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Abstract
The integrity of the endothelial barrier is controlled by the combined action of
chemical and mechanical signaling systems. Permeability regulating hormones signal through
small GTPases to regulate the architecture of the cytoskeleton and this has a strong impact
on the morphology and stability of VE-cadherin-based cell-cell junctions. The details of how
structural and mechanical properties of the actin cytoskeleton influence cell-cell adhesion,
and how this impacts on the dynamic regulation of the endothelial barrier, are beginning to
be elucidated. In this review we discuss the physical and regulatory interactions between the
VE-Cadherin complex and the actomysoin cytoskeleton, as they are the main determinants
of cell-cell adhesion and the mechanical architecture of the cytoskeleton. We discuss how
a balance between Linear Adherens Junctions, paralleled by cortical actin bundles, and
Focal Adherens Junctions connected to radial action bundles determines endothelial barrier
function. We discuss how small GTPases control this balance by regulating the spatial
organization and mechanics of actomyosin. We propose a hypothetical model of how
biochemical and mechanical signals cooperate locally, at the actomyosin-adhesion interface
to open and re-seal the barrier in a rapid and controlled manner.
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Introduction
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Mechanical forces in the vasculature
The formation and integrity of tissues is controlled by chemical and mechanical
signals from their environment. Endothelial tissues in particular are subject to changing
mechanical conditions. Constant heartbeat-driven oscillations in flow-rate and pressure of
the blood result in cyclic induction and release of strain in the epithelial lining of arteries
and veins. Oscillating blood flow also causes cyclic shear forces on these endothelial layers.
Disturbances in blood flow in branched or damaged vessels produce alterations in the
shear force patterns, usually leading to increased shear force on the endothelium. At longer
timescales, alterations may occur in the mechanical properties of tissue supporting the
endothelial lining of vessels; the basement membrane and the muscle layers. Endothelial
cells, like cells of any other type, sense alterations in the mechanical environment and
respond by adapting their intracellular mechanical properties through re-organization of
their cytoskeletal networks These mechanotransduction processes are important during
vascular development as they drive differentiation and branching morphogenesis of vessels
[1] and these mechanotransduction processes are involved in the development of vascular
pathologies that are often associated with alterations in the mechanical environment. Wellknown examples of mechanically associated vascular diseases are atherosclerosis, caused
by disturbed shear-flow force, and interstitial lung disease and lung edema, caused by loss
of vascular barrier function due to mechanical alterations in the microvascular basement
membrane [2, 3]. It is also becoming clear that tumor associated vessels have compromised
barrier function and that this may be caused by a combination of tumor-generated chemical
signals and high stiffness of the basement membrane of these vessels [4].
Besides the involvement in vascular development and disease, mechanical
regulation of endothelial cells is also very important in the day to day regulation of endothelial
barrier function. In the microvasculature that supports organ systems, there is a constant
need to open and close the endothelial wall as immune cells have to pass through while
passage of pathogens, blood cells and tumor cells needs to be blocked. Also in microvascular
permeability signaling, contraction of the actomyosin cytoskeleton, resulting in changes in
cellular mechanics, is recognized as a key factor. The details of how hormones that regulate
vascular permeability use actomyosin organization and contractility to do so are currently
being discovered and this knowledge may also increase our understanding of the causes
of mechanically regulated vascular diseases. One of the key questions that is emerging is
how the local subcellular architecture of the actomyosin cytoskeleton affects cell-cell
junction dynamics and organization. In this review will describe how regulation of the actin
cytoskeleton determines the mechanical architecture of cells; how the local architecture of
the actin cytoskeleton near cell-cell junctions influences barrier function; and how this could
underlie force-dependent regulation of endothelial permeability.
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The main players of the endothelial barrier
Adhesion complexes and cytoskeletal networks.
The structure of vascular endothelial cells is determined by a dynamic interplay
between cell-ECM (extracellular matrix) adhesions, cytoskeletal networks and cell-cell
adhesions whose integrity ultimately determines barrier function. Among the many cell-cell
adhesion complexes in endothelial cells, the VE-Cadherin complex is central. Loss of VECadherin adhesion perturbs other cell-cell junction complexes, severely compromises barrier
function and results in profound changes in cytoskeletal structure [5-8]. The core complex
consists of VE-Cadherin, β-catenin or its homologue plakoglobin, α-catenin and p120 catenin.
The VE-cadherin complex connects to the actin cytoskeleton through α-catenin to form the
endothelial adherens junctions (AJs). Adherens junctions also contain Nectins and they are
likely to be important for endothelial barrier function [9], but this is not extensively studied.
It is clear that the Nectin-F-actin connector Afadin (that also interacts with other cell-cell
adhesion complexes) is of key importance for endothelial barrier function [10, 11]. Actinconnected tight junctions (TJs) have not been as extensively studied in endothelial cells as
in epithelial cells, because their presence is not as prominent. Nevertheless, Claudin 5 and
Occludin, the main endothelial TJ adhesion receptors are clearly very important for barrier
function [12].
All three major cytoskeletal networks (F-actin, microtubules (MTs) and intermediate
filaments (IFs)) contribute to the structure and barrier function of endothelial cells [13].
Desmosomes are not present in endothelial cells, but the vimentin-based IF network is
connected to cell-cell junctions through the VE-Cadherin complex [14] and to cell matrix
adhesions through hemidesmosomes [15]. Intermediate filaments generally determine the
flexibility of cells and the ability to sustain deformation under pressure [16]. MTs regulate
trafficking of structural and signaling factors. They are very important in directed cell migration
and therefore also in the development of the vascular system [17]. They also contribute
to barrier maintenance, either by controlling the trafficking of junctional components or
indirectly by controlling the F-actin cytoskeleton [18-20]. The F-actin cytoskeleton comes in
many kinds of structures and organizations depending on the proteins that bind to it [21] and
influences endothelial structure and barrier function in multiple ways. For support of cell-cell
adhesion, cortical actin networks and actin bundles that run in close proximity and parallel
to cell-cell junctions are important. On the other hand, the presence of radial stress fibers
(RSFs), in the center of the cell is associated with reduced stability of cell-cell junctions [22].
Finally, although they are not directly involved in cell-cell adhesion, integrinbased ECM adhesions control the organization and contractility of the actomyosin network.
Integrins organize into focal adhesions (FAs) that are connected to actomyosin bundles (both
RSFs and cortical bundles). Besides being physical sites of adhesion, FAs are signaling centers
that sense chemical information (density and type of ECM, binding sites for additional ECM
receptors) and mechanical information (stiffness of ECM, deformation of the ECM). There
is mechanical feedback between ECM and the actomyosin cytoskeleton as FA signaling
regulates organization and contractility of the actomyosin cytoskeleton to match cellular and
environmental mechanical [13].
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Chemical and mechanical contributions to the regulation of the endothelial barrier.
To regulate endothelial barrier function, permeability factors such as thrombin and
VEGF target all of these elements that determine cellular architecture. The first elements
targeted are the cell-cell adhesion complexes that form the ultimate defense against
vascular permeability. This is achieved through posttranslational chemical modifications
of their components. Especially the VE-Cadherin complex is a target for signaling events
in this context. Multiple phosphorylation sites on VE-Cadherin have been identified and
also its interaction partners β-catenin and p120-catenin are regulated by phosphorylation
to affect the stability of endothelial cell-cell adhesions [23-25]. The tyrosine kinase Src is
heavily implicated in VE-cadherin phosphorylation [26, 27] while Protein Kinase C and FAK
are promoting serine/threonine phosphorylation of VE-Cadherin [23, 28]. Shp-2 and VE-PTP
are the phosphates that counterbalance these phosphorylations [29, 30]. Together, these
phosphorylations regulate interactions among VE-cadherin complex members and trafficking
of complex members and through that they determine the strength of endothelial cell-cell
adhesion [26, 27].
The second element targeted in the regulation of the endothelial barrier is the
cytoskeleton. Alterations in the mechanical architecture of the actomyosin cytoskeleton are
commonly observed when permeabilization signals are active and MyosinII activity is a central
target of these signals. Both the central RSFs, the cortical bundles as well as the cortical
networks are dependent on MyosinII, which has a dual effect: stabilization of the structure
and induction of contractility in these structures [18]. Consequently, Myosin II activity may
affect endothelial permeability in multiple ways. Myosin II activity in the cortical actomyosin
network supports cell-cell junctions, most likely because it is stabilizing their structure [31].
Myosin II is also very strongly implicated in the reduction of endothelial barrier formation
and this is associated with its stabilizing effect on the RSFs [32]. It should be noted that these
RSFs are often spanning 2 integrin-based FAs and do not directly contact cell-cell junctions.
It is more likely that they are indicative of increased contractile tension on all cytoskeletal
connected structures in the cell including cell-cell junctions. More directly determining the
local architecture and tension at cell-cell junctions are the alterations in cortical bundles that
tend to increase their distance from the cell-cell contacts while thinner bundles, called Radial
Actin Bundles (RAB), appear to sprout from them that are connected to the cell-cell junctions
complexes (Fig. 1 gives an overview of the main elements (and their interconnections) that
determine mechanical architecture and barrier function of endothelial cells). Thus, spatial
distribution of tensile forces within actomyosin structures appears to be a key determinant
in endothelial cell permeability. This is beautifully illustrated by AFM measurements in
endothelial cells treated with permeabilizing agents that result in an increase in central
stiffness and protective agents that increase junctional stiffness [33].
The third element targeted in the regulation of endothelial permeability is the
integrin-ECM adhesion. This can be at the level of the ECM, a relatively slow process that
requires protein degradation and synthesis and structural reorganization [2, 34] or at the
level of the integrin-associated proteins that regulate the cytoskeletal alterations in response
to the ECM. Key players in ECM-cytoskeletal signaling are Talin, the primary linker between
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Figure 1. Overview of actin structures involved with cell-adhesion
This immunofluorescence image of a monolayer of Human Umbilical Vein Endothelial Cells (HUVECs) is used to
illustrate the structural elements discussed in this review. The major type of cell-cell adhesion, the Adherens
Junctions are labeled by VE-cadherin antibodies. The major type of cell-Extracellular Matrix (ECM) adhesions,
Focal Adhesions (FAs) are labeled in this image by FAK antibodies. The actin cytoskeleton is labeled by phalloidin
and several structural elements are defined. The arrows indicate the Radial Stress Fibers (RSF) that are located
centrally in the cell and usually connect to FAs on either side. The cortical actin network (indicated double arrowed
line) appears as a very thin actin structure and is localized in close proximity to the cell membrane or the cellcell junctions. The cortical actin bundles (dotted line) are defined as those bundles that run parallel to cell-cell
junction but are further away from the membrane in comparison to the cortical actin network. Radial Actin Bundles
(pointed out by one sided arrows) are defined as those thin bundles that emanate from the cortical actin bundles,
run perpendicular towards and terminate at cell-cell junctions.

integrins and F-actin [35]; Vinculin, whose presence depends on tension on FAs and regulates
adhesion strengthening [36] and FAK (focal adhesion kinase), whose kinase activity is regulated
by tension and crucial for ECM-induced activation of contractility [37, 38]. The activity of these
proteins, as well as that of the integrins themselves is determined by phosphorylation events
on multiple sites [39, 40], which thus represents possible target sites for signaling pathways
regulating endothelial permeability. In the case of FAK, phosphorylation downstream of VEGF
is well documented [41-43], for the other proteins regulation of their phosphorylation sites
by endothelial signaling cascades has not been reported to our knowledge.
Thus, chemical modifications regulating cell-cell adhesion directly, and structural
alterations regulating junction mechanics cooperate to determine the permeability of the
endothelial barrier. It is important to note that, even though it may seem the most direct way
of regulation, post-translational modification of VE-cadherin complex members by signaling
pathways like VEGF and thrombin does not lead to decreased barrier function if cytoskeletal
re-organization and contractility inhibited. A beautiful study by Krishnan et al., showing
that thrombin-induced permeabilization of endothelial layers depends on ECM-stiffnessdependent cytoskeletal organization [44], underscores the pivotal role of these mechanical
elements in endothelial barrier function.
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Small GTPases control cytoskeletal mechanics and endothelial barrier.
In the control of endothelial actomyosin organization a set of small GTPases is
of key importance. These are the Rap1 GTPases (Rap1a and Rap1b) and the Rho family
GTPases (RhoA, Rac1 and Cdc42). There is a lot of evidence showing that the activity of
these small GTPases is regulated by hormones that regulate endothelial permeability (like
Thrombin, VEGF, TNFa, angiopoetins)[45-47]. Furthermore, perturbation of these GTPases
or their regulating GEFs (guanine nucleotide exchange factors) and GAPs (GTPase activating
proteins) leads to strong effects on barrier function [48, 49]. Studying the signaling pathways
downstream of GTPases has also increased our understanding of cytoskeletal control of
endothelial permeability. In Fig. 2 a scheme is drawn of the GTPases and their main effectors,
how they impinge on actomyosin organization and mechanics and how this affects junctional
morphology.
RhoA can bind and activate a number of effector proteins, but the most important
ones implicated in cytoskeletal organization are the Rho-kinases (ROCKs) and the Formins of
the Diaphenous family (Dia) [50]. ROCKs regulate actin polymerization through Lim-Kinase
[51] and actomyosin contraction through direct and indirect positive regulation of Myosin
Light Chain (MLC) phosphorylation [52]. Dia regulates actin polymerization [51] and is also
involved in MT dynamics [53]. In the regulation of the vascular barrier, the predominant
effect of RhoA activation is RSF formation and increased cellular contractility. This has been
shown to be crucial for TNFa, VEGF and Thrombin induced permeability [45].
Cdc42 is well known as a regulator of polarity through the PAR complex and as a
regulator of actin organization through the N-WASP complex [54]. In the vascular barrier,
its predominant role appears to be in the regulation of Myosin activity through its effector
MRCK. Myosin activation by cdc42 has the opposite effect of myosin activation by RhoA.
Due to it localization at cell-cell contact areas, cortical actomyosin is strengthened by Cdc42,
which thus leads to a tightening of cell-cell adhesion and increased barrier function [32].
Rac is generally found to be a positive regulator of barrier function. This can be
explained by its activation of actin polymerization needed to support junctions and by its
antagonistic effect of RhoA activity and signaling [55, 56], leading to decreased RSF formation
and contractility. Rac however can also regulate barrier function in a negative way, for instance
by regulating VE-Cadherin internalization through its PAK dependent phosphoryzlation [57]
as observed downstream of VEGF signaling. It has also been suggested that Rac activated PAK
can negatively regulate the endothelial barrier by manipulating myosin contractility [58].
Rap1 proteins (Rap1A and B), bind to the same downstream effectors and have a
strong promoting effect on endothelial barrier function. The closely related Rap2 proteins
(Rap2 A, B and C) activate different effectors than Rap1 and interestingly their effect on
endothelial barrier is opposite to that of Rap1 [59]. The Rap1 effector Afadin, or AF6, is an
actin binding protein that localizes to cell-cell junctions where it can interact to tight junctions
through ZO-1 and AJs through nectins and α-catenin [60-63]. Rap1-induced activation of
AF6 may play multiple roles in stabilizing adherens junctions: AF6 can bind p120 to inhibit
cadherin internalization [64]. In drosophila, Rap1-induced activation of Canoe (the AF6
homologue) is needed to maintain the interaction between contractile actomyosin and
adherens junction during dorsal closure. Furthermore, it has been demonstrated that AF6
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Figure 2. Small GTPases that regulate cytoskeletal architecture
This schematic depict the main described routes through which small GTPAses regulate actomyosin organization
and mechanics and how this control cell-cell junction morphology. Activation of Rho, induction of actomyosin
contraction in central RSFs and increased radial tension on cell-cell junctions strongly correlates with the
destabilization of cell-cell adhesion and the formation of intercellular gaps. We have named the remaining foci
of cell-cell adhesion Focal Adherens Junctions. Activation of Rac1 and cdc42, promotes junctional actomyosin
structure and tension in the cortical action bundles that run parallel to junctions. This strongly correlates with
enhanced endothelial barrier function and the appearance of stable, sealed junctions that we call Linear Adherens
Junctions. There is negative crosstalk between the pathways that promote stabilization and destabilization at
the level of Rho and Rac. Rap1 functions upstream of both systems, which means that the level of Rap1 activity
determines the balance between Focal and Linear Adherens junction formation.

