochemical association between VE-cadherin and KEAP1 (chapter 2) that does not take place
at the cell border (chapter 3) further expands this view by suggesting that VE-cadherin participates
in signaling beyond the AJ. Through binding partners involved in redox control and stress response
pathways such as KEAP-Nrf2, VE-cadherin may therefore integrate mechanical with metabolic and
inflammatory cues, as these factors are usually present upon inflammation and immune cell

transmigration 1112,

Versatile control of force

ARVCF recruitment to AJs increases as they mature, and the depletion of ARVCF results in
intercellular gaps and impaired collective migration (chapter 2). These processes are inherently force
dependent 3%, These results indicate that AJs can adjust their molecular composition to
accommodate changes in mechanical load. Although ARVCF is not a proven mechanotransducer,
like for instance a-catenin is, ARVCF’s selective association with VE-cadherin pools in mature
junctions expands the repertoire of protein complexes available to resist cytoskeletal-derived stress
across the junctions. Through its intrinsically disordered regions '*'7, ARVCF is suited to act as a
flexible scaffold that enables adjustment of protein interactions, thereby allowing junctions to match

structural AJ organization to mechanical demand.

Regulation of junction maturation and plasticity

The requirement of ARVCF for junction stabilization and coordinated collective behavior places
endothelial cells in line with epithelial cells, where ARVCF is known to support tension generation
and cadherin organization during development '8, Moreover, epithelial ARVCF has been shown to
interact with other junctional structures though linkage with the tight junction component ZO-1 *°.
Based on this, we hypothesize that the presence of ARVCF in mature junctions allows not only

scaffolding for AJds, but also coupling of AJs to other junctional systems such as tight junctions. The
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stabilizing role of ARVCF happens in parallel to reinforcement of endothelial intercellular adhesion
through vinculin recruitment (chapter 5). Whether endothelial ARVCF is needed for barrier function

in perfused blood vessels remains to be investigated.

While both ARVCF and vinculin correlate with mechanically demanding junction states, they operate
at different stages of force-dependent remodeling. ARVCF promotes the organization of mature
junctional complexes that are competent to bear load (chapter 5). Vinculin, in contrast, is specifically
recruited only after tension across the AJ complex has unfolded a-catenin, and subsequently acts to
strengthen and stabilize adhesion in response to that load 2°. Thus, we assume that ARVCF primarily
contributes to enabling force transmission between cells, whereas vinculin consolidates the effect of

tension across the remodeling AJs.

The depletion of ARVCF and vinculin disrupts collective endothelial behavior and compromises
barrier integrity. We showed that the loss of ARVCF in vitro introduces gaps in the endothelial
monolayer and disrupts collective cell migration in wound healing (chapter 2), while the loss of
vinculin leads to vascular leakage in vivo and impaired sprouting angiogenesis (chapter 5). | postulate
that ARVCF functions upstream of junctional mechanotransduction by organizing which VE-cadherin
complexes are available for mechanical engagement, in parallel with its described scaffolding
function in epithelial tissue. In such a model, ARVCF-mediated maturation of VE-cadherin assemblies
at the membrane may establish a junctional architecture that is mechanically competent and poised
for subsequent tension-dependent reinforcement by vinculin. Future research could address the
prediction that in the absence of ARVCF, endothelial cells would fail to properly assemble force-
bearing focal adherens junctions and exhibit impaired vinculin recruitment under tension. Together,
this model suggests complementary layers of control within endothelial AJs: mechanisms that
promote tension at junctions, and mechanisms that reinforce adhesion once tension is present. In
this context, ARVCF as a scaffold might serve to organize an appropriate junctional composition,

after which vinculin locks the strong junction to bear load.

