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Mechanical forces at cadherin adhesions during 
development
More than 60 years ago it was already proposed that cell-cell adhesion was an 
active regulating factor in one of the most primitive forms of tissue organization: 
cell sorting of the germ layers in the embryo (Steinberg and Gilbert, 2004). It 
was found that the explants of ectoderm, mesoderm and endoderm of isolated 
amphibian tissue reconstituted the same spatial organization as observed in vivo, 
after germ layer cells were mixed in vitro. Later, Steinberg expanded on this theory 
in his Differential Adhesion Hypothesis predicting that the germline cells sorted 
into separate layers due to minimization of total tissue surface tension; that tissue 
tension was determined by the strength of intercellular adhesions; and that sorting 
was therefore governed by differences in intercellular adhesion strengths between 
cells from the different germ layers. In this model, cells from the ectoderm would 
have lower intercellular strength of adhesion and as a consequence ended up at 
the exterior layer of the embryo (Steinberg, 1970). Cadherins were identified as 
key proteins in determining adhesion strength in this process, as higher levels of 
cadherin induced higher intercellular cohesiveness, and cells expressing lower levels 
of cadherin sorted to the outside of the cell aggregate (Foty and Steinberg, 2005). 

Cadherins mediate adhesion using their extracellular domain which facilitate 
homotypic interactions between neighboring cells (Leckband and de Rooij, 2014) and 
Chapter 2 (Han and de Rooij, 2016). This also couples the actomyosin cytoskeletons of 
these cells together, as the intracellular domain binds the catenin proteins, of which 
α-catenin mediates direct binding with F-actin. In mouse embryos E-Cadherin also 
drives the compaction of the morula during pre-implantation stage (Stephenson et 
al., 2010). Before compaction, cells show a rounded morphology and E-Cadherin is 
distributed throughout the membrane. While the precise mechanism is still unclear, 
at 8-cell stage, E-cadherin is redistributed to cell-cell junctions and cells become 
polarized, resulting in increased intercellular adhesion and packing of the cell mass. 
Disrupting total E-Cadherin expression inhibits compaction (Stephenson et al., 
2010), while E-Cadherin knockdown using siRNAs in only half of the cells results in 
failure of integration of those cells into the cell mass (Fierro-Gonzalez et al., 2013). 
These results showed that adhesion mediated through E-Cadherin is crucial for early 
stage tissue architecture and supported the hypothesis that cadherin-mediated 
adhesion strength is a driving factor in germ-layer sorting in early morphogenesis. 

Surprisingly however, isolated zebrafish germ layer progenitors did not sort as 
expected when mixed in vitro, as mesendoderm cells enveloped the ectoderm in cell 
aggregates (Schotz et al., 2008). This correlated with their measured tissue surface 
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tension; ectoderm showed higher tissue surface tension than mesendoderm cells. 
In a similar study, using Atomic Force Microscopy, the force needed to separate 
two isolated germ-layer cells was measured. Paradoxically, ectoderm cells showed 
a lower E-Cadherin-mediated cohesiveness than either mesoderm or endoderm 
cells. Thus E-Cadherin adhesion did not correlate with tissue surface tension and 
therefore E-cadherin adhesion alone did not explain cell sorting, or at least not 
in cell mixing experiments of zebrafish germlayers in vitro. As a consequence, 
actomyosin-dependent cell cortex tension was proposed to dictate cell sorting, 
as ectoderm showed the highest cell-cortex tension, followed by mesoderm 
and endoderm (Krieg et al., 2008). In a follow-up study, it was determined that 
E-Cadherin-mediated adhesion primarily functions as a mechanical anchor to couple 
the cortices of neighboring cells to regulate sorting of zebrafish germ cells ex vivo, 
rather than as a direct regulator of tissue tension (Maitre et al., 2012). However this 
does not explain their in vivo cell sorting behavior. It is likely that other factors such 
as the presence of extra-embryonic tissues such as the zebrafish yolk cell and cell-
extracellular matrix interactions also play a role in in vivo cell sorting. 

Interestingly, also in the pre-implantation mouse embryo, which does not contain 
any extracellular matrix, E-cadherin doesn’t drive compaction through adhesive 
tension, but rather directs the actomyosin-based tensile forces away from cell-cell 
contacts, thus driving contractions only at the cell contact-free side (Maitre et al., 
2015). Moreover, during compaction certain cells internalize into the cell mass of 
the late morula to form the inner cell mass which gives rise to the embryo proper 
(Rossant and Tam, 2009). The position of the first inner cells was found to be driven 
by actomyosin contractility driving apical constriction within these cells, while 
E-Cadherin levels was not different between constricting cells and their neighbors 
(Samarage et al., 2015). Taken together, these results strongly suggest that cadherin-
based adhesions, from the earliest stages of multicellular development, primarily 
act as connectors of the cytoskeletons of neighboring cells and that tensile forces at 
these sites dictate cellular morphology and behavior. 

Our lab has shown that besides simply coupling cytoskeletons, and passively 
transmitting forces between neighboring cells, the cadherin adhesion complex 
also actively responds to forces by eliciting intercellular biochemical signals and 
that these responses feed back into the organization and stiffness of the cortical 
cytoskeleton (le Duc et al., 2010). The details and the consequences of this function 
called cadherin mechanotransduction as studied in cell culture systems in vitro, are 
described in Chapter 2 (Han and de Rooij, 2016) of this thesis. In the experimental 
chapters of this thesis we have begun to reveal how this mechanotransduction 
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machinery present in cadherin-based adhesions might affect complex cell systems 
during morphogenesis in the developing embryo.

Actomyosin-based forces integrated at cell-cell junctions 
drive tissue morphogenesis
During morphogenesis cells undergo complex cellular rearrangements that are 
mediated by the coordinated regulation of forces on a tissue-level scale. This 
is mediated by the transmission of forces between individual cells, leading to 
coordinated morphogenetic cell rearrangements in multicellular tissues. One 
such rearrangement is tissue bending as seen during Drosophila ventral furrow 
formation (Martin et al., 2010). Coordinated actomyosin contractions constricts the 
apical surface (apical constriction) of a string of mesoderm progenitor cells along 
the anterior-posterior axis, resulting in bending and invagination of the tissue at the 
ventral side (Martin et al., 2009). Interestingly, this process is driven by specific myosin 
pulses acting on radial actin cables terminating in punctate adherens junctions, not 
unlike the Focal Adherens Junctions described in cell culture (Huveneers et al., 2012; 
Martin et al., 2010). Constricted cells are stabilized in-between pulses, resulting in a 
ratchet-like mechanism of tissue shape change. It has been postulated that signals 
activated by tensile forces on the cadherin junctions mediate the stabilization of 
cell shape in the relaxation phase (Twiss and de Rooij, 2013). Interestingly, reducing 
adherens junction levels through β-catenin RNAi, or disrupting the actomyosin 
network, resulted in tissue rupture only along the anterior-posterior axis, suggesting 
a tissue-level tension transmitted by cadherin junctions along the anterior-posterior 
axis  specifically (Martin et al., 2010). Similar contractions have been observed to 
drive mesoderm invagination in C. elegans (Roh-Johnson et al., 2012). 

Another morphogenetic event in which actomyosin pulling forces and apical 
constriction play a central role is Drosophila dorsal closure. Here the dorsal epithelial 
epidermis converges from the lateral side to the midline to close the exposed 
amnioserosa. Both sheets act in concert to allow closure of the epidermis and 
covering of the amnioserosa (Jacinto et al., 2002). First before the onset of actual 
closure, amnioserosa cells already show seemingly autonomous asynchronous 
pulsatile contractions that pull on the epidermis. However when tension on single 
junctions was released between pulsating cells using laser ablation (Solon et al., 
2009), or contractions were inhibited in a single cell by expression of dominant-
negative RhoA (Saravanan et al., 2013), the immediate surrounding cells also 
stopped contracting. This again indicates that the transmission of tension in the cell 
sheet coupled through adherens junctions is a prerequisite for their coordinated 
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behavior. Unlike in mesoderm invagination however, amnioserosa cells are initially 
not stabilized after contraction, but also relax. Only after a thick actin cable is 
formed around the amnioserosa at the epidermal leading edge, are contracted 
amnioserosa cells stabilized (Solon et al., 2009). This indicates the presence of a 
tension feedback system in amnioserosa cells contacting the epidermis leading 
edge, which senses the presence of the actin belt in the neighboring epidermis 
(such as through increased resistance of the cell-cell contact), and responds by 
stabilizing the contracted state of the amnioserosa cell. It is tempting to speculate 
that cadherin mechanotransduction might confer this response. 

In any case, the concerted effort of the constricting actin cable and reduction of the 
amnesioserosa surface size allows the lateral epidermis to mediate dorsal closure 
from the anterior and posterior side to the center in a zipper-like fashion. Crucial in 
this phase is also the de novo formation of cell-cell junctions between the cells of 
the epidermal leading edges that meet in the midline (Jacinto et al., 2002). De novo 
junction formation and stabilization has been shown to involve vinculin-dependent 
cadherin mechanotransduction in cell culture models in vitro (Twiss et al., 2012) 
and Chapter 2 (Han and de Rooij, 2016). Constriction through a thick actin cable 
and subsequent junction remodeling to facilitate sealing can also be found during 
wound healing (Hunter et al., 2015; Ng et al., 2012), as well as during the migration 
of the EVL over the yolk in zebrafish epiboly (Bruce, 2016).    

Besides apical constriction, actomyosin contractions within a planar epithelial sheet 
can also lead to tissue elongation, as is seen during convergent extension (CE) (Tada 
and Heisenberg, 2012). During CE, cells along the mediolateral axis intercalate and 
exchange neighbors to effectively elongate the embryo along the anterior-posterior 
axis (Fig. 1C – right). This seems to be a general mechanism for many organisms 
such as mouse (Trichas et al., 2012) and chick (Voiculescu et al., 2007) but has been 
especially well described in Xenopus and Drosophila. In Xenopus, a cortical actin 
network assembles in cables connected by foci polarized along the mediolateral axis 
to generate tension specifically in one axis (anisotropic) (Skoglund et al., 2008). In 
combination with highly polarized protrusive activity of intercalating cells through 
the Wnt/PCP pathway (Wallingford et al., 2000), pulsed contractions mediated by 
myosin II-B then drive CE movements. 

In Drosophila germband extension, pulsatile medial myosin flows were found to 
localize anisotropically to dorso-ventral junctions, mediating junction shrinkage only 
along this axis (Fernandez-Gonzalez et al., 2009; Rauzi et al., 2010). Furthermore, this 
anisotropic flow was dependent on the planar polarized distribution of E-Cadherin, 
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as α-catenin depletion abolished the polarized distribution of E-Cadherin, and 
resulted in the randomized flow of medial myosin. Similar to the apical constrictions 
described above, these contractions occur in a pulsed fashion followed by a 
stabilization of the new cell shape, in which force-induced signals from the cadherin 
complex could well play a role (Twiss and de Rooij, 2013). From these examples 
it is clear that pulses of actomyosin-generated tension, most likely integrated at 
cadherin-based cell-cell adhesion complexes drive complex tissue rearrangements 
during morphogenesis of a developing embryo. 