(through Rap1 activation) is needed to restore the endothelial barrier after disruption [65].
Besides regulating cell-cell junction associated proteins, Rap1 regulates the architecture of
the cytoskeleton to affect endothelial barrier. The Rap1 effector RIAM can bind the actin
polymerizing factor VASP [66] or regulate the interaction between actomyosin and integrins
to impact on cytoskeletal organization in multiple ways [67]. The cerebral cavernous
malformation protein CCM1 was identified as a Rap1 effector that controls cytoskeletal
organization in endothelial cells together with its binding partner CCM2. The effect of this
effector pair is the down modulation of RhoA activity and the concomitant loss of RSFs and
increase of cortical or junction-associated F-actin. The molecular link between CCM proteins
and RhoA regulation remained elusive [68, 69]. Very recently, two additional pathways
targeting Myosin II activity have been found to regulate endothelial barrier and vascular
integrity downstream of Rap1. Firstly, it was discovered that active Rap1 interacts with
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Rasip1, to activate its binding partner ArhGAP29. ArhGAP29 is a GAP for RhoA, which causes
a reduction in Rho activity, and downstream Myosin II activity resulting in a reduction of RSFs
and, likely, a loss of radial tension on cell-cell junctions. This pathway was shown to stabilize
newly formed vessels in vivo and enhance endothelial barrier in vitro [70, 71]. Secondly, Rap1
was found to induce Myosin II activity near cell-cell junctions by activating CDC42 and its
effector MRCK, which causes phosphorylation of Myosin Light Chain [32].
Thus, by controlling the mechanical architecture of endothelial cells through
multiple pathways, these small GTPAses regulate endothelial barrier function (Fig. 2). The
general emerging picture is that RhoA driven cytoskeletal contraction in central regions of
the cells is destabilizing endothelial barrier function, whereas Rac and CDC42 driven F-actin
formation and contraction at the cell cortex is enhancing endothelial barrier function. Rap1
functions as an upstream regulator to control the balance between these pathways.
Coupling actomyosin architecture to cell-cell junction morphology and stability
To understand why the spatial organization of the cytoskeletal networks is so
important in determining cell-cel adhesion stability and endothelial barrier, we need to
understand how the actomyosin cytoskeleton interacts with cell-cell junctions and how it
determines their organization. Although, multiple cell-cell adhesion complexes can interact
with F-actin, by far the best investigated interaction is that with the VE-Cadherin complex.
The central protein in this interaction is α-catenin, which directly connects β-catenin to
F-actin. Without α-catenin, no interaction between the actomyosin cytoskeleton and the VECadherin complex is formed. Additional F-actin-binding and regulating proteins are recruited
to modify the conformation and the strength of the VE-Cadherin-actomyosin interaction, but
none of those are essential for its formation (reviewed in [72]).
By conventional microscopy inspection of VE-Cadherin-based cell-cell junctions and
the associated actomyosin cytoskeleton in immunofluorescently stained endothelial cells, 2
predominant organizations are discernable: 1) Continuous cell-cell junctions that sometimes
look like straight lines, but usually do contain curvature and irregularities upon closer
inspection. These junctions are aligned (but not really touched) by parallel oriented, thick
F-actin bundles and colocalize with fainter F-actin structures that closely follow the curvature
of the junction. For clarity we call these Linear Adherens Junctions (LAJs, Fig. 3a left panel).
2) Discontinuous or fragmented cell-cell junctions containing short, VE-Cadherin strands that
are oriented perpendicular to the plane of cell-cell contact. These VE-Cadherin strands are
directly touched by radial F-actin bundles that emanate from a meshwork of bundles located
more centrally in the cell. We have called these Focal Adherens Junctions (FAJs, fig. 3a right
panel), to underscore their focal appearance and to underscore their structural and function
similarity to integrin-based focal adhesions [73]. Notably, this separation is rough and arbitrary
as intermediate structures are present (representing transition?) and irregularities exist in
continuous junctions that make them resemble FAJs at this level of inspection. The structural
and mechanical differences between FAJs and LAJs and their adjacent cytoskeletons are
easily appreciated in timelapse recordings of live endothelial cells labeled with junctional
and/or cytoskeletal markers (see movie 2 in [73])
A molecular distinction between LAJs and FAJs in endothelial cells is the presence
of the α-catenin interacting, actin binding protein Vinculin [73]. The most likely explanation
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Figure 3. Regulation of the endothelial barrier by the local actomyosin architecture near cell-cell junctions.
A) Human Umbilical Vein Endothelial Cells (HUVECs) fixed and immunofluorescently labeled for VE-cadherin,
vinculin and F-actin. The middle panel contains an overview of cell monolayer. The left panel contains a zoom-in
on a LAJ: the stable type of junction that sustains endothelial barrier function. The right panel contains a zoom-in
of an area of FAJs – the discontinuous, radial-actin connected, Vinculin-positive strands that occur during phases
of barrier disruption. Dotted lines indicate the general direction of cortical actin, and arrows indicate actin stress
fibers. In LAJs (left panel), cortical actin bundles are running parallel and in close proximity to the cadherin-based
cell-cell junctions, while radial bundles are not found. In FAJs (right panel) radial actin bundles are present that
terminate at the Vinculin-positive cell-cell junctions. Perpendicular running cortical actin bundles are present,
however, they are found less concentrated near FAJs than near LAJs. B) A hypothetical model of how biochemical
and mechanical signals cooperate in the remodeling of the endothelial barrier. The model indicates how hormones
that activate RhoA and increase the formation of RSFs and central cell contractility, destabilize the cortical actin
cytoskeleton concentrated near LAJs. This leads to intercellular gap formation with remaining puncta of VEcadherin that connect cells through FP-like actin-rich bridges. When the actin structure in these bridges becomes
contractile, tension across the VE-cadherin complex rises and α-catenin becomes stretched, which recruits vinculin
(and possibly other proteins) to the cell-cell junctions. The recruitment of these proteins induces a signaling process
that leads to the restoration of LAJs, possibly through small GTPases like Rap1, Rac1 and Cdc42. The mechanical
feedback between the actin cytoskeleton and the cell-cell junctions is necessary to protect the endothelial barrier,
while leaving room for processes like lymphocyte extravasation and neo-angiogenesis. The validity of this model
awaits the detailed investigation of molecular and structural dynamics at the actomyosin-adhesion interface by
new super-resolution microscopy techniques.
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for the differential presence of Vinculin is a difference in tension on the Cadherin complex.
The underlying hypothesis is that α-catenin becomes stretched when tension across the
Cadherin complex increases and that this stretching leads to the release of an intramolecular
interaction that shielded its Vinculin-binding domain [74]. The stretch-dependent regulation
of α-catenin is not directly proven, but crystal structures of full length α-catenin and parts of
α-catenin associated with Vinculin, do show that such an intramolecular interaction occurs
and that α-catenin needs to unfurl to bind Vinculin [75-77]. Differential tension between
LAJs and FAJs has also not been directly proven. It seems obvious, however, from the
cytoskeletal organization that radial actomyosin bundles put tension on the attached FAJs
and laser cutting experiments have indeed shown this. Furthermore, washing-in of inhibitors
of MyosinII resulted in a rapid loss of Vinculin from FAJs and a subsequent change of their
organization to LAJs [73, 78] suggesting that Vinculins presence was due to actomyosin-based
contractile forces. It could be that VE-Cadherin complexes in LAJs experience tension in the
direction parallel to the adhesive contact, but the absence of Vinculin argues against that.
With the recent generation of a FRET-based tension sensor for VE-Cadherin [79], the final
piece of evidence for tensional difference between LAJs and FAJs is to be expected soon.
Thus, roughly, 2 types of VE-cadherin-containing cell-cell junctions exist that are
distinct in morphology and molecular content and likely also in mechanical status. The LAJ is
continuous, contacts parallel actin filaments, contains no Vinculin and probably experiences
low tension. The FAJ is discontinuous; contacts radial actin bundles, contains Vinculin and
probably experiences increased tension.
How do tensional forces control junctional organization and permeability?
Permeability factors like thrombin and VEGF induce the presence of FAJs at the
expense of LAJs in a RhoA dependent manner [73]. The most straightforward hypothesis
could thus be that forces directly induce permeability by pulling cell-cell junctions apart.
However, even though permeability correlates with increased pulling forces on cell-cell
contacts, this tension is not directly driving the dissociation of cell-cell adhesion. In fact, the
best documented effect of increasing tension on cell-cell junctions is the opposite: Tension
dependent recruitment of Vinculin to FAJs limits gap formation between neighboring
endothelial cells stimulated with thrombin [73] and enhances epithelial barrier formation
in calcium switch assays [80]. This is in direct agreement with a biomechanical study by the
Chen lab showing that the magnitude of tensile force on VE-Cadherin junctions correlates
positively with the size of these junctions [81]. Thus, radial, tensile forces on VE-Cadherin
junctions increase rather than decrease endothelial junction integrity. How can we now place
this apparent contradiction - that RhoA activation, RSF formation and increased junctional
tension correlates with, and are needed for permeabilization, while the direct effect of
tension on junctions is their re-enforcement and growth- in the context of endothelial barrier
regulation? We propose a 2-step process in which the destabilization of LAJs is causing the
loss of barrier while the formation of FAJs allows a protective feedback signal to restore
barrier function (Summarized in fig. 3b).
To understand the first step in this model, a parallel might be drawn with the free
edge of a migrating cell, where constant switches in actin organization occur. Cells send
out protruding lamellipodia (LP) at their leading edge and these structures then collapse
and retract leading to different cytoskeletal structures [82]. LP have been described by
electron microscopy as flat protrusions that contain a branched actin structure [83]. These
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branched actin structures in lamellipodia appear very similar to the cortical actin parallel to
the cell membrane at LAJs. Strong activation of RhoA and concomitant formation of RSFs in
single cells causes the retraction of lamellipodial protrusions, because the formation of the
branched actin network that pushed forward is no longer supported [84, 85] and inward
actin flow becomes the predominant cytoskeletal motion. There is a clear parallel with the
reduced presence of cortical actin bundles in thrombin stimulated endothelial cells and it
could be envisioned that this RhoA-induced collapse of cortical actin is the main reason for
the destabilization of LAJs. This destabilization now allows the retracting cytoskeleton to pull
along the membrane and produce gaps between cells. Strongholds of VE-Cadherin adhesion,
however, remain and this results in the appearance of intercellular bridges that become the
FAJs. This bridge formation could either be a stochastic process or be pre-determined by
unknown inhomogeneity in LAJs at the sub micrometer scale. We do know that they are
not newly formed adhesion complexes as photo conversion experiments showed that the
α-catenin molecules switched in LAJs remained at their position during transition to FAJs [73].
To understand step 2, we draw an analogy between the emergence of the FAJs and
the life cycle of filopodia (FP). FP are defined as long, thin cellular membrane protrusions that
contain radial filaments that are bundled together by fascin into (relatively) thick actin bundles
[86]. Due to their uniform polarity (all barbed ends facing the protruding edge) these actin
structures are initially non-contractile. FP-like structures have been initially described during
cell-cell junction formation in calcium switch assays in epithelial cell layers by Vashioukhin
et al. [87]. In that same assay of epithelial junction formation, the presence of Vinculinpositive FAJs was observed [80], showing that FP like structures and FAJs co-exist at certain
stages of cell-cell adhesion. A beautiful electron microscopy study by Hoelzle and Svitkina
[88] gave further insights into the development of radial actin-contacted cell-cell junctions in
endothelial cells. In this study, a dynamic interplay between lamellipodial and filopodial actin
structures was revealed. Upon contact between lamellipodia of interacting cells, retraction
of these lamellipodia left thin cytoplasmic bridges between the connected cells. These
intercellular bridges contained tightly bundled, long actin filaments and stained positive for
fascin, a marker for filopodia. VE-cadherin, was present at the base of these bridges and the
polarity of the actin bundles was uniform, similar to that of filopodia. Progressive recruitment
of GFP-myosin light chain to these bridges suggested they matured from non-contractile FP
to contractile radial stress fibers over time. Thus, during the formation of endothelial cellcell contacts, intercellular FP-like bridges are formed that mature into radial stress fiber
connected tensile contacts that we would call FAJs. It is likely that a very similar process
underlies the formation of FAJs during endothelial permeabilization by thrombin and other
hormones. The ensuing molecular sequence of events when these bridges mature into FAJs,
is that when the actin structure becomes contractile, tension across the actin-VE-cadherin
connection rises, α-catenin becomes stretched and Vinculin is recruited. Both α-catenin
stretching and Vinculin recruitment lead to the occurrence of additional binding sites for
proteins such as VASP, ARP2/3 and AF6. Vinculin and additional force-recruited proteins thus
complete the cycle of endothelial permeabilization by switching on a feedback signal that
restores endothelial barrier stability.
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Conclusions and future perspective
In this review we described how the regulation of the mechanical architecture of
endothelial cells is central to hormone mediated regulation of endothelial permeability.
Myosin-dependent contractile forces play multiple roles: Localized centrally in RSFs they
correlate with a reduced density and junctional-association of cortical actin networks and a
reduced endothelial barrier. Although a direct causal relationship between increased central
tension and decreased cortical networks is so far speculative. Localized in the cell cortex,
Myosin-based forces promote barrier function by supporting the stability of LAJs that seal
the monolayer. Localized in radial actin bundles connected to FAJs, that appear when LAJs
are destabilized, myosin-based contractile forces activate feedback signals that function
to promote cell-cell adhesion and restore endothelial barrier. Thus cellular mechanics
control barrier function at different scales in space and time. Aiming to interfere in vascular
permeability dysfunction by targeting cellular mechanics thus requires a precise understanding
of these control mechanisms. The inhibition of central Myosin activation by interfering in
RhoA signaling is likely to enhance barrier function. Activating cortical Myosin by increasing
CDC42 activity could be equally beneficial. A third and new option would be to harness the
positive feedback signaling of FAJs for barrier enhancement, for instance by stabilization of
the stretched conformation of α-catenin. Underscoring the power of stabilizing interactions
at the actomyosin-VE-Cadherin interface to promote barrier function, is the finding by the
Vestweber lab that a mouse in which VE-Cadherin is replaced by a VE-Cadherin-a-catenin
fusion construct shows severely reduced leukocyte transmigration in an inflammation assay
in vivo [89].
Based on decades of research, we have a good understanding of the actomyosin
cytoskeleton and its regulators and of the VE-cadherin complex and its biochemical
regulation. The current challenge is to elucidate the precise modes of interaction between
these two systems, both at the physical and regulatory level. The resolution limits of light
microscopy have largely restricted research into actin and junction ultrastructure to the use
of electron microscopy, which cannot reveal the dynamics of their interactions and does not
easily allow investigation of the proteins involved as labeling is difficult. The new generation
of super resolution (fluorescent) microscopy methods, that are being made applicable to live
cell imaging, decrease the resolution limit up to 10-fold. This will allow us to simultaneously
image the molecular composition and the structural organization of actomyosin and cellcell adhesion complexes and to investigate how these two properties influence each other
through chemical and mechanical feedback signaling. Thus we will fill in this gap in our
understanding of the regulation of the endothelial barrier.
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Abstract
To remodel endothelial cell-cell adhesion, inflammatory cytokine- and angiogenic growth
factor-induced signals impinge on the VE-cadherin complex, the central component of
endothelial adherens junctions. This study demonstrates that junction remodelling takes
place at a molecularly and phenotypically distinct subset of VE-cadherin adhesions, defined
here as Focal Adherens Junctions (FAJ). FAJs are attached to radial F-actin bundles and
marked by the mechanosensory protein Vinculin. We show that endothelial hormones VEGF,
TNFα, and most prominently thrombin induced the transformation of stable junctions into
FAJs. The actin cytoskeleton generated pulling forces specifically on FAJs, and inhibition of
Rho-Rock-actomyosin contractility prevented the formation of FAJs and junction remodelling.
FAJs formed normally in cells expressing a Vinculin binding-deficient mutant of α-catenin,
showing that Vinculin recruitment is not required for adherens junction formation.
Comparing Vinculin-devoid FAJs to wild-type FAJs revealed that Vinculin protects VE-cadherin
junctions from opening during their force-dependent remodelling. These findings implicate
Vinculin-dependent cadherin mechanosensing in endothelial processes such as leukocyte
extravasation and angiogenesis.
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Introduction
Stable endothelial cell-cell junctions, mediated by VE-cadherin in association with
p120-, β-, γ- and α-catenin, are important for maintaining vascular barrier function, whereas
controlled remodelling (disruption) of endothelial junctions is crucial for processes such
as leukocyte extravasation and sprouting angiogenesis [26, 90]. Constitutively disturbed
endothelial junctions are often found in pathophysiological conditions such as inflammation,
vascular leakage, atherosclerosis and tumour-associated angiogenesis [91, 92]. Endothelial
permeability factors and angiogenic growth factors, such as vascular endothelial growth
factor (VEGF), tumour necrosis factor α (TNFα) and thrombin, transiently remodel junctions
[26, 90, 93, 94] through signalling pathways that mediate phosphorylation and endocytosis
of the VE-cadherin complex [57, 95, 96].
Next to these signal transduction pathways, changes in the actin cytoskeleton play
a significant role in endothelial junction remodelling: increased actomyosin contraction
is involved in the onset of sprouting angiogenesis [97, 98] and important for leukocyte
transendothelial migration [99, 100]. Moreover, thrombin, VEGF and TNFα raise actomyosin
contractility through activation of the small GTPase RhoA [101-105]. Increased extracellular
matrix rigidity raises cytoskeletal tension [106] and increases endothelial junction disruption
by thrombin [44]. Thus, increased actomyosin-based tension at endothelial cell-cell junctions
is an important factor in their hormone-induced remodelling [107]. In contrast however, in
the absence of hormones, VE-cadherin-based junctions stabilize and grow with increasing
tension [81] and similarly, epithelial cadherin-based junctions respond to increasing force
by a proportional reinforcement [78]. This indicates an intricate interplay between chemical
signals and cytoskeletal forces to control remodelling of endothelial junctions.
It is evident that cadherin complexes play an important role in force-transmission
during actomyosin-dependent epithelial remodelling in vivo [108, 109]. From previous work,
however, it remains unclear how F-actin is linked to the VE-cadherin complex molecularly
[110]. α-Catenin plays a central role, but additional proteins such as Eplin and Vinculin are
expected to be involved as well [111-113]. Recently it was found that cadherin complexes
not only transmit force but can also act as active mechanosensors, Vinculin was shown
to be involved in this function [78, 114]. Earlier, VE-cadherin was reported to take part in
a mechanosensory complex that is activated when endothelial cells are placed under
conditions of fluid shear stress [115]. Taken together, these observations pose the possibility
that cadherin complexes not only fulfil a structural role, but that molecular events at the
cadherin complex are actively involved in force-dependent junction remodelling.
Here we use various live imaging approaches and mutational analysis of the VEcadherin complex to uncover where cytoskeletal forces apply on endothelial junctions, and
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how this is involved in junction remodelling induced by endothelial hormones. We identify two
molecularly distinct VE-cadherin based junctions, one involved in adhesion maintenance and
one involved in junction remodelling. Vinculin precisely demarcates the remodelling junctions,
which are induced by endothelial hormones dependent on increased cytoskeletal pulling
force. Vinculin recruitment is not absolutely required for junction formation, maintenance
or remodelling, but Vinculin functions to protect endothelial junctions from opening during
force-dependent remodelling. These data show that Vinculin-dependent mechanosensing
is conserved between VE-cadherin and E-cadherin and implicate this function in processes
that entail endothelial junction remodelling such as leukocyte extravasation and angiogenic
sprouting.
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Results
Remodelling endothelial cell-cell junctions are molecularly and phenotypically distinct
junctions that attach to radial actin bundles and contain Vinculin.
Live imaging of VE-cadherin-GFP (characterized in [116]) in untreated confluent
monolayers of primary Human Umbilical Vein Endothelial Cells (HUVECs) shows that HUVECs
are very motile and their cell-cell junctions disrupt and reform at a high frequency (Video 1).
At these remodelling junctions, perpendicular VE-cadherin orientations appear at the rear
of migrating cells in the monolayer, as well as between non-migrating cells that seem to
pull on their shared cell-cell junctions. To investigate the underlying dynamics of the actin
cytoskeleton, we performed dual colour live imaging of Lifeact-mCherry (characterized in
[117]) and VE-cadherin-GFP (Fig. 1a). Stable, mature junctions are marked by faint cortex
F-actin, while aligned by thick parallel actin bundles that do not overlap with VE-cadherin (Fig.
1a, Video 2 left row). By contrast, remodelling junctions, showing perpendicular VE-cadherin
orientation, are attached to radial actin bundles from both cells participating in the cell-cell
junction (Fig. 1a, Video 2 right row). Thus within an unstimulated endothelial monolayer in
2-dimensional (2D) culture two types of VE-cadherin adhesions can be distinguished: stable,
mature junctions that are aligned by, but not connected to, parallel actin bundles; and active,
remodelling junctions that are connected to radial actin bundles and show a perpendicular
orientation of VE-cadherin.
To investigate the molecular differences between stable and remodelling junctions,
we used immunofluorescence (IF) to stain for proteins previously implicated in the attachment
of cell-cell junctions to the actin cytoskeleton. The most striking observation in HUVECs is
the exclusive presence of Vinculin in perpendicular oriented, VE-cadherin-marked cell-cell
junctions that are contacted by radial F-actin bundles (Fig. 1b). In junctions aligned by parallel
actin bundles, which are most likely stable junctions, there is a striking absence of Vinculin.
Because Vinculin is also a prominent member of Focal Adhesions (FAs), the sites of integrinmediated adhesion to the extracellular matrix [118], and because integrin adhesions have been
found associated with cell-cell junctions in several instances [119, 120], we next investigated
whether other FA members besides Vinculin are present in perpendicular oriented cell-cell
junctions in HUVECs. However, even when FAs are located close to endothelial junctions, we
find no colocalization of the FA-proteins phospho-Paxillin (pY118), phospho-FAK (pY397) or
Talin with VE-cadherin at perpendicular oriented junctions (Fig. 1c, Fig. S1a-c). Co-IF stainings
of Paxillin and Vinculin in HUVECs (Fig. S1d) and Human dermal Microvascular Endothelial
Cells (HMEC-1s) (Fig. S1e,f) show that Vinculin is located at integrin- as well as cadherin-based
adhesions, which are clearly separate structures. Vinculins localization at perpendicular cell-
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cell junctions was confirmed using an alternative Vinculin-specific antibody (Fig. S1g). Taken
together, these results show that Vinculin marks a molecularly (presence of Vinculin) and
morphologically (perpendicular orientation) distinct subset of VE-cadherin adhesions, which
are attached to radial actin bundles and display increased remodelling compared to stable
adherens junctions that are paralleled by actin bundles and do not contain Vinculin. Similar
looking adherens junctions were previously recognized in epithelial cells and fibroblasts by
Yonemura et al., who termed them spot-like adherens junctions [121], by Vasioukhin et al.
during epithelial junction formation who named them zipper-like junctions [87], by Millan et
al. in endothelial cells who named them discontinuous adherens junctions [122], and very
recently by Taguchi et al. in epithelial cells who called them punctate adherens junctions
[123]. It is very well possible that all of these described morphologically distinct junctions
are apparitions of the same adhesive structure. Here we show that the morphologically
distinct junctions we studied also differ from stable Adherens Junctions (AJs) in their stability,
molecular complexity and biophysical properties (see below). Therefore, we propose to
collectively call these perpendicular oriented Vinculin-containing junctions Focal Adherens
Junctions (FAJs) to emphasize their distinction from stable AJs and to emphasize their analogy
to FAs, the sites where integrins connect to actin bundles.
Endothelial hormones induce the formation of FAJs.
Remodelling of endothelial junctions is tightly regulated by endothelial permeability
factors during processes like leukocyte extravasation and angiogenesis. To investigate if these
factors affect FAJ formation in HUVECs, we analyzed the organization of VE-cadherin, Vinculin
and F-actin. As shown by IF in Fig. 2a (white arrows), the pro-angiogenic hormone VEGF
moderately increases the number of FAJs at the termini of short actin bundles, which is most
prominent after 4 hours. Furthermore, TNFα induces elongation and alignment of endothelial
cells, which is clearest after 24 hours. Vinculin containing FAJs appear at the tips of long actin
bundles in the ‘front’ and ‘rear’ of these cells. The most prominent and rapid effect is induced
by the permeability factor thrombin: within 10 minutes VE-cadherin-GFP in initially stable
junctions massively reorients into perpendicular, remodelling adhesions (Video 3). Triple
Figure 1. Vinculin marks distinct, remodelling cell-cell junctions attached to radial actin bundles. (A) Still images
and blow-ups from timelapse recordings (Video 2) showing perpendicular oriented remodelling cell-cell junctions
and linear stable/mature cell-cell junctions in a monolayer of HUVECs expressing VE-cadherin-GFP (green) and
the F-actin probe Lifeact-mCherry (red). Scale bar is 20 µm. (B) IF images of HUVECs stained for Vinculin (green),
VE-cadherin (red) and F-actin (blue) showing specific colocalization of Vinculin with perpendicular remodelling
junctions, the Focal Adherens Junctions (FAJs) (middle row), and absence of Vinculin from stable/mature linear
junctions (lower row). Scale bar is 20 µm. (C) Upper row: merged IF images of HUVECs stained for Vinculin, phosphoY118-Paxillin, phospho-Y397-FAK or Talin (green) together with VE-cadherin (red). Scale bar is 5 µm. Lower row:
accompanying fluorescence intensities along the depicted lines showing that Vinculin, but not Paxillin, FAK or Talin
(green lines) colocalize with VE-cadherin (red lines) at FAJs. See also Fig. S1 for details.
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IF reveals a strongly increased number of Vinculin positive actin-anchored FAJs (Fig. 2b).
Automated image quantification (see Material and methods) demonstrates that thrombin
increases the percentage of Vinculin containing junction fragments by approximately two
fold (Fig. 2c). Live imaging of p120-catenin-mCherry and Vinculin-GFP in HUVEC and HMEC1 cells shows the rapid recruitment of Vinculin to junctions after thrombin and shows that
specifically those junctions that accumulate Vinculin are disrupting (Fig. 3a, Fig. S2 and Video
4).
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Figure 2. VEGF, TNFα and Thrombin induce the formation of FAJs. (A) IF images of Vinculin (green), VE-cadherin
(red) and F-actin (blue) in HUVEC monolayers that were left untreated (control) or stimulated with VEGF for 4 hours
or TNFα for 24 hours. White arrows point to FAJs that are characteristic for VEGF and TNFα treatments. Scale bar
is 20 µm. (B) IF images of HUVECs that were untreated or stimulated with thrombin for 10 minutes, and stained as
in (A). Please note the strong induction of FAJs (white arrows) by thrombin. Scale bar is 20 µm. (C) Graph shows a
quantification of the fraction of Vinculin positive junction fragments (detected by automated image segmentation
based on VE-cadherin signal, see Material and methods) in control (n=15 images) and in thrombin (n=17 images)
treated HUVECs of two independent experiments. Values are averages ± sem. P value was calculated with a two
tailed, homoscedastic Student T test.
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(A) Time lapse images of HUVECs expressing p120-catenin-mCherry (red) and Vinculin-GFP (green) after thrombin
stimulation, scale bar is 10 µm. Merged images in the right panel highlight the rapid recruitment of Vinculin during
thrombin induced junction remodelling at the region of interest, scale bar here is 5 µm. See corresponding Video
4 for ~1 hour time lapse recording. (B) Time lapse images of HUVECs expressing α-catenin-Dendra2 before and
after photoswitching a fraction of a stable junction using a 405 confocal laser followed by thrombin induced FAJ
formation. Scale bar is 10 µm. See corresponding Video 5 for 8 minute time lapse recording.

The formation of FAJs may involve a transformation of existing stable junctions or
the recruitment of a new pool of cadherin complexes. To distinguish between these possible
mechanisms, we followed α-catenin-Dendra2, photoswitched in stable junctions, during
thrombin induced FAJ formation. These experiments show that a significant portion of the
switched α-catenin molecules is maintained at the junctions during their transition from
stable AJs to remodelling FAJs (Fig. 3b, Video 5). Thus we conclude that FAJs are formed by
a transformation of existing AJs, which involves molecular and physical changes, including
Vinculin recruitment and radial actin attachment, of cadherin complexes that remain present
throughout the transition process.
Actomyosin contraction generates pulling forces specifically on FAJs and is required for
their formation and junction remodelling.
Inhibition of Rho signalling leads to a strong inhibition of VEGF, TNFα and thrombin
induced junction remodelling [101, 103, 105]. To investigate whether actomyosin contractility
is required for the formation of FAJs, the remodelling subset of endothelial junctions, we
blocked the Rho-Rock-actomyosin pathway in HUVECs at the level of Rho (using 1 µg/ml C3
transferase for 4 hours), Rock (using 10 µM Y-27632 for 10 minutes) or myosin-II (using 100 µM
blebbistatin for 30 minutes). Inhibiting this pathway causes a complete loss of FAJs in HUVECs
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as judged by the loss of junctional Vinculin, the disappearance of junction-connected radial
actin bundles and the increase in F-actin at the cell cortex (Fig. 4a,b, and Fig. S3). Inhibition
of this pathway also induces a significant loss of thrombin-induced junction remodelling as
judged by live cell imaging of Vinculin-GFP and p120-catenin-mCherry expressing HUVECs
(Video 6). Importantly, treating HUVECs with a VE-cadherin function-blocking antibody (clone
75 used at 12.5 µg/ml for 2 hours) also results in a complete loss of FAJs (Fig. 4a). These
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Figure 4. FAJs require actomyosin contraction for their formation. (A IF images of HUVECs stained for Vinculin
(green), VE-cadherin (red) and F-actin (blue) that were treated with membrane permeable C3 transferase for 4
hours to inhibit Rho, Y-27632 for 10 minutes to inhibit Rock, blebbistatin for 30 minutes to inhibit myosin activities
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F-actin signal across indicated junctions. Scale bar is 20 µm. See also Fig. S3 for details. (B) Quantification (as in Fig.
2c) of the fraction of Vinculin positive junction fragments in HUVECs treated with C3 transferase (n=10 images),
Y-27632 (n=9 images) or blebbistatin (n=10 images) compared to control (n=14 images) of two independent
experiments. Values are averages ± sem. P values were calculated with a two tailed, homoscedastic Student T test.
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experiments demonstrate that actomyosin generated cytoskeletal tension, anchored at VEcadherin-dependent cell-cell junctions, underlies the formation of FAJs, and subsequent
remodelling of endothelial cell-cell adhesion.
To reveal cell-cell junctions susceptible to tension from attached actin bundles, we
used low doses of the barbed end actin capping agent cytochalasin D, a method previously
validated by the Nelson lab [119]. As shown in Fig. 5a, Cytochalasin D induces a rapid (within
30-60 sec) displacement of cell-cell junction markers in Vinculin-GFP and p120-cateninmCherry expressing HUVECs. The p120-catenin-mCherry signal from FAJs translocates radially
into the cell to an average distance of 11.18 µm from the original junction after 60 seconds of
Cytochalasin D treatment (Fig. 5a,b, Video 7 left row). By contrast, Vinculin negative junction
markers hardly show any displacement after Cytochalasin D (0.88 µm in 60 seconds, Fig. 5a,b,
Video 7 right row). The same results were obtained in HMEC-1 cells (Fig. S4). These results
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Figure 6. Junctional Vinculin restrains force-dependent junction disruption by thrombin. (A) Schematic
representation of Vinculin and α-catenin (adapted from [137]) to illustrate which homologues domain (dark green)
was swapped to generate a hybrid α-catenin-ΔVBS that is unable to associate with Vinculin. (B) Representative
Western blot analysis of α-catenin and actin in lysates of HUVECs transduced with α-catenin shRNAs and rescued
by α-catenin-GFP or α-catenin-ΔVBS-GFP. (C) IF images of control HUVECs and HUVECs transduced with lentiviral
shRNA against human α-catenin stained for VE-cadherin (green) and F-actin (red). Scale bar is 20 µm. (D) IF images
of α-catenin shRNA-transduced HUVECs rescued with wild type α-catenin-GFP (upper row) or α-catenin-ΔVBS-GFP
(lower row) that were stimulated with thrombin for 10 minutes, and stained for Vinculin (red) and F-actin (blue).
Colocalization of Vinculin with α-catenin-GFP or α-catenin-ΔVBS-GFP was analyzed by linescans displaying signal
intensity across the FAJs as indicated. Scale bar is 10 µm. (E) Representative Western blot analysis of GFP and
Vinculin in total lysates and in GFP immunoprecipitations from thrombin stimulated HUVECs expressing indicated
GFP constructs. (F) Quantification of the average junction width ± sem after 10 minutes of thrombin treatment
as measured using ImageJ in IF stainings of two independent experiments of control HUVECs (13 images, n=382
junction width measurements), or α-catenin shRNA transduced HUVECs rescued with α-catenin-GFP (10 images,
n=987) or α-catenin-ΔVBS-GFP (10 images, n=1201). P value was calculated with a two tailed, homoscedastic
Student T test. (G) Time lapse images of α-catenin shRNA transduced HUVECs rescued with α-catenin-GFP (upper
row) or α-catenin-ΔVBS-GFP (lower row) that were stimulated with thrombin, showing that thrombin induces
wider remodelling junctions that persist longer in α-catenin-ΔVBS-GFP cells than in α-catenin-GFP cells. See
corresponding Video 10 for ~3 hours time lapse recordings. Scale bar is 10 µm. (H) Quantification of the average
junction width ± sem after thrombin of α-catenin-GFP (9 time lapse recordings) and α-catenin-ΔVBS-GFP (7 time
lapse recordings) junctions of two independent experiments as measured in time lapse recordings using ImageJ. The
number of junction width measurements (=n value) of α-catenin-GFP and α-catenin-ΔVBS-GFP at time points 0, 10,
15, 20, 30 and 60 minutes after thrombin were 208,409; 212,375; 143,311; 67,180; 69,126; 149,230 respectively.