The identification of ARHGAP23 as a VE-cadherin-associated RhoGAP introduces a regulatory
signaling layer (chapter 3). The recruitment of ARHGAP23 to AJs, once activated, may inhibit near
junctional actomyosin contractility, which may dampen the production of tension across the junctions.
By monitoring effects on force generation and force-dependent reinforcement, this thesis gives new
leads to assess AJ mechanobiology and illustrates how molecular diversity within the VE-cadherin

complex translates into tissue-level vascular stability.
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Extracellular regulation of VE-cadherin

Contrary to expectations based on the widespread role of RGD motifs in integrin-mediated adhesion
for monocytes 2!, our data showed that mutation of the extracellular RGD sequences in VE-cadherin
has no discernible influence on monocyte transmigration (chapter 4). Perturbing the RGD motifs in
the extracellular VE-cadherin domain also did not compromise junction integrity. The dispensability
of the RGD motifs may reflect the architectural reality of adherens junctions, where dense clustering
and cis/trans interactions restrict access to sequences in VE-cadherin’s extracellular domain. It would
be interesting to investigate whether cytoplasmic junction components such as ARVCF or p120-

catenin might affect the extracellular conformation of the VE-cadherin.

Future perspectives

The research in this thesis positions VE-cadherin at the center of an adaptable interaction network
that safeguards endothelial integrity across changing mechanical and inflammatory environments.
This thesis complemented the AJ complex molecular landscape by identifying and characterizing
several new interactors ARVCF, ARHGAP23, KEAP1, and NGLY1. Having shown that ARVCF is
essential for junction stabilization and maturation, the depletion of other individual components such
as PKP4 or ARHGAP23 resulted in milder phenotypes. These outcomes emphasize the presence of
overlapping and cooperative regulatory layers. Understanding how these layers are coordinated

remains a central challenge.

One promising direction is to dissect how armadillo proteins distribute within the heterogeneous
landscape of the AJ. The preferential association of ARVCF with VE-cadherin pools that lack p120-
catenin suggests the existence of molecularly distinct clusters. Future live imaging studies should
further investigate the exchange kinetics between armadillo proteins and what environmental or
chemical cues determine switching between AJ pools. Advanced microscopy approaches, including
super-resolution imaging or single-molecule tracking, could determine whether ARVCF defines
specialized nanoclusters with unique mechanical or signaling properties, and whether ARVCF is
causal for VE-cadherin clustering or merely correlated with it. Mapping this organization would

provide insight into how endothelial cells tune adhesion strength while maintaining plasticity.

Another future research direction is to resolve how junctional composition relates to local force
generation. ARHGAP23 and PKP4 are likely to influence the amplitude and spatial confinement of
RhoA activity. Combining optogenetic or FRET-based GTPase sensors with live imaging of VE-
cadherin complexes could reveal how changes in contractility translate into specific adaptor
recruitment. Such strategies would allow temporal ordering of events and define how signaling and

mechanics reinforce one another during junction maturation, remodeling, or leukocyte passage.
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The interaction between VE-cadherin and KEAP1 further raises questions regarding communication
between junctions and cellular stress pathways. It will be important to determine under which
physiological conditions this association is modified and whether oxidative or inflammatory
challenges, which are linked to KEAP1’s role in inflammation '-12, alter its spatial distribution.
Integrating redox reporters with junctional imaging may clarify how metabolic state and barrier

stability are coupled.

Extending these analyses to in vivo systems represents an exciting step toward physiological
relevance. Models such as zebrafish, where vascular development and leakage can be visualized in
real time, provide opportunities to link molecular exchange within junctions to tissue-level outcomes.
Approaches that combine intravital imaging with force or activity sensors could reveal how buffering
mechanisms operate under hemodynamic stress. By resolving how VE-cadherin organizes
mechanical, cytoskeletal, and stress-response pathways across scales, future studies may uncover
strategies to selectively stabilize or loosen the endothelial barrier. Such knowledge could inform

therapeutic approaches for inflammatory disease, edema, and tumor vascular dysfunction.

Concluding summary

Taken together, this thesis provides new insights into how VE-cadherin-based junctions safeguard
endothelial cohesion through interconnected structural and mechanosignaling principles. Chapters
2 and 3 explored the molecular diversity of the VE-cadherin interactome, identifying ARVCF, PKP4,
ARHGAP23, and KEAP1 as context-dependent regulators that couple junctional organization to
cytoskeletal control and cellular stress pathways. Chapter 4 refined this molecular picture by
demonstrating that the extracellular RGD motifs of VE-cadherin are structurally dispensable for
barrier formation and leukocyte transmigration, underscoring that VE-cadherin’s adhesive function
relies primarily on cadherin homophilic binding rather than crosstalk with junctional integrins. Chapter
5 translated molecular insights into a mechanical framework, showing that vinculin recruitment via o-
catenin fortifies the endothelial barrier under physiological load. Chapter 6 overviews more of such
forces at the endothelial-leukocyte interface. Together, the lines of research spanning from molecular
composition to multicellular- and tissue-scale mechanotransduction elucidate the versatility of VE-
cadherin-based AJs.
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English summary