Most of the knowledge about force-driven events in morphogenesis comes from lower 
organisms such as C.elegans and Drosophila. Biophysical mechanisms underlying 
primitive cell movements such as tube formation and closure, and tissue elongation, 
will likely be conserved with higher organisms. However gene conservation is often 
not very strong. For instance, there is only a single classical cadherin encoded 
in the genomes of worms (HMR-1) and flies (shotgun) whereas the mammalian 
genomes contains around 20 classical cadherins (Hulpiau and van Roy, 2009)e>. 
Also the genes of the cadherin-associated catenin proteins have been multiplied 
in higher organisms and it is not a priori clear that functions and mechanisms of 
regulation have been conserved between the different species (Miller et al., 2013). 
A compelling example of a clear difference between conservation of function is the 
vinculin gene that is crucial for cardiac and neural tissue development and causes 
lethality at day 9.5 in mice (Xu et al., 1998). In contrast, vinculin is completely 
dispensable for the development and during adult live of fruit flies (Alatortsev et al., 
1997). Zebrafish development mimics human development much closer than lower 
organisms such as flies, and conservation of gene function is generally much higher 
between zebrafish and man. Moreover, zebrafish development takes place outside 
a body and is completely amenable to live imaging. For these reasons, we used 
zebrafish as a model system for the investigation of the importance of cadherin 
mechanotransduction in morphogenesis in Chapters 3 and 4 of this thesis.

Cell-cell adhesion during zebrafish gastrulation
The zebrafish model system has established itself over the last two decades as a 
robust system to study cell biology in morphogenetic events (Vacaru et al., 2014). 
The ease of obtaining large amounts of embryos, its transparency during early 
development, as well as the ability to easily manipulate the embryo through genetic, 
chemical, and mechanical means, have been paramount to this development. 
The use of fluorescently tagged proteins and their expression in specific cell 
types through transgenic lines, plus the power of forward genetic screens have 
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greatly contributed to the understanding of complex cell interactions and tissue 
rearrangements in zebrafish development, and embryogenesis in general. 

The fact that embryos rapidly develop from single cells on top of a yolk cell to 
gastrulating germ layers within a matter of hours, and the body plan is mostly already 
established at 1 day post fertilization (dpf), makes the zebrafish a suitable system 
to investigate the role of adhesion in dynamic multicellular tissues  (Kimmel et al., 
1995). One of the first major morphogenetic movements in zebrafish is epiboly (Fig. 
1A and B). Several different tissues spread over the yolk from the animal pole to 
the vegetal pole to ultimately fully engulf the yolk and close the blastopore (Bruce, 
2016). Before the onset of epiboly at the 512-1024 cell stage, the cells contacting the 
surface of the yolk cell deposit their nuclei and cytoplasm unto the yolk cortex, thus 
forming an extra-embryonic syncytium named the yolk syncytial layer (YSL). The 
YSL has important functions in the induction of gene transcription and patterning, 
but that lies beyond the scope of this introduction and is excellently reviewed in 
(Carvalho and Heisenberg, 2010). The YSL can be separated into two populations: 
the internal YSL (iYSL) which resides just below the blastoderm, and the external 
YSL (eYSL) which resides in front of the leading edge of the blastoderm margin and 
is essential for epiboly progression. The most outer layer of the blastoderm is aptly 
called the enveloping layer (EVL) and consists a flat squamous connected epithelium 
that is connected to the eYSL margin during epiboly movements (Fig. 1 B). Directly 
underneath reside the multilayered deep cells (DC) which are loosely packed and 
are able to freely migrate between layers. 

One of the main driving factors in epiboly progression is the formation of a 
circumferential actin belt in front of the EVL margin formed around 40% epiboly 
(Koppen et al., 2006) (Fig. 1A – left). Actomyosin contraction of the actin cable 
would lead to a “purse-string” mechanism, pulling the YSL, EVL and DC over the 
yolk cell when they migrate past the equator. This would rely on the interaction 
of the EVL with the eYSL, which are tightly connected at the leading edge through 
cell-cell adhesion, as reduction of the tight junction protein Claudin E blocks epiboly 
progression (Siddiqui et al., 2010). However the circumferential tension would 
only contribute to this mechanism past the equator, but not before. Instead it 
was suggested that retrograde actomyosin flow is resisted by friction at the YSL, 
leading to a geometry independent tension motor driving epiboly (Behrndt et al., 
2012). Indeed, when embryos were deformed into cylindrical shapes, thereby 
abrogating the circular geometry which facilitates the purse-string mechanism, 
epiboly still proceeded as normal. It is thus clear that myosin flows also contribute 
to morphogenetic movements in zebrafish. 
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Another factor driving epiboly is radial intercalation of the DCs. As DCs move from 
deep layers to more superficial layers they push their neighbors and contribute to 
thinning of the DC layers at the EVL interface (Fig. 1A – right). E-Cadherin mediated 
cell-cell adhesion is a key factor during these intercalation movements, as knockdown 
(Babb and Marrs, 2004) or full gene depletion leads to epiboly delay or arrest (Kane 
et al., 2005; Shimizu et al., 2005). It was first suggested that a directional bias in 
radial intercalation was driven by an outwards increasing E-Cadherin gradient 
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leading to increased adhesion in more superficial DC layers (Kane et al., 2005). 
Disruption of E-Cadherin cell adhesions then leads to cells moving back into deeper 
layers resulting in epiboly delay (Kane et al., 2005; Schepis et al., 2012). However, 
in a recent study the migration trajectory of DCs was tracked using fluorescently-
labeled nuclei, and found that DCs moved toward the overlying EVL and away from 
the EVL at an equal rate (Bensch et al., 2013). This would argue against a directional 
bias in radial intercalation. However they only measured intercalation events 
between sphere stage and 50% epiboly, while the previous studies looked at radial 
intercalation after 50% epiboly. They did find a higher intercalation rate at more 
superficial layers. This could contribute to a directional bias and layer thinning, as 
when DCs positioned in superficial layers radially intercalate, they adhere to the 
overlying EVL, which itself is spreading as epiboly progresses (Kane et al., 2005; 
Slanchev et al., 2009).  

Recent work suggests that E-Cadherin turnover through endocytosis is required 
for proper epiboly progression (Song et al., 2013). In the maternal zygotic mutant 
MZopg, which contains a mutated Pou5f1/Oct4 gene, E-Cadherin endocytosis 
was reduced and epiboly was delayed. Several studies suggest that E-Cadherin 
endocytosis allows cells to redistribute their junctions across the membrane in a 
polarized manner, as well as break down stable connections, allowing new junction 

Fig. 1 – Main stages of zebrafish gastrulation
Schematic representations of three main gastrulation events in zebrafish. (A) Epiboly. (Left) The 
enveloping layer (EVL), deep cells (DCs) and yolk syncytial layer (YSL) all undergo epiboly, migrating 
over the yolk from the animal pole to the vegetal pole. Driving epiboly is the formation of a 
circumferential actin ring (red). (Right) Radial intercalation of the DCs that occurs during epiboly. Deep 
cells (Blue) intercalate radially outward to the EVL (green), moving to more superficial layers (Light 
blue). Red asterisk denotes a DC which has already undergone radial intercalation and adheres to the 
EVL. (B) (Left) Mesendodermal progenitor internalization and onset of convergent extension. (Right) 
Mesendodermal progenitors (dark blue) internalize at the epiboly margin at the dorsal germ ring, 
and migrate toward the animal pole by migrating over the overlying epiblast (light blue cells). The 
EVL is connected via tight junctions to the YSL at the actin ring (red circle). (C) Convergent extension. 
(Right) Schematic representation of mediolateral intercalation. Cells intercalate through anisotropic 
actomyosin contraction of cell-cell junctions (red lines), leading to narrowing along the mediolateral 
axis, and elongation along the anterior-posterior axis. Cells are colored for clarity. Arrows denote 
migration movements. A= animal pole, V= vegetal pole, D= dorsal side.
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formation (Hunter et al., 2015; Levayer et al., 2011). This would especially be 
important for cell intercalations, as this requires dynamic junction remodeling 
during neighbor exchange. Taken together, these observations make it clear that 
correctly regulated dynamics of E-Cadherin-mediated cell adhesion are essential 
during epiboly progression.

During epiboly at the shield stage, mesendodermal progenitors at the dorsal germ 
ring internalize at the epiboly leading edge and migrate back towards the animal 
pole (Fig. 1B). As they migrate along the overlying epiblast they up-regulate their 
E-Cadherin expression and form a cohesive group (Montero et al., 2005). This 
suggests that they migrate as a cell collective. Their efficient migration requires 
E-Cadherin as isolated E-Cadherin knockdown cells ectopically transplanted into a 
wild-type migrating cell cluster showed fewer protrusions, and were not directed 
to the animal pole (Dumortier et al., 2012). Furthermore, when wild-type single 
cells or small cell groups were isolated and ectopically transplanted in front of the 
migrating cluster, they remained migratory and still exhibited polarized protrusive 
activity but lost directionality to the animal pole. Moreover, when these ectopically 
transplanted cells then came into contact with the endogenous migrating cell 
cluster, they reoriented their protrusions and regained directional migration 
towards the animal pole. This suggests that a cell intrinsic directionality signal is 
propagated within the larger migrating cell cluster in an E-Cadherin-dependent 
manner. It is tempting to speculate that tension across the collective, coupled 
through E-Cadherin, might drive the directed migration, as has been shown in cell 
Drosophila border cell migration (Cai et al., 2014). 

Simultaneously with internalization of the mesendoderm progenitors, convergent 
extension (CE) movements are initiated (Fig. 1C). As described in the previous 
paragraph for Drosophila and Xenopus, a large part of this movement is driven by 
specific cell intercalation events that lead to the narrowing of the embryo along the 
mediolateral axis, while simultaneously elongating along the anterior-posterior axis 
(Tada and Heisenberg, 2012). In zebrafish, the intercalation events are not restricted 
to only the mediolateral axis. It was found that in the presomitic mesoderm, in 
addition to planar mediolateral intercalation, preferential radial intercalation that 
terminates between anterior-posterior cell neighbors contributed to CE (Yin et al., 
2008). While not directly shown here, like in epiboly and in Drosophila CE, it is likely 
that cadherin-mediated adhesion plays a critical role during these intercalation 
events. Indeed, biber and parachute mutants, which contain a dominant defective 
N-Cadherin and null allele respectively, show reduced lateral convergence to the 
midline, and reduced posterior body axis formation (Warga and Kane, 2007). It 
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should be noted that many cell migration events in different parts of the embryo, 
not necessarily directly involved in cell intercalation also contribute to convergent 
extension (Yin et al., 2009). However, its discussion is beyond the scope of this 
introduction. It will be interesting to see whether the actomyosin-cadherin dynamics 
and concomitant tension regulation during cell intercalation observed in Drosophila 
germband elongation, occurs in zebrafish as well. 

There are many more events in zebrafish development in which cadherin-mediated 
cell-cell junction remodeling and regulation of actomyosin tension are implicated, 
such as during vascular development (Lagendijk et al., 2014), primordial germ cell 
migration (Kardash et al., 2010), formation of the Kupffer’s Vesicle (Matsui et al., 
2011), and the lateral line primordium (Revenu et al., 2014). Future studies into the 
details of these developmental processes may thus reveal more general principles 
for tension-regulated morphogenetic movements. 

Genetic modification using TALEN and CRISPR-Cas9 
technology
Forward genetic screens have yielded many valuable mutants to study cadherin 
functioning in zebrafish, such as the aforementioned biber and parachute 
N-Cadherin mutants (Warga and Kane, 2007), as well as the half-baked and cdh1rk3 

(Kane et al., 2005; Shimizu et al., 2005) E-Cadherin mutants. However, no reliable 
techniques existed for the zebrafish model to carry out reverse genetic screens to 
investigate proteins of interest. Furthermore, the hybrid TILLING approach in which 
randomly ENU-mediated mutagenized fish were sequenced in a high-throughput 
manner, requires costly investments (Wienholds et al., 2002). 