show that Vinculin containing FAJs are biophysically distinct from Vinculin negative AJs. The
nature of the displacement of the FAJs in the direction of the attached contractile F-actin
bundles suggests that they experienced pulling forces that could not be sustained by the cellcell junction complex in the presence of Cytochalasin D.
To investigate whether the actin-attached FAJs indeed experience mechanical
tension under normal growth conditions, we performed laser ablation in HUVECs expressing
VE-cadherin-GFP and Lifeact-mCherry at regions where radial actin bundles were associated
with FAJs. Immediately after the radial actin bundles connected to the FAJs are severed by laser
ablation, the junctions translocate in the direction of pulling by the interacting non-ablated
cell (Fig. 5c and Video 8). This experiment was performed multiple times and a representative
time lapse is shown. The directionality and extent of junction translocation depends on the
complexity of the actin network of both cells, impeding a meaningful quantification. These
data clearly show that the radial actin bundle-connected, Vinculin-containing FAJs experience
tension generated by actomyosin-based pulling forces.
It was recently shown that the apical adherens junctions in epithelial cells also
increase junctional Vinculin levels in an actomyosin-dependent manner [74]. This was
attributed to a stretch-induced conformational change in α-catenin exposing a shielded
binding site for Vinculin. This could be monitored by the α18 antibody that specifically
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recognizes an epitope adjacent to the Vinculin binding site [74]. In control and thrombin
stimulated HUVECs, however, IF staining with the same α18 antibody shows a pattern that
is very similar to VE-cadherin (Fig. 5d), and is not confined to FAJs like Vinculin (Fig. 5e).
Although further comparison, beyond the scope of this report, is warranted, this result
indicates that the molecular details of the FAJ in endothelial cells are not the same as those
of the apical junction in epithelial cells.
Junctional Vinculin is not required for linking VE-cadherin to F-actin, but restrains forcedependent junction disruption by thrombin.
F-actin organization and myosin-based contraction strongly depend on the coupling
of actomyosin to integrin based FAs [124] and Vinculin depletion affects both integrin
adhesion [125] and actomyosin contractility [126]. Consequently, depletion of total cellular
Vinculin cannot be employed to investigate its function in the actomyosin-dependent
regulation of cell-cell adhesion. To specifically interfere with Vinculins recruitment to cell-cell
junctions, and leave its function at FAs intact, we substituted the vinculin binding site (VBS) of
α-catenin (amino acids 302-402, based on [74, 127]) with the homologous part from Vinculin
(Note: Vinculin is the closest homolog of α-catenin) (Fig. 6a). To control this hybrid α-catenin
we first tested its functionality in DLD1-R2/7 α-catenin negative cells. Just like wild type
α-catenin-GFP, α-catenin-ΔVBS-GFP expression restores cell-cell adhesion in DLD1-R2/7 and
we observed no obvious differences in their AJ organization, even though these junctions are
completely devoid of Vinculin (Fig. S5a). This indicates that α-catenin-ΔVBS is fully functional
in its capacity to provide structural support for E-cadherin-based cell-cell adhesion even
though it is unable to recruit Vinculin to cell-cell junctions.
To study the role of junctional Vinculin in HUVECs we silenced human α-catenin
by lentiviral shRNAs (Fig. 6b) to levels that abolish cell-cell adhesion (Fig. 6c) and rescued
junctions by expression of murine α-catenin-GFP or α-catenin-ΔVBS-GFP (Fig. 6b). Both
α-catenin variants restore cell-cell adhesion to a very similar extent as shown by their junctional
localization and dynamics (Video 9). Surprisingly, in both α-catenin and α-catenin-ΔVBSrescued HUVECs FAJs are also formed at similar frequencies. Importantly, however, Vinculin
was not detectable in FAJs in α-catenin-ΔVBS-GFP rescued cells (Fig. 6d). In this context, we
also investigated the interaction of α-catenin-GFP and α-catenin-ΔVBS-GFP with endogenous
Vinculin in thrombin stimulated HUVECs biochemically. Vinculin co-immunoprecipitated with
α-catenin-GFP, and indeed its interaction with α-catenin-ΔVBS-GFP was strongly perturbed
(Fig. 6e). The detection of the interaction of α-catenin and Vinculin is not very abundant, just
like we observe for the interaction of Vinculin with the E-cadherin complex in MDCK cells
[78]. Together, these data confirm the structural functionality of the α-catenin-ΔVBS mutant
while showing that it lacks the capacity to recruit Vinculin to junctions. Also they demonstrate
that Vinculin is not required for the coupling of radial actin bundles to cell-cell junctions, the
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formation of FAJs and induction of junction remodelling. However, after thrombin, Vinculindevoid FAJs are clearly enlarged compared to Vinculin-containing FAJs (Fig. 6d). Quantification
shows a strong increase in the width of cell-cell junctions after thrombin in α-catenin-ΔVBSGFP-rescued cells (6.9 µm) compared to α-catenin-GFP-rescued (3.9 µm) and wild type cells
(3.8 µm) (Fig. 6f). In α-catenin-ΔVBS-GFP-rescued cells thrombin induces junction disruption
more severely and junctions fail to return to their stable state for a prolonged time (Fig. 6g,
Video 10). Consequently, the increased width of remodelling junctions in α-catenin-ΔVBSGFP rescued cells persist longer in time (30 minutes after thrombin treatment junction width
of α-catenin-ΔVBS-GFP rescued cells was 5.7 µm, versus 2.5 µm for α-catenin-GFP) (Fig. 6h).
In conclusion, these results demonstrate that VE-cadherin-dependent junctional recruitment
of Vinculin is not required for the linkage of cell-cell junctions to F-actin or junction formation.
This is in contrast to recent studies that used total Vinculin knockdowns [123, 128], which
likely also affected other functions of Vinculin. Instead, our data reveal a role for Vinculin in
the protection against force-dependent remodelling of endothelial junctions.
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Discussion
In this study we have shown that there are two distinct types of cadherin-based
junctions in endothelial cells: stable, non-remodelling AJs and FAJs that are actively
remodelling. FAJs are perpendicularly oriented with respect to the cell-cell contact plane
and highlighted by the presence of Vinculin, which exactly demarcates attachment sites to
radial actin bundles, and which makes these junctions molecularly distinct from stable AJs.
Dependent on an increase in actomyosin generated pulling forces, endothelial permeability
factors initiate the formation of FAJs from stable AJs to induce cell-cell adhesion remodelling.
Vinculin recruitment by α-catenin is not needed for the formation of FAJs, or their coupling
to radial F-actin bundles, but restrains force-dependent endothelial junction remodelling at
these specific sites.
Vinculin recruitment to adherens junctions
Vinculin was recently identified as a myosin-dependent member of epithelial cellcell junctions. Yonemura et al. showed that Vinculin is present in apical AJs [74, 129], while
our lab showed junctional Vinculin in the baso-lateral AJs of hepatocyte growth factorstimulated MDCK cells [78]. The presence of Vinculin in a force-dependent subset of VEcadherin-mediated endothelial junctions extends the mechanical function of Vinculin to a
second member of the classical cadherin family, but there are also notable differences: apical
AJs do not exist in HUVECs cultured in 2D. The presence of Vinculin in apical AJs, but not the
apical junction itself, is actomyosin-dependent in epithelial cells [74]. FAJs themselves are
actomyosin-dependent structures, but do not display an increased staining with α18, the
conformation specific α-catenin antibody that specifically stains apical AJs in an actomyosindependent manner. Therefore, it is unlikely that Vinculins presence at these different cellcell junctions represents the exact same molecular mechanism. The molecular details of the
mechanism that triggers Vinculin recruitment to baso-lateral tension building junctions is still
unknown. Nevertheless, experiments with our α-catenin-ΔVBS mutant do indicate that in
both epithelial apical junctions and endothelial FAJs α-catenin is the main recruiter of Vinculin,
and not β-catenin as was found in MCF10A cells [128]. Our photo-switching experiments
show that α-catenin itself is most-likely not displaced during Vinculin recruitment, indicating
that allosteric activation of its Vinculin binding site is involved. Clearly further study is needed
to establish the exact molecular mechanism of Vinculin-recruitment to the diverse cell-cell
junctions.
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The function of junctional Vinculin
Downstream of its recruitment to the different cell-cell junctions, force-dependent
reinforcement is one function of Vinculin that is clearly emerging. The Yap lab has shown
that Vinculin is involved in tightening of epithelial apical junctions during their maturation
[130], which had also been postulated by the Takeichi and Nagafuchi labs [127, 131].
In the remodelling FAJs that we have identified here, the main function of Vinculin is to
protect junctions against over-induced opening by thrombin. How Vinculin accomplishes
a mechanoresponse is unclear, but it could involve recruitment of actin-regulators such
as ARP2/3 [132] or actin modulation activity of Vinculin itself [133, 134]. Our current data
with the α-catenin-ΔVBS mutant that reduces Vinculin recruitment to undetectable levels,
show, for the first time, that recruitment of Vinculin by α-catenin is not required for the
link between cell-cell junctions and F-actin. Not even when junctions are strongly pulled by
actin bundles after thrombin. This conclusion is in sharp contrast with conclusions reached
by reducing the expression of total cellular Vinculin which resulted in a strong impairment
of E-cadherin-mediated adhesion [123, 128]. Importantly, total Vinculin depletion not only
impairs cell-cell adhesion, but also affects cell-matrix adhesions and global mechanical
properties of the actomyosin cytoskeleton [125, 126]. Whether these different observations
are caused by separate functions of Vinculin being disrupted, or are interconnected needs
to be established. Our data argue that total depletion of Vinculin from cells does not lead to
an accurate assessment of its function in seemingly separate cellular processes. We conclude
that Vinculins function at endothelial cell-cell junctions is not needed for their formation or
maintenance, but that it is specifically needed during active phases of junction remodelling
by cytoskeletal force to protect junctions from opening.
Concluding remarks
In conclusion, the presence of actin-contacted FAJs, and concomitant Vinculincontrolled junction remodelling through cytoskeletal pulling forces that we have identified
here, have strong implications for understanding angiogenic and inflammatory remodelling
of the vascular endothelium, and is likely to function similarly during junction remodelling in
other tissues that express classical cadherins. If the specific protective function of Vinculin
could be harnessed pharmacologically, for instance by enhancing its interaction with
α-catenin, it may provide an additional strategy to treat pathologies that are caused by or
entail vascular permeability.
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Material and Methods
Cell culture and cells
Pooled Human Umbilical Vein Endothelial Cells (HUVECs, cultured up to passage 6) from
different donors (Lonza) and Human dermal Microvascular Endothelial Cells (HMEC-1) were
cultured in EBM-2 culture medium supplemented with EGM-2 bulletkit (Lonza) on gelatin
coated tissue flasks. DLD1-R2/7 (gift from Dr. Frans van Roy, University of Gent, Belgium,
see Ref. [135]) and HEK293T cells were cultured in Dulbecco’s Modified Eagle Medium
supplemented with 10% fetal bovine serum and antibiotics.
Antibodies and other reagents
Mouse monoclonal Vinculin antibody hVIN-1 was used in Figs. 6d, S1 and S5a, and rabbit
polyclonal Vinculin antibody was used in all other IF experiments, both were obtained from
Sigma-Aldrich. Mouse monoclonal Talin 8D4, and rabbit polyclonal α-catenin antibodies,
were obtained from Sigma-Aldrich. Rabbit polyclonal antibodies for FAK (pY397) and paxillin
(pY118) were from Biosource and for VE-cadherin was from Cell Signalling Technologies.
Mouse monoclonal paxillin antibody clone 349, and VE-cadherin antibody clone 75 (used
12.5 µg/ml to block VE-cadherin adhesion in Fig. 4a) were purchased from BD Bioscience and
mouse monoclonal actin antibody clone C4 from Millipore. Rabbit polylonal clonal anti-GFP
antibody was from Covance. The rat α18 antibody was a gift of Dr. Akira Nagafuchi (Kumamoto
University, Japan). Secondary antibodies coupled to Alexa fluor 488 and 594 were obtained
from Molecular Probes. Promofluor 415 coupled phalloidin was from Promokine. Blebbistatin
(used at 100 µM) and Y-27632 (used at 10 µM) were from Calbiochem, cell permeable C3
transferase (used at 1 µg/ml in serum free medium) from Cytoskeleton, and Cytochalasin D
(used at 0.2 µg/ml) was from Sigma-Aldrich. Human plasma derived thrombin (used at 0.2 U/
ml) and Fibronectin were purchased from Sigma-Aldrich. Human recombinant VEGF165 (used
at 50 ng/ml in serum free medium) and TNFα (used at 10 ng/ml in serum free medium) was
from Peprotech.
DNA constructs and viral transductions
Adenoviral transductions of HUVECs for the experiments in Videos 1 and 3 with human VEcadherin fused to GFP (characterized in [116]), virus was a gift from Dr. Jaap van Buul, Sanquin,
Amsterdam) were performed using a Virapower Adenoviral Expression system (Invitrogen).
For lentiviral transductions (all other experiments), human VE-cadherin-GFP was cut out of
a peGFP-VE-cadherin vector (provided by Dr. Jaap van Buul) using NdeI and XbaI restriction
enzymes and cloned into a self-inactivating lentiviral pLV-CMV-ires-puro vector using the NdeI
and NheI restriction sites. The same cloning strategy was used to transfer full length murine
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p120-catenin-mCherry from a pmCherry-n1 vector (le Duc et al., 2010) and full length murine
α-catenin-GFP from a peGFP-c1 vector. The GFP-tag of α-catenin was replaced by Dendra2
derived from a pDendra2-c1 vector (Evrogen) using NdeI and SalI restriction enzymes to
generate pLV-CMV-α-catenin-Dendra2. To generate α-catenin-ΔVBS-GFP, the structure of
-catenin was modelled on top of the crystal structure of Vinculin (as published by [136])
to precisely define -helices and determine their boundaries to choose the correct sites to
perform the domain swap. An EAGI site was introduced at the start of the swapped sequence
(aa 302 of α-catenin), the homologous domain from chicken Vinculin was amplified by PCR
and cloned into this EAGI site and the unique ScaI site at the end of the Vinculin binding
domain (aa 402 of α-catenin). The resulting amino acid sequence is SEERFRPVGQ at the
N-terminal boundary and TTTPILVLIEAAK at the C-terminal boundary of the swapped domain.
Lentiviral expression constructs pRRL-Lifeact-mCherry and pRRL-Vinculin-GFP were a gift of
Dr. Olivier Pertz (University of Basel, Switzerland). shRNA encoding lentiviral vectors targeting
human α-catenin were MISSION TRC1 clones (TRC numbers 0000062653, 0000062654,
0000062657) from Sigma-Aldrich. Lentiviral particles were isolated from the supernatant
of HEK293 cells transiently transfected with third-generation packaging constructs and the
lentiviral expression vectors. HUVECs were infected with supernatant containing lentiviral
particles in the presence of 8 μg/ml polybrene overnight. To generate the rescue cell types
in Fig. 6, HUVECs were first transduced with a pool of lentiviral shRNAs for human α-catenin,
and at least 24 hours later transduced with α-catenin-GFP or α-catenin-ΔVBS-GFP containing
lentivirus as indicated.
Widefield immunofluorescence and live cell microscopy
For live cell microscopy cells were plated on Lab-Tek chambered 1.0 borosilicated coverglass
slides coated with 3 µg/ml Fibronectin and cultured in EBM-2 culture medium supplemented
with EGM-2 bulletkit. For IF stainings cells were plated on coverslips coated with 3 µg/ml
Fibronectin, and after culture fixed for 15 minutes in 4% paraformaldehyde, permeabilized
with 0.4% TX-100 for 5 minutes and blocked in 2% BSA for 1 hour. Phalloidin, primary and
secondary antibody stainings were performed in 2% BSA for 1 hour, and coverslips were
mounted in Mowiol4-88/DABCO solution (Sigma). Live (at 37˚C) and fixed cells were imaged
using an inverted research widefield microscope (NIKON Eclipse Ti) with perfect focus system,
equipped with a 20x 0.75 N.A. Plan Apo VC DIC (dry) (for the experiments in Videos 1 and
9) or a 60x 1.49 N.A. Apo TIRF (oil) objective (all other widefield experiments), OkoLab
Microscope Cage Incubator, and an EMCCD camera (Andor) controlled with NIS-Elements Ar
3.2 software. For the Dendra2 photoswitching experiments in Fig. 3b and Video 5 a NIKON C1
confocal box and 405, 488 and 594 nm lasers were used that are connected to the widefield
NIKON microscope system. All images were enhanced for display with an unsharp mask filter
or background subtraction by rolling ball, and brightness/contrast adjustments in ImageJ
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(National Institutes of Health). Linescans were made from original images using MetaMorph
7.5 software.
Laser ablation and spinning disc live cell microscopy
For laser ablation experiments in Fig. 5c and Video 8 cells were plated on glass coverslips
coated with 3 µg/ml Fibronectin and cultured in EBM-2 culture medium supplemented with
EGM-2 bulletkit. Laser ablation was performed on an inverted research microscope Nikon
Eclipse Ti-E (Nikon) with perfect focus system, equipped with Nikon CFI S Fluor 100x 1.3 N.A.
oil objective (Nikon), CSU-X1-A1 Spinning Disc (Yokogawa), Photometrics Evolve 512 EMCCD
camera (Roper Scientific), FRAP-PhotoAblation scanning system ILAS (Roper Scientific France/
PICT-IBiSA, Institute Curie) and controlled with MetaMorph 7.7 software (Molecular Devices).
The microscope was equipped with custom ordered illuminator (Nikon, MEY10021) for the
attachment of the ILAS system. 491 nm (100 mW) Calypso (Cobolt) and 561nm (100 mW) Jive
(Cobolt) lasers were used for excitation. 355 nm passively Q-switched pulsed laser (Repetition
rate 6 kHz, Energy/Pulse 2.5 mkJ, Average Power 13 mW, Pick Power 6 kW, Pulse width 400
ps) (Teem Photonics) was used for the photoablation. To keep cells at 37°C we used stage
top incubator (model INUBG2E-ZILCS, Tokai Hit). The 16-bit images were projected onto the
CCD chip with intermediate lens 2.0X (Edmund Optics) at a magnification of 0.066 µm/pixel.
Automated image analysis and quantification
To automatically determine the fraction of Vinculin positive junctions in Figs. 2c and 4b a
custom junction detection method was written in MatLab (MathWorks). In this analysis the
VE-cadherin images are background subtracted (Fig. S5b, left image) and segmented in two
steps. First a user defined value is subtracted from the image and the resulting image is used
as the marker for grayscale reconstruction to flatten high intensity areas. In the resulting
image the edges are detected using Sobel’s edge detection and areas filled to obtain
a binarized image (Fig. S5b, step 1). In the second step a similar grayscale reconstruction
image is subtracted from the original. The peaks that are left are segmented using kMeans,
binarizing the upper 3 out of 5 segments (Fig. S5b, step 2). The two binary images from these
steps are multiplied to determine overlapping areas (Figure S5b, right image), this method
typically detects VE-cadherin positive fragments of various sizes along the cell-cell contacts.
The intensity of Vinculin in each fragment is determined and compared to background, which
is the average intensity of a 10 pixel area around that fragment, excluding pixels that belong
to neighbouring junction fragments. A junction is considered Vinculin positive when the
average intensity is 1.5 times above its background.
Immunoprecipitations
Prior to lysis cells were stimulated with thrombin for 10 minutes to maximize the interaction
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of Vinculin and α-catenin and then lysed at 4°C for 10 minutes in lysis buffer (1% Nonidet
P-40, 25 mM Tris pH7.4, 100 mM NaCl, 10 mM MgCl2, 10% glycerol, protease and phosphatase
inhibitors). Lysates were clarified by centrifugation at 14,000 rpm for 1 minute. GFP-tagged
proteins were precipitated from the lysates using GFP-Trap beads (Chromotek) for 1 hour
at 4°C. Precipitations were washed 3 times in lysis buffer and dissolved in Laemmli sample
buffer for standard Western blot analysis.
Statistical analysis
Averages and standard errors of the mean were calculated and are shown in the graphs with
corresponding n values. P values are the result of two tailed, homoscedastic Students T tests.
Online Supplemental Material
Fig. S1 shows that, in contrast to Vinculin, other focal adhesion markers do not co-localize
with cell-cell junctions that are attached to radial actin bundles in IF stainings in HUVECs
and HMEC-1s. Fig. S2 shows that Vinculin is recruited to thrombin induced FAJs in HMEC-1s
expressing Vinculin-GFP and p120-catenin-mCherry. Fig. S3 shows single channel IF images
of Fig. 4. Fig. S4 shows that FAJs are disrupted by addition of Cytochalasin D in HMEC-1s
expressing Vinculin-GFP and p120-catenin-mCherry. Fig. S5a shows that α-catenin-ΔVBSGFP restores cell-cell adhesion of DLD1-R2/7 α-catenin negative cells and does not recruit
Vinculin to these junctions. Fig. S5b shows the intermediate steps of image segmentation
used in the junction detection method in MatLab. Video 1 shows that remodelling cell-cell
junctions adopt a perpendicular orientation in HUVECs expressing VE-cadherin-GFP. Video 2
shows that stable junctions are aligned by, but not directly coupled to, parallel actin bundles,
whereas perpendicular oriented remodelling junctions are attached to radial actin bundles
in HUVECs expressing VE-cadherin-GFP and Lifeact-mCherry. Video 3 shows that thrombin
strongly induces FAJ formation in HUVECs expressing VE-cadherin-GFP and Video 4 shows
a similar effect of thrombin in HUVECs expressing Vinculin-GFP and p120-catenin-mCherry.
Video 5 shows that thrombin transforms stable AJs into FAJs in HUVECs expressing α-cateninDendra2 photoswitched at stable AJs. Video 6 shows that Y-27632 inhibits thrombin-induced
junction remodelling in HUVECs expressing Vinculin-GFP and p120-catenin-mCherry.
Video 7 shows that Cytochalasin D disrupts FAJs but not stable AJs in HUVECs expressing
Vinculin-GFP and p120-catenin-mCherry. Video 8 shows tension on FAJs by means of a laser
ablation experiment severing radial actin bundles connected to FAJs in HUVECs expressing
VE-cadherin-GFP and Lifeact-mCherry. Video 9 shows the junction dynamics of α-cateninGFP- and α-catenin-ΔVBS-GFP-rescued HUVECs in a knockdown background of endogenous
α-catenin. Video 10 shows a comparison of junction remodelling induced by thrombin
between normal FAJs and Vinculin-devoid FAJs in α-catenin knockdown HUVECs rescued with
α-catenin-GFP or α-catenin-ΔVBS-GFP.
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Figure S1. IF images of HUVECs stained for Paxillin (pY118) (a), FAK (pY397) (b) and Talin (c) (all green) and VEcadherin (red) from which blow-ups are shown as merges in Fig. 1c. (d) IF images of HUVECs stained for Paxillin
(green) and Vinculin (red). Linescans are shown to determine whether Vinculin localized at focal adhesions (FA,
contains Paxillin signal) or at adherens junctions (AJ, no Paxillin signal). (e,f) IF images of HMEC-1s stained for
Vinculin or Paxillin (pY118) (green) and VE-cadherin (red). Blow-up images, showing perpendicular oriented cellcell junctions are depicted in the lower image row. Linescans show intensities of Vinculin/Paxillin and VE-cadherin
signal across indicated junctions. Scale bars are 20 µm. (g) IF images of HUVECs stained for Vinculin using the hVIN1 monoclonal antibody (green) and VE-cadherin (red). Linescan shows intensities of Vinculin and VE-cadherin signal
across indicated junctions. Scale bar is 5 µm.

42

Force dependent recruitment of vinculin to FAJs
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Figure S2. Time lapse images of HMEC-1s expressing p120-catenin-mCherry (red) and Vinculin-GFP (green), before
and 4 minutes after thrombin. Please note the recruitment of Vinculin to junctions. Scale bar is 20 µm.
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Figure S3. Single channel IF images from merges in Fig. 4a of HUVECs stained for Vinculin, VE-cadherin, and F-actin
that were untreated or treated with membrane permeable C3 transferase, Y-27632, blebbistatin or VE-cadherin
blocking antibody. Scale bar is 20 µm.
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Figure S4. Time lapse images of a Vinculin positive junction between HMEC-1s expressing p120-catenin-mCherry
and Vinculin-GFP, that were treated with Cytochalasin D. Note the displacement of the Vinculin containing
junctions. Scale bar is 5 µm.
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Figure S5. (a) IF images of DLD1-R2/7 α-catenin negative cells rescued with -catenin-GFP or α-catenin-ΔVBSGFP stained for Vinculin (red) and F-actin (blue). White arrows point to Vinculin containing cell-cell junctions in
α-catenin-GFP rescued DLD1-R2/7 cells. Junctions formed by α-catenin-ΔVBS-GFP were devoid of Vinculin. Scale
bar is 20 µm. (b) Images to display the intermediate steps of image segmentation used in the junction detection
method in MatLab. In short: VE-cadherin stained images are background subtracted (left panel) and segmented
in two steps (binary images step 1 and 2, middle panels). These two binary images are multiplied to determine
overlapping areas, which constitute the detected VE-cadherin fragments (right panel). Scale bar is 20 µm. See
Material and methods for details.
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Video legends
Video 1. Remodelling cell-cell junctions show perpendicular orientation of VE-cadherin. Time lapse recording
of HUVECs expressing VE-cadherin-GFP. Perpendicular oriented VE-cadherin areas come and go as cells seem to
pull on their shared junctions. Enlargements of remodelling junctions correspond to the boxed areas. Images were
acquired by time-lapse widefield microscopy (NIKON Eclipse Ti) using a 20x 0.75 NA dry objective. Frames were
taken every minute for 4 hours.
Video 2. Actin cytoskeletal dynamics at stable and remodelling junctions. Time lapse recording of HUVECs
expressing VE-cadherin-GFP (green) and Lifeact-mCherry (red). Videos in the left row show a stable junction, VEcadherin remains aligned by thick parallel actin bundles that do not overlap with the junction. Videos in the right
row shows the dynamics of the actin cytoskeleton at a perpendicular oriented remodelling junction. Perpendicular
oriented VE-cadherin areas are attached to radial actin bundles from both cells participating in the cell-cell junction.
Images were acquired by time-lapse widefield microscopy (NIKON Eclipse Ti) using a 60x 1.49 NA oil objective.
Frames were taken every 30 seconds for 52 minutes.
Video 3. Thrombin strongly induces FAJ formation in HUVECs_1. Time lapse recording of HUVECs expressing
VE-cadherin-GFP that are stimulated with thrombin when indicated. The stable junctions rapidly remodel into
a perpendicular organization after thrombin. Images were acquired by time-lapse widefield microscopy (NIKON
Eclipse Ti) using a 60x 1.49 NA oil objective. Frames were taken every 2 minutes for 3 hours and 52 minutes.
Video 4. Thrombin strongly induces FAJ formation in HUVECs_2. Time lapse recording of HUVECs expressing
Vinculin-GFP (green) and p120-catenin-mCherry (red) stimulated with thrombin when indicated. Stable, Vinculin
negative junctions rapidly reorient into perpendicular organization concomitant with Vinculin recruitment after
addition of thrombin. Images were acquired by time-lapse widefield microscopy (NIKON Eclipse Ti) using a 60x 1.49
NA oil objective. Frames were taken every minute for 1 hours and 9 minutes.
Video 5. Thrombin transforms stable AJs into FAJs. Two independent time lapse recording of HUVECs expressing
α-catenin-Dendra2 shown before, and after photoswitching stable junctions using a 405 confocal laser immediately
followed by thrombin treatment. The thrombin induced FAJs are positive for α-catenin-Dendra2-red indicating
that a significant portion of α-catenin molecules are maintained during the transition from stable junctions to
remodelling FAJs. Images were acquired by time-lapse widefield microscopy (NIKON Eclipse Ti) using a 60x 1.49 NA
oil objective. Frames were taken every 15 seconds for 8 minutes.
Video 6. Y-27632 inhibits thrombin-induced junction remodelling. Time lapse of HUVECs expressing VinculinGFP (green) and p120-catenin-mCherry (red) that were pre-stimulated with thrombin before the start of imaging
and subsequently treated with Y-27632 at the indicated timepoint. There is a notable loss of perpendicular p120catenin, junction activity and Vinculin from junctions after Y-27632 addition. Images were acquired by time-lapse
widefield microscopy (NIKON Eclipse Ti) using a 60x 1.49 NA oil objective. Frames were taken every 30 seconds for
34 minutes.
Video 7. Cytochalasin D induces displacement of FAJs, but not of stable Vinculin negative junctions. Time lapse
recording of HUVECs expressing Vinculin-GFP (green) and p120-catenin-mCherry (red) that are treated with
Cytochalasin D as indicated. Videos in the left row show that p120-catenin signal is rapidly displaced from Vinculin
positive junctions after Cytochalasin D. By contrast, videos in the right row demonstrate that p120-catenin signal is
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not displaced after Cytochalasin D from Vinculin negative junctions. Images were acquired by time-lapse widefield
microscopy (NIKON Eclipse Ti) using a 60x 1.49 NA oil objective. Frames were taken every 10 seconds for 16 minutes
and 30 seconds.
Video 8. Laser ablation of radial actin bundles connected to FAJs results in VE-cadherin-GFP displacement. Time
lapse recording of HUVECs expressing VE-cadherin-GFP (green) and Lifeact-mCherry (red) that were laser ablated
to disrupt radial actin bundles associated with FAJs. Immediately after disrupting the connection of FAJs with radial
actin bundles, VE-cadherin-GFP signal displaces towards the non-ablated cell. Images were acquired by spinning
disc confocal microscopy (NIKON Eclipse Ti-E) using a 100x 1.3 NA oil objective. Frames were taken every 500
milliseconds for 1 minute and 2 seconds.
Video 9. Junction dynamics in α-catenin-GFP- and α-catenin-ΔVBS-GFP-rescued HUVECs. Time lapse recordings
of GFP fluorescence of α-catenin knockdown HUVECs rescued with α-catenin-GFP or α-catenin-ΔVBS-GFP show
that both constructs rescue cell-cell junction integrity and dynamics in unstimulated HUVEC monolayers similarly.
Images were acquired by time-lapse widefield microscopy (NIKON Eclipse Ti) using a 20x 0.75 NA dry objective.
Frames were taken every 3 minutes for 3 hours and 57 minutes.
Video 10. Junctional Vinculin protects cell-cell adhesions from opening during remodelling by thrombin. Time
lapse recording of α-catenin knockdown HUVECs rescued with α-catenin-GFP (left) or α-catenin-ΔVBS-GFP (right)
that are stimulated with thrombin when indicated. In the absence of Vinculin (α-catenin-ΔVBD-GFP junctions),
thrombin induces much wider FAJs that persist longer. Images were acquired by time-lapse widefield microscopy
(NIKON Eclipse Ti) using a 60x 1.49 NA oil objective. Frames were taken every 30 seconds for 2 hours and 51
minutes.
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Chapter 3