Adherens junctions (AJs) are dynamic structures that bridge neighboring endothelial cells (ECs) in
the vessel wall that must simultaneously preserve tissue integrity and permit the controlled passage
of fluid and immune cells. The central adhesion receptor of Ads is vascular endothelial (VE)-cadherin,
a transmembrane protein that mediates homophilic adhesion between neighboring ECs and anchors
a cytoplasmic protein network to the actin cytoskeleton. Although the molecular composition of this
AJ complex has been extensively studied, the full range of VE-cadherin-associated AJ signaling
remains incompletely understood. This thesis set out to investigate the composition and functional
organization of VE-cadherin complexes and define how intracellular protein organization contributes

to AJ stabilization, signaling, and mechanotransduction, to control vascular integrity.

The canonical endothelial AJ complex consists of three main proteins: p120- and B-catenin bind
directly to VE-cadherin and function, respectively, to ensure VE-cadherin membrane localization and
to connect to a-catenin, which in turn links the AJ structure to the actin cytoskeleton. VE-cadherin’s
cytoplasmic region contains three key tyrosine residues that are subject to phosphorylation and
modulate interactions with catenins and downstream effectors. To further define the VE-cadherin
interactome, we employed a proteomics strategy in ECs expressing GFP-tagged VE-cadherin or
non-phosphorylatable variants in which tyrosines 658, 685, and 731 were substituted by
phenylalanine. Mass-spectrometry on VE-cadherin pull-downs identified 37 interacting proteins,
among which a core interactome of 9 proteins was consistently detected regardless of tyrosine
phosphorylation. This group included established partners such as a -, B-, p120-catenin, validating
our approach, but several previously unreported VE-cadherin-associated proteins were identified,
including ARVCF, ARHGAP23, KEAP1, and NGLY1. These findings defined a phosphorylation-

resilient VE-cadherin interaction network that formed the basis for functional characterization.

Among the novel interactors, ARVCF emerged as a prominent binding partner. ARVCF, a member of
the catenin family structurally related to p120-catenin, associates with the VE-cadherin
juxtamembrane domain but engages in a distinct junctional pool that is unbound from p120-catenin.
ARVCEF localization to AJs is VE-cadherin-dependent and their colocalization is enhanced in mature,
confluent monolayers, consistent with a role in junction maturation. Although ARVCF depletion did
not alter surface levels of VE-cadherin, it disrupted AJ organization, increased intercellular gap
formation, reduced barrier resistance, and impaired coordinated cell migration. Live imaging
demonstrated unstable junction dynamics in the absence of ARVCF, whereas treatment with an
EPAC1 agonist that tightens the endothelial barrier through Rap1-mediated junctional reinforcement
restored barrier integrity, supporting a role for ARVCF in tension-dependent AJ stabilization. Together,

these findings identify ARVCF as a maturation-associated stabilizer of the VE-cadherin complex.
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Our proteomic dataset further identified ARHGAP23, KEAP1, and PKP4 as VE-cadherin-associated
proteins. These partners extend AJ function beyond structural adhesion: ARHGAP23 links VE-
cadherin complexes to RhoGTPase signaling, connecting adhesion to cytoskeletal dynamics, KEAP1
introduces a potential interface between cell-cell contacts and redox signaling, and PKP4 contributes
to junctional scaffolding and cytoskeletal organization important for cell-matrix adhesions. The
identification and characterization of these partners show that VE-cadherin integrates mechanical,
cytoskeletal, and stress-responsive pathways, expanding the available network to enable dynamic

and precise AJ adaptation from vascular homeostasis to remodeling and inflammation.

This thesis also examined the functional relevance of two extracellular RGD motifs in VE-cadherin.
Although RGD sequences are typically associated with integrin binding, our ECs in which we
replaced endogenous VE-cadherin with variants in which the RGD motifs were mutated to
nonfunctional RGE sequences showed that these motifs are dispensable for junction formation,
barrier integrity, and monocyte transmigration, with VE-cadherin localization and function preserved.
These findings refine the understanding of VE-cadherin adhesion and the specific recruitment of

leukocytes, indicating that these processes do not rely on the extracellular RGD domain.