To circumvent this problem, researchers have used anti-sense morpholino (MO) 
technology to knockdown their gene of interest. While MO-mediated knockdown 
has certainly aided the understanding of the role of E-Cadherin (Babb and 
Marrs, 2004) and α-catenin (Schepis et al., 2012) in epiboly, the use of MOs is 
not straightforward, as many controls are needed to rule-out common off-target 
effects that are commonly seen with MO use (Eisen and Smith, 2008). MOs are 
also bound to certain timeframes, as injected MOs are generally inactivated by 2-3 
dpf. Furthermore, it has been reported that approximately 80% of MO-induced 
phenotypes were not recapitulated by mutant alleles (Kok et al., 2015; van Impel et 
al., 2014). As a much welcomed alternative to the use of MOs, in the past few years 
two different reverse genetics tools have been developed that have significantly 
impacted zebrafish research (Janostiak et al., 2014). Here we will shortly describe the 
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TALEN and CRISPR-Cas9 gene editing technology systems we have used throughout 
this thesis to generate loss-of-function alleles.

Transcription activator-like effectors (TAL-effectors) were first discovered in plant 
cells, where bacterial pathogens of the Xanthomonas species secrete specific 
proteins acting as transcriptional activators to aid in infection of the host (Boch 
and Bonas, 2010). The proteins bind target DNA in a specific manner, mediated by 
a series of tandem repeats containing highly conserved amino acid sequences. Two 
amino acid residues within such a unit, so called repeat variable domains (RVDs), 
were identified to confer specificity to single nucleotide bases (Boch et al., 2009; 
Moscou and Bogdanove, 2009). Thus the tandem repeats utilizing different RVDs 
are able to bind specifically to target DNA using this protein-nucleotide code. 

Naturally occurring TAL effectors generally showed between 12 and 27 repeats and 
it was found that target binding sites were always preceded by a T residue. These 
parameters could be used to define TAL-effector binding sites in the genome of 
interest. By coupling the TAL-effectors to FokI endonuclease proteins (TALENs), a 
new gene editing tool was developed (Miller et al., 2011; Zhang et al., 2011). Two 
subdomains of the FokI were separately coupled to two TAL-effector DNA binding 
domains, with their target sites separated by a 10-20 bp gap. This allowed the FokI 
subdomains to dimerize, leading to DNA cleavage at the target site by DNA double-
stranded breaks (DSBs). DSBs can be repaired by non-homologous end-joining 
(NHEJ), which induces insertions and deletions at the genetic lesion and can be 
used to generate null alleles by generating premature stop codons (Huang et al., 
2011; Sander et al., 2011), and homologous recombination (HR), allowing targeted 
insertions by supplying custom nucleotide templates (Bedell et al., 2012). Because 
of the high DNA specificity, and the obligate use of two targeting regions in close 
proximity, reports of off-target effects have been minimal (Ding et al., 2013; Kim et 
al., 2013). Through the use of pre-assembled kits, such as the Golden Gate system 
(Cermak et al., 2011) labs could now create their own TALENs to target virtually 
anywhere in the genome. Using this system we have generated loss-of-function 
alleles in α-catenin and vinculin A in zebrafish, as described in Chapter 3 and 4 of 
this thesis.                     

The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-
associated (Cas) 9, or CRISPR-Cas9 system was found as part of the bacterial 
defense system against bacteriophages (Barrangou et al., 2007). After viral or 
plasmid infection, foreign phage genomic sequences were found to be integrated 
into CRISPR elements present in the host’s genome. From this region, small non-
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coding RNA sequences are transcribed (crRNAs) and are able to specifically bind 
the foreign genetic material. In combination with a trans-activating RNA (tracrRNA), 
Cas proteins are then recruited to the complex and able to cleave the target foreign 
genetic elements (Bhaya et al., 2011). 

By introducing custom sequences in the crRNA region, the system was adapted 
to specifically induce DSBs in target sequences of interest, similar to what the 
FokI endonuclease domains do in TALENs. Through various improvements, such 
as the fusing of the tracrRNA and crRNA into single guide RNAs (sgRNAs), codon 
optimization for the adaption to eukaryotic sequences, and the addition of a nuclear 
localization signal (Cong et al., 2013; Jinek et al., 2012), the CRISPR-Cas9 system 
was then rapidly established as a valuable gene editing tool. However not every 
sequence can be targeted, as a specific three-nucleotide sequence (PAM motif) is 
needed just before the target sequence. A significant advantage of this technique 
over TALENs is the ease through which new targeting constructs are generated. As 
guideRNAs need only to be 20 bp long, only the ligation of annealed oligos targeting 
the gene of interest in pre-designed vectors is required (Hwang et al., 2013). The 
downside however seems that CRISPR-Cas is more prone to off-target effects, in 
part through the presence of only one targeting domain (Fu et al., 2013; Pattanayak 
et al., 2013). 

Recent efforts resulted in the development of Cas9 nickase systems, which only 
nick the DNA in one strand and thus requires the use of two separate target sites 
to induce DSBs, similar to TALENs (Shen et al., 2014). Many labs have now already 
reported using the CRISPR-Cas system to induce loss-of-function mutations in 
zebrafish (Hwang et al., 2013), as well as other model systems (Baena-Lopez et al., 
2013; Dickinson et al., 2013). We have used the CRISPR-Cas system to specifically 
target the vinculin B isoform in zebrafish (see Chapter 4).

It is thus clear that these new gene editing technologies have opened up new frontiers 
in many fields. Indeed, the use of this system in human material is of great interest 
to study specific cancer mutations (Wen et al., 2016), or gene therapy applications 
(Schwank et al., 2013). In addition, newer but not yet well characterized methods 
of more precise gene-editing through homologous recombination, such as specific 
insertions are being investigated (Hruscha et al., 2013). As these developments are 
still ongoing, most of the newer techniques have not been implanted in the work of 
this thesis. Nonetheless, it will be interesting to see how these techniques will be 
implemented in future applications in zebrafish development, and beyond.



20

Techniques to directly measure forces in tissues
In order to fully understand the effects of physical forces in tissues there is a need to 
quantitatively measure where exactly these force are applied. In other words, if we 
aim to study mechanotransduction, it is important to know where the mechanical 
signals are formed. To this end, tools traditionally used by physicists to measure 
physical parameters in non-biological materials are being applied to cells and living 
tissues on an emerging scale. In addition, new techniques are now specifically 
being developed to measure forces in vivo. Here we will discuss a few of these 
techniques relevant to this thesis and employed in Chapter 5 and give examples of 
their application in biology.

There are several techniques that rely on measuring the deformation of cells due 
to mechanical stress. One such example is Atomic Force Microscopy, which consists 
of a cantilever tip coupled to piezoelectric elements, allowing indentations to be 
measured in up to pN scales. Cells can be mounted on the cantilever and brought 
into contact with specific substrates such as fibronectin (Puech et al., 2005). Cell-
ECM adhesion can then be measured as the force needed to separate the cell form 
the substrate. Alternatively, pairs of cells can be brought into contact to measure 
cell-cell adhesion, as has been done to determine the relative cohesiveness of 
different germ layer cells from zebrafish embryos (Krieg et al., 2008). In a similar 
approach, cell doublets or small cell groups can be probed using micropipette 
aspiration assays. By assessing the geometry of the cell as well as considering the 
applied aspiration force, tissue surface tension can be determined. In this way it 
was shown that cell cortex tension, but not cell-cell adhesion strength primarily 
determines cell sorting of zebrafish germ layers (Maitre et al., 2012). Similarly, 
cell surface tension (mostly determined by cortical actomyosin tension) can also 
be measured by microplate compression. Cells or cell aggregates can be placed in-
between two plates coupled to a spring, which are then pressed together to deform 
the cells (Schotz et al., 2008). In combination with genetic manipulation of the cells, 
these techniques allow for powerful analyses of the contribution of specific proteins 
to cell mechanics. 

The forces cells exert on their substrate, for example during migration, can also 
be measured indirectly through Traction Force Microscopy (TFM). Cells are seeded 
on an elastic polyacrylamide gel of known stiffness, and fluorescent beads are 
mixed in the gel during polymerization. Using the displacement of the beads, the 
traction forces exerted by cell-gel adhesions can be calculated. The advantage of 
this technique is that cells and groups of cell can be imaged live in timelapse image 
series, together with fluorescently tagged proteins, so that changes in tension can 
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be correlated to localization of proteins. For instance, timelapse imaging of GFP-
paxillin in combination with TFM revealed how 2 different modes of traction are 
regulated by paxillin phosphorylation in integrin-based cell-extracellular matrix 
adhesions (Plotnikov et al., 2012). In an extension of this technique, based on the 
principle that the traction forces within an epithelial monolayer must be balanced 
by inter- and intracellular stresses, Monolayer Stress Microscopy was developed 
(MSM) (Tambe et al., 2013; Tambe et al., 2011). This technique thus extrapolates 
forces at cell-cell junctions from TFM data. Using this technique it was found that 
during collective cell migration, cells tend to migrate along the local axis of the least 
amount of intercellular shear stress, which provided insight into how mechanical 
forces at cell-cell junctions regulate collective cell migration (Tambe et al., 2011). 

Unfortunately the techniques described above are not applicable to whole organisms 
as they require cells to grow on a 2 dimensional substrate. However tension can 
still be inferred indirectly in embryos by laser ablation techniques. Using a high 
powered laser, protein structures such as actin cables and cell-cell junctions can be 
disrupted, leading to a certain recoil velocity which can be used as a proxy to the 
amount of tension present on the structure. Using this approach it was shown that 
during Drosophila germ band elongation, tension anisotropy at junctions drives cell 
intercalation movements (Rauzi et al., 2008). This technique is semi-quantitative 
and only allows a single measurement as it disrupts the tissue. 

Another non-invasive method to infer tension was developed using FRET-technology. 
FRET (fluorescence resonance energy transfer) is based on the energy transfer that 
occurs between a donor fluorophore of which the emission spectrum overlaps with 
the excitation spectrum of an acceptor fluorophore (Jares-Erijman and Jovin, 2003). 
Only when the two fluorophores are in sufficiently close proximity, non-radiative 
energy from the donor will be transferred to the acceptor, thus causing a reduction 
in donor fluorescence and an increase in acceptor fluorescence. 

By inserting an elastic peptide isolated from spider silk protein, of which the length 
thus varies with tension applied on the peptide (Brenner et al., 2016), between a 
donor and acceptor fluorophore, a genetically encoded FRET tension sensor modules 
(TSMod) was made allowing measurement of tension in the pN range (Grashoff et 
al., 2010) (Fig. 2). The TSMod sensor has been successfully used to measure tension 
in adhesion proteins including vinculin, E-Cadherin, VE-Cadherin and PECAM in 
cell culture (Borghi et al., 2012; Conway et al., 2013). A major advantage of this 
technique is that it can be used in live imaging experiments and there is no restraint 
in geometry that prohibits its use in live developing embryos. 
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Recently TSMod inserted in DE-cadherin has been used to determine the difference 
in cadherin tension between the front and back of migrating Drosophila border cells, 
showing that the sensor can indeed be used in whole embryos (Cai et al., 2014). 

It is thus clear that different techniques exist by which forces can be measured at 
various scales, and the application of these techniques will aid in our understanding 
of how mechanical forces are involved in tissue morphogenesis in a developing 
embryo. In Chapter 5 of this thesis we have combined MSM with TSMod to 
investigate whether total tissue tension correlates with tension on the cadherin 
complex specifically.   