VASP, zyxin and TES are tension-dependent
members of Focal Adherens Junctions independent
of the α-catenin-vinculin module
J. Oldenburg, S. Huveneers, F. Twiss, J. Slotman,
A. Houtsmuller, J. de Rooij
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Abstract
Background
Mechanical forces are integrated at cadherin-based adhesion complexes to regulate
morphology and strength of cell-cell junctions and organization of associated F-actin. A
central mechanosensor at the cadherin complex is α-catenin, whose stretching recruits
vinculin to Focal Adherens Junctions to regulate adhesion strength. The identity of the F-actin
regulating signals that are also activated by mechanical forces at cadherin-based junctions
has remained elusive.
Results
Here we identify the actin-regulators VASP, zyxin and TES as new members of the FAJ and
show that they display mechanosensitive recruitment similar to that of vinculin. Surprisingly,
however, this recruitment is not altered by destroying or over-activating the α-catenin/
vinculin module. Structured Illumination Microscopy (SIM) reveals that these tension sensitive
proteins concentrate at locations within FAJs that are distinct from the core cadherin complex
proteins.
Conclusion
We conclude that there are multiple force sensitive modules present at the FAJ that are
activated at distinct locations along the cadherin-F-actin axis and regulate specific aspects of
junction dynamics.
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Introduction
The development and integrity of multicellular tissues is regulated by chemical
and mechanical cues from the extracellular environment. Sites of adhesion between cells
and the extracellular matrix (ECM), mediated predominantly by integrins, are the primary
sensors of extracellular mechanics [138]. They orchestrate cellular responses that include
adaptation of the mechanics of the intracellular cytoskeletal networks. In other words,
cellular cytoskeletons stiffen with increasing stiffness of their environment [139, 140].
Such cytoskeletal stiffening responses are then further relayed to regulate a diversity of
processes that include morphogenetic movements [141] as well as stem cell maintenance or
differentiation [142].
One of the protein complexes that emerges as a key responder to changes in
cytoskeletal stiffness is the classical cadherin complex that mediates cell-cell adhesion
in all soft tissues [78, 81, 114]. The cadherin complex forms a direct interaction with
the actomyosin cytoskeleton and changes in cytoskeletal organization and increases in
actomyosin contractility result in fluctuations of tension across the cadherin-catenin-F-actin
axis. The cadherin complex directly responds to increased tension by activating feedback
signals that results in both actomyosin remodeling as well as adhesion remodeling [73]. A key
tension sensor in this feedback is α-catenin, which becomes stretched under tension to open
up its vinculin binding site. Subsequent vinculin recruitment results in adhesion tightening
that protects junctions from breaking [73, 74, 78, 143]. Once recruited, vinculin itself will
also become part of the force-chain at the cadherin-actomyosin interface, which may lead
to additional mechanosensitive events. One of the interactors of vinculin, VASP was recently
found to mediate vinculin-dependent actin remodeling at the apical Zonula Adherens (ZA) in
columnar epithelial cells [144]. These recent studies emphasize that the cadherin complex
is not static intercellular glue, but that it is a dynamic, tension regulated complex whose
composition determines the organization and stability of multicellular tissues.
The dynamics of the cadherin adhesion complex are uniquely visible during the rapid
remodeling of cell-cell junctions that occur in endothelial monolayers and other flat epithelia
that are stimulated by morphogenetic signals such as thrombin, VEGF and HGF. During these
processes, cytoskeletal rearrangements occur and we have recently shown how this results
in the formation of a special type of cell-cell contact that we called Focal Adherens Junction
(FAJ) [73]. As opposed to other cell-cell contacts (linear adherens junctions (LAJ) in flat
epithelia and zonula adherens junctions (ZAJ) in columnar epithelia) that are associated with
parallel oriented F-actin bundles, FAJs are attached to radially-oriented F-actin bundles that
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confer tension to them [145]. The tension dependent recruitment of vinculin to FAJs and the
feedback towards adhesion strengthening is crucial to protect junctions from breaking during
these remodeling processes. An unexpected observation was that, in the absence of vinculin
recruitment, LAJs still remodel into FAJs, including reorganization of the associated F-actin
structures [73]. Because of these recent advances it has become clear that the complexity
and functionality of the cadherin junction is higher than previously anticipated. Remaining
questions include how the different types of adhesion (FAJs, LAJs, and ZAJs) relate to each
other; How the interaction with F-actin is controlled during adhesion remodeling; How the
structure of F-actin is organized by the cadherin complex and whether and how additional
tension-sensitive events occur that control distant processes like intracellular signaling and
transcriptional control?
In the current study, we set out to investigate the proteins involved in the regulation
of the F-actin organization at FAJs. VASP is a vinculin interactor that possesses actin binding
and (anti-) capping activities and is involved in the formation of actin-bundles that drive
fillopodial protrusion [146]. VASP is present in cell-cell junctions that form between sparsely
grown keratinocytes [87]. Zyxin is a VASP interactor that binds with the same EVH1 domain
as vinculin does. Zyxin has previously been implicated in mechanoresponses at integrinbased focal adhesions (FA) [147] as well as cadherin based cell-cell contacts [148-150]. Zyxin
was shown to be recruited to tensile sites in the actin cytoskeleton through its LIM domains
[151, 152]. Zyxin-dependent recruitment of VASP to sites of tension induced cytoskeletal
damage was found to regulate actin filament repair [153]. Testin (TES) is a zyxin-related
LIM-domain protein with tumor suppressive activity that interacts with zyxin and VASP at
integrin-based FAs [154]. We show here that VASP, zyxin and TES are all tension sensitive
members of the cadherin junction. Surprisingly, their recruitment is completely independent
of the α-catenin/vinculin module. Superresolution microscopy indicates that these actin
regulators concentrate at distinct domains along the cadherin-F-actin axis that thus represent
independent mechanosensitive systems.
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Results
Actin organization at FAJs is not perturbed by vinculin absence
Focal Adherens Junctions (FAJs) are characterized by a punctate appearance, contact
to radial F-actin fibers, the presence of vinculin and increased tension [73]. To investigate
whether the presence of vinculin is necessary for the bundling of radial actin fibers at FAJs,
we silenced endogenous α-catenin in Human Umbilical Vein Endothelial Cells (HUVEC) and
rescued cell-cell junction formation by overexpressing murine, eGFP-tagged α-catenin-WT
or α-catenin-ΔVBS (a vinculin-binding deficient mutant previously characterized in [73, 80]).
Whereas HUVECs expressing α-catenin ΔVBS demonstrate a strong reduction of vinculin
at the FAJs (figure 1), the radial actin bundles at FAJs are very similar as in α-catenin-WT
HUVECs. Radial actin bundles run towards the cell-cell contacts and a marked concentration
of F-actin occurs at the FAJ. Line scan analyses (figure 1, right panel) confirm the perturbation
of vinculin recruitment to FAJs in α-catenin-ΔVBS cells, while the actin signal concentrates
with that of α-catenin to a similar extent as in α-catenin-WT cells. This demonstrates that
vinculin is not necessary for the specific actin organization present at FAJs.
VASP, zyxin and TES are localized at FAJs
VASP and zyxin were previously found at early to associate with nascent forming
cell-cell junctions (which we would now call FAJs) where they were may regulate F-actin
organization [87, 148, 149]. TES is a mutual interactor of these proteins involved in their
localization and function at integrin adhesions [154]. We first assessed whether the
distribution of these proteins in HUVECs was similar to that of vinculin. Immunofluorescence
(IF) stainings show that VASP localizes at VE-cadherin-based junctions and to a subset of
the F-actin cytoskeleton (figure 2A). The intensity of the VASP signal in cell-cell junctions
does not follow the intensity profile of the VE-cadherin signal: VASP levels are specifically
high in FAJs, which are distinguished by their contact to perpendicular F-actin bundles. The
VASP signal is relatively low in LAJs, which are aligned by parallel F-actin. Junctional line scan
analysis confirmed that VASP is concentrated in the FAJs, together with VE-cadherin and
F-actin. The subcellular localization of zyxin is very similar to that of VASP: The anti-zyxin
antibody labelled a subset of F-actin bundles, marked cell-cell junctions faintly in general,
but was strongly concentrated in FAJs attached to perpendicular F-actin (Figure 2B). To
investigate the localization of TES, for which no IF-suitable antibodies are available, we Lentivirally expressed TES-eGFP construct [154]. Similar to VASP and zyxin, TES localizes to the FAJs
(figure 2C). These data demonstrate that VASP, zyxin and TES are all enriched specifically in
FAJs, suggesting that there are changes in the cadherin complex beyond vinculin recruitment
at FAJs.
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Figure 1. Similar actin organization at FAJs with and without α-catenin-vinculin module. Human Umbilical Vein
Endothelial Cells (HUVEC) were treated with shRNA to silence α-catenin, and subsequently rescued with either
α-catenin WT or α-catenin ΔVBS (eGFP). Cells were fixed and IF labelled for vinculin and F-actin, and imaged by
wide-field microscopy. Zoom in images demonstrate FAJs with their specific actin organization of radial actin
bundles and cortical actin bundles. The α-catenin ΔVBS FAJs show a lack of vinculin, which was confirmed by line
scan analysis of the pixel intensity in different fluorescent channels.

Thrombin induces the recruitment of VASP, zyxin and TES to cell-cell junctions
We next investigated whether the recruitment of VASP, zyxin and TES to cellcell junctions, is induced in the same manner as the junctional recruitment of vinculin.
Therefore we used the endothelial permeability factor thrombin that activates RhoA and
induces actomyosin contraction in HUVECs [155]. This results in increased tension on cellcell junctions as witnessed by the strong concentration of vinculin at VE-cadherin-based
cell-cell junctions (figure 3A). To investigate their recruitment dynamics we Lenti-virally
expressed VASP-eGFP, zyxin-eGFP or TES-eGFP together with mCherry-tagged α-catenin as a
constitutive cadherin complex marker. Live-imaging shows that the formation of FAJs induced
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by thrombin is immediately followed by a strong increase of VASP, zyxin and TES at these
junctions (figure 3B, C and D; Supplemental Movies 1-3). These results demonstrate that the
thrombin-induced recruitment of VASP, zyxin and TES to cell-cell junctions closely resembles
the mechanosensitive recruitment of vinculin.
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Figure 2. VASP, zyxin and TES concentrate at Focal Adherens Junctions. HUVECs were IF labelled as indicated and
subsequently imaged by wide-field microscopy. (A-C) Bottom row shows a zoom in of a FAJs, indicated by the white
square in the top row of images. Line scan analysis of pixel intensity was performed on these FAJs to roughly assess
co-localization of the intense signals in the different channels. (C) For TES imaging, cells were virally transduced
with TES-eGFP before fixation and IF labelling.
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Figure 3. Thrombin treatment recruits VASP, zyxin and TES to cell-cell junctions. (A) HUVECs treated with
thrombin for 10 minutes (and subsequently fixed and IF labelled for Vinculin, VE-cadherin and Actin) show radial
stress fibre formation and presence of vinculin in the associated FAJs, which indicates high tension on these cellcell junction complexes. (B-D) HUVECs were virally transduced with expression constructs for α-catenin (tagged by
mCherry) as a constitutive cell-cell junction marker and the indicated tension-recruited proteins (tagged by eGFP).
Live, wide-field imaging was performed to capture the transition induced by thrombin addition. Still images from
the resulting time-lapse series just prior to thrombin treatment and 10 minutes after treatment are shown. Also
see Supplemental movie 1-3.

The localization of VASP, zyxin and TES at FAJs is tension-dependent
To investigate whether VASP, zyxin and TES localization to cell-cell contacts is tension
dependent, we used the Rock inhibitor Y-27632. Addition of Y-27632 results in an almost
immediate loss of F-actin stress fibers and a concomitant release of tension from cell-cell
junctions as witnessed by the absence of vinculin from junctions in Y-27632-treated HUVECs
(Fig 4A). HUVECs were pre-treated for 5 minutes with thrombin to maximize FAJ formation.
Subsequently, when Y-27632 was added, we observed a rapid decrease of VASP, zyxin and
TES from FAJs amounting to a complete loss within 10 minutes, when junctional intensity
did no longer exceed background intensity (figure 4B, C and D; Supplemental Movies 4-6).
This demonstrates that the affinity of VASP, zyxin and TES for their junctional anchor is
rapidly reduced when cell-cell junctions lose tension that was generated through actomyosin
contractility.
To investigate whether the disappearances of VASP, zyxin and TES from cell-cell
junctions upon release of tension follow the same or different kinetics among each other, we
quantified the decrease of signal intensity over time in cell-cell junctions (n≥6) from multiple
time-lapse image series. Cell-cell junctions were distinguished from background by manual
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Figure 4. Release of tension removes VASP, zyxin and TES from junctions. (A) HUVECs treated with Y-27632 for 10
minutes (and subsequently fixed and IF for vinculin, VE-cadherin and actin) show an absence of radial stress fibres
and FAJs (no vinculin in cell-cell junctions), indicating a lack tension on the adherens junctions. (B-D) HUVECs were
virally transduced with expression vectors for α-catenin (tagged by mCherry) as a constitutive junction marker
and the indicated tension-regulated proteins (tagged by eGFP) and live, wide-field imaging was performed to
capture the result of releasing tension by addition of the Rock inhibitor Y-27632. Still images from these time-lapse
series, just prior to Y-27632 treatment and 10 minutes after treatment are shown. Also see Supplemental movies
4-6. (E) Pixel intensity of either VASP, zyxin or TES was measured over time, in several cell-cell junctions (defined
by α-catenin as junctional marker; n≥6) over several time lapse experiments. Pixel intensity before addition of
Y-27632 (at 4.0 minutes) was normalized to 1. VASP, zyxin and TES show clear protein decay over time after Y-27632
addition, compared to p120 as control. (F) After normalizing the minimum protein intensity to 0, the protein decay
of VASP, zyxin and TES starts immediately after Y-27632 addition. Furthermore, the protein dynamics of VASP, zyxin
and TES are similar after Y-27632 addition.
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tresholding of the α-catenin (mCherry) channel and the average intensity of the junctional
pixels was measured in the eGFP channel and divided by the average pixel-intensity of the
same pixels in the α-catenin channel to obtain a relative junctional intensity. The relative
intensity was normalized to the average value measured before addition of Y-27632. The
quantification shows a rapid decrease of VASP, zyxin and TES from cell-cell junctions whereas
the ratio between a second core cadherin complex member, p120-catenin, and α-catenin
remains stable (figure 4E). Normalizing the minimum intensity value reached after full
decay (corresponding to the background intensity, which is different for each protein) of
every protein to zero shows that disappearance of VASP, zyxin and TES from junctions starts
immediately after Y-27632 addition and displays very similar kinetics (figure 4F).
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Figure 5. Recruitment of VASP, zyxin and TES to adherens junctions is independent of vinculin. (A) Representation
of α-catenin mutants and their effects on vinculin, that were used to investigate whether tension-regulated
recruitment of vinculin is necessary for tension-regulated recruitment of VASP, zyxin and TES to the FAJs. (B) MDCK
cells with constitutive α-catenin knock-down (left panel) were lentivirally transduced with either α-catenin-1-402
(to induce the formation of cell-cell junctions with constitutive, tension insensitive presence of Vinculin; middle
panels) or α-catenin-ΔVBS (right panels. Cells were treated with HGF for 2 hrs to maximize tension [106] or
blebbistatin for 30 min. to abolish tension on junctions. (C) Table summarizing the results from the imaging
experiments that tested the presence of either vinculin, VASP, zyxin or TES at cell-cell junctions in the different
MDCKs cells in the absence or presence of tension. Representative images are shown in figure S1.
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Thus our data show that VASP, zyxin and TES localization to cadherin-based junctions
is tension-sensitive in a manner that is very similar to that of Vinculin. This provokes the
question whether localization of these proteins is also dependent on the tension-induced
conformational changes in α-catenin that recruit vinculin.
The mechanosensitive localization of VASP, zyxin and TES at FAJs is independent of the
α-catenin-vinculin module.
To investigate whether the tension-dependent localization of VASP, zyxin and
TES to cell-cell junctions is dependent on the α-catenin/vinculin module we investigated
junctions in MDCK cells in which we modulated the function of α-catenin. Stable knockdowns of endogenous α-catenin disrupts junction formation in MDCKs [80], which was
rescued by expression of either α-catenin-WT, α-catenin-1-402 or α-catenin-ΔVBS (Fig
5A). α-catenin-1-402 has an intact β-catenin- and vinculin binding domain, but lacks the
C-terminal tail that contains the tension-sensitive auto-inhibition domains [74]. It displays
constitutive vinculin binding, resulting in the formation of cell-cell junctions in which vinculin
is present regardless of the tensile stresses applied at these junctions [74, 80]. Fig 5A (left
panel) shows that vinculin is equally concentrated at both LAJs and FAJs that are formed
by α-catenin-1-402. Expression of the α-catenin-ΔVBS mutant, in which specifically the
vinculin binding site is perturbed, results in the formation of phenotypically normal cell-cell
junctions, that can appear as FAJs or LAJs and contact radial or parallel F-actin bundles (see
also figure 1). Regardless of their appearance, these cell-cell junctions are devoid of vinculin,
even upon treatment with HGF, which induces actomyosin contractility and tension on cellcell junctions (Fig 5A, right panel) [80, 106]. IF stainings of cells expressing α-catenin-402
show that VASP, zyxin and TES are recruited only to the FAJs, even though both LAJs and
FAJs contain vinculin (Fig. 5b, and S1A and B). Treatments to inhibit actomyosin contraction
by blebbistatin, demonstrate that VASP, zyxin and TES are removed from cell-cell junctions
even though vinculin is still present in α-catenin-402-based junctions. Conversely, in cells
expressing α-catenin-ΔVBS that were treated with HGF to induce tension and FAJ formation,
VASP, zyxin and TES are localized at FAJs, even though vinculin is absent. These results clearly
show that the tension-dependent recruitment of VASP, zyxin and TES to cell-cell junctions can
occur in the absence of α-catenin stretching or recruitment of vinculin.

Superresolution microscopy reveals distinct distribution of core-cadherin complex
proteins and tension-regulated proteins within FAJs
The above experiments indicate that multiple mechanosensitive modules exist at
the cadherin-F-actin interface. The α-catenin/vinculin module is localized at the core of the
cadherin complex. The independence of VASP, zyxin and TES from this module might place
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Figure 6. Low correlation of tension-sensitive protein intensity and core-cadherin complex intensity at the
ultrastructural level. (A) Representative images of Structured Illumination Microscopy performed on HUVECs
that were IF labelled for a core cadherin complex protein (α-catenin or VE-cadherin), F-actin and the indicated
tension-regulated protein (or a second core member). (B) Pearson-correlation analysis of pixel intensities between
the core junctional marker and the tension-regulated or second core protein. Pixels included were selected by
the generation of a template image comprised of a merge of manually tresholded images from the two separate
channels. (C) Averages of the Pearson Correlation Coefficient (R) over several images (n=5) are represented in this
table. A Pearson Correlation Coefficient of 1 indicates a perfect correlation between the two proteins, whereas an
R of 0 indicates no correlation between two proteins.
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these proteins more peripherally, for instance at tension structures in the cadherin proximal
F-actin: It has been shown that tension can change F-actin structure to alter the affinity of
binding partners including cofilin and MyosinII [156, 157]. Moreover zyxin has been show to
associate preferentially with damaged or tensile sites within actomyosin bundles [151, 152],
which could be resembled by the F-actin structure at FAJs. We used Structured Illumination
Microscopy (SIM) [158], in order to distinguish the localization of the different proteins along
the cadherin-F-actin axis. HUVECs were fixed and IF labeled for a core cadherin complex
protein (α-catenin, p120-catenin or VE-cadherin), for F-actin, and for one of the tensionsensitive proteins VASP, zyxin or vinculin. For TES we transduced HUVECs with TES-eGFP
before IF labeling, which prevented co-labelling of F-actin due to overlapping fluorophore
spectra. Representative images showing the full field of view as well as enlarged areas of
interest containing FAJs are shown in figure 6A. Confirming the results from conventional
fluorescence microcopy in figure 2, vinculin, VASP, zyxin and TES localize preferentially to the
FAJs. However, protein concentration is not homogeneous within FAJs. The SIM data evidently
shows that cadherin core proteins, tension-sensitive proteins and F-actin do not concentrate
at identical locations. A linear order in these concentration profiles is not apparent. It is
conceivable that the multiple cadherin complexes within FAJs are not aligned in a way that
would allow such a homogenous visualization of the cadherin-F-actin axis.
To further delineate the organization of the FAJ, we quantified the correlation
between the intensity distributions of vinculin, VASP, zyxin and TES and the co-stained corecadherin complex members by Pearson analysis. For this analysis, FAJ-pixels were segmented
from background by creating a template image (see methods section) comprised of a merge of
the manually tresholded images from the core protein and tension sensitive protein channels
(figure 6B). The average Pearson correlation coefficient (R) of multiple images (n=5) for a
number of combinations is displayed in figure 6C. Our analysis revealed that the correlation
between α-catenin with VE-cadherin (R=0.5919) or p120 (R=0.5309) was high, as expected
for two proteins of the core-cadherin complex. VASP (R=0.0203) and zyxin (-0.0107) showed
no correlation of concentration with the core-cadherin module and vinculin (R=0.2710) and
TES (R=0.3352) showed intermediate correlation of concentration with the cadherin-module.
Thus the superresolution imaging revealed that multiple different protein clusters exist at
FAJs, which is consistent with the above findings that multiple mechanosensitive modules
exist at the cadherin-F-actin interface.
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Discussion
Previously, we demonstrated that vinculin is involved in cadherin
mechanotransduction at a specific sub-set of cadherin-based cell-cell junctions, the Focal
Aderens Junctions where it serves to tighten junctions under tension [73]. In this study we
show that a number of actin-regulating proteins, VASP, zyxin and TES, are similarly enriched in
these FAJs in a tension dependent manner. This similarity suggested a possible co-regulation
of VASP, zyxin and TES with vinculin. Co-regulated localization of vinculin and VASP, who are
direct interaction partners [159], has been shown to occur at the ZAJ in columnar epithelial
cells [144]. Surprisingly however, our current data show that the localization of these proteins
to FAJs is completely independent of vinculin’s presence. Moreover, the use of α-catenin-402
shows that it is also independent of α-catenin’s conformational regulation by mechanical
tension.
This suggests that these actin regulators localize to a different, unidentified
mechanosensitive module of the FAJ, which could be the F-actin fibers. Each of these proteins
contains F-actin binding capacity and they can all interact with each other. Their interaction
with F-actin is not ubiquitous, but limited to specific sites within the cytoskeleton. Zyxins
interaction with F-actin was shown to be sensitive to myosinII activity and tension [151] and
is recruited to damaged sites in stress fibers [153]. VASP is recruited through zyxin to these
sites in F-actin [160], but also localizes to F-actin structures through TES [154] or by virtue
of its own F-actin binding capacity [161]. Mechanosensitivity of the interaction of TES and
F-actin has not been investigated, but TES was shown to be recruited to FAs by zyxin [154].
Thus it is very well possible that VASP, zyxin and TES are recruited as a complex through
direct interactions to cadherin-proximal F-actin at FAJs. The tension sensitivity of this could
be caused by the tension-induced deformation of F-actin fibers, which was shown to change
the binding affinity to a number of proteins [162]. Another possible explanation is that the
tension-dependent structure of the actin cytoskeleton close to the cadherin junction mimics
the structure of damaged stress fibers that was shown to recruit VASP and zyxin.
We summarize this hypothetical linear organization of modules along the cadherinF-actin axis in figure 7. Consistent with this model, super resolution imaging in figure 6 reveals
that the FAJ consists of hotspots of protein concentration, in which the concentration of
members of the core cadherin complex and the tension sensitive proteins does not well
correlate. The fact that these hotspots do not align linearly as drawn in figure 6 could be
explained by the assumption that cadherin-F-actin complexes concentrate in FAJs in a nonaligned fashion. Vinculin concentration correlates intermediately with that of α-catenin,
which is consistent with its binding to only the stretched subset of α-catenin or with its
interaction with 2 distinct modules within the FAJ (the core cadherin complex and the F-actin
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Figure 7. Hypothetical model of tension sensitive localization of VASP, zyxin and TES to the F-actin side of the
FAJ. This model represents our current hypothesis of how different FAJs proteins are localized along the cadherinactin axis. Multiple studies show that vinculin is recruited to α-catenin, regulates junction reinforcement, and
is transiently localized to the core-cadherin complex (left of the dotted line). Based on our current data, their
F-actin binding capacity, and previous reports about tension-sensitivity we hypothesize that VASP, zyxin and TES
are recruited to the actin side of the FAJ, and that this recruitment is independent of the regulation of vinculin.

content). The complete absence of correlation of concentration of VASP and zyxin with that
of the core members can be explained by the hypothesis that these proteins are binding to
the F-actin content of the FAJ (figure 7). TES concentration displays intermediate correlation
to that of the core complex proteins, similar to that of vinculin. This suggests that TES is not
directly associated with zyxin and VASP or present in multiple modules at FAJs.
It is possible that VASP, zyxin and TES cooperate in the force-dependent tightening
of cadherin junctions that involve α-catenin and vinculin are involved in [73, 78, 80, 163].
However, an additional function of these proteins at FAJs that extends beyond vinculin is
more likely. Vinculin is dispensable for F-actin organization at FAJs (figure 1), while one of the
functions attributed to zyxin and VASP is to regulate actin organization at sites of adhesion
[149, 160, 164]. Due to their crucial presence in integrin-based FAs and along the entire
actomyosin cytoskeleton, knocking down VASP, zyxin or TES results in overall defects in cellular
mechanics (our unpublished observations), which currently precludes proper assessment of
their specific function at FAJs. Further establishment of the molecular interactions and their
hierarchy in this complex are needed to dissect the mechanisms of recruitment and allow
precise perturbations.
In conclusion, our data show that FAJs contain multiple mechanosensitive modules.
The α-catenin-vinculin module resides within the force-chain between cadherin and F-actin
and regulates adhesion strength. Zyxin, VASP and TES may represent a module that associates
to junction proximal actin, of which the structure changes with fluctuating tension, to regulate
F-actin organization. Such a multi-layered structure of the FAJ bears similarity to the integrinbased FA and further underscores that the complexity of cadherin-based cell-cell junctions
strongly exceeds our current knowledge.
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Materials and Methods
Cells and cell culture
Pooled Human Umbilical Vein Endothelial Cells (HUVECs) from different donors (Lonza) were
cultured in EBM-2 medium supplemented with the necessary growth factors (bulletkit;
Lonza) on gelatin-coated culture flasks/dishes. Madin-Darby Canine Kidney (MDCK) cells
were cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with Fetal
Bovine Serum (FBS; 10%) and antibiotics. MDCK cells with α-catenin knock-down, rescued
with either α-catenin 1-402 or α-catenin ΔVBS [80] were cultured together with Geneticin
(G418) and Puromycin to maintain knock down and rescue.
Antibodies and reagents
Mouse mono-clonal antibodies for VE-cadherin and VASP were acquired from BD Biosciences.
Zyxin mouse mono-clonal antibodies were purchased from Life Technologies. Rabbit polyclonal Vinculin antibodies were used for figure 2 and 3, Vinculin (hVin-1 clone) mouse monoclonal antibodies were used for figure 4 and 5, and both were obtained from Sigma-Aldrich.
Rabbit poly-clonal antibodies for α-catenin were also purchased from Sigma-Aldrich. Alexa488
and Alexa594 secondary antibodies were purchased from Life Technologies and Phalloidin415
was obtained from Promokine. Y-27632 was used at 10 µM, blebbistatin was used at 100
µM and both were acquired from EMD Millipore. Human plasma-derived thrombin (used
at 0,2 µg/ml), calf skin derived Collagen (coating coverslip with 30 µg/ml) and Fibronectin
(coating coverslips and Lab-Tek chambers with 3 µg/ml) were purchased from Sigma-Aldrich.
Recombinant human HGF was purchased from R&D systems and used 500 ng/ml.
Lentiviral transduction and constructs
In order to acquire lentiviral particles, HEK293 cells were transiently transfected with both
third-generation packaging constructs and the lentiviral expression vectors, and supernatant
containing the lentiviral particles was isolated 2-3 days post transfection. HUVECs and MDCKs
were transduced with the lentiviral particles overnight together with 8 µg/ml polybrene. pLVCMV vectors containing mCherry-α-catenin, eGFP-VASP and Zyxin-eGFP were used in figure 3
and 4. For IF fixed imaging, cells were transduced with TES, since no IF applicable antibody is
available. pLV eGFP-TES (figure 2, 3, 4 and 6) and RFP-TES (figure 5) were kindly provided by
Theresa Higgins and Michael Way.
IF and live wide-field microscopy
For IF stainings, cells were plated on coverslips coated with either Fibronectin (HUVECs)
or Collagen (MDCKs). Prior to fixation with 2% paraformaldehyde for 20 minutes, MDCK
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cells were treated with either HGF or blebbistatin (figure 5 and figure S1). After fixation,
cells were permeabilized with 0,4% Triton X-100 for 5 minutes and blocked in 2% BSA for 1
hour. Phalloidin, primary- and secondary antibodies were diluted in 2% BSA and incubated
with the cells for 1 hour. Afterwards, cells were mounted in Mowiol 4-88/DABCO solution
(Sigma-Aldrich). For live imaging, lentivirally transduced HUVECs were plated into Lab-Tek
chambered 1.0 boro-silicate coverglass slides coated with fibronectin and cultured in EBM2 medium supplemented with EGM-2 bulletkit. Live (at 37°C) and fixed cells were imaged
using an inverted research widefield microscope (Eclipse Ti; Nikon) with perfect focus system,
equipped with a 60× 1.49 NA Apochromat total internal reflection fluorescence (oil) objective
lens, a microscope cage incubator (OkoLab), and an EM charge-coupled device (CCD) camera
(Andor Technology) controlled with NIS-Elements Ar 4.0 software.
Structured Illumination Microscopy
Imaging was performed using a Zeiss Elyra PS1 system. 3D-SIM data was acquired using a 63x
1.4NA oil objective. 488, 561, 642 100mW diode lasers were used to excite the fluorophores
together with respectively a BP 495-575 + LP 750, BP 570-650 + LP 75 or LP 655 excitation
filter. For 3D-SIM imaging a grating was present in the light path. The grating was modulated
in 5 phases and 5 rotations, and multiple z-slices with an interval of 110nm were recorded
on an Andor iXon DU 885, 1002x1004 EMCCD camera. Raw images were reconstructed using
the Zeiss Zen software.
Image Analysis
Any image adjustments in this report were performed with ImageJ software (developed by
the NIH). For figure 1, 2, 3A and 4A, images were treated with an unsharp mask (3.0/0.6),
and brightness/contrast was adjusted. Line scan analysis for figure 1 and 2 was performed
with ImageJ, furthermore, the data in figure 1 was normalized to average pixel intensity
and plotted in a graph using a running average. For the live imaging (supplemental movies
1-6) and the representative still images (figure 3 and 4) unsharp mask (3.0/0.6) was used,
brightness/contrast was adjusted, and a subtract background and/or Gaussian blur was
performed where appropriate. For calculating the protein decay at cell-cell junctions treated
with Y-27632 (figure 4E and F), both α-catenin movies and VASP, zyxin, TES and p120 movies
(n≥6) were treated with a subtract background of 20.0 and brightness/contrast was adjusted
for visibility. These α-catenin movies were then treated with an unsharp mask (3.0/0.6) and a
Gaussian blur (1.0), afterwards a threshold was added to distinguish cell-cell junctions from
background. The thresholded movies were used as template for measuring the average pixel
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intensity in both α-catenin and VASP, zyxin, TES, p120 channel. Average pixel intensity for
VASP, zyxin, TES and p120 was divided by average pixel intensity for α-catenin, to obtain the
relative junctional intensity. For figure 4E, the relative intensity of VASP, zyxin, TES and p120
before Y-27632 addition was normalized to 1. For figure 4F, the minimum relative intensity
of VASP/zyxin/TES was also normalized to 0. Representative images in figure 6 were only
adjusted for brightness/contrast. For analysis of the SIM superresolution images, still images
of the core-cadherin complex- and tension-regulated proteins were treated with a Gaussian
blur of 2.0. A merge of certain proteins (figure 6C) was performed, treated with a Gaussian
blur of 1.0 and thresholded (figure 6B) and used as template image. Average (n=5) Pearson
correlation coefficients were calculated using MATLAB (Mathworks) by correlating the pixel
intensities of the protein of interest and core-complex protein localized in the template
images (figure 6C).
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Supplemental figure 1. VASP, zyxin and TES localize to the cell-cell junctions independent of vinculin absence
or presence. α-Catenin deficient MDCK cells were transduced with either α-catenin 1-402 (recruiting vinculin
to cell-cell junctions independently) or α-catenin ΔVBS (no vinculin recruitment to cell-cell junctions) mutants
fluorescently tagged with eGFP. (A) α-catenin 1-402 MDCK cells were IF labeled for VASP, zyxin or transduced with
TES-RFP. Prior to fixation cell were treated with either HGF (inducing FAJs formation) or blebbistatin (abolishing
actomyosin contractility). VASP, zyxin and TES localized to the cell-cell junctions after HGF, but were absent in cellcell adhesions in blebbistatin treated cells despite continued presence of vinculin. (B) α-catenin ΔVBS MDCK cells
were IF labeled for VASP, zyxin or transduced with TES-RFP. Even though vinculin is absent from the junctions, VASP,
zyxin and TES still localize tension-dependent to cell-cell adhesions.
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Video legends
Supplemental Movie 1-3.Thrombin induced tension on cell-cell adhesions recruits VASP, zyxin and TES to FAJs.
HUVECs were transduced with α-catenin (mCherry) and either VASP, zyxin or TES (eGFP), and treated with thrombin
(at 00:00) during live imaging. (1) Live investigation of VASP demonstrates a strong increase of VASP localization at
remodeling junctions (FAJs) after thrombin addition (2) Similar to VASP, after thrombin addition, FAJs demonstrate
an increase in zyxin localization (3) After thrombin addition, TES is recruited to the FAJs. The pattern of localization
of TES is diffuse, however the immediate effect of thrombin on TES localization to FAJs is similar to VASP and zyxin.
Supplemental Movie 4-6. Abolishment of tension by Y-27632 decreases localization of VASP, zyxin and TES at
cell-cell adhesions. HUVECs were transduced with α-catenin (mCherry) and either VASP, zyxin or TES (eGFP), and
treated with Y-27632 (at 00:00) during live imaging. (4) Cell-cell adhesions containing VASP demonstrate a rapid
decrease in VASP localization after Y-27632 addition. (5) Zyxin localized at the cell-cell junctions is quickly removed
after addition of Y-27632 (6) TES localization at cell-cell junctions is decreasing rapidly after Y-27632 addition.
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Chapter 4