Mechanical AJ reinforcement was further investigated in vivo through the role of vinculin, a force-
sensitive adaptor recruited to a-catenin. In vinculin-knockout zebrafish, the endothelial cells still
generated functionally perfused blood vessels, which surprisingly were more permeable for small
dextran molecules, whereas large dextran did not extravasate. These findings demonstrate
physiological relevance for AJ-associated proteins and underscore the importance of intracellular

force transmission for maintaining barrier function.

Lastly, the specific biomechanical forces were overviewed for the T-cell-endothelial interface,
outlining how shear stress and forces with a dragging, twisting, or peeling direction shape reciprocal
signaling during leukocyte transmigration through the vessel wall. Integrating endothelial
mechanosensitive pathways with T-cell force responsiveness, immune synapse formation, and force-
dependent activation, a biomechanical framework is provided for understanding how inflammation

and vascular function intersect at sites of leukocyte recruitment.
Altogether, by linking molecular architecture to biomechanical performance, this thesis bridges

fundamental cell biological mechanisms with physiological outcomes at the level of vascular stability

and permeability.
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Nederlandse introductie voor leken

Het vaatstelsel reikt overal in je lichaam

Het bloedvatenstelsel is een belangrijk transportsysteem dat elk lichaamsdeel, orgaan, en weefsel
bereikt van gewervelde dieren. Het bestaat uit een goed verbonden netwerk van bloedvaten: grote
slagaders brengen bloed rijk aan zuurstof en voedingsstoffen naar de organen, waar kleine
haarvaten de lading naar de verschillende weefselcellen transporteren en afvalstoffen verzamelen,
waarna het bloed vervolgens via aderen wordt teruggevoerd naar het hart om de bloedsomloop te
voltooien. Deze continue stroom zorgt ervoor dat alle weefsels ontvangen wat ze nodig hebben en
dat afvalstoffen efficiént worden afgevoerd. Naast deze transportfunctie speelt het vaatstelsel een
cruciale rol in het immuunsysteem, tijdens de ontwikkeling van weefsels en organen, en bij het

behouden van weefselhomeostase (evenwicht van het inwendig milieu en alle celprocessen).

Bloedvaten zijn binnenin bekleed met endotheel

De binnenkant van elk vat in de bloedsomloop is bekleed met endotheel: een dunne, enkele laag
endotheelcellen die in direct contact staan met het bloed en dit scheiden van het omringende weefsel.
Deze cellulaire bekleding wordt de endotheelmonolaag genoemd en is opmerkelijk dynamisch: niet
slechts een passieve, fysieke barriére, maar een actieve regelaar van wat er de bloedbaan in- en
uitgaat. Als poortwachters beheren de endotheelcellen actief de uitwisseling tussen bloed en weefsel
van immuuncellen, van moleculen zoals zuurstof, en van opgeloste stoffen zoals glucose. Daarom
zijn de verbindingen tussen endotheelcellen — de cel-celcontacten — een fascinerende plek waar
vorm en functie stabiel edoch flexibel gecodrdineerd moeten worden. Wanneer deze contacten niet
goed functioneren, kunnen problemen voorkomen zoals oedeem (vochtophoping wanneer
vloeistoffen uit de bloedbaan in andere weefsels lekken, vaak leidend tot gezwollen benen en
voeten), of chronische ontsteking (wanneer het lichaam immuuncellen blijft sturen om een infectie

op te lossen die er niet is, wat kan leiden tot pijn en vermoeidheid).