Fig. 2 – TSMod FRET tension sensor module
Schematic representation of the TSMod FRET tension 
sensor. Donor fluorophore (mTFP) and Acceptor 
fluorophore (YFP) are linked through an elastic 
polypeptide sequence isolated from spider silk. When 
in close proximity, the excitation of the donor (dark blue 
waveform) mediates energy transfer to the acceptor 
(FRET), leading to photon emission of acceptor (yellow 
waveform). When under force, donor and acceptor are 
pulled apart, leading to attenuation of FRET, and the 
subsequent increased emission of photons from the 
donor (light blue waveform).

mTFP YFP

mTFP YFP

FRET

Force Force



23

General Introduction

Scope of this thesis

In this thesis we have set out to investigate the importance of the cadherin 
mechanotransduction machinery, through force-dependent recruitment of vinculin 
to α-catenin, during tissue morphogenesis.

First, in Chapter 2 we review recent literature to discuss the current knowledge 
about overlapping and distinct aspects of mechanotransduction between integrin 
and cadherin adhesion complexes. 

In Chapter 3 we aimed to elucidate whether the recruitment of vinculin to α-catenin 
at cadherin-based cell-cell adhesions is important for zebrafish morphogenesis. 
Zygotic depletion of α-catenin was found to be embryonic lethal. Moreover, we 
find that embryos, in which the α-catenin-vinculin interaction is perturbed, show 
defects in convergent extension movements.

We further investigated vinculin importance in zebrafish in Chapter 4. Here, we 
show that zebrafish contain two vinculin isoforms, vinculin A and vinculin B, which 
are highly conserved with higher vertebrate orthologues. Embryos depleted from 
either vinculin isoform alone are viable and fertile. Furthermore, complete loss of 
zygotic vinculin did not impact early morphogenesis but these fish failed to survive 
until adulthood, indicating that vinculin is essential for the maintenance of adult 
tissue.   

In Chapter 5 we characterized a recently developed FRET-based biosensor of 
tension on E-Cadherin in remodeling epithelial monolayers. By combining live cell 
FRET measurements with Monolayer Stress Microscopy, we determined that the 
magnitude of tension on E-Cadherin molecules is not predictive of the total level 
of junctional tension. Instead, we find strong correlations between changes in 
E-Cadherin tension and the changes in total junctional tension. This suggests that 
E-Cadherin tension rapidly and proportionally changes with total junctional tension 
and thus places E-cadherin at an ideal position for mechanically induced feedback 
signaling into junctional actin organization. 

Finally, in Chapter 6 we summarize and discuss our findings. We conclude that 
cadherin mechanotransduction is essential for proper zebrafish morphogenesis, and 
that the E-CadherinTSMod tension biosensor is a useful tool to measure fluctuations 
in tension in live tissues. The research described in this thesis is the first study 
known to us that revealed the consequences of cadherin mechanotransduction in 
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vertebrate development. Our results, the tools and the zebrafish mutants that we 
have developed will serve as a basis for future, more detailed investigations of how 
changes in tension at cadherin-based cell-cell adhesions influence the formation, 
morphogenesis and architecture of tissues and organisms.
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Abstract 

The molecular mechanisms by which physical forces control tissue development are 
beginning to be elucidated. Sites of adhesion between both cells and the extracellular 
environment (extracellular matrix, or neighboring cells) contain protein complexes 
capable of sensing fluctuations in tensile forces. Tension-dependent changes in the 
dynamics and composition of these complexes mark the transformation of physical 
input into biochemical signals that defines mechanotransduction. It is becoming 
apparent that, although the core constituents of these different adhesions are 
distinct, principles and proteins involved in mechanotransduction are conserved. 
Here we discuss the current knowledge about overlapping and distinct aspects of 
mechanotransduction between integrin and cadherin adhesion complexes. 
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at adhesion sites

Mechanotransduction at the interface between adhesion 
and actomyosin.
The development of multicellular tissues is brought about by coordinated cell 
movements, changes in cell shape and regulation of cell fate (differentiation). 
Forces generated by the cytoskeleton, mainly through controlled contractility of 
the actomyosin machinery, are crucial in all of these processes underlying tissue 
morphogenesis (Dupont et al., 2011; Engler et al., 2006; Munjal and Lecuit, 2014). 
To achieve this, tension from mechanical forces is sensed by actomyosin-connected 
cellular adhesion complexes and subsequently transformed into biochemical signals 
that regulate intercellular processes. As such, cellular adhesion complexes function 
as sites of mechanotransduction. 

The mechanotransduction processes at adhesion sites occur across different scales. 
As an example of mechanotransduction-driven shape change that occurs within 
a close range to the site of adhesion, actomyosin-based mechanical forces acting 
at cadherin complexes control shrinkage of cell-cell junctions, which mediates 
cell intercalations central to embryonal tissue elongation processes (Guillot and 
Lecuit, 2013; Lecuit and Yap, 2015; Twiss and de Rooij, 2013). As an example of 
mechanotransduction-driven cell-fate control that occurs at a long range from the site 
of adhesion, the stiffness or deformation of the extracellular environment through 
increased tension at integrin complexes, impacts on transcriptional programs that 
control proliferation, cellular stemness and lineage differentiation (Dupont et al., 
2011; Engler et al., 2006). These programs are crucial during development and 
adult tissue homeostasis and are found deregulated in pathological conditions such 
as cancer (Low et al., 2014; Pickup et al., 2014). 

Although multiple adhesion complexes have been implicated in mechanotransduction 
(Gasparski and Beningo, 2015; Tzima et al., 2005), the integrin-based ECM adhesion 
complex and the cadherin-based cell-cell junction complex are best understood, 
and appear to be central to adhesion-based mechanotransduction (Leckband 
and de Rooij, 2014; Ross et al., 2013). Because the core proteins differ between 
integrin and cadherin complexes, they have been mostly regarded as unrelated 
structures. The discovery that both integrin and cadherin-based adhesion sites can 
function as mechanosensors has begun to change that view: The recruitment of 
vinculin through protein stretching is a central element in mechanosensing that is 
conserved between both structures. In addition, the recruitment of vinculin leads 
to the same junction-proximal effect of adhesion strengthening in both types of 
adhesion. Also the long range effects of mechanotransduction by both adhesion 
complexes appear to converge on the same transcription factors (Box 1). Finally, 
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multiple proteins are found to localize to both integrin and cadherin adhesions in 
an actomyosin-dependent manner. In this review we discuss the extent of similarity 
in structure and organization between both complexes. Using data from recent 
proteomics approaches, we investigate the overlap and significance in protein 
content shared between cadherin and integrin adhesomes and argue that principles 
and mechanisms of mechanotransduction are largely conserved between these 
two distinct adhesion complexes. Given the shared use of vinculin between these 
two complexes, we use vinculin as a paradigm to exemplify differences that exist 
between integrin and cadherin mechanotransduction. 

Box 1: Long range mechanotransduction by integrin and 
cadherin adhesions
Mechanical forces at adhesion sites affect transcriptionally regulated processes 
such as cell proliferation, stemness and differentiation, and integrin- and cadherin-
initiated pathways may converge on the same transcription factors in this long-
range mechanotransduction. The transcriptional regulator YAP was found to 
be a key intermediate in the control of integrin-mechanotransduction over the 
differentiation of mesenchymal stems cells (Dupont et al., 2011; Engler et al., 2006). 
Furthermore, ECM stiffness drives breast cancer cells towards malignancy (Paszek 
et al., 2005) a process in which again YAP was implicated (Cordenonsi et al., 2011). 
Integrin mechanotransduction and actomyosin cytoskeletal tension have also been 
implicated in the activation of the transcriptional regulator β-catenin in a skin 
cancer model (Samuel et al., 2011). The integrin-associated kinases FAK and Src are 
involved in integrin-induced activation of YAP, through inactivation of the canonical 
Hippo/LATS pathway (Kim and Gumbiner, 2015), and β-catenin activity through 
inhibition of GSK3β (Gao et al., 2015; Samuel et al., 2011).  The activity of FAK and 
Src is regulated by integrin mechanotransduction (Pasapera et al., 2010; Paszek et 
al., 2005), although the exact mechanism of this activation remains unclear. 

Mechanical tension at E-cadherin adhesions may also activate YAP and β-catenin: 
Stretching of cells resulted in nuclear accumulation of YAP and activation of 
its target genes, followed by nuclear accumulation of β-catenin and target gene 
activation. Disruption of the adhesive capacity of E-cadherin, while maintaining its 
cytoplasmic β-catenin-binding site, resulted in constitutive YAP activation and loss 
of β-catenin activation by stretch (Benham-Pyle et al., 2015). In Drosophila wings, 
YAP was activated by tissue tension in a cadherin-dependent manner. Here the zyxin 
homolog ajuba was a crucial intermediate. Ajuba co-precipitates with α-catenin 
and it is proposed that mechanosensitivity of this interaction would explain tissue-
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tension-mediated activation of YAP (Rauskolb et al., 2014). 

Negative control of β-catenin by cadherin adhesion can occur because cadherin 
can sequester β-catenin at cell-cell junctions. Negative control of YAP activity by 
cadherin adhesion can occur through sequestering of YAP by α-catenin-associated 
14-3-3 proteins or angiomotin family members (Low et al., 2014; Schlegelmilch 
et al., 2011; Wang et al., 2011) or through activation of the Hippo/LATS pathway 
(Kim et al., 2011). A recent report shows that EPS8 induces activation of YAP by 
releasing 14-3-3-mediated sequestration during the remodeling of VE-cadherin-
based junctions in endothelial cells (Giampietro et al., 2015), a process that involves 
increases in junctional tension (Huveneers et al., 2012). It is likely, but not yet 
tested, that these modes of negative control are affected by mechanical tension at 
the cadherin-based adhesion. It will be interesting to decipher the details of these 
long-range mechanotransduction pathways and learn whether or not mechanistic 
analogies between integrin and cadherin-induced activation exist.
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Similarities in organization and structure between 
integrin and cadherin adhesions
Under 2D culture conditions integrins assemble in punctate adhesion structures 
known as Focal Adhesions (FAs). Recent super-resolution studies have elucidated 
the nanoscale organization of FAs, identifying three distinct layers (Case et al., 2015; 
Kanchanawong et al., 2010) (Figure 1B): i. The membrane proximal integrin signaling 
layer (SL), which contains the cytoplasmic tail of integrin that interacts with signaling 
proteins paxillin and focal adhesion kinase (FAK); ii. The force transduction layer 
(FTL), where talin and vinculin (and possible interactors) reside to form a physical 
link that transmits force between integrins and actin cytoskeleton. iii. The actin 
regulatory layer (ARL), which is located about 50 nm above the SL and associates with 
actin stress fibers. Actin-modulating proteins such as zyxin, VASP and α-actinin are 
present in this layer. The head domain of talin interacts with the cytoplasmic tail of 
integrin while the C-terminal rod domain of talin binds F-actin, physically linking the 
SL and ARL (Calderwood and Ginsberg, 2003; Yao et al., 2014a). It should be noted 
that only a limited number of FA proteins have been studied by superresolution and 
our understanding of the physical separation of these layers is likely not complete.