A proteomics approach to identify novel
members of the Focal Adherens Junction
J. Oldenburg, G. van der Krogt, H. Zhou, Q. le Duc, E. Nirmala
S. Mohammed, J. de Rooij
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Abstract
Remodeling of cadherin-based junctions plays an important role in development
and maintenance of epithelial and endothelial tissue. Our lab recently demonstrated that
there are structural and molecular differences between resting and remodeling adherens
junctions. The remodeling adherens junctions, that we called Focal Adherens Junctions
(FAJ), contain vinculin and are in contact with perpendicular oriented actin bundles, whereas
resting junctions, that we call Linear Adherens Junctions (LAJ), are in contact with cortical
actin and contain little or no vinculin. In chapter 3 of this thesis we showed that besides
vinculin, the actin binding proteins VASP, zyxin and TES are force dependently recruited to
FAJs. This proves that FAJs contain a specific set of cadherin-associated proteins, and we
hypothesized that additional FAJ associated proteins can still be discovered.
To discover novel proteins associated with FAJs, we developed a pull down method
aimed at isolating these junctions by coating magnetic beads with the extracellular portion
of E-cadherin. The acquired protein samples were analyzed by Mass Spectrometry (MS),
resulting in a list of 206 proteins. This list contained all main cadherin complex proteins. A
comparison of our dataset and two recently published MS screens of cadherin associated
proteins, revealed surprisingly little overlap between individual screens. To increase our
chances of separating the strong interactors from the labile interactors, which may explain
the divergence between screens, we chose proteins identified in multiple screens. This
resulted in a list of 32 likely novel cadherin associated proteins, which were fluorescently
tagged and examined for localization to LAJs and FAJs or the actin cytoskeleton. Using this
approach, which is ongoing, we so far identified 5 new members of the FAJ.
Together, this study shows that the molecular composition of the adherens junction
is more complex than previously thought; that many cadherin-proximal proteins identified
in screens are only loosely connected to cadherin junctions and secondary screenings are
needed to identify strong interactors. The novel cadherin associated proteins identified in our
study will result in a better understanding of the regulation of FAJs.
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Introduction
Junctional integrity of both epithelial and endothelial tissue is largely influenced
by the cadherin-based adherens junction. The core set of proteins at adherens junctions
responsible for junctional integrity are cadherins, that consist of an extracellular homotypic
interaction domain and an intracellular tail, α-, β- and p120 catenin, vinculin and Eplin.
Cadherin proteins, stabilized on the surface of two adjacent cells by p120-catenin can
interact, which initiates the formation of cell-cell junctions. These junctions are subsequently
attached to the actin cytoskeleton through β-catenin and α-catenin [110, 163, 165](Figure
1). Vinculin was found to be recruited to α-catenin force dependently and has a junction
strengthening function. This α-catenin-dependent, force-induced recruitment of vinculin
constitutes a mechanotransduction module at these sites of cadherin adhesion that provides
adaptive feedback to protect cell-cell junctions from breaking during tissue remodeling [73,
78, 166]. Eplin also localizes to cadherin junctions through interaction with α-catenin, in a
force-regulated manner, but its binding appears not to occur simultaneously with that of
vinculin and its function at cell-cell junctions remains ill-defined [111, 123, 167].
Although these proteins have been clearly proven to be important for the junctional
integrity, many other proteins have been found to localize to adherens junctions [168, 169].
Moreover, adherens junctions also vary in structural appearance, encompassing resting
LAJs, remodeling FAJs and the Zonula Adherens Junctions (ZAJ) that provide strong barrier
function in columnar epithelia. Each of these different cadherin-based junctions displays
a specific molecular composition. Investigating the difference in molecular composition of
these structurally different adherens junctions will elucidate their regulation as well as their
role in epithelial integrity. The particular type of cell-cell adhesion that we are interested in is
the FAJ [73]. FAJs are specifically involved in tissue remodeling processes, such as leukocyte
transmigration or epithelial cell scattering [73, 80]. They are associated to a specific type
of actin organization, with F-actin bundles running perpendicularly towards the junction.
The recruitment of vinculin to stretched α-catenin specifically at FAJs, identified these
junctions as the sites of cadherin mechanotransduction [73]. In chapter 3 of this thesis, we
showed that several actin-regulating proteins, namely VASP, Zyxin and TES also localize forcedependently at FAJs. This mechanosensitive process at FAJs is independent of the canonical
α-catenin-vinculin module, which identifies a missing chapter in our knowledge of cadherinmechanotransduction. We hypothesize that the molecular complexity of FAJs is greater than
currently appreciated and that knowing their full content is important for our understanding
of junction mechanotransduction and its importance in tissue remodeling in homeostasis
and disease.
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The literature-based cadhesome, all proteins that have ever been found to localize
at or interact with proteins at cadherin-based cell-cell junctions, encompasses 173 proteins
[169]. Several Mass Spectrometry (MS)-based cadhesomes have recently been published
[169, 170] that have identified more than 1000 additional proteins that occur in close
vicinity of E-cadherin. Guo et al. used two different techniques to isolate proteins that occur
in proximity to the cadherin junctions: They isolated E-cadherin containing plaques formed
at an E-ccadherin-coated glass surface and they used proximity biotinylation of proteins
near cadherin junctions by BirA-tagged (biotin ligase) E-cadherin. Isolated protein content
was analyzed by MS. This study performed secondary analyses to reveal 24 novel proteins
localizing to the cell-cell junctions (out of 83 tested) when fused to GFP, however their actual
functional importance in junction integrity was not investigated [169]. The study by Van
Itallie et al. also performed BirA mediated proximity biotinylation at the cadherin junctions
to discover novel proteins using MS. In this study, secondary analyses demonstrated that the
protein Lipoma Preferred Partner (LPP) localizes to cell-cell junctions and that knock down of
this protein resulted in reduced formation of adherens junctions and epithelial barrier [170].
Both investigations used proximity biotinylation at cadherin junctions in order to
label- and identify proteins associated with the E-cadherin complex. But by incorporating
biotin into proteins which are in proximity to E-cadherin, they run the risk of identifying
proteins associated with other junctional complexes. Nectins, Tight Junctions and the
Cadherins localize closely together at the cell membrane and all associate with the actin
cytoskeleton [171]. To identify novel FAJ proteins, we performed pull down experiments
using magnetic beads coated with the extracellular part of E-cadherin. The specific advantage
of our approach is that it isolates E-cadherin-based junctions from other cell-cell adhesion
complexes. Moreover, the particular topology of immobile cadherins on beads appears to
induce the formation of FAJs-like junctions. The acquired protein samples were analyzed by
MS resulting in a list of proteins with known and unknown functions. By comparing our list
with the datasets of Van Itallie et al. and Guo et al. we derived a small list of proteins with
unknown function that are likely to be associated to FAJs. GFP-tagging and expression of
these proteins indeed revealed that several of these proteins localize at cell-cell junctions
and/or the associated actin cytoskeleton, validating our method of junction isolation. Our
findings demonstrate the importance of further investigating the molecular composition of
adherens junctions as a multitude of proteins are still being discovered.
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Results
Method of isolating Focal Adherens Junctions
In order to isolate and investigate the FAJs using proteomic analysis, we used
magnetic beads coated with the extracellular part of the E-cadherin protein. This extra-cellular
part of E-cadherin was fused to an antibody Fc-region, enabling it to bind to beads [172]. This
method to mimic cell-cell junctions was previously used in magnetic twisting cytometry to
show that the cadherin complex is a mechanosensor [78]. This proofs that the E-cadherin
complex at the bead cell interface forms a functional, actomyosin connected junction. For
our experiments, the Fc-E-cadherin-coated beads were incubated with DU145 cells grown in
2D culture plates (Figure 1A). Beads and cells were initially cultured in calcium-free medium
and with the addition of calcium, cell-cell and cell-bead junctions were able to form. The
formation of punctate, FAJ-like junctions at the bead-cell interface was corroborated by
microscopy analysis of the core junction proteins E-cadherin and the force-sensitive protein
zyxin (Figure 1B). Integrin-associated paxillin remained absent from the beads in all cases (not
shown). After incubation for 45 minutes, DSP was used to cross-link the cadherin-complex
and other FAJs associated proteins. We consider this cross-linking essential because it is very
likely that the stringent washing conditions needed to isolate the beads from lysed cells, will
dissociate the assembled protein complex. After cross-linking, the cells were lysed, beads
with cadherin associated proteins were isolated by magnetic force and washed extensively to
remove remaining cell debris. The acquired protein sample was then used for western blot
(WB) and MS analysis.
Validation of pull-down method using Western Blot and silver staining
As a negative control for our isolation method we performed the same pull down with
beads coated with antibodies for the Transferrin Receptor (TFR). The TFR is a transmembrane
protein that undergoes continuous recycling, which has been previously used as a negative
control in similar bead-based isolations of integrin-associated proteins [173]. The TFR has
been found associated with E-cadherin in recycling endosomes, but it has no apparent
function in junction formation or in forming their link with the actin cytoskeleton [174]. After
acquiring protein samples for both TFR- and Fc E-cadherin pull-down, we performed WB
analysis to investigate whether known members of the FAJ complex were present.
WB analysis demonstrated that the Fc E-cadherin pull down sample contained an
abundance of E-cadherin in comparison to the TFR pull down negative control (Figure 2A).
The Fc E-cadherin pull down also contained the other core cadherin-complex members αand β-catenin, which were not detectable in the negative control. This confirmed that our
method for isolating the cadherin-complex works. Next, we investigated whether vinculin
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Figure 1. Fc-E-cadherin coated beads incubated with epithelial cells form Focal Adherens Junctions. (A) The
left panel represents our current model of Focal Adherens Junction (FAJ) molecular composition. The cadherin
complex consists of cadherin, p120, α- and β-catenin, and under tension recruits vinculin to α-catenin as well as
VASP, zyxin and TES to these tensile FAJs. The right panel demonstrates our method of FAJ isolation. Beads coated
with the extracellular part of cadherin are incubated with DU145 to form cell to bead cadherin junctions. After
incubation we cross-link the FAJ-related proteins and isolate the cadherin-associated complex through cell lysis
and magnetic pull down of the beads. (B) Live imaging of DU145 cells transduced with either E-cadherin-GFP or
Zyxin-GFP demonstrates that when incubated with Fc-E-cadherin coated beads, the cells form punctate, FAJ-like
junctions. Arrows point to cell-bead cadherin interactions, with blow-up in left-top corner further demonstrating
beads form punctate cadherin distributions around the beads.

was present in the isolate, which would indicate the presence of FAJs. Indeed, vinculin was
present in the Fc E-cadherin pull down, but absent in the negative control. The Fc E-cadherin
pull down also contained actin, which indicates that the entire complex encompassing the
link between E-cadherin and actin was isolated in this method.
Surprisingly, we detected an equal amount of TFR protein in the E-cadherin pull
down as in the TFR pull down (Figure 2A). An interaction between E-cadherin and the TFR
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Figure 2. Western blot and silver staining analysis validate pull down of FAJ complexes. (A) Western blot analysis
of TFR pull down (negative control) and Fc-E-cadherin pull down sample demonstrate an abundance of FAJs related
proteins in the cadherin isolate. Only TFR, as negative control, is present in both pull down samples. (B) Silver
staining of Fc-E-cadherin and TFR pull down samples, acquired from DU145 cells cultured either light or heavy
SILAC medium. Distinct protein patterns visible between cadherin isolate and negative control, with prominent
enrichment of E-cadherin and Fc-E-cadherin evident.

was previously found in clathrin-independent recycling endosomes [174]. This could indicate
that besides actin associated complexes also vesicle associated complexes are formed on
the cadherin-coated beads. This is corroborated further below (Figure 3) by the abundance
of vesicle associated proteins identified in the cadherin pull down sample. It is interesting
to note that a previous study identified clathrin and associated proteins at newly forming
cell-cell junctions and showed that these proteins are important for junctional recruitment
of actin [175]. Importantly, the absence of E-cadherin (and cadherin complex members)
in the TFR pull down validates its use as negative control for MS analysis and supports the
conclusion that we are specifically enriching for cadherin-based junctional complexes with
the Fc E-cadherin coated beads, rather than isolating a general pool of membrane-associated
proteins.
To investigate whether additional proteins, besides the core cadherin complex
members, were enriched in the cadherin pull down we performed a silver staining. For the
purpose of MS quantification in future experiments, we used Stable Isotope Labeling by
Amino acids in Cell culture (SILAC) and the silver staining was also meant to establish whether
light or heavy isotope labeling would affect protein content in cadherin pull down. Figure 2B
clearly demonstrates a strong E-cadherin and Fc E-cadherin presence in the cadherin pull
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Figure 3. Mass spectrometry analysis identifies cadherin adhesome. (A) Table summarizing cadherin-related
proteins identified after Mass Spectrometry (MS) analysis of Fc-E-cadherin isolate. Amount of unique peptides
correspond with enrichment of the specific protein in the cadherin pull down sample. (B) Graphs representing the
MS discovered proteins in either E-cadherin or TFR pull down, subdivided in functional classifications.

down sample, Moreover, the protein distribution pattern is similar for both SILAC light and
heavy cells. Although there are similar bands present between cadherin- and TFR pull down,
indicating that common background proteins are present in both samples, many of the bands
presents in cadherin pull down cannot be found in the TFR pull down and as indicated in
figure 2B, they migrate at the expected height of known E-cadherin complex proteins. This
indicates that indeed we have enriched for a specific set of proteins, likely to be cadherin
associated, in the cadherin pull down.
Mass spectrometry analysis to identify the cadherin adhesome
After confirming the enrichment of the cadherin complex in the cadherin pull
down using WB, we analyzed the protein samples by Filter-Aided Sample Prep (FASP) mass
spectrometry. FASP MS revealed the presence of a large amount of unique peptides of
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the E-cadherin protein (Figure 3A) as well as several unique peptides of the core cadherin
complex proteins p120, α- and β-catenin. The abundant presence of vinculin points to the
enrichment of FAJs. The TFR was also found in the cadherin pull down, which confirms the
results of the WB analysis (Figure 2A). MS analysis of the TFR pull down showed high amounts
of TFR unique peptides, but no peptides from any of the cell-cell junction associated proteins
found in the cadherin pull down. Proteins common between cadherin and transferrin pull
downs were mainly observed among the proteins with nuclear and RNA related functions
(see below).
To reduce the number of false-positive interactors from our screens, the MSidentified protein sets, from two separate cadherin pull downs were compared and proteins
present in only one of those discarded. The resulting set of 206 proteins was divided into
groups based on their function as established in literature. For example several heat shock
proteins were discovered, which we assigned to the chaperone group. Other proteins
were similarly classified: Clathrin Heavy Chain (CLTC) to vesicle transport, Myosin 18A to
cytoskeleton. Proteins that could not clearly be classified into a major functional group were
labeled as ‘not classified’.
The result of this classification is shown in figure 3B. The most notable group present
was proteins with Nuclear or RNA related function. The presence of these proteins is likely to
be a consequence of our isolation method in which genomic DNA from damaged nuclei tends
to stick to the magnetic beads. Nevertheless, previous MS screens also identified a number
of nuclear and RNA-associated proteins present [169]. Cell-cell adhesion related proteins
comprised 7% of the total amount discovered and 8% of the proteins were not classified.
The TFR pull-down also contained a high percentage of nuclear- RNA associated proteins,
but no proteins involved in cell-cell adhesion. Therefore we further cleaned up our cadherin
adhesome by discarding the proteins found in any of the 2 associated TFR pull-downs.
We conclude that we have isolated a cadherin-adhesion enriched pool of proteins
that is likely to contain novel members of the FAJ.
Comparing our cadhesome to previously published cadhesomes
The above experiments resulted in a list of 206 proteins possibly associated with
cadherin junctions. The previous BirA screen by Van Itallie et al. identified 235 proteins.
The BirA screen by Guo et al. identified 536 proteins. The isolation of E-cadherin adhesion
plaques by the same authors identified 1979 Proteins. From the 536 proteins identified, Guo
et al. tested 83 proteins for junction localization and thus identified 24 putative cadherinassociated proteins localizing at or near cadherin junctions. Direct interaction with the
junctional complex or functional implication in junction regulation was not tested. Overlap
between the two Guo et al. cadhesomes is limited (50 percent of the smallest collection
overlapped with the proteins from the bigger one) and the Guo et al. and Van Itallie et al.
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Figure 4. Comparison with previously published cadhesomes results in discovery novel cadherin-associated
proteins. (A) Comparison between our cadhesome to those discovered by Guo et al. and Van Itallie et al. [169,
170]. Numbers at the top of the table represent the total amount of proteins discovered in each MS analysis
and used as input for comparison. Numbers in green represents the number of overlapping hits between the
compared sets, whereas the numbers in blue demonstrate the percentage of overlap between smallest set and
its comparison. (B) Table demonstrating specific proteins found in our cadhesome and whether they were also
identified in cadhesomes of Guo et al. and Van Itallie et al. Novel cadherin-related proteins investigated further
in a secondary screen were chosen based on whether they were identified in at least one of the BirA MS screens.
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BirA cadhesomes only contain 33.6% overlap (Figure 4A). Apparently, a high percentage of
transient interactors or false positives is typically identified in these proteomics analyses. We
therefore found it prudent to narrow down our search for novel interactors before performing
secondary analysis. This was done by determining the overlap between our cadhesome and
those established by Guo et al. and Van Itallie et al. Figure 4A shows the percentage of overlap
between all different datasets (percentage of the amount of proteins present in the smallest
set). Because of the excessive amount of proteins in the Glass-cadhesome we considered
this method of isolation to be too prone to false positives and it was discarded from further
analysis.
The limited overlap between the different cadhesomes could be explained by the
possibility that many of the identified proteins have only very labile or transient interactions
with the cadherin complex. To increase our chances of including the strong and direct
interactors in a secondary screen, we limited our list of possible novel interactors to those
proteins in our cadhesome that were also identified in at least one of the two BirA screens for
E-cadherin interactors. Furthermore, proteins already well-established as cadherin complex
interactors in literature were discarded. We included 4 proteins not identified in other MS
approaches, because indirect evidence or unpublished observations indicated their putative
involvement in cell-cell adhesion regulation. These choices resulted in a final 32 protein list
of putative new cadherin-associated proteins (Figure 4B, right columns) that we tested for
localization to cell-cell junctions.
Validating novel cadherin-associated proteins by localization
As a validation screen of our shortlist (figure 4B) of putative novel cadherinassociated proteins, we fluorescently tagged these proteins and investigated their presence
at the cadherin junctions. For this purpose we transduced MDCK cells with the proteins
of interest. Next these cells were grown at low density to induce the formation of isolated
islands containing 4-12 cells. Two hours prior to fixation, the cells were stimulated with
HGF to induce the formation of FAJs. After fixation cells were immuno-labelled for corecadherin complex proteins and F-actin. This allowed assessment of localization of the tagged
proteins to LAJs, FAJs and F-actin rich structures. In addition, we pretreated similarly treated
cells before fixation with Cytoskeletal (CSK) buffer. This treatment preserves junctions and
associated actomyosin cytoskeleton, but removes loosely associated proteins, membrane
associated proteins and cytoplasmic proteins [176]. This treatment will therefore distinguish
between labile co-localization with- and firm interaction with the cadherin complex and/or
the associated actin cytoskeleton. The results of this secondary screen, which is still ongoing,
are summarized in figure 5. So far, among 12 proteins investigated, 6 new FAJ-localized
proteins were identified. All of these proteins also localize to a certain extent to LAJs so we
have not identified any FAJ-specific protein in this approach. With the exception of CC2D all of
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Figure 5. Investigating the localization of discovered novel cadherinassociated proteins. (A) Fixed, fluorescent images of MDCK cells
lenti-virally transduced with CFP-tagged versions of novel cadherinassociated proteins (discovered in figure 4B), and imaged with widefield microscopy. All cells were treated with HGF for 2 hours to induce
FAJ formation and were either untreated or underwent Cytoskeletal
(CSK) extraction prior to fixation. Asterisks represent images taken with
5x longer light exposure, underlining the protein’s absence after CSK
extraction. (B) Table representing the precise localization of the CFPtagged proteins to Linear Adherens Junction (LAJ), FAJ, F-actin and/or
membrane in untreated conditions, with the final row demonstrating
whether CSK extraction removed initial protein localization. Localization
to a specific structure can be positive (+), negative (-), strong (++) or
uncertain without further investigation (+/-).

84

Identifying novel members of the FAJs
the new FAJ associated proteins were resistant to CSK-buffer extraction indicating that strong
interactors were indeed identified in this screening approach. As all CSK-extraction-resistant
proteins, except CAPG, strongly co-localize with F-actin after extraction (Figure 6) it may be
that CAPG is the only strong interactor to the cadherin complex while the others are stronger
actin binders.
In conclusion, 9 out of 12 proteins tested so far (75%) localize to LAJs and 6 of these
(50%) to FAJs. Of these, 5 survived CSK extraction and are thus strong binders of junctional
protein complexes. These present new candidates for a function in the regulation of cell-cell
adhesion
E-cadherin

F-actin

CFP-tagged-Protein Merge

CAPG

TMOD3

LMO7

AACT4

PDLIM7

Figure 6. Subset of identified novel cadherin-associated proteins localizes to FAJs. MDCK cells expressing
CFP-tagged versions of novel cadherin-associated proteins were treated with HGF, subsequently fixed and
immunofluorescently tagged for E-cadherin and F-actin, and imaged by wide-field microscopy. Localization of CFPtagged proteins to cell-cell junctions linked with F-actin indicates specific FAJs localization.