VE-cadherin vormt de cel-celbrug

De structurele verbindingen tussen endotheelcellen worden voornamelijk gevormd door een familie
van calciumafhankelijke adhesiemoleculen genaamd cadherins. Endotheelcellen produceren
verschillende types van deze cadherins, waarvan vasculaire endotheliale cadherin (VE-cadherin),
zoals de naam al doet vermoeden, de meest karakteristieke en specifieke is. VE-cadherin is een
transmembraan eiwit, wat betekent dat het uit de endotheelcellen naar buiten steekt. Twee VE-
cadherinmoleculen op aangrenzende cellen koppelen hun ‘hoofdjes’ in de ruimte tussen de cellen,
terwijl hun staarten binnenin de cel aan het celskelet worden gekoppeld. Deze staart kan ook aan

andere eiwitten binden en zo deelnemen aan allerlei signaleringsprocessen in de cel. Simpel gezegd
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vormt VE-cadherin dus de moleculaire brug tussen endotheelcellen die signalen tussen buiten en

binnen overbrengt zodat cellen zich kunnen aanpassen aan hun omgeving.

VE-cadherin als centraal signaalknooppunt

VE-cadherin speelt een sleutelrol in een breed scala aan endotheelfuncties. Het helpt de integriteit
van de vaatwandbarriére te behouden in verschillende soorten bloedvaten, waar de lokale
mechanische omgevingen sterk kunnen verschillen (stel je voor dat cellen in de aortawand meer
bloeddruk van je hart ervaren, dan de cellen in een distaal adertje in je voet). VE-cadherinbruggen
(ook wel adherens juncties genoemd, vaak afgekort tot AJ) moeten ook veranderen wanneer de
vaatwand reageert op ontstekingssignalen, zodat immuuncellen die uit de bloedbaan worden
gerekruteerd door het endotheel kunnen passeren en het aangetaste weefsel kunnen bereiken.
Daarnaast ondersteunt VE-cadherin de groei en hervorming van bloedvaten tijdens de ontwikkeling,
maar ook in een volwassen lichaam, zowel in gezondheid als in ziekte. In al deze situaties moet VE-
cadherin strikt worden gereguleerd, waarbij adhesie (het hechten van eiwitten en cellen) wordt aan-
of uitgezet om cel-celcontacten te versterken of te versoepelen. Dit wisselen wordt geregeld door
specifieke moleculaire partners te rekruteren wanneer nodig. De afgelopen jaren is er uitgebreid
onderzoek gedaan naar de eiwitten die VE-cadherin zelf reguleren, evenals naar de eiwitten die
worden aangetrokken naar de plek waar endotheelcellen via VE-cadherin met elkaar in contact
staan. De wetenschappelijke methoden voor biochemische analyse en beeldvormingstechnieken
geven een steeds beter beeld van waar en wanneer de cellulaire processen gebeuren. Toch weten
we nog steeds niet precies welke eiwitten allemaal betrokken zijn bij de verbindingen rond VE-
cadherin. Vooral hoe deze verbindingen zich aanpassen aan veranderingen, zoals mechanische
krachten op de bloedvatwandcellen of aan de signalen die tijdens de ontwikkeling of tijdens

afweerreacties worden gestuurd, wordt nog volop onderzocht.
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Opzet en inhoud van dit proefschrift

De onvolledigheid van kennis over welke eiwitten VE-cadherin precies reguleren, vormde de
aanleiding voor het onderzoek in dit proefschrift. In dit promotieproject onderzochten we met welke
eiwitten VE-cadherin samenwerkt en wat deze interacties betekenen voor de werking van
bloedvaten. Onze hypothese was dat VE-cadherin specifieke eiwitpartners heeft en dat deze
interacties afhankelijk van de biologische context kunnen veranderen. Met een combinatie van
biochemische experimenten, mechanobiologisch onderzoek (naar fysieke krachten), en
beeldvorming met hoge ruimtelijke en tijdsresolutie identificeerden we nieuwe bindingspartners
ARVCF, KEAP1, ARHGAP23, en NGLY1. Van een aantal eiwitten karakteriseerden we de invloed
op VE-cadherin en de AJ. Daarnaast onderzochten we of VE-cadherin mogelijk aan immuuncellen
hecht en bestudeerden we de rol van een eiwit dat VE-cadherin stabiliseert bij de vorming van nieuwe
bloedvaten tijdens de ontwikkeling. Dit proefschrift presenteert nieuwe inzichten die helpen om beter
te begrijpen hoe verbindingen tussen endotheelcellen worden aangestuurd tijdens processen zoals

bloedvatvorming, immuuncelmigratie, en mechanotransductie.