Cadherin-based adherens junctions initially appear to be organized differently than 
FAs. In polarized epithelia, cadherins organize into an apicolateral structure called 
the Zonula Adherens (ZA), characterized by a tightly associated, thick actin belt 
(Huveneers and de Rooij, 2013; Leerberg et al., 2014). In flat or squamous epithelial 
cells, mature junctions show a linear configuration, with cortical actin bundles formed 
in parallel. For distinction, we name these junctions linear adherens junctions (LAJs) 
(Figure 1A). During junction remodeling (such as during their formation, after HGF 
stimulation in MDCK epithelial cells, or thrombin stimulation in HUVEC endothelial 
cells), a distinct type of cadherin-based junction becomes predominant, defined 
here as Focal Adherens Junction (FAJ) (Huveneers and de Rooij, 2013) (Figure 1A). 
Analogous to the appearance of FAs, actin fibers in FAJs align perpendicular to the 
adhesion interface. This punctate type of junction is also observed in mesenchymal 
cells expressing N-cadherin or Ras-transformed epithelial cells (Gloushankova et 
al., 1998; Krendel et al., 1999). A similar focal morphology is also observed in cells 
adhered on artificial cadherin-coated substrates (Gavard et al., 2004; le Duc et 
al., 2010). Thus, conformations exist in which integrin-based and cadherin-based 
adhesions appear similar. 

It should be noted that microscopic similarity in morphology does not necessarily 
signify similarity at the ultrastructural level. At the nanoscopic level, actin 
organization may be different between different cadherin- and integrin-based 
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Figure 1. Structure and organization of integrin and cadherin adhesion complexes 
(A) Immunofluorescence image of thrombin-stimulated HUVEC cells showing distinct integrin and 
cadherin structures. Focal adhesions as marked by vinculin staining (green), Linear Adherens Junctions 
as marked by VE-Cadherin staining (red) and Focal Adherens Junctions marked by colocalization of 
vinculin and VE-Cadherin (yellow). Note the perpendicular actin fibers (purple) in Focal Adhesions and 
Focal Adherens Junctions in contrast to more parallel actin fibers at Linear Adherens Junctions. (B) 
Analogous to the observed nanoscale organization of integrin adhesions, we hypothesize that cadherin 
junctions may also consist of a Signaling Layer (SL), Force Transduction Layer (FTL) and Actin Regulatory 
Layer (ARL). The spatial separation of these layers may be specifically envisioned at tensile FAJs. A key 
conserved feature between tensed integrin and cadherin complexes is the open conformation of talin 
(purple) and α-catenin (light blue) which mediate binding of vinculin (light brown) in the FTL, leading 
to strengthening of the adhesion complexes. 
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adhesions even though their macroscopic appearance as FAJs or FAs is similar. The 
microscopic similarity that occurs in certain conditions does, nevertheless, suggest 
a possible analogy in the organization between cadherin- and integrin-based 
adhesions (Figure 1B). In such an analogy, the cadherin-SL could be occupied by 
cadherin-proximal proteins associated with p120 and β-catenin, such as the GEFs 
and GAPs for Rap1 and Rho-like small GTPases (Kourtidis et al., 2013; Watanabe et 
al., 2009). α-catenin forms a link between cadherin complexes and F-actin using 
its C-terminal actin binding domain, which would be similar to that which occurs 
in the FTL (Choi et al., 2012; Yonemura et al., 2010), and resides here by binding to 
β-catenin. The ARL may also be similar between cadherin and integrin adhesions 
because proteins such α-actinin, VASP and zyxin associate with cadherin adhesions 
(Hansen and Beckerle, 2006; Scott et al., 2006; Tang and Brieher, 2012) 

Comparing integrin and cadherin adhesomes
To further extend the analysis of similarity between integrin and cadherin 
adhesions we compared recently generated cadherin interactomes to the integrin 
interactome. Integrin interactomes have been generated by a number of labs using 
different technologies and a 60 protein “consensus integrin adhesome” was recently 
established upon a rigorous curation of 7 available datasets (Horton et al., 2015). 
42 of these 60 proteins were clustered into 4 nodes based on their interactions 
and previous functional implications in integrin adhesion and signaling. This core 
integrin adhesome contains a majority of the proteins previously described to fulfill 
the central functions of integrin adhesions: linkage of the ECM to F-actin, regulation 

Figure 2. Overlap between integrin and cadherin adhesomes
This Figure displays a trimmed version of the 60-protein consensus integrin adhesome defined by 
Humphries and colleagues in Figure 4 of (Horton et al., 2015). (A) Ven-diagram summarizing the 
comparison between integrin and cadherin adhesomes. (B) We removed 19 proteins from the 
60-protein concensus adhesome with no evidenced interactions with any other in the adhesome, 4 
integrin subunits and 5 proteins only interacting with those, to retain a 32 protein network. The names 
of the 22 proteins shared between this network and the emerging cadhesomes (see Supplemental 
Table 1), are displayed in red. These proteins were placed across the hypothetical structural layers. 
Furthermore, we have indicated the 4 functional nodes identified by Horton and colleagues by 
darkened ovals. Cadherin specific protein modules involved in mechanotransduction are drawn on the 
right of the core cadherin complex and displayed in purple. NB. For clairity, interactions indicated are 
only main well-established interactions and by no means represent all interactions known to occur.
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of F-actin organization and dynamics and signal transduction. 18 proteins did not 
have reported functions at FAs nor interactions with other adhesome members. 

We have used this “consensus adhesome” as the basis for our comparison in Figure 
2A, maintaining 33 proteins (the 18 non-interacting proteins, integrin subunits 
and 5 proteins connected to integrin subunits only, were removed for clarity). 2 
interactomes generated by birA-mediated biotinylation of cadherin-proximal 
proteins are currently available. To generate a “consensus cadhesome,” we added 
the overlap between these 2 interactomes (Guo et al., 2014; Van Itallie et al., 2014) 
to cadherin-interacting proteins identified in a recent literature survey (Zaidel-Bar, 
2013). It is important to note that due to the limited number of interactome studies, 
the cadhesome is much less refined than the integrin adhesome and currently 
contains 275 proteins. The generation and contents of the consensus adhesomes 
used in our comparisons are explained in Supplemental Table 1 and 2 (see Online 
Supplementary Material). 

There is an overlap of 26 proteins between the 60-protein integrin adhesomes and 
the cadhesome. From the 33 proteins retained from the integrin adhesome, 22 
are also found in the cadhesome. The results of this comparison are depicted in 
Figure 2B. The 4 nodes controlling adhesive functions as depicted in (Horton et 
al., 2015) (indicated by darkened ovals) could be placed across the 3 distinct layers 
that comprise FAs on the basis of their actual localization (Kanchanawong et al., 
2010). It should be noted that both the 4 nodes and the 3 layers are schematic 
representations of FA organization that do not fully capture the complexity of 
junction organization. Nevertheless, the presence of shared proteins in each layer 
and in each node further corroborates the hypothetical analogy in structural 
organization of the receptor-F-actin axis between integrin and cadherin adhesions.

Shared mechanisms of mechanotransduction in the signaling layer
The SL of the integrin adhesion is built around the central adaptor proteins paxillin 
and FAK, the latter of which also functions as a kinase. Several signal transduction 
events initiated by these proteins are controlled by actomyosin contractility and 
thus implicated in integrin mechanotransduction. For instance, the activity of the 
small GTPase Rac is negatively controlled by myosin activity, through the dissociation 
of the exchange factor PIX (Kuo et al., 2011). The kinase activity of FAK is positively 
controlled by myosin activity and leads to activation of the Src family kinases 
(Pasapera et al., 2010). Although the percentage of shared proteins between integrin 
and cadherin adhesions is low in the SL (Figure 1B), one key shared function appears 
to be the regulation of Src activity. Pyk2 is a close relative of FAK and an activator of 
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Src family kinases that is found in the cadhesome. CSK is a negative regulator of Src 
family kinases that interacts directly with VE-cadherin (Baumeister et al., 2005). FAK/
Pyk2 and Src kinases have been implicated in the regulation of endothelial junction 
permeability (Vockel and Vestweber, 2013) and epithelial mesenchymal transition 
in epithelial tissues (Canel et al., 2013). FAK and Src, activated by integrin adhesion, 
have also been suggested to regulate transcription factors involved in stem cell 
differentiation (Guan, 2010) and activate transcriptional co-regulators β-catenin 
(Samuel et al., 2011) and YAP (Kim and Gumbiner, 2015). Although the molecular 
details of the activation of FAK and Src by integrin adhesion and actomyosin 
contractility have remained largely elusive (Hytonen and Wehrle-Haller, 2015), 
these findings suggest that they are involved in long-range mechanotransduction 
from integrin to transcription (Box 1). It will be interesting to investigate whether a 
related protein module, potentially formed around Pyk2 at the cadherin adhesion 
fulfills a similar function and could thus mediate the activation of YAP and β-catenin 
by tension at the cadherin complex.

Besides FAK/Pyk2 and CSK, the only other shared protein in the SL is TRIP6. While 
it is known that TRIP6 is recruited differently in both junctions, its precise function 
remains elusive. Current evidence suggests that TRIP6 does not likely play a role in 
mechanotransduction (Bai et al., 2007; Chastre et al., 2009; Xu et al., 2004).

Shared proteins in the force transduction layer mediate adhesion-proxi-
mal mechanotransduction 
Proteins in the FTL are positioned to experience and transmit tensile forces 
between the contractile actomyosin network and the immobile adhesion. They are 
also the prime candidates for a role in mechanotransduction. Indeed, stretching of 
talin results in an increased affinity for and recruitment of vinculin, and is a well-
established mechanism by which mechanical forces initiate biochemical changes at 
integrin junctions (Carisey et al., 2013; Roca-Cusachs et al., 2012; Yao et al., 2014a). 

Similar to the talin-vinculin module, tension-induced stretching of α-catenin 
also enhances vinculin affinity and recruitment to junctions, thus constituting a 
similar mechanosensitive module at cadherin-based adhesions (Ishiyama et al., 
2013; Rangarajan and Izard, 2012; Thomas et al., 2013; Yonemura et al., 2010). 
Stretch-induced vinculin binding occurs at the same force (5 pN) in both talin and 
α-catenin as measured by nanophysical pulling on purified proteins (del Rio et 
al., 2009; Yao et al., 2014a; Yao et al., 2014b). Vinculin recruitment to cadherin 
adhesions also results in the reinforcement and stabilization of the junction, as seen 
at integrin adhesions (Huveneers et al., 2012; le Duc et al., 2010; Thomas et al., 
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2013; Twiss et al., 2012). Multiple functionalities of vinculin may contribute to this: 
Because vinculin is an actin-binding protein, it contributes to increased adhesion-
actin association. Vinculin binding also locks α-catenin or talin in its unfolded state 
even after force release, further stabilizing the α-catenin-vinculin-F-actin structure 
(Atherton et al., 2015; Yao et al., 2014a; Yao et al., 2014b).  Vinculin  recruits VASP 
family proteins through its proline-rich domain leading to local remodeling of the 
actin structure (Leerberg et al., 2014). 

Significant overlap is also found between the cadhesome and the kindlin/filamin 
node, which mediates an additional link between integrins and F-actin (Ussar et al., 
2006). Filamin has been implicated in mechanotransduction at integrin adhesions. 
Its binding to integrins, subsequent stretching, and recruitment of additional 
factors is enhanced by contractility in the integrin-proximal actomyosin network 
(Ehrlicher et al., 2011; Razinia et al., 2012). There is evidence for the importance of 
this node in cadherin adhesion: kindlin-2, ILK, migfilin and filamin all associate with 
cell-cell junctions and are important for their efficient formation in calcium-switch 
assays (Gkretsi et al., 2005; He et al., 2014; Tu and You, 2014; Vespa et al., 2005), 
but mechanistic details are unknown. For a similar mechanism to that of integrin 
adhesions to occur at cadherin junctions, a direct interaction between filamin and 
cadherin or its close interactors would be required. However, there is currently 
no experimental evidence to suggest such an event. Besides filamin, none of the 
other proteins in this node have been implicated in integrin mechanotransduction. 
Nevertheless, they are likely to experience tension between actin and the adhesion 
complex and are thus candidates for further investigation in both integrin and 
cadherin mechanotransduction.