85

4

Discussion
In the chapter 2 and 3 of this thesis we showed that FAJs are morphologically,
molecularly and functionally different from LAJs. This subset of adherens junctions recruits
vinculin, VASP, Zyxin and TES in a force dependent manner. In this chapter we set out to
identify novel proteins that could localize to FAJs. For this purpose we used beads coated
with Fc E-cadherin, and incubated cells with these beads to create cadherin junctions
between the two (Figure 1A). Protein cross-linking was performed prior to lysing the cells
and subsequent pull down isolation of the cadherin complex. WB analysis demonstrated
that the sample contained the cadherin complex members (E-cadherin, α- and β-catenin) as
well as vinculin which localizes exclusively to the FAJs (Figure 2A). MS analyses resulted in a
cadhesome containing 206 proteins. Comparison between our cadhesome and cadhesomes
established in previous studies resulted in a list of 32 possible cadherin junction associated
proteins (Figure 4). Secondary analysis consisted of fluorescently tagging these proteins and
investigating their localization in epithelial cells. A subset of these proteins localized to cellcell junctions and the actin cytoskeleton (Figure 5), validating our methodology of adherens
junction isolation and discovering novel proteins of the cadherin complex through MS
analysis.
Even after selecting the 32 protein subset from our cadhesome by stringent criteria
only a subset of proteins investigated in secondary analysis (62.5%) actually localized to cellcell junctions after tagging by CFP. Mislocalization due to CFP-tagging cannot be excluded
for all negative proteins, but the fact that 37.5% of these non-junctional proteins were used
without loss of function as tagged versions in earlier studies renders it unlikely that the CFP
tag shields junction localization in all of these cases. This indicates that a significant number
of proteins were isolated that do not have a direct connection with cadherin junctions. A
possibility is that the use of protein cross-linking is too prone to inducing false positives. In
further studies, the pull-down methodology and MS analysis could be performed without
protein cross-linking. This would most likely result in a much smaller list of cadherin-associated
proteins, perhaps containing a lower number of false-positive hits.
The aim of this study was to find novel proteins associated with a subset of adherens
junctions, the FAJs. Because it is unlikely that the junctions formed between Fc-E-cadherin
coated beads and cells are able to mature into linear junction, we assume that the junctions
we isolated are most likely enriched for FAJs. Thus the cadhesome discovered in these
isolates through MS analysis is likely to be associated to this subset of adherens junctions. In
future studies, this method could be exploited to directly identify mechanosensitive proteins
within this cadhesome by increasing tension at these FAJs between cells and beads (using
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HGF for epithelial cells; thrombin for endothelial cells) in one isotope-labelled fraction and
abolishing tension on FAJs by adding actomyosin inhibitors the other isotope labeled fraction
and perform SILAC. The secondary screen could also be expanded by inhibiting actomyosin
contractility in cells transduced with the CFP-tagged proteins to investigate whether these
proteins localize to cell-cell junctions in a tension dependent manner.
Although we discovered a number of novel proteins that localize to cell-cell junctions,
it is not yet clear whether they have a specific function in their regulation or stability. Further
research should focus on the function of these proteins, for example by performing knockdowns of these proteins. While performing knock-down assays as tools to investigate protein
function is widely accepted, several aspects need to be considered. An effect on junctional
integrity through knock down of the protein does not proof a specific cadherin or FAJs
associated function. And if no effect is observed it does not proof a lack of function, but could
mean a specific function not related to junctional integrity. We also propose that besides
knock down experiments to discover functionality, it is important to discover how these novel
proteins are molecularly recruited to cell-cell junctions. Using mutant clones of these novel
proteins, we can investigate their specific localization and therefore discover their mode of
recruitment.
In conclusion, we discovered several novel cadherin-associated proteins through
adherens junction isolation using Fc E-cadherin coated beads, subsequent MS analysis and
comparison to MS data of other research groups. These novel proteins demonstrate our
current knowledge of molecular composition- and dynamics of cadherin cell-cell junctions is
still incomplete. Further research into the functionality and molecular recruitment of these
newly discovered proteins can shed light on the formation and functionality of FAJs.
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Material and Methods
Cell lines and culture
Madin-Darby Canine Kidney (MDCK) cells were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with Fetal Bovine Serum (FBS; 10%) and antibiotics. MDCK
cells transduced with CFP-tagged proteins were kept on continuous puromycin selection (1.3
µg/ml). The prostate cancer cell line DU145, was cultured in RPMI (Gibco) supplemented
with FBS (10%) and antibiotics. Chinese Hamster Ovary (CHO) cells, expressing Fc E-cadherin,
were cultured in DMEM-F12 supplemented with FBS (10%) and antibiotics. These CHO cells
were kindly provided by the Nelson lab.
Antibodies and reagents
Mouse mono-clonal E-cadherin and β-catenin antibodies were purchased from BD
transduction laboratories. The anti-human Transferrin Receptor (TFR) antibodies (OKT9
clone) were purchased from eBioscience. Mouse mono-clonal actin antibodies were acquired
from Merck Millipore. Vinculin (hVin-1 clone) mouse mono-clonal antibodies and rabbit
poly-clonal antibodies for α-catenin were purchased from Sigma-Aldrich. Alexa fluorescent
secondary antibodies were purchased from Life Technologies and Phalloidin was obtained
from Promokine. For the cadherin isolation method we used Dynabeads (Protein A or G)
purchased from Invitrogen. Washing buffer used for cadherin isolation is a 0.1M pH8.0 Sodium
Phosphatase buffer with 0.01% Tween-20. The mild lysis buffer used for cadherin isolation
consisted of 25mM pH7.5 TRIS, 150mM NaCl, 0.5% NP40 and 1mM EDTA. The (4x) strong
lysis buffer was created by combining 12.5ml 1M pH7.5 TRIS, 10ml 100% Glycerol, 20ml 10%
SDS and 7,5ml MQ, and further diluted with water to create a 1x strong lysis buffer. For both
mild and strong lysis buffer we added a pinch of NaF, 1mM VO3 and 1:1000 Protease Inhibitor
Cocktail (Sigma). Elution buffer consists of 4% SDS, 100mM pH7.6 TRIS-HCl and 0.1M DTT.
For immunocytochemistry we used a Cytoskeletal (CSK) washout buffer consisting of 10mM
PIPES, 2mM CaCl2, 3mM MgCl2, 0,3M Sucrose, 0.5% Tx100 and 50mM NaCl.
Isolation of cadherin related proteins
On day 1, CHO Fc-E-cadherin expressing cells were plated in a 5cm dish, containing 2ml of
medium. On day 4 the medium was isolated and centrifuged, to remove cells and acquire
Fc-E-cadherin containing supernatant. Dynabeads (50µl/condition) were washed twice with
washing buffer and subsequently incubated with either 1ml of Fc-E-cadherin containing
supernatant or 20 µl of TFR antibody, at 4 °C overnight while rotating at 7rpm. DU145 cells
were plated in a 5cm dish, reaching confluent monolayer the next day. Isolation occurred
on day 5. Beads were blocked in 1% BSA washing buffer for 30 minutes rotating at 7rpm.
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Afterwards beads were washed 3 times with washing buffer, and added to 1.5ml of calciumfree Epilife (Gibco). DU145 cells were washed 2 times with PBS-0 containing 5mM EGTA to
disrupt cadherin junctions, before 1,5ml of calcium-free Epilife medium was added to the
cells. Beads were added to the cells, CaCl2 was added (final concentration of 4mM CaCl) and
incubated for 45 minutes at 37 °C to re-establish cadherin junctions between cells and beads.
After incubation, cells were washed twice with PBS-0 containing 1mM CaCl2 (preventing
bead-cell dissociation) to wash away unbound beads. Next, PBS-0 containing 1mM of CaCl2,
0.2mg/ml DSP, and 75 µg/ml Saponin was added to the cells for 10 minutes at RT, to perform
protein cross-linking. Cross-linking was subsequently blocked by washing cells 6 times with
cold 10mM pH7.5 TRIS, while keeping the cells on ice. Afterwards, cells were lysed in 750
µl of mild lysis buffer, transferred to an Eppendorf tube and sonicated twice for 30 seconds
(with 30 seconds of rest in between) on the highest setting. Next, beads were washed 6 times
with mild lysis buffer (by resuspending beads 60 times using a pipette, every washing step).
After final washing step, mild lysis buffer was replaced with 750 µl of strong lysis buffer and
the beads were sonicated 3 times for 30 seconds (with 30 seconds of rest in between) on the
highest setting. Next, beads were washed 15 times with strong lysis buffer (by resuspending
beads 60 times using a pipette, every washing step). After final washing step, the beads were
resuspended in 100 µl of elution buffer and incubated 30-45 minutes at 37 °C to perform
cross-link cleavage. Of the final sample, 80 µl was stored at-80 °C prior to Mass Spectrometry
analysis and 20 µl was used for Western Blot and silver staining.
Mass Spectrometry: Strong cation exchange fractionation
Protein sample acquired by pull down method were loaded on acrylamide gel, proteins were
isolated from gel and subjected to trypsin digestion. Peptides were fractionated by strong
cation exchange (SCX) using a Zorbax BioSCX-Series II column (0.8 mm × 50 mm, 3.5 µm),
as described previously [177]. Solvent A consisted of 0.05% formic acid in 20% acetonitrile,
solvent B of 0.05% formic acid, 0.5 M NaCl in 20% acetonitrile. The gradient was 0 to 2% B in
0.01 min; 2 to 3% B in 8 min; 3 to 8% B in 6 min; 8 to 20% B in 14 min; 20 to 40% B in 10 min;
40 to 90% B in 10 min; 90%B for 6 min; 90 to 0% B in 6 min. Fractions were collected once a
minute and each dried in vacuo and stored at -20°C.
Mass Spectrometry: LC-MS/MS analysis
SCX fractions were analyzed by an LTQ-Orbitrap Velos (Thermo Fisher Scientific, Bremen)
equipped with an electron transfer dissociation (ETD) source (Thermo Fisher Scientific)
that was connected to an ultra HPLC (UHPLC) Proxeon EASY-nLC 1000 (Thermo Scientific).
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Peptides were trapped on a double-fritted trap column (Dr. Maisch, Reprosil C18; 3 m, 2 cm
× 100 μm) and separated on an analytical column (Agilent, Zorbax SB-C18; 1.8 μm, 40 cm ×
75 μm). Solvent A consisted of 0.1 M acetic acid (Merck), solvent B of 0.1 M acetic acid in
80% acetonitrile (Biosolve). Samples were first loaded at a maximum pressure of 980 bar
with 100% solvent A. Peptides were separated at a flow rate of 100 nL/min by the following
gradient: 15 to 40% solvent B in 16 min; 40 to 100% solvent B in 3 min; 100% solvent B for
2 min; 100 to 0% solvent B in 1 min; 100% solvent A for 13 min. The LTQ-Orbitrap Velos was
operated in positive ion and data-dependent acquisition mode. FT full-scan spectra were
acquired at 30,000 resolution. The five most intense precursors were selected for HCD or
ETD fragmentation under control of an in-house developed data dependent decision tree
(isolation width 1.5 Da, resolution 7,500, AGC target for HCD 3e4, for IT ETD 5000, for FT ETD
2e5). Dynamic exclusion was enabled for a 30 s repeat duration and a 30 s exclusion duration
with a repeat count of 1.
Mass Spectrometry: Data analysis
Raw data was analyzed by Proteome Discoverer (version 1.3, Thermo). Mascot (Matrix
Science) was used to search the MS/MS data against an NCBI database with the following
parameters: trypsin cleavage allowing up to two missed cleavages; initial precursor mass
tolerance ± 50 ppm; product ion tolerance 0.05 Da for HCD and FT ETD, 0.6 Da for IT ETD;
carbamidomethylation of cysteines and dimethyl labeling (light, medium and heavy) of
N-termini and lysines as fixed modification; oxidation of methionines as variable modification.
A decoy database search was enabled. After identification and quantification, the data were
filtered according to the following criteria: (i) a false discovery rate (FDR) of less than 1% at
the peptide level (Percolator-based algorithm), (ii) peptide Mascot score > 20, (iii) protein
Mascot score > 62.
Constructs and lenti-viral transduction
For secondary analysis of discovered novel cadherin-associated proteins we bought ORFs
of the corresponding proteins from Source Bioscience. The ORFs were transferred to an
mTurquoise2 lenti-viral vector using Gibson Cloning. The fluorescent tag was positioned on
the N- or C-terminus, depending on previous research using the specific fluorescently-tagged
protein. In order to acquire lenti-viral particles, HEK293 cells were transiently transfected
with both third-generation packaging constructs and the lenti-viral expression vectors, and
supernatant containing the lenti-viral particles was isolated 2-3 days post transfection. DU145
and MDCKs were transduced with the lenti-viral particles overnight together with 8 μg/ml
polybrene.
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Immunocytochemistry and microscopy
For immunofluorescent (IF) staining, MDCK cells were plated on collagen coated coverslips
and treated with HGF (5ng/ml). Prior to fixation with 2% paraformaldehyde for 20 minutes, a
subset of the cells were briefly treated with CSK buffer. After fixation, cells were permeabilized
with 0.4% Triton X-100 for 5 minutes and blocked in 2% BSA for 1 hour. Phalloidin, primaryand secondary antibodies were diluted in 2% BSA and incubated with the cells for 1
hour. Afterwards, cells were mounted in Mowiol 4-88/DABCO solution (Sigma-Aldrich).
Susbequently, the IF cells were imaged using an inverted research widefield microscope
(Eclipse Ti; Nikon) with perfect focus system, equipped with a 60× 1.49 NA Apochromat total
internal reflection fluorescence (oil) objective lens, a microscope cage incubator (OkoLab),
and an EM charge-coupled device (CCD) camera (Andor Technology) controlled with NISElements Ar 4.0 software. For figure 1B, DU145 cells were transduced and plated on a
glass-bottom Wilco dish, two days prior to spinning disk confocal imaging. Dynabeads M450
Toscilated were treated with Protein A (o/n at 37 °C) and subsequently washed and incubated
with Fc-E-cadherin (o/n at 4 °C). For imaging DU145 cells were mounted on the spinning disk
confocal microscope and the Fc-E-cadherin bound beads were equally distributed on the
cells and subsequently imaged over a timeframe of 10-20 minutes. We used a Perkin Elmer
Ultraview VoX Spinning Disk microscope, containing a Yokogawa Spinning Disk Unit, Dual
Camara (Hamamatsu ORCA R2) and 63x Water N.A. 1.20 lens. All Images were analysed with
Fiji. Fluorescent images were enhanced using an unsharp mask (radius 2.0/ mask weight 0.6).
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Chapter 5

Salivary Gland Organoids as a novel, ex vivo model
to investigate branching morphogenesis

J. Oldenburg, A. Álvarez, S. Mendizuri, B. Ponsioen, J. de Rooij
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Abstract
Morphogenesis is the process in (embryonic) development where the organs and
organism acquire their complex shapes, and this is strongly correlated with cell growth
and cell differentiation. Morphogenesis processes are directed by both chemical cues
(hormones) as well as mechanical cues (forces), but the mechanisms underlying mechanical
regulation of morphogenesis of mammalian tissues are not well understood. The basis for
morphogenesis is the asynchronous behavior of specific cells within tissues. The extracellular
matrix plays important part in the induction of such behaviors, as well as the contractility
of the actomyosin cytoskeleton within cells. Mechanically driven morphogenesis processes
have been investigated extensively in drosophila and zebrafish embryogenesis. Integration of
actomyosin-based tensile forces at cadherin-based cell-cell junctions was found to be central
in this. Live imaging of morphogenetic processes is needed to understand their mechanical
regulation. Unfortunately, most of the mammalian developmental processes cannot be
investigated in live animals. To overcome this limitation, we set out to investigate the use
of salivary gland organoids (SGO), an organ known for branching morphogenesis, for the
investigation of branching morphogenesis ex vivo. We found HGF to rapidly and robustly
induce morphogenesis, which enabled us to investigate the full process by live imaging.
We then used this model to investigate the effect of collagen concentration on branching
morphogenesis and showed that it enhances the invasive branching that is important for
duct elongation. We conclude that the SGOs present a suitable model for the investigation of
the mechanical regulation of branching morphogenesis.
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Introduction
Branching morphogenesis is the formation of arborized epithelial networks essential
for the flow and exchange of gasses and fluids in organisms. The most notable organs that
develop through branching morphogenesis are the mammary- and salivary glands, the lungs
and the collecting ducts of the kidneys. Knowledge about branching morphogenesis comes
from the dissection and imaging of glands at various time points during their development.
The advantage of such approaches is the direct relevance for in vivo morphogenesis, but
disadvantages are that interfering manipulations are difficult to perform and little is
revealed about the dynamics of the morphogenetic process. Some aspects of the dynamics
of branching morphogenesis were revealed by the live imaging of embryonic explants of
developing salivary glands [178, 179]. The advantage of this model system is its relevance for
in vivo salivary gland development; however, also here manipulations to perturb and delineate
molecular mechanisms involved are difficult. As a consequence, molecular details about
signaling pathways that can drive branching processes were studied mainly in immortalized
cell lines such as MDCK cells that undergo a branching morphogenesis-like process in 3D
tissue culture [180]. The disadvantage of such models is the lack of differentiation capacity
of most cell lines, which questions the relevance of these tubulogenesis processes for in vivo
gland development. The current experimental models have revealed four principle processes
that can contribute to branching morphogenesis: differential growth, invasive branching,
epithelial folding, and matrix-dependent branching [181].
Research in morphogenesis as early as 1953 already demonstrated that branching
of embryonic salivary epithelium did not occur ex vivo unless cultured together with their
mesenchyme [182, 183]. Furthermore, it was the quantity of mesenchyme that affected
proliferation of these explants, which gave rise to the differential growth hypothesis suggesting
initial branching morphogenesis occurs through local proliferation. Although much research
in differential growth has been performed since 1953 and branching morphogenesis does
rely on proliferation, it is still hypothetical that differential growth initiates branch formation.
A better understood phenomenon is invasive branching, which has been
extensively studied in Drosophila tracheal morphogenesis and to a lesser extend in sprouting
angiogenesis. Invasive branching requires the formation of a single ‘tip cell’ that extrudes
from the epithelial layer and begins to invade into the surrounding stromal tissue, to start the
formation of a new epithelial branch. When the ‘tip cell’ invades the extracellular matrix, it
is followed by ‘stalk cells’ which are attached, through cadherin-mediated cell-cell contacts
to the tip cell. This process requires dynamic cadherin regulation to ensure proper branch
formation, demonstrated by a reduction of E-cadherin at the cell membrane of stalk cells
through endocytosis. This was shown to be a necessary process for the proper intercalation of
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the branching cells in order to generate an epithelium where a single cell is able to surrounds
the inner lumen [184]. Tension between tip- and stalk cells was also demonstrated to be
instrumental in successful branching morphogenesis, where laser ablating the connection
between tip and stalk cells prevented further intercalation of cells and even retraction of the
stalk cells [185].
Branching morphogenesis can also occur through folding of the epithelium as a
coherent sheet without any invasive lamellipodia or filapodia. This epithelial folding has been
studied in the developing mammary gland and in embryonic mouse lungs [186, 187] and
requires apical constriction of specific cells within the epithelial layer which is dependent
on stable, cadherin-dependent cell-cell adhesions and actomyosin-based tension integrated
at these adhesions [188]. Another aspect of epithelial folding is mechanical buckling, where
constriction of the surrounding mesenchyme can cause the epithelial sheet to buckle inward
[189]. This specific process was found to take place in gut morphogenesis, necessary for gut
looping and villus morphogenesis [190, 191].
Matrix-dependent branching has been extensively studied in mammary- and salivary
gland morphogenesis. This type of morphogenesis entails the ECM-induced formation of
clefts in the epithelial layer of large spherical precursor structures. Separate terminal end
buds than develop through cleft elongation and tissue growth. Ex-vivo embryonic salivary
explants treated with cytochalasin B disrupted cleft formation, demonstrating this process
requires actomyosin contraction [192, 193]. E-cadherin-induced signaling through the Hippo
pathway was also found necessary for branching morphogenesis in salivary gland explants
[194].
Thus, in all of the different processes that are observed during branching
morphogenesis, actomyosin contractility is paramount and it is very likely, although not
directly established, that differential tension at cell-cell junctions is a key factor in directing
branching.
Although this necessity of both cell-cell junction- and actin cytoskeleton-regulation in
many aspects of branching morphogenesis is obvious, the spatiotemporal control of junction
and cytoskeletal dynamics has yet to be fully understood. It is clear that mechanical tensions,
regulated by ECM adhesion, actomyosin architecture and contractility are important, but
the specific morphogenetic aspects directed by these forces, as well as the force-responsive
elements within the developing epithelia have remained largely obscure. To overcome the
limitations that have prevented the investigation of the mechanotransduction processes
in the current assays we sought to develop an ex vivo model that is easy to image and to
manipulate and that closely recapitulates gland morphogenesis as it occurs in vivo.
Recently, a Salivary Gland Organoid (SGO) culture method was established, in which
the regenerative potential of adult salivary gland stem cells was exploited to restore salivary
gland tissue damaged by radiation therapy in a mouse model for head and neck tumor

96

Studying branching morphogenesis using SGOs
treatment [195]. These stem cell derived organoids can be induced to undergo branching
morphogenesis that leads to the development, in vitro, of functional, mucus producing
salivary gland tissue that closely resembles the morphology found in salivary glands in vivo. As
discussed here above, using embryonic explant techniques, salivary gland morphogenesis was
found to occur through matrix-driven branching. This involves the induction of actomyosinbased tension, integrated at cell-cell junctions and therefore, we decided to explore the
possibility to use the SGO model to study the importance of mechanotransduction in
branching morphogenesis.
In this chapter we demonstrate that HGF, known to be important for salivary gland
formation [196], strongly enhances branching morphogenesis in SGOs. Using HGF, the
process of SGO morphogenesis can be fully captured by live imaging, within 3 days. The
predominant process involved in SGO morphogenesis was found to be invasive branching and
altering the collagen concentration in the SGO model profoundly affected duct elongation.
This confirms previous observations about the importance of ECM structure in salivary gland
morphogenesis. By creating SGOs from glands isolated from transgenic mice expressing
E-cadherin-CFP and by lenti-virally transducing SGOs with fluorescent adherens junction
markers, we completed our assessment of the feasibility of using this SGO model as a tool for
studying the mechanical regulation of branching morphogenesis.
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Results
Salivary Gland Organoids undergo branching morphogenesis in vitro.
To investigate the process of branching morphogenesis we used Salivary Gland
Organoids (SGO). Salivary glands were isolated from mice, and reduced to single cells
according to a previously published protocol [195]. The single cells were kept in a floating
culture to allow the stem and progenitor cells to proliferate. The DMEM-F12 growth medium
for this initial stem cell enrichment culture contained insulin, FGF-2, EGF and N2 supplement.
After 5-10 days in liquid culture, the isolated cells grew into spheroids at which point we
collected them and placed them in a matrigel matrix. Here the spheroids developed into
spheres with a lumen in the centre, which demonstrates polarity induced by growing the
cells in such 3D conditions (Figure 1). To maintain this stem cell-rich spheroid culture that we
call salispheres, the spheroids were trypsinized to single cells, and again plated in matrigel
for 7 days. We have now cultured such salispheres derived from our first mouse, for more
than 2 years, passaging them on average once every week, without any observable loss of
proliferative capacity or morphogenetic capacity (see below).
To induce morphogenesis, salispheres grown for 3-5 day post-trypsinizing were
transferred to a mixture of matrigel and collagen type I. Fetal calve serum was also added to
the medium. In these conditions, a limited percentage of salispheres undergoes branching
morphogenesis leading up to the appearance in 1-2 weeks of epithelial branched structures
that appear highly reminiscent of salivary gland tissue in vivo. In the previous study, these
glandular structures were shown to produce mucus and to be capable of rescuing saliva
production in mice depleted of endogenous salivary glands by irradiation [195]. The SGOs
that completed morphogenesis under these conditions could be distinguished in SGOs with
a strong alveolar structure or with a strong ductal structure (Figure 1). The alveolar structure
distinguishes itself by the formation of large sac-like structures, which correspond to the
mucus producing branches in the salivary gland. The strong ductal structures demonstrate
more pronounced ducts, and very small alveolar branches at the tip of these ducts.
This assay indicates that it is possible to induce morphogenesis of these salivary
gland organoids, allowing us in principle to study this process by imaging ex vivo. However,
the percentage of SGOs undergoing morphogenesis under these conditions was small, and
the timespan of 7-14 days to complete the process was too long to allow live imaging of the
full process of branching morphogenesis.
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Salivary Gland
Isolation

Salivary Gland Organoids (7d)

Floating Culture
Single Salivary
Stem Cell
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Matrigel (7d)

Differentiation
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Salivary Gland
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Figure 1. Branching morphogenesis of the Salivary Gland Organoid. Left panel demonstrates manner of culturing
Salivary Gland Organoids (SGO) resulting in polarized spherical structures shown in top right image, taken by
Differential Interference Contrast (DIC) microscopy. Branching morphogenesis is induced by culturing SGOs in
matrigel/collagen mix, which transforms the organoids into either strong alveolar- (bottom left image) or strong
ductal (bottom right image) structures.

HGF enhances SGO branching morphogenesis.
To enhance the morphogenesis of SGOs, to obtain a higher responsive percentage
and to speed up the morphogenesis process (which takes place within 2 days in the developing
embryo [178, 179]), we investigated the effect of manipulating signaling pathways implicated
in branching morphogenesis in previous studies. The ultimate objective of this was to establish
a model for branching morphogenesis that would allow live imaging of the full process. Figure
2A (left panel) and 2B shows that after 3-4 days, untreated organoids do not demonstrate a
morphological change. The Inhibition of the notch signaling pathway has been found to have
an important role in branching morphogenesis of salivary tissue [197, 198]. Thus we added
the γ-secretase inhibitor DAPT to block Notch signaling to the SGOs. However, adding DAPT
had no effect on the amount of developing SGO’s within four days (Figure 2B).
Next we added Hepatocyte growth factor (HGF) to the morphogenesis assay. HGF
was demonstrated to be of importance during embryonic salivary grand morphogenesis
[196] and has been implicated in multiple aspects of branching morphogenesis of the breast
gland and intestine [199, 200]. After addition of HGF we observed a significant increase in
the percentage of morphogenetic SGO’s, from 0% in the untreated condition to 100% within
four days (Figure 2A right panel and 2B). When we treated the organoids with both HGF and
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DAPT we observed a similar increase to 100% of morphogenetic SGOs within 4 days. This
demonstrates that HGF has a very strong inducing effect on the morphogenesis of the SGOs,
and that this effect is not strongly enhanced by inhibition of the notch signaling pathway.
Although DAPT treatment did not strongly speed up the morphogenesis of the SGOs,
the addition of DAPT did result in a marked difference in SGO structure. Whereas adding
HGF to the morphogenesis assay resulted in SGOs with short, unbranched ductal structures
leading to pronounced alveolar structures, addition of DAPT together with HGF resulted in
SGOs with long and branched ductal structures (Figure 2C). This indicates that even though
blocking the notch signaling pathway does not induce the initial morphogenesis of the SGOs,
the activity of this pathway is of importance for the exact outcome of the morphogenesis
process.
Thus we conclude that addition of HGF and the γ-secretase inhibitor DAPT lead to
a strong enhancement of both the percentage of salispheres undergoing morphogenesis as
well as the speed of morphogenesis.

A

B

C

HGF

Eﬀect of HGF and/or DAPT on SGO diﬀerentiation
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

HGF / DAPT

Untreated

DAPT
Undiﬀerentiated

HGF

HGF/DAPT

Diﬀerentiated

Figure 2. HGF speeds up and enhances frequency of SGO branching morphogenesis. (A) Left image is
representative for untreated organoids, 3-4 days after morphogenesis induction. The addition of HGF results in
fully branched, alveolar SGOs after 3-4 days, demonstrated in the right image. (B) Graph illustrating the percentage
of SGOs that underwent branching morphogenesis after treatment with HGF and/or DAPT. SGOs were analyzed 3-4
days after branching morphogenesis was induced, and organoids were continuously incubated with HGF and/or
DAPT. (C) Transmitted light microscopy images of SGOs that underwent HGF treatment (strong alveolar structure)
or underwent HGF and DAPT treatment (strong ductal structure).
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Figure 3. Live imaging of SGO branching morphogenesis. (A) Time-lapse images of SGO undergoing branching
morphogenesis. Images were taken using DIC microscopy over a 3-4 day time period. Branching starts (0hr) with
initial SGO invasion into the matrigel/collagen mixture. (B) Characterization of the multiple processes involved
during branching morphogenesis. Throughout the process SGOs grow in size, but we consider the morphogenesis
starts (0hr) with invasion into the ECM. Bifurcation of the invasive outgrowths and formation of budding structures
takes place 20hrs after initial invasion, and full development of alveolar structures is completed after 30hrs.