Hoofdstuk 1 gaf een algemeen overzicht van het vaatstelsel, waarbij VE-cadherin werd
geintroduceerd als een moleculaire brug die de hechting tussen endotheelcellen in de vaatwand
bemiddelt. Ook werd een overzicht gegeven van de moleculaire organisatie van het AJ-complex en
de mechanismen die het reguleren in context van vasculaire integriteit. Hiermee legt dit hoofdstuk
de basis om VE-cadherin te begrijpen als signaalknooppunt bij endotheelverbindingen, zodat we een
context hebben voor de nieuwe interacterende eiwitten die in de volgende experimentele

hoofdstukken worden onderzocht.

Hoofdstuk 2 presenteert de experimentele ontdekking en karakterisering van nieuwe VE-
cadherin-bindende eiwitten. We gebruikten proteomics om een kern-VE-cadherin-interactienetwerk
te definiéren dat verschillende bekende celcontactcomponenten bevat (zoals worden geintroduceerd
in de Engelse specialistenintroductie)), maar bovendien presenteren we vier nieuwe
bindingspartners: ARVCF, KEAP1, ARHGAP23 en NGLY1. Eén van deze eiwitten, ARVCF, wordt in
dit hoofdstuk verder bestudeerd: we laten zien hoe ARVCF specifiek bindt aan een bepaalde groep
VE-cadherin-eiwitten, en welke rol het speelt bij de ‘rijping’ van celverbindingen, de stabiliteit van de
endotheelbarriére, en de gezamenlijke verplaatsing van cellen. Deze resultaten voegen een nieuwe

regulatielaag toe aan ons begrip van het VE-cadherin-complex.

Hoofdstuk 3 gaat verder met de analyse van de nieuw ontdekte VE-cadherin-bindende
eiwitten: we duiken dieper in de regulatie van VE-cadherin door de rol van ARHGAP23, PKP4, en
KEAP1 voor endotheelcellen te onderzoeken. Hoewel deze eiwitten zich minder goed tot in detail

lieten bestuderen, toonden de experimenten aan dat ze wel degelijk bijdragen aan de stabiliteit en
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organisatie van VE-cadherin-gebaseerde cel-celcontacten. Samen met hoofdstuk 2 geven deze

resultaten een breder beeld van het eiwitnetwerk dat betrokken is bij het VE-cadherin-complex.

Hoofdstuk 4 verlegt de aandacht van eiwitten die binnen de cel VE-cadherin binden naar het
extracellulaire domein. Dit deel va het eiwit dat buiten het celmembraan uitsteekt, bevat twee
zogenoemde RGD-motieven: korte sequenties die bekendstaan als bindingsplaatsen voor integrines
(een ander type celhechtingsmoleculen dan VE-cadherin). Tot nu toe waren deze RGD-motieven
nog nooit onderzocht op het VE-cadherin molecuul. In onze experimenten hebben we niet-
functionele varianten van deze motieven gemaakt om te testen of ze nodig zijn voor verbindingen
tussen cellen, barriére-integriteit, en het passeren van afweercellen door de vaatwand. We ontdekten
echter dat deze motieven voor géén van deze belangrijke processen nodig zijn. Daarmee sluiten we
een open vraag en kunnen toekomstige studies zich richten op de functioneel relevante delen van
VE-cadherin.

Hoofdstuk 5 gaat verder in op de rol van krachtgevoelige eiwitten bij het in stand houden van
een goed werkend bloedvatenstelsel. We onderzoeken hier het eiwit vinculin, dat niet direct aan VE-
cadherin bindt, maar wel wordt aangetrokken naar celverbindingen wanneer hierop mechanische
spanning staat. Met behulp van zowel celkweek als een zebravismodel laten we zien dat vinculin
helpt om stabiele verbindingen tussen endotheelcellen te behouden en lekkage te voorkomen tijdens
de vorming van nieuwe vaten. Deze resultaten benadrukken het belang van mechanische versterking
bij celcontacten en voegen een ontwikkelingsperspectief toe aan de regulatie van de

endotheelbarriérefunctie.