In conclusion, low pN tension-induced, vinculin-recruitment is a conserved 
mechanism between cadherin and integrin adhesions. Vinculin primarily modulates 
the interaction of the adhesion complexes with - and the structure of - junction-
proximal actomyosin. Although the impact of vinculin on adhesion formation and 
stability has been shown in vitro (Carisey et al., 2013; Huveneers et al., 2012; le 
Duc et al., 2010; Leerberg et al., 2014; Twiss et al., 2012), its impact on tissue 
morphogenesis and organization in vivo is not yet clear. Vinculin knockout mice die 
late in development, with heart and brain defects, while vinculin-deficient fruit flies 
appear normal (Klapholz et al., 2015). It could be that the absence of strong, general 
effects of vinculin-depletion on tissue morphogenesis is caused by redundancy in 
function with additional proteins in the force-transduction layer that may also be 
involved in mechanotransduction, but evidence for this is so far absent. 
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Shared proteins in the actin regulatory layer involved in mechanotrans-
duction
The highest degree of overlap among the adhesomes is in the α-actinin-centered 
node as defined by Humphries and colleagues (Horton et al., 2015). The 2 epithelial-
expressed family members (α-actinin1 and 4) are present in both integrin and 
cadherin adhesomes, are 85% identical, and have strongly overlapping biochemical 
interactions, indicating that they are largely redundant. Although α-actinin and 
integrins can directly interact, super-resolution imaging experiments predominantly 
place α-actinin away from integrin in the ARL (Kanchanawong et al., 2010; Liu et al., 
2015), suggesting that a direct interaction in FAs does not always occur.  Similarly in 
cadherin junctions, α-actinin can bind to the core complex through α-catenin, but 
this interaction is mutually exclusive with that of vinculin (Nieset et al., 1997), and 
recent work places α-actinin in the actin-network proximal to cadherin junctions 
(Tang and Brieher, 2012). Most of the other proteins within this α-actinin node can 
directly bind to F-actin themselves, and their enrichment in both adhesomes seems 
to signify that similar F-actin subdomains are formed near integrin and cadherin 
adhesions. 

Because of unresolved complexity at the ultrastructural level, it is not understood 
why different actin-binding proteins concentrate in the ARL, both at integrin 
and cadherin adhesions. It is also not known which of these proteins, if any, 
are part of a force-chain that could prime them for stretching. Thus it is unclear 
what could initiate mechanoresponses in the ARL. Nevertheless, the presence 
of several proteins in this region is sensitive to mechanical tension between the 
actin cytoskeleton and the adhesion complex. Indeed, zyxin, the most extensively 
studied among these proteins, is tension-regulated at integrin adhesions. Direct 
biophysical methods that manipulated tension corroborate this tension-sensitivity 
of zyxin (Colombelli et al., 2009; Hirata et al., 2008a; Smith et al., 2014). While 
other findings have suggested similar roles for zyxin, it is important to note that 
many of the experiments probing mechanosensitivity utilize myosin inhibitors to 
perturb tension. However, these inhibitors also affect actomyosin structure, making 
it difficult to distinguish between changes in structure and changes in tension as the 
cause of altered protein distribution. 

Despite years of research, the mechanosensitive anchor for zyxin at adhesions has 
not been found. Zyxin does not directly bind F-actin indicating that an intermediate 
protein is involved (reviewed in (Smith et al., 2014)). Zyxin forms a complex with 
VASP, which binds F-actin and regulates actin polymerization. At integrin adhesions, 
however, zyxin is upstream of VASP recruitment and its LIM domains alone, which 
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do not interact with VASP, are sufficient for mechanosensitive recruitment of zyxin 
(Hirata et al., 2008b; Uemura et al., 2011). This precludes VASP as the intermediate. 
At cadherin adhesions, VASP is recruited through a direct interaction with vinculin to 
the ZA in epithelial cells (Leerberg et al., 2014). VASP interacts with vinculin through 
the same domain as its interaction with zyxin, which precludes their co-recruitment 
to this junction. In contrast, in FAJs, like in FAs, myosin-dependent recruitment 
of zyxin and VASP was independent from vinculin recruitment (Oldenburg et al., 
2015; Smith et al., 2014). Unlike at FAs, zyxin recruitment to FAJs depends critically 
on the FPPPP sequence that mediates binding to VASP (Oldenburg et al., 2015). 
VASP conversely depends on the presence of zyxin to localize to cell-cell junctions 
(Hansen and Beckerle, 2006). It appears that VASP and zyxin need to form a complex 
to mediate their mechanosensitive recruitment to cadherin adhesions unlike their 
recruitment to integrin adhesions. 

Due to the actin-regulating activity of VASP, one established function of zyxin/VASP at 
sites of integrin adhesion is the induction and accumulation of actin polymerization 
in response to tension (Hirata et al., 2008a; Smith et al., 2010; Tojkander et al., 2015). 
In cadherin adhesions, zyxin and VASP are also responsible for actin accumulation, 
but its induction by tension has not yet been established (Nguyen et al., 2010; Scott 
et al., 2006; Sperry et al., 2010; Vasioukhin et al., 2000). VASP-depletion affected 
force-induced strengthening of cadherin adhesion in bead-pulling assays, but a 
role for actin regulation in these experiments was not tested (Kris et al., 2008). 
Taken together, zyxin and VASP can be considered as mechanosensitive members 
of both integrin and cadherin adhesions and can function in adhesion proximal 
mechanotransduction to regulate actomyosin organization. 

It is possible that additional functions exist in the ARL or that actin regulation 
transpires to affect long-range processes of mechanotransduction. It is interesting 
to note that zyxin (Rauskolb et al., 2011), and zyxin related proteins ajuba and 
LIMD1 (Sun and Irvine, 2013) mediate activation of YAP downstream of non-classical 
cadherins in Drosophila. In addition, ajuba mediates the control of YAP through 
tissue tension (Rauskolb et al., 2014) (also see Box 1). These findings suggest that 
zyxin and relatives and are also implicated in the long range regulation of YAP activity 
by tissue tension, but the molecular details of this connection remain unclear and 
should be resolved to discard or establish the existence of this pathway.  
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Modes of mechanosensing unique to cadherin adhesions 
From the comparison between the consensus integrin adhesome and the 
cadhesome, it seems likely that all integrin-associated nodes are also represented 
in the cadherin adhesome and that mechanisms of mechanotransduction may 
be largely shared. In a recent review it has been suggested that the functional 
protein modules present at the integrin-adhesion may have been co-opted by 
cadherin adhesions, which appeared later in evolution. (Padmanabhan et al., 2015). 
Interestingly, one force-transducing node associated with cadherin adhesion has 
no clear counterpart in the integrin adhesome (Figure 2B (Ray et al., 2013)). This 
node is associated to β-catenin and does not appear to involve α-catenin. The multi-
PDZ-domain adaptor MAGI plays a central role in this node (Dobrosotskaya and 
James, 2000). The interaction of AmotL2 with MAGI maintained the link between 
E-cadherin and contractile actomyosin in zebrafish vascular development (Hultin et 
al., 2014). Synaptopodin, another interactor of MAGI is crucial for the maturation of 
cell-cell junctions in MDCK cells exposed to repeated cycles of stretch (Kannan and 
Tang, 2015). Synaptopodin recruitment by stretch was found to be upstream of both 
α-actinin and vinculin recruitment (Figure 3). Given the direct interaction of MAGI 
to β-catenin, there is no apparent role for α-catenin. Hence this node represents a 
mechanotranduction module that involves vinculin, but not α-catenin, and bears no 
resemblance to integrin-based mechanotransduction.

Besides the MAGI-synaptopodin link, an additional mode of mechanical regulation of 
vinculin occurs at cadherin adhesions. Vinculin can directly interact with β-catenin, 
through phosphorylation of vinculin at Y822 by Ableson kinase, and this is stimulated 
by mechanical tension at the cadherin complex (Bays et al., 2014). This interaction is 
needed for the recruitment of vinculin to cell-cell adhesions in MCF10A cells (Peng 
et al., 2012). In vinculin-depleted cells that were rescued with a Y822F mutant that 
cannot be phosphorylated, no cell stiffening occurred upon pulling of E-cadherin-
coated magnetic beads. Mechanotransduction through integrins (by pulling 
fibronectin-coated beads) was unaffected in these cells, demonstrating a cadherin 
specific function for this pool of vinculin. Interestingly, β-catenin-binding occurs in 
the vinculin head domain distant from the Y822 residue (Choi et al., 2012), pointing 
to possible allosteric activation of vinculin, or a conformational change in its head 
domain, as the driver of the β-catenin interaction. Whether Y822 phosphorylation 
also affects α-catenin binding has not yet been explored. These results imply that 
this pathway, which could act in parallel to the α-catenin mediated activation of 
vinculin, may be the dominant pathway at cell-cell junctions in some cell types 
(Figure 3). 
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The functional importance of β-catenin-mediated vinculin recruitment to cell-cell 
junctions in vivo was deduced from skin-specific β-catenin knock-out mice. The 
epidermal cells of these mice formed cadherin-containing cell-cell junctions with 
reduced levels of vinculin and defects in barrier function (Cordenonsi et al., 2011). 
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Figure 3. Unique mechanisms of vinculin recruitment in cadherin mechanotransduction
Schematic representation of vinculin recruitment to stretched α-catenin in tensed junctions 
(left). The β-catenin dependent recruitment, regulated by mechanical induction of Abl-mediated 
phosphorylation of Tyrosine 822 in vinculin (middle). The recruitment of vinculin by synaptopodin and 
α-actinin in response to cell stretching, which is likely mediated through MAGI and β-catenin (right). 
Arrows indicate how switching between these different conformations may occur.
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This defect was increased when cells were subjected to shear, because of instability 
in the localization of tight junction proteins (Ray et al., 2013).

How can these additional routes of vinculin recruitment and regulation be reconciled 
with the role of α-catenin-dependent vinculin recruitment in mechanosensing? Is 
β-catenin also a mechanosensor? Is β-catenin-binding a priming interaction that 
is needed for vinculin to interact with α-catenin? It is clear that more research is 
needed to elucidate the connection between these parallel mechanotransduction 
mechanisms. It is likely that β-catenin-dependent pathways, which are not conserved 
between integrins and cadherins, will change the models in which conservation of 
vinculin-mediated mechanotransduction between cadherin and integrin complexes 
prevail. 

Concluding Remarks

Accumulating experimental evidence suggests that integrin and cadherin adhesion 
complexes employ a similar set of proteins to transform mechanical input into 
biochemical signals. Local feedback signaling centers around vinculin at both 
adhesions, while long-range signaling appears to converge on β-catenin and YAP 
to control transcriptional regulation. The strong overlap found between integrin and 
cadherin adhesomes suggests that additional structural and functional similarities 
between integrin and cadherin adhesions are to be discovered (see Outstanding 
Questions). 