Live imaging captures all major aspects of SGO branching morphogenesis.
Using HGF in our morphogenesis assay ensured that a high percentage of salispheres
underwent branching morphogenesis within a period of four days, which enabled us to
image this process live from beginning to end. We imaged this process in several SGOs using
Differential Interference Contrast (DIC) microscopy. We started imaging SGOs at the first sign
of morphogenesis, occurring in figure 3A at 0 hours. This start is characterized by invasive
structures sprouting from the SGO (Figure 3B). 10-20 hours after initial sprout initiation, while
elongation is still ongoing, both ductal and alveolar structures start to form (based on their
structural appearance). This combined phase of sprouting, elongation and differentiation
continues until about 20 hours after initiation. Full development of the alveolar structure
is mostly completed at 30 hours after initial sprouting, afterwards the established glandular
structures keep growing in size at a relatively stable rate up to at least 50 hours after initiation
(when we stopped imaging). Also in this terminal growth phase additional structures can
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Figure 4. Collagen concentration affects SGO branching morphogenesis. (A) Transmitted light images of SGOs
undergoing branching morphogenesis in increasing collagen concentrations (from left to right). (B) Time-lapse DIC
images of SGOs cultured in low- (bottom) or high (top) collagen concentrations. Images were taken over 3-4 day
time period, start (0hr) of branching morphogenesis was characterized by initial invasion of the SGO into the ECM.

sprout from the remaining core structure or from the sides of differentiated structures
leading to increased branching. Thus, based on the time-lapse images displayed in figure 3,
which are representative of many similar time-lapses obtained independently, we conclude
that we can indeed perform live imaging of all major morphogenetic processes that occur
during salivary gland branching morphogenesis by the use of this organoid culture system.
The effect of collagen concentration on SGO morphogenesis.
The architecture of extracellular matrix (ECM) has been found to have a strong impact
on salivary gland branching morphogenesis in embryonic explants. Both biochemical (specific
ECM components) and biophysical (density and stiffness) properties of the ECM were found
to be of importance. We investigated whether SGO branching morphogenesis assay would
demonstrate a similar dependence on ECM structure by varying the concentration of collagen
type I in our assays. In low collagen concentration the SGOs developed with pronounced
alveolar structures connected to short ducts, while increasing the collagen concentration
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resulted in increasingly longer ductal structures, as well as increased secondary branching
of those ducts. (Figure 4A). Using live imaging we confirmed the results in figure 4A, and
this also shows that the induction of the long, branched ducts is due to the faster and more
sustained invasion of the initial sprouting structures into the ECM. (Figure 4B) Together these
data show that the architecture of the extracellular matrix has profound effects effect on
the development of SGOs and that this assay can be used to further study biophysical and
biochemical regulation of salivary gland branching morphogenesis.
SGO’s can be manipulated to express fluorescently tagged proteins.
Besides the biophysical properties of the ECM and in response to the biophysical
properties of the ECM, the mechanical properties of the cells themselves also affect branching
morphogenesis. For instance, it has been observed that local addition of actomyosin
inhibitors affect branching morphogenesis in breast epithelial cells cultured in 3D [201].
Besides cell-ECM adhesions complexes, major components directing cellular mechanics are
cell-cell adhesions and the actomyosin cytoskeleton. To be able to monitor cell-cell junction
dynamics and actomyosin structure and contractility during morphogenesis, we aimed to
stably express fluorescently–tagged proteins in SGOs. In figure 5A is shown the result of lenti-
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Lenti-viral Transduced SGOs

Light Transmission

SGOs Isolated from Trangenic Mouse

α-catenin-eGFP

Light Transmission

E-cadherin CFP

Figure 5. Manipulation of SGOs to express fluorescent proteins. (A) SGOs were lenti-virally transduced with
α-catenin-eGFP, branching morphogenesis was induced prior to fixing of the SGOs and subsequently imaged using
confocal microscopy. Top images demonstrate junctional specific fluorescence in salispheres, while bottom images
demonstrate fluorescent α-catenin-eGFP localization in branched SGOs. (B) Branching morphogenesis was induced
in SGOs isolated from an E-cadherin-CFP transgenic mouse, and subsequently fixed and imaged using a confocal
microscope. E-cadherin fluorescence is present cell-cell junctions in underdeveloped organoids (top image) and
SGOs undergoing branching morphogenesis.
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viral transduction of salispheres with the omnipresent adherens junction marker α-catenineGFP, which clearly localizes to cell-cell junctions in salispheres as well as in SGOs that have
undergone branching morphogenesis. In figure 5B are shown similar SGOs isolated from
E-cadherin-CFP knock-in mice [202], and these SGOs show junctional localization of this
fluorescent protein (Figure 5B).
This demonstrates that it is possible to express fluorescent junctional markers in SGOs
using genetically manipulated mouse models or by using lenti-viral expression vectors, without
apparent loss of their morphogenetic capacity. This will enable us to study the dynamics of
cell-cell junctions and other protein complexes during morphogenesis. Furthermore, using
lenti-viral transduction will allow us to perform knock-down experiments and express mutant
proteins to investigate the effect of specific pathway or complex manipulations on branching
morphogenesis. Finally SGOs isolated from (conditional) knock-out mouse models present
now a straightforward opportunity to study the importance of specific proteins in branching
morphogenesis. In conclusion, the ability to manipulate SGOs similar to the manipulation of
immortalized cell lines, while preserving the morphogenetic capacity of these primary tissues
ex vivo, holds great potential for the investigation of the mechanisms that control branching
morphogenesis. It is our objective to use this model system to delineate the physical aspects
of this regulation and the role in that of the mechanosensory complexes we identified at cellcell junctions.
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Discussion
Morphogenesis relies on both chemical and mechanical cues; however the
relative contribution and the underlying mechanisms of mechanical regulation are not well
understood. To study mechanical regulation of branching morphogenesis we sought to
develop an ex vivo model amenable to manipulation of both its extracellular mechanical
environment as well as its intracellular mechanosensing machinery. Moreover, such a model
would have to be amenable to live imaging to investigate the morphogenetic movements
involved and the effects on these movements elicited by our perturbations. Because one of
the best known (but hard to manipulate and image) models of branching morphogenesis
is the embryonic salivary gland [178, 182, 183], the recent establishment of Salivary Gland
Organoids (SGOs) from adult tissue thus presented an interesting opportunity to investigate
their use for such experiments.
Using the previously established protocol [195], branching morphogenesis could be
induced in a subset of the SGOs and took 7-14 days to complete. Using HGF and a y-secretase
inhibitor we could strongly enhance the efficiency and speed of the morphogenesis process
so that almost 100% of the SGOs underwent morphogenesis within 3 days. Using SGOs
from genetically manipulated mice or transducing SGOs with lenti-viral constructs allowed
expression of fluorescently tagged proteins without loss of morphogenetic capacity. Thus
these SGOs indeed provide us with a manipulatable and imageable model system, in which
mechanical regulation of branching morphogenesis can be investigated in the future. Our
exploratory experiments to investigate the effects of ECM composition indeed revealed that
the result of morphogenesis can be strongly affected by the mechanical properties of the
environment.
Previous research on salivary gland morphogenesis demonstrated that this tissue
develops through matrix-driven branching. More specifically, in explanted slices the embryonic
tissue underwent cleft formation in a matrix-regulated manner to develop its branched
alveolar structures. The SGO morphogenesis we observed takes places through invasive
branching as demonstrated by our live imaging experiment (Figure 3). Clearly this indicates
that morphogenesis of the organoid ex vivo does not occur similar to that of the embryonic
gland. However, the morphogenesis of SGOs can be strongly manipulated by altering the
ECM as shown in figure 4. It is therefore possible to investigate whether further variation of
the ECM composition may result in morphogenesis through cleft formation instead of (or in
combination with) invasive branching. One of the key ECM factors shown to be involved in
cleft formation embryonic explants is fibronectin [203], which we have not included in our
SGO cultures. Besides fibronectin, the composition of the ECM of the embryonic salivary
gland is not characterized. Using the current ECM composition we will be able to investigate
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the importance of mechanotransduction pathways and junctional regulation mechanisms in
invasive branching. Future development of this culture system may allow the investigation of
other modes involved in branching morphogenesis in vivo.
The adjustment of collagen concentration in our assay affected morphogenesis.
Pronounced, large alveolar structures (connected to short ducts) were formed in low
collagen concentrations and long ductal structures (connected to small alveoli) were formed
in high collagen. In many cases, increasing collagen concentration was found to lead to
mechanical stiffening of the ECM, however we did not formally test this in our culture system.
It is clear from our live-imaging experiments that the presence of high collagen resulted in
duct elongation because invasion of the sprouting structures into the ECM was much more
efficient than in low collagen. Sprouts invaded faster and continued to invade longer and
during invasion, the formation of alveolar structures appeared to be absent, whereas alveolar
differentiation was apparent immediately after sprout induction in low collagen conditions.
This indicates that collagen inhibits alveoli from forming and that (local) ECM conditions can
thus be instructive in the precise outcome of gland morphogenesis. Currently, it remains
uncertain whether the alterations in morphogenesis in our 3D culture system are due to the
altered mechanical properties of high collagen ECM, or the quantity of collagen-contained
chemical signals. From a wealth of 2D studies however, it is clear that mechanical tuning and
physical density of adhesive ligands are key in determining both migratory and differentiation
status of cells. Future research could focus on altering ECM stiffness without changing the
biochemical cues; however this is currently not feasible. Using different types of collagen
in combination with fibronectin and other ECM components, together with inhibitors of
ECM signaling pathways will provide us with insight into the biochemical factors regulating
branching morphogenesis.
We also demonstrated the ability of expressing fluorescent proteins in the SGOs,
through gland isolation from transgenic mice or lenti-viral transduction. This opens up
the possibility of isolating glands from knock-out mice, to study the function of certain
proteins in branching morphogenesis or to perform knock-down rescue studies with mutant
proteins. Furthermore biosensors of signaling activity or probes to measure tissue tension
can be expressed to assess local activation of mechanosensing pathways in branching
morphogenesis.
In conclusion, this chapter demonstrates how salivary gland organoids can be
used as a model to study branching morphogenesis by live imaging. Future research by our
lab should focus on how cell-cell junctions are regulated throughout this process and how
mechanical cues can direct or alter morphogenesis.
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Material and Methods
Reagents
For SGO culture DMEM-F12 (Gibco) was supplemented with EGF (Life Technologies and
used 20ng/ml), FGF-2 (Preprotech and used 20ng/ml), N2-supplement (Life Technologies),
Human insulin solution (10µg/ml) and Dexamethasone (1µM) which were both bought from
Sigma. HGF (R&D Systems) was used in 50ng/ml concentration, DAPT (Sigma Aldrich) was
used in 1mM concentration. Matrigel used for culturing was acquired from BD Biosciences,
while a Growth Factor Reduced (GFR) version was used for the branching morphogenesis
assay. Collagen-1 was isolated from rat tail and supplied by Corning (354249).
Organoid culture and morphogenesis
Wild type Salivary Gland Organoids (SGOs) were kindly provided by the Coppes lab, isolated
and cultured according to published protocol [195]. The E-cadherin-CFP [202] transgenic
mouse used for SGO isolation was kindly provided by the Van Rheenen lab. For the
branching morphogenesis assay, SGOs were removed from culture matrigel and placed in a
60/40 matrigel to collagen (1.0 mg/ml) mixture and plated in glass-bottom Mat Tek dishes
or plates. Culture medium was added with addition of 10% Fetal Bovine Serum (FBS). For
figures 2-5 HGF was added to the medium and for figure 2B and C we added DAPT. For figure
4 increasing collagen concentrations were used resulting in 0.5 - 1.0 - 3.0 - 5.0 mg/ml of
collagen concentration.
Lenti-viral transduction
In order to acquire lenti-viral particles, HEK293 cells were transiently transfected with both
third-generation packaging constructs and the lenti-viral expression vector α-catenin-eGFP,
and supernatant containing the lenti-viral particles was isolated 2-3 days post transfection
For lenti-viral transduction with α-catenin-eGFP we reduced SGOs to single cells and
incubated the single cells with the lenti-virus for 2-3 hours together with 8 μg/ml polybrene,
before the cells were re-plated in matrigel. One week after transduction SGOs were put and
kept on puromycin selection (0.5µg/ml).
Microscopy
DIC and transmitted light images were acquired using inverted research microscope
(Eclipse Ti; Nikon) with perfect focus system, equipped with a 20x Dry N.A. 0.75 lens, a
microscope cage incubator (OkoLab), and an EM charge-coupled device (CCD) camera
(Andor Technology) controlled with NIS-Elements Ar 4.0 software. For figure 5 we used
SGOs transduced with α-catenin-eGFP and SGOs isolated from an E-cadherin-CFP transgenic
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mouse. SGOs were placed in matrigel and plated in a glass-bottom Mat Tek plate, and fixed
with 4% paraformaldehyde in PBS. The plate was subsequently mounted on an inverted
confocal laser scanning microscope (Leica SP8X) and imaged using a 40x objective (N.A. 1.1).
All Images were analysed with Fiji. DIC images were treated with an unsharp mask (radius
1.0/ mask weight 0.6) while fluorescent images were enhanced using a Gaussian blur (radius
1.0) and subsequently with an unsharp mask (radius 2.0/ mask weight 0.6).
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Formation and maintenance of cell-cell junctions is paramount for proper
epithelial and endothelial barrier formation. Cell-cell adhesions are regulated by chemical
and mechanical cues from the environment. Mechanical regulation of both epithelial and
endothelial barrier occurs predominantly through the cadherin junctions and the actin
cytoskeleton. In this thesis we investigate a subset of cadherin junctions that are mechanically
regulated, the Focal Adherens Junctions (FAJs). We discovered that these junctions are
different in morphology and in a state of remodeling induced through actomyosin contractility.
More importantly they seem to have a different molecular composition compared to stable,
mature cadherin junctions. Indeed, we discovered the tension dependent recruitment of
vinculin, VASP, zyxin and TES at the FAJs. To further elucidate the molecular composition
of FAJs, we performed a pull down on these junctions and analyzed the protein sample
using Mass Spectrometry. This resulted in a list of novel proteins possibly involved in FAJs
formation. Lastly, in this thesis we establish the use of Salivary Gland Organoids (SGOs) as a
tool to study branching morphogenesis. The ability to image this process, which is regulated
by changes in tissue mechanics and involves massive remodeling of cell-cell junctions, live on
the microscope, will allow us to investigate the importance of FAJs and the proteins involved
in these mechanosensitive cell-cell junctions in branching morphogenesis.
Focal Adherens Junctions: The cell-cell adhesions that matters
In chapter 2 we illustrated that cadherin-based junctions can display different
morphologies, in conjunction with specific actin conformations in the vicinity of these
adherens junctions. We demonstrated that stable, mature cadherin junctions are linear in
shape and have actin filaments running in parallel to these junctions. In contrast, remodeling
cadherin junctions appear in short patches oriented perpendicular to the plane of contact
and have F-actin bundles running towards them. We also showed that vinculin concentration
was increased at these sites of junction remodeling. Furthermore, we demonstrated that
these FAJs could be induced using hormones involved in junctional remodeling in endothelial
cells. Live imaging of fluorescently labeled vinculin and junctional markers in endothelial cells
indicated that the disruption of cell-cell junctions recruit vinculin. A photoswitch experiment
using α-catenin-Dendra elucidated that existing stable cell-cell junctions transform into
FAJs, recruiting vinculin and actin stress fiber attachment, while maintaining the same
cadherin-complex members throughout the transition. Furthermore, we showed that the
vinculin recruitment and FAJs formation was actomyosin contractility dependent, using
inhibitors of the Rho-ROCK-actomyosin pathway to abolish actomyosin contraction on the
cell-cell junctions. We therefore proposed that through actomyosin contractility, FAJs were
experiencing mechanical stress. By using laser ablation of actin filaments attached to FAJs
we discovered that, indeed, these remodeling cell-cell junctions experience tension. Lastly,
we performed a knock-down rescue experiment for α-catenin, using an α-catenin mutant
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that was unable to recruit vinculin (α-catenin ΔVBS), with which we demonstrated that
vinculin is not necessary for linking the cell-cell junctions with F-actin or for formation of the
junctions. Instead the function of vinculin turned out to be in a feedback signaling loop that
results in junction strengthening in response to the pulling forces that occur during junction
remodeling. This corroborates earlier findings in which our lab showed that vinculin-depletion
prevents cortical stiffening in magnetic twisting cytometry experiments where E-cadherincoated paramagnetic beads were pulled on by magnetic force. Thus, similar to its proposed
function at integrin-based adhesions, vinculin functions in a process called force-dependent
re-inforcement at the cadherin complex. We decided to call the remodeling, perpendicularly
oriented, vinculin-containing cadherin junctions Focal Adherens Junctions (FAJs), to
emphasize their relation to integrin-based FAs since they share morphology, connection to
F-actin bundles, mechanosensitivity and the presence of vinculin. Other studies have further
assessed the role and regulation of vinculin at cell-cell junctions. It was shown by our lab
that vinculin is necessary for proper epithelial barrier formation [80]. The recruitment of
vinculin to FAJs was found to be mediated by a conformational change of α-catenin, which
occurs under tension of about 5 pN [143], which appears to be in the range that the cadherin
complex experiences in cells [204].
Different subtypes of adherens junctions could have different functions during
developmental morphogenesis. The FAJs are actomyosin controlled, remodeling cell-cell
junctions. Actomyosin contractility of the actin cytoskeleton and remodeling of cell-cell
junctions are important processes during developmental morphogenesis of both Drosphila
and zebrafish embryos [108, 109, 205]. Force-dependent regulation of cell-cell junctions
has also been found to be important during mammalian embryogenesis [206]. This suggests
FAJ formation and regulation is very important during morphogenesis. A vinculin knockout mouse model has demonstrated that the lack of vinculin is embryonic lethal, showing
severe malformations of heart and brain. Since vinculin is found in both integrins and cell-cell
junctions, it is impossible to assess whether the embryonic lethality is due to loss of junctional
integrity. But the importance of vinculin during embryogenesis could be due to its function
at FAJs. To further investigate the function of vinculin in cell-cell adhesions and the function
of FAJs in vivo, we propose to generate an α-catenin ΔVBS knock-in mouse model. This model
could be used to investigate the role of cell-cell junction specific vinculin in the development
of the mouse and its effect on epithelial and endothelial barrier formation in vivo. Together
with the organoid model described in chapter 5, SGOs isolated from such a mouse model,
could be used to study the effect of junctional specific vinculin in branching morphogenesis.
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More than α-catenin/vinculin in mechano-transduction at the cadherin-based junctions
In chapter 2 of this thesis we demonstrated that vinculin displays a tensiondependent enrichment at a specific sub-set of cadherin-based cell-cell junctions, the Focal
Adherens Junctions (FAJ). These junctions were named as such, to underscore their punctate
morphology and their connection to radial actin bundles that resembles that of integrinbased Focal Adhesions (FA). This prompted us to investigate whether other FA-enriched
proteins localized to the FAJs.
In chapter 3 we show that the absence of vinculin at cell-cell junctions does not
perturb the actin organization at cell-cell junctions. For this reason and the resemblance
of FAJs with FAs, we investigated a number of actin-regulation proteins known to localize
at the integrins, namely VASP, zyxin and TES. We discovered that the FA-enriched proteins,
VASP, zyxin and TES, are also enriched in FAJs and are recruited in a tension dependent
manner. The similarity in localization with Vinculin suggested a possible co-regulation of
VASP, zyxin and TES with vinculin at FAJ. Co-regulated localization of Vinculin and VASP, who
are direct interaction partners, has been shown to occur in integrin-based FAs [159] and at
the ZAJ in columnar epithelial cells [144]. However, using a knock-down of α-catenin and
rescuing the knock-down cells with either α-catenin ΔVBS (no vinculin localization to cell-cell
junctions) or α-catenin-402 (tension independent, constitutive vinculin localization to cellcell junctions) we demonstrated that VASP, zyxin and TES localize independently of vinculin
to cell-cell junctions. Moreover, the use of α-catenin-402 demonstrates VASP, zyxin and TES
localization to cell-cell junctions is independent of α-catenin conformational change due to
mechanical tension. This suggests multiple mechanosensitive modules are present at the
FAJs. This hypothesis was further corroborated using super-resolution image analysis of cellcell junctions, which demonstrated distinct protein clusters exist at the FAJs.
Since VASP, zyxin and TES are actin-binding proteins it is possible, and even likely,
that their mechanosensitive localization is directed to the F-actin fibers present at FAJs. It has
been shown that zyxin is recruited to damaged sites of the actin stress fibers and is sensitive
to myosinII activity and tension [147, 151-153], which could resemble actin structure at the
FAJs. VASP has actin-binding properties, but has also been found to be recruited to actin
through zyxin and also through TES [154, 160, 161]. The recruitment of TES towards the actin
cytoskeleton has not been well documented, but it was established that recruitment of TES
to FAs is zyxin dependent [154]. The actin-binding properties, together with their ability to
bind one another, makes it likely that VASP, zyxin and TES are recruited in complex to the actin
part of the cadherin-actin module.
The specific function of VASP, zyxin and TES at FAJs is still unclear. Zyxin is known
to function in actin filament repair and the actin present at FAJs are likely damaged through
tension, suggesting zyxin functions in repairing actin at these sites. Likewise, VASP is involved
in actin filament formation, which is necessary for creating the link of the actin cytoskeleton
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to the cadherin complex. Unfortunately, due to their crucial presence at FAs and function
at the actin cytoskeleton it is impossible to perform knock down experiments of VASP, zyxin
and TES to establish function at FAJs (unpublished data). The use of specific mutant proteins
could possibly only perturb localization and recruitment of VASP, zyxin and TES which may
give further insight into functionality at FAJs.
In chapter 3 we showed that the recruitment of the actin-binding proteins VASP,
zyxin and TES to the FAJs is independent of the α-catenin/vinculin mechanotransduction
module. This demonstrates there is more to mechanotransduction at cadherin-based cellcell junctions than the known α-catenin/vinculin module.
Cadhesomes: The proteomic approach to discover novel cadherin-related proteins
We established that FAJs are molecularly distinct cadherin junctions, with tension
dependent recruitment of vinculin (chapter 2), VASP, zyxin and TES (chapter 3). This prompted
our lab to investigate whether FAJs contain other proteins using a Mass Spectrometry
(MS) approach, the resulting study is described in chapter 4. To discover novel FAJ-related
proteins we used beads coated with Fc E-cadherin, incubated these beads with epithelial
cells, performed a pull-down of the formed bead-cell junctional proteins and the isolate was
analyzed using MS. This resulted in a list of proteins involved in cell-cell adhesion, vesicle
transport, signaling and more. To narrow down our search for novel FAJ-interactors we
compared our cadhesome to the recently published cadhesomes of Guo et al. and Van Itallie
et al. [169, 170]. Comparing the data resulted in a list of 32 likely, new junction associated
proteins. By fluorescently tagging a subset of these proteins we performed secondary analysis
to confirm localization to either the cell-cell junctions or actin cytoskeleton. Five of the 12
proteins analyzed this way demonstrated a strong junctional localization, validating our
method of cadherin junction isolation, MS analysis and discovering novel junctional proteins.
Although our method discovered several novel cadherin-associated proteins, the
function of these proteins at the cell-cell junctions is still unclear. To investigate whether
these proteins have a function in junction formation and/or maintenance, knock down
studies should be performed to discover the proteins effect on cell-cell junctions. Even
though knock down studies are a preferred tool to study functionality in cells, this technique
has disadvantages when focusing on functionality at the cell-cell junction. The effect on
junctional integrity by protein knock-down does not necessarily indicate this effect is specific
for cadherin or FAJs function. Similarly, the absence of an effect on junctional integrity does
not demonstrate no function at the cell-cell junctions, possibly the protein has a function
not related to junction integrity. It is therefore important to investigate how these proteins
are recruited molecularly in conjunction with knock down assays. To discover molecular
recruitment of the novel cadherin-related proteins it is possible to generate mutant clones
and investigate their localization in order to discover their specific recruitment to the cell-cell
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junctions.
In this chapter we also hypothesize that the novel cadherin-associated proteins
discovered are recruited to the FAJs. We assume that the use of Fc E-cadherin coated beads
incubated with epithelial cells does not allow maturation of the junction between cell and
bead into LAJs, therefore the junctions isolated are most likely FAJs. It is therefore likely
that the sample analyzed by MS is enriched for FAJ-related proteins. Additionally, it could
be possible to further distinguish cadherin-related to FAJs-related proteins by performing
quantitative MS using SILAC. By increasing the tension on cell-cell junctions (using HGF
for epithelial- and thrombin for endothelial cells) we could further enrich for FAJs in one
fraction of cells, while another fraction of cells is treated with inhibitors of the ROCK-RhoActomyosin pathway to abolish tension on cell-cell junctions. Analyzing both isotope labelled
cell fractions will further elucidate FAJs-related novel proteins. Furthermore, our current
secondary analysis should be expanded by using tension inducing- or inhibiting agents and
investigating whether this results in tension-dependent recruitment/absence of these novel
proteins at the cell-cell junctions.
Discovering that three out of 12 proteins (out of a total of 32 possible cadherin
junction related proteins) do not demonstrate any cell-cell junction or actin cytoskeleton
localization indicates that even after stringent criteria by comparing three different
cadhesomes we still find proteins that are not part of cell-cell junctions. It is possible that
these non-junctional proteins are only transiently present at the membrane, and therefore
present in the isolate. Cross-linking of the proteins, which is part of our protocol, could also
affect the amount of false positives we find using our pull down method. Further studies
should abandon the use of protein cross-linking, which will result in smaller protein lists, but
most likely will also reduce the percentage of false positives.
Although optimizing the pull-down method could reduce identifying false-positive
hits in our proteomic analysis, we still have to consider that not all proteins discovered are part
of the cadherin adhesome. From our list of 32 novel cadherin-related proteins, found through
overlap with the 2 other cadhesomes, we now found 5 (out of 12 analyzed) to be localizing
to adherens junctions. The discovered cadhesomes of Guo et al. consisted of 83 proteins,
but only 24 proteins were part of the cadherin-based junctions, whereas the cadhesome
of van Itallie et al. consisted of 303 proteins and only 1 was further characterized to be part
of the adherens junctions. This suggests that, at best, 25% of our discovered cadhesome
actually consists of novel cadherin-related proteins. We conclude that a proteomic approach
to discover novel cadherin-related proteins is necessary and worthwhile, but only a small
percentage will actually prove to be functional at the adherens junctions. The secondary
analysis of the discovered cadhesome is essential to map the complete molecular composition
of the FAJ.
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A novel ex-vivo model system to investigate mechanotransduction during morphogenesis
Existing studies on FAJs have focused on in vitro investigation of cell monolayers. It
would enhance our understanding of FAJs if we could study these junctions in vivo. In this
chapter we briefly touched on the subject of creating an α-catenin ΔVBS knock-in mouse
model to investigate the absence of vinculin in cell-cell junctions in an in vivo setting. And
although such a model would certainly increase our understanding of FAJs in development,
using a mouse model makes it difficult to manipulate- or follow certain processes live.
One process that relies heavily on cell-cell junction regulation is branching
morphogenesis, which is the formation of arborized epithelium. The mechanical regulations
underlying branching morphogenesis are not well understood, and studies investigating this
process have relied on ex vivo transplants of embryonic salivary gland epithelium which is
both difficult to manipulate and image. The isolation of adult salivary gland stem cells to
establish a Salivary Gland Organoid (SGO) culture, has resulted in a model that could be used
to investigate branching morphogenesis more easily.
In the last 40 years of studying morphogenesis, scientists have used both
embryonic animal models as well as ex vivo organ transplants. Several animal models that
have been used to study morphogenesis during embryogenesis include the Drosophila
tracheal system, zebrafish vascular system and general murine organ growth. Although the
Drosophila and zebrafish models are easy to image live during the embryogenesis, murine
(mammal) models can only be investigated at certain time points and not live in vivo. To
circumvent this disadvantage, investigators isolated certain organs and studied their growth
and morphogenesis ex vivo. However, these ex vivo transplants are notoriously difficult to
maintain, but also difficult to manipulate and study over time. The SGO system is however
very easy to maintain, having used one organoid for 2 years post-isolation. And for this reason
we set out to investigate whether this organoid system was easy to manipulate and study
over time, to establish a new model for investigating branching morphogenesis.
In chapter 5 we established an SGO culture using a protocol from the Coppes lab
[195]. It is possible to induce branching morphogenesis in SGOs by culturing the organoids
in a mixture of matrigel/collagen and with specific culture medium. We discovered that by
using HGF we could speed up the efficiency and speed of the process to 3 days with 100%
of the SGO undergoing morphogenesis. This enabled us to image the whole process live,
from initial invasion into the extracellular matrix (ECM) to the formation alveolar structures.
Previous research on salivary gland development demonstrated that the process of branching
morphogenesis was ECM driven [203]. This prompted us to manipulate the collagen
concentration used, which demonstrated a marked difference in SGO morphogenesis. This
corroborated previous research and also demonstrated that this model can be used to study
the effect of ECM composition on branching morphogenesis. In embryonic explants, cleft
formation was found to be a main mechanism of branching [182, 183, 193], whereas we