Hoofdstuk 6 zoomt uit en biedt een breder perspectief op de mechanische regulatie van
endotheelverbindingen. Hier wordt verder verkend hoe endotheelcellen reageren op mechanische
prikkels tijdens ontsteking, vooral in interactie met afweercellen. We presenteren kwantitatieve
gegevens over hoe endotheel- en T-cellen kracht op elkaar uitoefenen tijdens de reis van
immuuncellen vanuit het bloed, door de cel-celcontacten, naar het weefsel, en hoe de eiwitten die
deze krachten waarnemen en doorgeven dit proces vormgeven. Door huidige concepten en
moleculaire spelers te onderzoeken, biedt dit hoofdstuk een geintegreerd beeld van de dynamische

mechanische interactie tussen immuuncellen en de vaatwand.

Hoofdstuk 7 vat de belangrijkste bevindingen van dit proefschrift samen en plaatst ze terug
in de bredere context van het vakgebied. Ook komen in dit hoofdstuk de nieuwe vragen en ideeén
aan bod die uit ons onderzoek zijn voortgekomen. Kortom: dit proefschrift heeft veel nieuwe kennis
opgeleverd, maar er blijven genoeg spannende richtingen over om verder te verkennen, te

onderzoeken en over te discussiéren.
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Nederlandse Samenvatting

De adherens junctions (AJ) is een dynamische structuur die aangrenzende endotheelcellen (EC’s)
in de vaatwand met elkaar verbindt. AJ’'s moeten tegelijkertijd de weefselintegriteit waarborgen en
de gecontroleerde doorgang van vocht en immuuncellen mogelijk maken. De centrale
adhesiereceptor van AJ’s is vasculaire endotheliale cadherin (VE-cadherin), een transmembraan
eiwit dat homofiele adhesie tussen naburige EC’s medieert en een cytoplasmatisch eiwitnetwerk
verankert aan het actine cytoskelet. Hoewel de moleculaire samenstelling van dit AJ-complex
uitgebreid is bestudeerd, is het volledige spectrum aan VE-cadherin-geassocieerde
signaalprocessen nog niet volledig opgehelderd. Dit proefschrift beoogde de samenstelling en
functionele organisatie van VE-cadherincomplexen te onderzoeken en te definiéren hoe de
intracellulaire  organisatie van eiwitten bijdraagt aan AJ-stabilisatie, signalering en

mechanotransductie, teneinde de vasculaire integriteit te reguleren.

Het standaard endotheliale AJ-complex bestaat uit drie hoofdeiwitten: p120- en B-catenine binden
direct aan VE-cadherin en zorgen respectievelijk voor VE-cadherin’'s membraanlocalisatie en voor
de koppeling aan a-catenine, dat op zijn beurt de AJ-structuur verbindt met het actine cytoskelet. VE-
cadherin’s cytoplasmatische deel bevat drie relevante tyrosineresiduen die gefosforyleerd kunnen
worden en zo interacties met catenines en effectoren verderop moduleren. Om het VE-cadherin-
interactoom verder in kaart te brengen, volgden wij een proteomicsstrategie in EC’s die GFP-gelabeld
VE-cadherin tot expressie brachten of niet-fosforyleerbare varianten waarin tyrosines 658, 685 en
731 waren vervangen door fenylalanine. Massaspectrometrie van VE-cadherin pull-downs
identificeerde 37 interacterende eiwitten, waaronder een kerninteractoom van 9 eiwitten dat
consistent werd aangetroffen, onafhankelijk van tyrosinefosforylatie. Deze groep omvatte bekende
partners zoals a-, - en p120-catenin, wat onze aanpak valideerde, maar ook verschillende niet
eerder beschreven VE-cadherin-geassocieerde eiwitten, waaronder ARVCF, ARHGAP23, KEAP1 en
NGLY1. Deze bevindingen definiecerden een forsforylatie-onafhankelijk VE-cadherin-

interactienetwerk dat de basis vormde voor verdere functionele karakterisering.