Drawing analogies with integrin adhesion may accelerate the understanding of 
cadherin mechanotransduction and vice versa. Importantly, however, there are 
notable distinctions between integrin and cadherin mechanotransduction that 
are exemplified by unique modes of regulation of vinculin recruitment. These 
distinctions warrant prudence in drawing such analogies, but they may offer 
opportunities to interfere specifically with mechanotransduction at integrin or 
cadherin adhesions. Such approaches are needed to investigate the importance 
of specific mechanotransduction pathways in embryonic development and tissue 
homeostasis in vivo, of which currently little knowledge exists. The next challenge 
lies in elucidating how adhesion-proximal and long-range pathways of adhesion 
mechanotransduction affect tissue development and homeostasis. Such knowledge 
may ultimately translate into tools that are relevant for the therapeutic intervention 
of cancer and other diseases in which mechanical cues are clearly implicated.
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Abstract

Cadherin complexes mediate cell-cell adhesion in all soft tissues, and their disruption 
has been found to be detrimental to embryonic development in several organisms. 
Besides their structural function in cell-cell adhesion, cadherin complexes have 
recently been shown to possess mechanotransduction capacity. Increased 
tension on cadherin-based junctions elicits intracellular biochemical signals 
that lead, among others, to strengthening of the adhesion. Central to cadherin 
mechanotransduction is the force-induced stretching of the actin-linker α-catenin, 
and the subsequent recruitment of vinculin to its mechanosensitive domain. While 
the structural importance of cadherin complexes for embryonic development is 
evident and well-studied, the importance of cadherin mechanotransduction has 
not been studied so far. Here we used TALEN-mediated gene disruption to perturb 
endogenous αE-catenin in zebrafish development. We then specifically disrupted 
mechanotransduction, while maintaining junction-forming structural capacity, 
by expressing an αE-catenin construct in which the vinculin-binding domain 
was replaced by a homologous domain that does not allow vinculin recruitment 
(α-catenin-ΔVBS). Zygotic α-catenin mutants fail to maintain their epithelial barrier, 
resulting in a rupture of the embryo due to osmotic pressure during somitogenesis. 
Ubiquitous expression of either wild-type α-catenin or α-catenin-ΔVBS fully rescues 
tissue barrier function in α-catenin mutants. Expression of α-catenin-ΔVBS, but not 
wild-type α-catenin, however, also induces a strong perturbation of convergence 
and extension cell movements during gastrulation. These results suggest that 
cadherin mechanotransduction through the vinculin-binding domain of α-catenin 
is essential for cell movements in a developing embryo.
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Introduction

During development tissue shape and organization is established by complex cell 
rearrangements largely driven by cell-cell adhesion. Central to this function are 
the classical cadherins, such as E-Cadherin, which mediate homotypic interactions 
between neighboring cells (Leckband and de Rooij, 2014). Through their 
cytoplasmic tails, classical cadherins bind p120- and β-catenin, the latter of which 
in turn associates with the actin-binder α-catenin. Together they form the cadherin 
complex which assembles in structures known as adherens junctions (AJs). Thus 
AJs form a contractile network by coupling the actomyosin cytoskeleton to cell-cell 
contacts between neighboring cells.

How junction dynamics regulate tissue shape is especially apparent during 
gastrulation, the developmental process in which germ layer progenitor cells 
migrate and rearrange their cell-cell contacts to achieve tissue morphogenesis. One 
such movement in zebrafish is epiboly, the event in which several layers of cells 
spread and migrate over the yolk cell (Bruce, 2015). Here the loosely packed deep 
cells intercalate radially outward toward the outer-most epithelial sheet known as 
the EVL, thereby pushing their neighbors and contributing to thinning of the deep 
cell layers during epiboly progression. Both E-cadherin- and α-catenin-deficient 
embryos show epiboly delay (Kane et al., 2005; Schepis et al., 2012; Shimizu et al., 
2005). This is possibly due to reduced adhesion of the deep cells to the EVL, which 
is mediated by cadherin adhesion. Moreover, in these embryos it was observed that 
deep cells failed to integrate into more superficial layers and also dropped back into 
lower layers. Taken together, it is clear that cell adhesion plays a prominent role. 

Another concurrent morphogenetic process, in which cell-cell junction dynamics 
are apparent, is convergent extension (CE), which facilitates body axis elongation. 
During CE, the germ layer progenitor cells undergo a combination of migration and 
cell intercalation events to converge to the dorsal midline, while simultaneously 
elongating along the anterior-posterior axis (Yin et al., 2008). Cell adhesion is 
crucial during this process, as zebrafish embryos deficient in N-Cadherin show 
defects in posterior body elongation (Harrington et al., 2007; Warga and Kane, 
2007). While direct evidence for cadherins controlling CE in Xenopus is lacking, 
blocking fibronectin-integrin adhesion or PAPC functioning affected the balance of 
C-Cadherin levels in the chordamesoderm, leading to defects in cell intercalation 
and cell sorting (Chen and Gumbiner, 2006; Marsden and DeSimone, 2003). In 
Drosophila germ band elongation, cell intercalation movements were found to 
be driven by tension-induced junction remodeling (Rauzi et al., 2010). Through 
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anisotropic contraction of junction-associated actomyosin, directional junction 
shrinkage is induced.  Through subsequent formation and extension of new 
junctions in a perpendicular direction, cell intercalation and elongation is achieved. 
Thus it is clear that the coupling of tensile forces to sites of cadherin adhesion is 
crucial to achieve tissue morphogenesis.          

Recent studies show that the cadherin complex not only serves as a structural 
anchor between neighboring cells and the actomyosin cytoskeleton, but is also 
an active site of mechanotransduction: Increasing tension on cadherin-based 
junctions induces biochemical signals which among others lead to reinforcement of 
the adhesion (Bazellieres et al., 2015; Kannan and Tang, 2015; le Duc et al., 2010). 
A key element in cadherin mechanotransduction is the recruitment of vinculin to 
α-catenin, which undergoes a conformational change when under tension, exposing 

E1 E2
ATG

E3

TTGTGTTTATTGCAGGTCACCACACTTGTGAACTCCAGCAACAAAGGTCCA
AACACAAATAACGTCCAGTGGTGTGAACACTTGAGGTCGTTGTTTCCAGGT

TALEN left arm

TALEN right armHphI site

ctnna1 gene

* * * * *

Non-injected control

250 bp
500 bp

A

B

Wt Wt Wt Wt

Fig. 1 - Generation of ctnna1 mutants using TAL-effector Nucleases (TALENs)
(A) Schematic representation of the endogenous ctnna1 locus which was targeted by TALENs at the 
intron2-exon 3 boundary. The TALEN arms flank a restriction enzyme recognition site (highlighted 
in red) used for screening mutant alleles through restriction fragment length polymorphism (RFLP) 
analysis. (B) RFLP analysis of embryos injected with ctnna1-specfic TALENs. Uncleaved bands showing 
successful TALEN activity are marked by an asterisk. 
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cryptic vinculin binding sites (Yonemura et al., 2010).  Abolishing this interaction not 
only attenuates junction reinforcement (le Duc et al., 2010), but also negatively 
affects junction dynamics. Endothelial HUVEC cells expressing a mutant α-catenin 
lacking the vinculin binding site show more severe junction breakage during 
junction remodeling (Huveneers et al., 2012), while epithelial MDCK cells show a 
delayed formation of a functional epithelial barrier. Together these studies show 
that cadherin mechanotransduction serves to modulate the force response when 
external tension is applied, and that the force-induced recruitment of vinculin to 
α-catenin is a crucial step to achieve this.   

While the importance of the structural role of the cadherin complex has been 
well established, the importance of cadherin mechanotransduction during the 
development of a live organism has not been investigated. To address this we focused 
on the role of cadherin mechanotransduction using zebrafish morphogenesis as 
a model system. Here, we first generated an αE-catenin-deficient mutant using 
TALEN gene engineering. We then specifically disrupt cadherin mechanosensing by 
expressing an αE-catenin construct lacking the vinculin-binding domain (α-catenin-
ΔVBS). While embryos deficient in αE-catenin show defects in epithelial barrier 
formation and subsequent lethality during somitogenesis, embryos expressing 
α-catenin-ΔVBS survive somitogenesis, but exhibit defects in convergent extension 
movements. Thus, α-catenin mediated cadherin mechanotransduction is essential 
for proper zebrafish morphogenesis. 

Results

Generation of ctnna1 deficient mutants 
To investigate the role of αE-catenin-dependent cadherin mechanotransduction 
during zebrafish morphogenesis, we first generated an αE-catenin (ctnna1) deficient 
mutant. We disrupted the endogenous ctnna1 locus using the recently established 
TAL-effector nucleases (TALENs) (Cermak et al., 2011) by targeting the Intron 2-Exon 
3 boundary (Fig. 1A). The TALEN cleavage activity was assessed using Restriction 
Fragment Length Polymorphism (RLFP) analysis, which is facilitated by the presence 
of an HphI restriction enzyme recognition sequence in the cleavage site. The 
target site was amplified from genomic DNA of ctnna1 TALEN-injected embryos, 
and the resulting PCR product was subjected to RFLP analysis (Fig. 1B). Samples 
from non-injected controls show bands of approximately 140 bp and 240 bp after 
HphI digestion, while samples from TALEN-injected embryos may show a third, 
uncleaved band at around 400 bp. These uncleaved bands point to the induction of 
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indel mutations which disrupt the restriction enzyme recognition site. 64 out of 94 
embryos injected with the ctnna1 TALEN showed targeted gene disruption at the 
endogeneous locus. While no bi-allelic targeting was observed, even with higher 
dosages of TALEN mRNA (Data not shown), we can thus conclude that the TALEN is 
able to efficiently cleave the endogenous locus at the intended target site. 

Next, TALEN-injected embryos were raised to adulthood and then genotyped by 
fin clipping to identify potential founders. Of 54 fish screened we could identify 
25 fish with somatic ctnna1 mutations. Individual mutant fish were outcrossed to 
wild-type fish and the offspring checked for germline transmission of mutations. 
While individuals showed different germline transmission rates, of the 87 embryos 
screened from crosses of potential founders with wild-type, 16 embryos (18%) 
were found to be heterozygous for TALEN-generated ctnna1 mutant alleles. TALENs 
induce double-stranded breaks at the target site, which due to the error-prone non-
homologous end joining mechanism results in indel mutations (Cermak et al., 2011). 
Only deletion Δ8 caused a frameshift mutation, leading to a premature stop codon 
after Threonine37, which resides 5’ to the β-catenin-binding domain and actin-
binding domain. The α-catenin fragment resulting from this mutated allele contains 
no known interaction sites and is thus most likely a null mutation. Therefore from 
this point on, the line carrying the ctnna1Δ8 allele is designated as ctnna1hu10414 and 
is the main mutant described further. In conclusion, we generated an αE-catenin 
null allele which we used to investigate the effect of loss of αE-catenin by incrossing 
heterozygous mutants.

Fig. 2. Zygotic ctnna1 mutants show defects in epithelial barrier functioning.
(A-B) DIC images of zygotic ctnna1 mutants and wild-type siblings imaged from 90% epiboly until 21 
somite stage. Lateral view in (A) shows embryo lysis in zygotic ctnna1 mutants during somitogenesis. 
Anterior views of zygotic ctnna1 mutants in (B) show deformation (red arrows) and tissue rupture 
(black arrows) occurring before embryo lysis. (C) Quantification of the time of rupture and subsequent 
embryo lysis in zygotic ctnna1 mutants. (D) Phenotype at 24 hpf of zygotic ctnna1 mutants and siblings 
grown in regular E3 medium, and embryos transferred to isotonic Ringer’s buffer at 50% epiboly. (E) 
Rescue of embryo lysis in ctnna1 mutants using increasing concentrations of α-catenin-GFP mRNA. The 
dashed line indicates the expected mortality of non-injected incrossed heterozygous ctnna1 mutants 
based on Mendelian genetics. Data represent three independent experiments, n>120 embryos per 
condition. Data are represented as the mean ± s.e.m.
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Depletion of zygotic ctnna1 causes loss of epithelial 
barrier function
Zygotic ctnna1 mutants show no major defects during cleavage or epiboly stages. In 
contrast, during somitogenesis, tissue rupture and subsequent swelling of the yolk 
was observed, leading to a striking embryonic lethal phenotype in which the yolk 
and cells of the embryo proper have undergone lysis (Fig. 2A). Prior to embryo lysis, 
slight embryo deformation and ruptured weak points in the external epiblast can be 
observed. This tissue rupturing did not occur in a fixed location in the embryo, but 
occurred in diverse regions in different embryos, such as on the lateral epithelium 
overlaying the yolk or near the forming tailbud (Fig. 2B). In addition, not all embryos 
undergo lysis at the same time (Fig. 2C), indicating that tissue rupture seemed 
not restricted to a particular tissue or developmental process but rather occurs 
stochastically due to gradual loss of tissue integrity. 