117

6

mainly observed invasive branching. Future changes to the extracellular matrix condition in
SGO cultures, for instance the addition of Fibronectin, which was shown to be important in
explants [203], may allow a closer mimicking of the embryonic morphogenesis in the SGOs.
Finally, we demonstrated that it is possible to use SGOs isolated from transgenic E-cadherinCFP mouse model [202] or to use lenti-virally transduced SGOs to express a fluorescently
tagged proteins, without a loss of morphogenetic capacity.
We therefore conclude that we can use the SGOs as novel ex vivo model to investigate
branching morphogenesis using live imaging. Manipulation of the ECM, manipulation
of mechanotransduction and expression of biosensors will allow us to use this model to
investigate the importance of cadherin mechanotransduction in branching morphogenesis.
Future perspectives: Actin cytoskeleton as future research interest
Our research focusses on mechanotransduction at the cell-cell junction, more
specifically at a subset of adherens junctions we designate in chapter 2 as Focal Adherens
Junctions. At FAJs we know that tension on α-catenin, a core cadherin-complex member,
unfolds the protein to enable vinculin binding. Similar to vinculin, other proteins that are
tension dependently recruited to FAJs are actin-binding proteins VASP, zyxin and TES (chapter
3). We discovered that the recruitment of VASP, zyxin and TES was vinculin independent. The
exact mechanism of tension dependent recruitment of these proteins to FAJs is yet unknown.
The actin cytoskeleton is known to be vital for a wide range of cellular processes
including (but not limited to) cell shape, organelle movement, muscle contraction and
formation and remodelling of cell-cell junctions. It is able to perform such a wide variety
of processes through the formation of different actin filament structures. However, recent
research also points to actin as mechano-sensing and transducing unit through conformational
change of the actin filament structure.
The actin cytoskeleton consists of individual G-actin units that form long strands
of actin filaments called F-actin. However these actin microfilaments do not always have
the same double-helical structure, they have in fact been found to be highly structurally
polymorphic [207]. A clear example of this is that filaments under tension demonstrate a
different twisting angle compared to un-stressed filaments [208]. At the same time it was
demonstrated that cofilin, an actin binding protein, only binds actin that is twisted in the
opposite direction of the twist found at tensile actin, suggesting that cofilin does not bind
tensile actin. Indeed, it was demonstrated that the tension on an actin filament can regulate
the binding of the actin binding protein cofilin [156]. This means an increase in tension on
the actin filament results in less cofilin binding and therefore less effective actin filament
severing. The work of Greene et al. has shown that actin filaments are able to stiffen under
increasing compressive force [209]. This points to actin filaments being able to sense- and
respond to forces, without other proteins present to facilitate this mechanism. We can

118

Discussion
conclude from this that actin itself functions in mechanotransduction. This suggests that the
actin filaments attached to FAJs, filaments that are most likely under tension, could have a
unique mechanotransducing function at remodelling cell-cell junctions which as of now is
still unexplored.
Most research into assessing the structure of filamentous actin have used Electron
Microscopy (EM) and X-ray diffraction [210], and although these techniques can acquire a
50pm resolution, they only show static representations of the actin cytoskeleton. To study the
effect of tension on the F-actin conformational structure in a more dynamic representation
would require live imaging of fluorescently tagged actin and using light microscopy. In the
last decade light microscopy resolution has increased significantly, using super-resolution
techniques such as Photo-activated localization microscopy (PALM) or Stochastic optical
reconstruction microscopy (STORM). However, these techniques have limitations that make
them inadequate to study the conformational changes of the actin structure live. Actin
filaments have a diameter of 7nm, so to study structural differences of actin filaments
would require a resolution of around 7nm. PALM or STORM super-resolution can acquire
10nm resolution, which might be sufficient for investigating structural differences in the
actin filaments, but obtaining a higher resolution would be favourable. However, current
10nm light microscopy resolution is acquired in fixed cell samples, studying the cells live
with super-resolution techniques would result in loss of optimal resolution. The PALM and
STORM imaging techniques revolve around the amount of photons collected from a single
fluorescent emitter, the loss of optimal resolution during live imaging is due to the technical
limitation of detecting enough photons in short periods of time. It is therefore necessary
to not only enhance resolution of current light microscopy techniques, but also ensure this
enhanced resolution can be used to study the structural actin changes live.
We propose that enhancing light microscopy resolution will result in a better
understanding of molecular recruitment dynamics. One avenue of research that could
be explored using live imaging with enhanced super-resolution is the direct role of actin
conformation in the recruitment of certain proteins to actin filaments under tension. At
present we know that VASP, zyxin and TES are recruited to FAJs independent of the α-catenin/
vinculin module, but the specific molecular recruitment is as of yet unknown. We hypothesize
that their recruitment is regulated by the conformational structure of actin under tension,
but the limits of microscopy have prevented us from properly testing this hypothesis. With
enhanced live-cell super-resolution microscopy can we expect to fully unravel the role of
actin and actin binding proteins at remodelling cell-cell junctions.
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Abbreviations
AJ			
AFM			
BirA			
CSK			
ECM			
FA			
FAJ			
FAK			
FP			
F-actin			
HMEC-1			
HUVEC			
IF			
IFs			
LAJ			
LP			
MDCK			
MS			
MTs			
PALM			
RAB			
ROCK			
RSF			
SGO			
SILAC			
SIM			
STORM			
TFR			
TJ			
TNF-α			
VBS			
VEGF			
WB			
ZAJ			

Adherens junctions
Atomic force microscopy
Biotin ligase
Cytoskeletal
Extracellular matrix
Focal Adhesion
Focal Adherens Junctions
Focal adhesion kinase
Filopodia
Filamentous actin
Human microvascular endothelial cells 1
Human umbilical vein endothelial cells
Immunofluorescence
Intermediate Filaments
Linear Adherens Junctions
Lamellipodia
Madin-Darby canine kidney
Mass spectrometry
Microtubules
Photo-activated localization microscopy
Radial actin bundles
Rho-associated kinase
Radial stress fibers
Salivary gland organoid
Stable Isotope Labeling by Amino acids in Cell culture
Structured illumination microscopy
Stochastic optical reconstruction microscopy
Transferrin Receptor
Tight junctions
Tumor necrosis factor α
Vinculin binding site
Vascular endothelial growth factor
Western Blot
Zonula adherens junction
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Ons lichaam bestaat uit miljarden individuele cellen die aan elkaar vastplakken om
één geheel te vormen. De eigenschap van cellen om aan elkaar te hechten wordt uitgevoerd
door verschillende soorten eiwitten. Deze eiwitten zijn aanwezig aan de buitenkant van de
cel en kunnen plakken aan dezelfde eiwitten van een andere cel en dit zorgt voor de formatie
van zogenaamde cell-cell adhesies, ook wel junctions genoemd. Deze cel-cel junctions zijn
van essentieel belang, niet alleen om ons lichaam vorm te geven maar ook om de individuele
organen en compartimenten van elkaar te scheiden. Twee voorbeelden hiervan zijn de huid
en de bloedvaten. De huid bestaat uit vele epitheel cellen en zorgt voor bescherming van het
lichaam tegen bijvoorbeeld ziektekiemen. Het is hierbij van belang dat de cel-cel adhesies
goed aan elkaar vastplakken om niks in en uit het lichaam te laten gaan. De bloedvaten
bestaan uit endotheel cellen en maken het mogelijk om het bloed door het hele lichaam
te vervoeren. Bloed is zeer belangrijk aangezien het bestaat uit onder meer zuurstof en
voedingstoffen, hetgeen nodig is voor de verschillende organen om hun functie uit te kunnen
oefenen. De cellen die deel uitmaken van het bloedvaten systeem moeten daarom sterke celcel junctions vormen, anders lekt het bloed uit de vaten en kan de zuurstof en brandstof niet
naar de organen getransporteerd worden.
Maar denk niet dat deze cel-cel adhesies statische constructies zijn. De cellen in je
lichaam zijn namelijk constant in beweging en daarom worden continu miljoenen junctions
gecreëerd, stevig bij elkaar gehouden maar ook weer verbroken, en dit gebeurt zelfs nu
terwijl je dit stukje leest! Daar komt nog bij dat er verschillende eiwitten zijn die verschillende
junctions maken, en er zijn ook verschillende eiwitten nodig voor de formatie van cel-cel
adhesies die niet meer aanwezig zijn als de junctions eenmaal zijn gemaakt. Ingewikkeld! Eén
proces waarbij een verandering in de junction’s eiwit samenstelling plaats vindt, is wanneer
er krachten/spanning op cel-cel adhesies komt te staan. Denk hierbij bijvoorbeeld aan je
huid die oprekt, of de spanning die op je bloedvaten komt te staan door je bloeddruk. Het is
natuurlijk niet de bedoeling dat bepaalde krachten of spanning de cel-cel junctions verbreken
en daarom worden eiwitten naar de junctions gerekruteerd om de adhesies sterker te maken.
In dit proefschrift beschrijf ik mijn onderzoek naar de adherens junction, bestaand
uit cadherin-complex eiwitten (cadherin, α- en β-catenin en p120), en wat er met deze cel-cel
adhesies gebeurt qua eiwit samenstelling als er kracht op komt te staan.
Hoofdstuk 2: De Focal Adherens Junction (FAJ)
In hoofdstuk 2 beschrijf ik een specifiek soort cel-cel adhesie die ontstaat wanneer
kracht op een adherens junction komt te staan, de zogenaamde Focal Adherens Junction
(FAJ). In endotheel cellen ontdekten we, aan de hand van fluorescente microscopie, dat celcel adhesies twee verschillende vormen aannemen. Eén soort adherens junction is rechtlijnig
en heeft actine (het eiwit dat het skelet van de cel vormt) bundels die parallel naast de
adhesie ligt. Terwijl het tweede soort adherens junction een irreguliere vorm aanneemt en
heeft actine bundels die loodrecht richting de cel-cel adhesie loopt. Dit duidt erop dat het
tweede soort junction onder spanning staat van het actine cel skelet en waarschijnlijk op punt
van breken staat. We ontdekten dat deze brekende cel-cel adhesies ook een andere eiwit
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samenstelling hadden in vergelijking met de rechtlijnige adherens junctions, aangezien het
eiwit vinculin alleen aanwezig was in de brekende adhesies. Vinculin blijkt een beschermende
functie te hebben op adherens junctions en zorgt ervoor dat cel-cel adhesies beter kracht of
spanning kunnen ondergaan zonder te breken. We besloten deze brekende cel-cel adhesies
een aparte naam te geven, namelijk de FAJs, aangezien ze een andere eiwit samenstelling
hebben in vergelijking met andere junctions.
Hoofdstuk 3: De actine-bindende eiwitten VASP, Zyxin en TES
In hoofdstuk 3 beschrijf ik verder onderzoek naar de FAJs. We stelden in hoofdstuk
2 vast dat FAJs een andere eiwit samenstelling hebben dan andere cel-cel adhesies, en dat
het actine cel skelet loodrecht richting de junction loopt. Daarom vormden we de hypothese
dat andere eiwitten, specifiek voor het actine cel skelet, ook aanwezig zouden zijn bij de FAJs.
We keken naar de eiwitten VASP, Zyxin en TES, allen eiwitten die kunnen binden met het
actine cel skelet. Door deze eiwitten fluorescent te labelen konden we kijken waar in de cel
deze eiwitten zich bevonden. We kwamen tot de ontdekking dat VASP, Zyxin en TES aanwezig
waren bij de FAJs, en dat de rekrutering van deze eiwitten naar deze specifieke cel-cel adhesie
afhankelijk is van kracht en spanning op de junctions. Dit principe van eiwit lokalisatie, aan
de hand van kracht of spanning, zagen we ook al eerder bij het eiwit vinculin in hoofdstuk
2. Daarom onderzochten we of de lokalisatie van VASP, Zyxin en TES naar de Focal Adherens
Junction, afhankelijk is van de aanwezigheid van het eiwit vinculin. We kwamen tot de
ontdekking dat de lokalisatie van de eiwitten VASP, Zyxin en TES naar de FAJs, niet afhankelijk
was van de aanwezigheid van het eiwit vinculin.
Het is bekend dat vinculin direct kan binden met het cadherin-complex eiwit
α-catenin (belangrijk deel van de cel-cel adhesie), terwijl VASP, Zyxin en TES kan binden met
het actine cel skelet, dat ook aanwezig is bij de FAJ. Hierdoor leek het waarschijnlijk dat VASP,
Zyxin en TES niet zozeer bij de cel-cel adhesie eiwit samenstelling hoorde (zoals vinculin) maar
meer lokaliseerde bij het actine cel skelet dat richting de cel-cel adhesie loopt. Aangezien
‘normale’ licht microscopie een te lage resolutie heeft om dit beter te onderzoeken, maakten
we gebruik van superresolutie technieken om nog dieper in de cel te kunnen kijken. We
ontdekten aan de hand van dit systeem dat VASP, Zyxin en TES inderdaad dichter in de buurt
van het actine cel skelet aanwezig waren dan in de buurt van de cel-cel adhesie zelf. Dit
leidde tot de conclusie dat wanneer er kracht of spanning op cel-cel adhesies plaats vindt er
verschillende systemen/processen aanwezig zijn om eiwitten te rekruteren richting the FAJs,
namelijk bij de adhesie zelf en bij het actine cel skelet dat er vlak naast ligt.
Hoofdstuk 4: Het ontdekken van nieuwe eiwitten in de FAJ eiwit samenstelling
In hoofdstuk 2 en 3 heb ik laten zien dat een specifieke cel-cel adhesie, de FAJ, een
unieke eiwit samenstelling heeft in vergelijking met andere junctions. Om te achterhalen of
er nog meer specifieke eiwitten aanwezig zijn bij de Focal Adherens Junction isoleerde ik de
gehele eiwit samenstelling van de FAJ uit epitheel cellen en analyseerde ik deze samenstelling
met de zogenaamde Massaspectrometrie (MS) techniek. Dit proces en de nieuwe eiwitten
die ik hierdoor ontdekte beschrijf ik in hoofdstuk 4.
De isolatie van de FAJ eiwit samenstelling lijkt in principe veel op de recreatieve
hobby vissen. Ik maakte gebruik van metalen balletjes die ik volplakte met het eiwit cadherin,
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het eiwit dat adhesies tussen cellen formeert. Deze balletjes incubeerde ik vervolgens met
epitheel cellen, zodat de balletjes een junction konden vormen met de cellen. Nadat de
balletjes en cellen adhesies hadden gevormd, gebruikte ik een magneet om de balletjes te
isoleren van de cellen, en dus ook de eiwit samenstelling van de gevormde adhesies kon
isoleren. Hierdoor had ik een monster geïsoleerd dat bestond uit de eiwit samenstelling van
de FAJ cel-cel adhesies. Maar natuurlijk kon ik niet met het oog zien welke eiwitten ik nou
precies had geïsoleerd.
Daarom maakte ik gebruik van de Massaspectrometrie (MS)- techniek. Het eiwit
monster wordt eerst in kleinere brokjes afgebroken en vervolgens kan de MS techniek de
massa van de verschillende brokjes achterhalen en een computer kan dan door middel
van puzzelen besluiten welke brokjes bij elkaar horen, en kan daardoor identificeren welke
eiwitten er precies in een monster zitten. Dit leidde tot een hele lange lijst met nieuwe (en
al ontdekte) eiwitten, die specifiek (of aspecifiek) bij de eiwit samenstelling van FAJ cel-cel
adhesies hoorden. Door onze lijst met eiwitten te vergelijken met eiwitlijsten van andere
onderzoekers (die andere methodes hadden gebruikt voor junction isolatie), konden we onze
lange lijst met eiwitten verkleinen en specifieker maken, zodat we eindigden met een lijst
van 32 eiwitten die we verder konden onderzoeken om te achterhalen of ze bij de eiwit
samenstelling van FAJs hoorden.
Door deze 32 eiwitten te labelen met een fluorescent eiwitje konden we precies zien
waar in de cel deze nieuwe eiwitten zich bevonden. We ontdekten dat sommige van deze
eiwitten zich in de cel-cel adhesies of actine cel skelet bevonden, terwijl andere helemaal
niet aanwezig waren. We concludeerden dat onze isolatie van de FAJ cel-cel adhesies werkte,
en dat de MS analyse een lijst aan nieuwe en interessante eiwitten had opgeleverd. Het is
verstandig om deze eiwitten verder te onderzoeken en uit te vinden welke functie ze hebben
bij cel-cel adhesies.
Hoofdstuk 5: Speeksel klier organoids
In dit proefschrift beschrijf ik een unieke cel-cel adhesie genaamd de Focal Adherens
Junction. Het onderzoek naar deze junction heeft voornamelijk plaats gevonden in cellen die
gekweekt worden in het laboratorium en die dus niet altijd direct gelijk zijn of zich hetzelfde
gedragen als cellen in het lichaam van een levend wezen. Er zijn processen in het lichaam die
zeer afhankelijk zijn van cel-cel adhesies, zoals bijvoorbeeld de ontwikkeling van verschillende
organen in de embryo. Maar het is natuurlijk vrij moeilijk om met een microscoop naar deze
cellen te kijken. Aan de andere kant zal een velletje cellen, gekweekt in het laboratorium niet
veel informatie opleveren over dit proces. Als gulden middenweg tussen gekweekte cellen
(genaamd in vitro in wetenschapsjargon) en een levend wezen (genaamd in vivo) maakten
we gebruik van zogenaamde organoids. Organoids zijn mini-orgaantjes die gekweekt kunnen
worden in het laboratorium, maar zich precies zo ontwikkelen en eruit gaan zien als organen
in een levend wezen. Organoids worden gecreëerd door stamcellen van een bepaald orgaan
uit een levend wezen te isoleren en vervolgens in het lab te kweken in een 3D matrix. Onder
zeer specifieke omstandigheden zullen deze stamcellen uitgroeien tot miniorgaantjes ofwel
organoids.
Mijn onderzoek focust op FAJ cel-cel adhesies, en om te achterhalen hoe deze
junctions zich gedragen in de ontwikkeling van bepaalde organen maakte ik gebruik van een
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speekselklier organoid systeem. Ik isoleerde hiervoor stamcellen uit de speekselklieren van
een muis, en deze stamcellen groeiden vervolgens uit tot organoids in het lab. Deze organoids
kunnen vervolgens gestimuleerd worden om uit te groeien tot speekselkliertjes. Dit proces
waren we in staat te filmen onder de microscoop. Verder hebben we de 3D matrix (waarin we
organoids kweekten) veranderd en de samenstelling gevarieerd, en dit leidde tot een andere
ontwikkeling van de organoids. Ook waren we in staat om eiwitten met een fluorescent label
tot expressie te brengen in de organoids, zonder de organoid ontwikkeling te verstoren. In
hoofdstuk 5 heb ik laten zien dat het speeksel klier organoid systeem kan worden gebruikt
om cel-cel adhesies tijdens de ontwikkeling van organen te onderzoeken, en dat dit systeem
makkelijk hanteerbaar en te manipuleren is.
Hoofdstuk 6: Discussie
In hoofdstuk 6 worden de bevindingen in dit proefschrift samengevat en
bediscussieerd aan de hand van de huidige wetenschappelijke literatuur. Verder stel ik nieuwe
onderzoeken voor en behandel ik het belang om de huidige resolutie van lichtmicroscopie te
verbeteren zodat we in staat zullen zijn om het actin cel skelet beter te kunnen onderzoeken.
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Beste lezer,
Dit is het laatste deel van dit boekje. Ik ga ervan uit dat je hier bent beland na uitvoerig
de eerste 6 hoofdstukken te hebben gelezen. Ik hoop dat je tijdens het lezen van deze
hoofdstukken kon waarderen hoeveel tijd, moeite, bloed, zweet en tranen het heeft gekost
om dit proefschrift te maken. Het zou natuurlijk zeer pijnlijk zijn als je na ontvangst van dit
boekje meteen al mijn werk overslaat om te zien of jouw naam genoemd wordt in dit deel
van de thesis. En vervolgens dit boekje op een hoop andere proefschriften te gooien en er
nooit meer naar omkijkt. En vervolgens wel op mijn kosten bier komt drinken na afloop van
de verdediging van dit proefschrift.
Dus ten eerste wil ik jou bedanken lezer, voor al de moeite die je hebt genomen om dit
proefschrift goed door te nemen.
En natuurlijk zou dit boekje nooit tot stand zijn gekomen zonder de steun van collega’s,
vrienden en familie. Gelukkig weten jullie dat ik niet lang van stof ben, en ook niet bepaald
sentimenteel ben aangelegd. Ik zal dit deel dus niet langer maken dan nodig is. Ik heb mijn
best gedaan om jullie de loftuitingen te geven die jullie verdienen. Mocht ik iemand vergeten
zijn, of is mijn dank betuiging inadequate dan zal ik daar weken, neen, maanden wakker van
liggen. Echt.
Johan. Bedankt dat je mij hebt aangenomen en een kans hebt gegeven om mijn PhD te
behalen. Je bent de voornaamste reden dat dit proefschrift hier voor je ligt. Vooral het laatste
jaar was zwaar voor me, maar ik kon altijd rekenen op jouw steun en uitstekende begeleiding
om alles tot een goed einde te brengen. Ik ga zeker de jaarlijkse BBQ feestjes missen, maar ik
beloof je dat je in de toekomst altijd welkom bent op mijn BBQ feestjes.
Alle personen van de ‘de Rooij’ groep. Quint, Iris, Esteban, Stephan, Sander, Floor, Emma,
Mitchell en Gerard. Zonder jullie was het lab leven bijzonder saai geweest. Ik kon dagelijks
met elk van jullie praten en lachen over lab en leven, wat ik altijd zeer kon waarderen. Quint,
jouw negatieve instelling en constante pessimisme zorgde altijd weer voor een boost aan
blijdschap in yours truely. Iris, je had altijd de tijd om mij even te helpen. Bedankt dat ik ook
op je bruiloft aanwezig mocht zijn, het was een prachtige dag! Esteban, too bad you couldn’t
stick around longer! You were our only foreign group member, which must have been rough,
but I sure appreciated your input. Stephan, eerst was je mijn begeleider als master student
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en vervolgens waren we collega’s in dezelfde groep. Mijn hele PhD project was een afgeleide
van jouw werk en had hier dus niet gelegen zonder jou. Ook buiten het lab kon ik het goed
met je vinden en hebben we een aantal geweldige concerten samen meegemaakt. Thanks!
Sander, jouw ongelooflijke hoeveelheid aan ervaring en kennis kwam altijd zeer goed van pas
als Johan even niet in de buurt was. Ik kon altijd rekenen op je hulp, bedankt daarvoor. Floor,
ik kon altijd goed om- en met je lachen. De vele mutanten die je gemaakt hebt zijn natuurlijk
terug te vinden in dit boekje. Ik maakte je muziek smaak altijd een beetje belachelijk, maar
ik kan het altijd waarderen wanneer iemand sterk uitkomt voor zijn mening en smaak, hoe
waardeloos die ook is. Emma, we praten beide in- en tegen onszelf. Een eigenschap die
volgens mij alleen voorkomt bij de grote genieën van de wereld. Ik kon altijd op je adviezen
rekenen voor problemen binnen en buiten het lab, en zonder jou had ik nooit een ImageJ
macro aan de praat gekregen. Mitchell, je bent de enige ‘vissen man’ van de groep wat het
vaak lastig maakte voor mij om je te helpen. Daarentegen kwam jij altijd met een gigantische
hoeveelheid aan ideeën en input om mijn onderzoek beter te maken dus bedankt daarvoor.
Je bent bijna zelf aan de beurt om je proefschrift te schrijven en dan te verdedigen en ik
wens je veel succes en hopelijk niet te veel stress! Gerard, ik kan me geen betere technician
voorstellen. Je Gibbon kloneer techniek heeft ervoor gezorgd dat hoofdstuk 4 al die mooie
plaatjes heeft. Ook was je altijd zeer geïnteresseerd in mijn werk en leven. Bedankt dat je het
lab altijd goed draaiend hield, en sorry dat ik af en toe niet goed vermelde welke cellen en
virus waar stonden in de database!
Mijn paranimfen Jerke en Alvin. Jerke, als mijn grotere kleine broertje stond je altijd
achter me. Het is daarom niet meer dan logisch om jou te kiezen als paranimf. Je hebt wat
tegenslagen mogen verwerken, maar je slaat je altijd overal doorheen. Om mijn waardering
te laten blijken daarvoor, mag je dus nu een raar pak aantrekken om een uurtje mooi te
wezen voor onbekend publiek, ik weet hoe leuk je dit vindt. Alvin, 17 jaar terug ging een raar,
onbekend jochie naast je zitten op de eerste dag van de middelbare school. Nu sta je achter
me tijdens het verdedigen van dit proefschrift. Wie had dat kunnen voorzien. Als geen ander
weet je hoe veel tijd en energie het kost om te komen waar we nu beiden zijn.
Lizzy. Je bent nu 5 dus dit stukje zal je waarschijnlijk op dit moment niet veel kunnen schelen.
Maar misschien kom je er in de toekomst achter hoe fijn ik het vond om na een zware week
werken, in het weekend thuis te komen en met jou naar de speeltuin te gaan. Ja, ome Joppe
was vaak een klier maar dat was ie alleen omdat ie gek op je is!
Anoek. Als vriendin en mede PhD-student liepen we tegen precies dezelfde problemen aan,
binnen- en buiten het lab. Gelukkig stond je altijd voor me klaar als het even tegen zat. Met
(bijna) wekelijkse klim en boulder sessies kon de werk stress even afgeschut worden, en de
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lunchafspraken hielpen daar ook bij. Waar je ook terecht komt voor je postdoc, ik kom zeker
langs!
Anouk, Kevin, Eddie, Bram, Frank en Stefan (en aanhang ;-) ). Al heel lang zijn we met z’n
allen vrienden, en het waren de borrels, feestjes, etentjes en uitjes die ervoor zorgden dat
ik niet helemaal gek werd van het werk. Ik weet dat jullie altijd voor me klaar staan, en jullie
kunnen ook op mij rekenen, dus zelfs als ik naar het buitenland vertrek weet ik dat ik altijd
weer thuis kan komen om samen een biertje te doen.
Suzanne, Inge, Bilge en Silja. The best place for me to bitch and complain about being a PhD
student was during diner with you girls. I apologize for the negativity; then again, I wasn’t the
only one complaining. Let’s hope we all find happiness in our future careers. What will be
more difficult than that is scheduling another date for diner plans!
Twee groepen die ook van uitermate belang waren voor het tot stand komen van dit boekje
zijn de ´Van Rheenen´- en de ‘Bos’ groep. Jacco, bedankt voor de input en discussies tijden
werkbesprekingen en retraites. Evelyne en Saskia, ook jullie bedankt voor de hulp met de
muizen en ook voor de input op mijn werk! Ik wil ook Hans en de gehele ‘Bos’ groep bedanken
voor het opnemen van onze groep in die van jullie. De hulp op het lab en de input tijdens de
werkbesprekingen hebben mijn onderzoek alleen maar beter gemaakt. WJ, bedankt voor de
hulp met de TER, en Bas bedankt voor het helpen met de confocal om de laatste plaatjes te
schieten voor hoofdstuk 5.
Yasmin en Anika, mijn twee studenten. Bedankt voor al jullie werk met de VASP, Zyxin en TES
mutanten. Ik heb zelf veel geleerd door jullie te begeleiden en ik hoop dat jullie beide ver
komen in de onderzoekswereld.
Of course I have to mention and thank all the people who joined for Tuesday football.
Especially Guy en PJ, who organized these afternoons. And thanks to everyone from Labs
united (PJ, Axel, Olli, Javi, Max, Geert, Lucas, Alex and Guy) for a great football competition
last year. I regret not being able to play next year.
Mam en pap. Ik eindig mijn dankwoord bij jullie, want het was jullie constante en
onvoorwaardelijke steun tijdens mijn hele leven die het mogelijk hebben gemaakt om te
komen waar ik nu ben. Ik heb vaak genoeg gehoord dat jullie trots op me zijn, maar het is
af en toe prima om trots op jullie zelf te zijn voor hoe jullie mij en Jerke hebben opgevoed.
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