Onder de nieuw geidentificeerde interactoren kwam ARVCF naar voren als een prominente
bindingspartner. ARVCF, een lid van de cateninefamilie dat structureel verwant is aan p120-catenin,
associeert met het juxtamembraandomein van VE-cadherin, maar bevindt zich in een afzonderlijke
junctionele subgroep die niet gebonden is aan p120-catenine. Lokalisatie van ARVCF naar AJ’s is
afhankelijk van VE-cadherin, en hun colocalisatie neemt toe in stabiele, confluente monolagen,
passend bij een rol in junctionele maturatie. Hoewel depletie van ARVCF de membraan-expressie

van VE-cadherin niet veranderde, verstoorde dit de organisatie van AJ’s, leidde tot meer
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intercellulaire spleetvorming, verminderde de barriereresistentie en belemmerde gecodrdineerde
celmigratie. Microscopie van levende cellen toonde instabiele junctionele dynamiek in afwezigheid
van ARVCF, terwijl behandeling met een EPAC1-agonist, die via Rap1-gemedieerde junctionele
versterking de endotheelbarriere verstevigt, de barriere-integriteit herstelde. Deze resultaten
suggereren een rol voor ARVCF in spanningsafhankelijke stabilisatie van AJ’s. Gezamenlijk
identificeren deze bevindingen ARVCF als een met maturatie geassocieerde stabilisator van het VE-

cadherincomplex.

Onze proteomicsdataset identificeerde daarnaast ARHGAP23, KEAP1 en PKP4 als VE-cadherin-
geassocieerde eiwitten. Deze partners breiden de functie van AJ’s uit voorbij structurele adhesie:
ARHGAP23 koppelt VE-cadherin complexen aan RhoGTPase-signalering en verbindt zo adhesie
met cytoskeletdynamiek; KEAP1 introduceert een potentiéle koppeling tussen cel-celcontacten en
redoxsignalering; en PKP4 draagt bij aan junctionele- en cytoskeletorganisatie met belang voor cel-
matrixadhesies. De identificatie en karakterisering van deze partners tonen aan dat VE-cadherin
mechanische, cytoskeletale, en stress-responsieve routes integreert. Daarmee wordt het
beschikbare netwerk uitgebreid en kunnen AJ’s zich dynamisch en nauwkeurig aanpassen, variérend

van vasculaire homeostase tot structurele veranderingen en inflammatie.

In dit proefschrift werd tevens de functionele relevantie onderzocht van twee extracellulaire RGD-
motieven in VE-cadherin. Hoewel RGD-sequenties doorgaans geassocieerd worden met
integrinebinding, toonden onze EC’s, waarin endogeen VE-cadherin was vervangen door varianten
met gemuteerde RGD-motieven (omgezet naar niet-functionele RGE-sequenties), aan dat deze
motieven niet essentieel zijn voor AJ vorming, barriére-integriteit, of transmigratie van monocyten.
Lokalisatie en functie van VE-cadherin bleven behouden. Deze bevindingen verfijnen het inzicht in
VE-cadherin-gemedieerde adhesie en de specifieke rekrutering van leukocyten, en geven aan dat

deze processen niet afthankelijk zijn van het extracellulaire RGD-domein.

Mechanische versterking van AJ’s werd verder in vivo onderzocht door de rol van vinculin, een
krachtgevoelige adaptor, die wordt gerekruteerd naar a-catenin. In vinculin-knockout zebravissen
vormden endotheelcellen nog steeds functionele bloedvaten, die echter verrassend permeabeler
waren voor kleine dextraanmoleculen, terwijl grote dextranen niet extravaseerden. Deze bevindingen
tonen de fysiologische relevantie van AJ-geassocieerde eiwitten en onderstrepen het belang van een

juiste krachtoverdracht tussen endotheelcellen voor een goede barrierefunctie.

Ten slotte werden de specifieke biomechanische krachten op raakvlak tussen het endotheel en T-

cellen besproken. Tijdens leukocyttransmigratie door de vaatwand zijn er frictie van het
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langsstromende bloed en krachten die de leukocyt van de vaatwand af kunnen rollen, die tezamen
wederzijdse signalering vormgeven. Door endotheliale mechanosensitieve routes te integreren met
de krachtresponsiviteit van T-cellen, immuunsynapsvorming, en krachtafthankelijke activatie, wordt
een biomechanisch raamwerk gegeven om te begrijpen hoe inflammatie en vasculaire functie
samenkomen op plaatsen van leukocytenrekrutering.

Alles bij elkaar genomen, door moleculaire architectuur en aan biomechanische uitkomsten te linken,

slaat dit proefschrift de brug tussen fundamentele celbiologische mechanismen naar fysiologische
uitkomsten op het niveau van vasculaire stabiliteit en permeabiliteit.
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