We reasoned that tissue rupture is caused by a perturbed epithelial barrier due 
to loss of functional adherens junctions. This in turn would increase the osmotic 
pressure and induce the observed swelling of the yolk. To test this, we transferred 
embryos at 50% epiboly stage from regular E3 embryo medium to isotonic Ringer’s 
buffer. Under these conditions most mutants did not undergo tissue rupturing, but 
survived until after 24 hpf. However, unlike wild-type or heterozygous siblings, the 
cells of these ctnna1 mutant embryos show a very rounded morphology at this time 
point, indicating a lack of functional adherens junctions (Fig. 2D). 

By injecting αE-catenin mRNA into offspring of incrossed ctnna1 heterozygous 
mutants at the one-cell stage, we were able to rescue the embryo lysis seen in 
zygotic ctnna1 homozygous mutants in a dose-dependent manner (Fig. 2E), further 
confirming that this phenotype is indeed caused by loss of α-catenin. Rescued 
ctnna1 embryos survive and look indistinguishable from non-injected control 
embryos until at least 24 hpf, after which the outer epithelium starts to undergo 
lysis. This is most likely attributed to a gradual loss of injected α-catenin mRNA 
and subsequent loss of functional protein. These results demonstrate that ctnna1 is 
essential for the maintenance of a functional epithelium, which in turn is crucial for 
zebrafish embryonic development.
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The vinculin-binding domain of αE-catenin is not 
necessary for the formation of a functional epithelial 
barrier
Vinculin recruitment to α-catenin is central to cadherin mechanotransduction 
(Huveneers et al., 2012; le Duc et al., 2010; Twiss et al., 2012). To interfere with 
vinculin-dependent cadherin mechanotransduction in adherens junctions while 
leaving vinculin’s functions in focal adhesions intact, we generated an αE-catenin 
construct lacking the vinculin binding site (VBS). Specifically, we exchanged the 
domain containing the VBS of zebrafish α-catenin with a homologous domain 
from vinculin itself (as has previously been described for mammalian α-catenin in 
(Huveneers et al., 2012; Twiss et al., 2012)) (Fig. 3A). α-catenin-ΔVBS-GFP restores 
adherens junction formation in α-catenin-deficient DLD1 R2/7 cells similar to 
α-catenin-GFP (Fig. 3B). In contrast to α-catenin-GFP however, α-catenin-ΔVBS-
GFP does not induce the recruitment of vinculin to the punctate Focal Adherens 
Junctions, the specific junction structures where vinculin is normally recruited 
and which we propose are under increased tension as has been described for 
mammalian α-catenin (Huveneers et al., 2012; Twiss et al., 2012). This confirms that 
vinculin is excluded from cell-cell contacts formed by α-catenin-ΔVBS-GFP, while its 
location in the cell-ECM Focal Adhesions is unaffected. 

When overexpressed in wild-type zebrafish embryos using mRNA injection, both 
α-catenin-GFP and α-catenin-ΔVBS-GFP properly localize to cell-cell junctions 
as observed in the enveloping layer (EVL) as well as in the underlying deep cells 
(Fig. 3C) at 85% epiboly. To confirm that α-catenin-ΔVBS-GFP is able to support 
functional junction formation in vivo, we injected α-catenin-ΔVBS-GFP mRNA in the 
offspring of incrossed heterozygous ctnna1 mutants. Strikingly, α-catenin-ΔVBS-GFP 
is able to rescue the embryonic lethal phenotype of zygotic ctnna1 mutants in a 
dose-dependent manner, showing that the replacement of the VBS in α-catenin 
does not impede the formation and maintenance of a functional epithelial barrier 
throughout early development. To conclude, we have generated an α-catenin-
deficient zebrafish mutant as well as functional rescue constructs that allow us to 
specifically perturb mechanotransduction without interfering with the structural 
role of α-catenin in junctions.
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The vinculin-binding domain is essential for proper 
convergent extension movements
Because the mutant ctnna1 allele we generated is embryonic lethal in zygotic 
homozygous mutants, we could not establish an adult homozygous ctnna1 mutant 
line. In addition, from the offspring of an incross of heterozygous ctnna1 mutants, 
we could not distinguish homozygous mutants from their siblings before they 
started exhibiting the tissue rupture phenotypes described above. This negatively 
impacted our ability to analyze rescue experiments. To circumvent this problem, 
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Fig. 3 - The vinculin-binding domain in αE-catenin is not needed for barrier function
(A) Schematic representation of the structures of α-catenin, vinculin and the exchanged domain in 
α-catenin-ΔVBS. The domain containing the vinculin binding site (VBS) was replaced by a homologous 
domain in vinculin itself, which does not bind vinculin. (B) Images of fixed α-catenin-deficient DLD1 R2/7 
cells expressing zebrafish α-catenin-GFP (top) or α-catenin-ΔVBS-GFP (bottom) (both depicted in red), 
and stained for vinculin (green) and F-actin (blue). Linear Adherens Junction structures are highlighted 
by the arrow, Focal Adherens Junctions with the arrowheads, and Focal Adhesions with an asterisk. (C) 
Whole-mount immunostaining of zebrafish embryos at 85% epiboly expressing either α-catenin-GFP 
(left) or α-catenin-ΔVBS-GFP (right)(both depicted in green) and stained for F-actin (red). The dashed 
white line marks the deep cell margin (dc) while the actin ring marks the EVL margin. (D) Rescue of 
embryo lysis in ctnna1 mutants using increasing concentrations of α-catenin-ΔVBS-GFP mRNA. The 
dashed line indicates the expected mortality of non-injected incrossed heterozygous ctnna1 mutants 
based on Mendelian genetics. Data represents three independent experiments, n>120 embryos per 
condition. Data is represented as the mean ± s.e.m.
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we opted to use anti-sense transcription-blocking ctnna1 morpholino knockdown. 
By titrating the right amount of morpholino (Supplemental Fig. 1A), we could 
very closely recapitulate the embryo lysis phenotype observed in ctnna1 zygotic 
mutants. Indeed, ctnna1 morphants injected with morpholino also undergo embryo 
lysis during somitogenesis (Fig. 4A, top). While embryo lysis could be prevented 
by transferring ctnna1 morphants to isotonic Ringer’s buffer at 50% epiboly, cells 
from these morphants exhibited a round morphology, similar to zygotic ctnna1 
mutants (Supplemental Fig. 1B). Furthermore, we could rescue ctnna1 morphants 
from embryo lysis by expressing either α-catenin-GFP (Fig. 4A,B) or α-catenin-ΔVBS 
(Fig. 4B) using mRNA injection at the 1-cell stage. Together these results show 
that ctnna1 morpholino-injected embryos exhibit the same, αE-catenin-specific 
phenotype as ctnna1 zygotic mutants.

While ctnna1 morphants rescued with α-catenin-ΔVBS did not undergo embryo 
lysis, they did show defects in anterior-posterior axis elongation after gastrulation. 
α-catenin-ΔVBS-GFP-rescued embryos often show a shorter body axis than 
embryos rescued with α-catenin-GFP or wild-type, as assessed by eye at 1 dpf (Fig. 
4C,D, and Supplemental Fig. 2A). For quantification and initial characterization, we 
grouped body axis elongation defects in 2 classes: mild and severe. These 2 classes 
could be clearly distinguished in α-catenin-ΔVBS rescued embryos but not in non-

Fig. 4 - The vinculin-binding domain is essential for proper body axis elongation
(A) DIC images of embryos injected with 0.84 ng ctnna1 MO (top) rescued with 250 pg α-catenin-
GFP (middle). Embryos were imaged from 80% epiboly until 21 somite stage. (B-D) Quantification of 
the mortality (B) and the body axis phenotype (D) of non-injected embryos, embryos injected with 
0.56 ng ctnna1 MO or ctnna1 MO-injected embryos rescued with either 250 pg α-catenin-GFP or 
250 pg α-catenin-ΔVBS-GFP. Data represents three independent experiments, n>70 embryos per 
condition. Data is represented as the mean± s.e.m. (C) Representative images of non-injected control 
embryos (left) and ctnna1 MO-injected embryos rescued with α-catenin-ΔVBS-GFP at 24 hpf. Clear 
morphological differences between these embryos were apparent in the anterior-posterior axis 
extension (top) as well as in the mediolateral dorsal convergence (bottom). Red lines indicate the width 
of the dorsal body embryonic structure. (E) Quantification of the body axis phenotype of embryos 
from the offspring of incrossed heterozygous ctnna1 mutants injected with either α-catenin-GFP or 
α-catenin-ΔVBS-GFP. The dashed line indicates the expected amount of homozygous ctnna1 mutants 
based on Mendelian genetics.  Data represents three independent experiments, n>120 embryos per 
condition. Data is represented as the mean± s.e.m.
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injected control and only sporadically in α-catenin-GFP rescued embryos. In the 
mild phenotype, in addition to the shorter body axis, some embryos also showed 
a flatter, wider head, as well as a broader dorsal body axis (Supplemental Fig. 2A). 
Severely affected embryos show a high degree of dorsalization in combination 
with an enlarged mediolateral body axis (Fig. 4C). These defects point to impaired 
convergent extension movements during gastrulation and have indeed been 
observed in embryos of well-established CE regulators such as Wnt/PCP signaling 
(Topczewski et al., 2001; van Eekelen et al., 2010). 

To further quantify the extent of CE defects, we measured the angle between the 
anterior and posterior ends of embryos at the 5-7 somite stage (12 hpf)(Fig. 5A). 
Although we did not observe clear defects in early body development in our visual 
inspection of ctnna1 mutants (Fig. 2A), ctnna1 morpholino-injected embryos did 
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Fig. 5. Blocking vinculin recruitment to α-catenin induces convergent extension defects
(A) DIC images of non-injected embryos, embryos injected with 0.84 ng ctnna1 MO or ctnna1 MO-
injected embryos rescued with either 250 pg α-catenin-GFP or 250 pg α-catenin-ΔVBS-GFP at the 5-7 
somite stage (12 hpf). (B) Quantification of the angle between the anterior-most point in the head, and 
the posterior-most point in the tail of the embryos shown in (shown in red in A). Datapoints respresent 
single embryos from three independent experiments. Data is represented as mean± s.e.m.  One-way 
ANOVA following Tukey’s multiple comparison test was used for comparisons among multiple groups, 
with *** indicating significance as p<0.0001.
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show an enlarged anterior-posterior angle compared to non-injected controls (Fig. 
5B). We could not rescue this observed phenotype to control levels by expressing 
α-catenin-GFP mRNA and therefore conclude that it likely represents a slight delay 
in development caused by injection of the morpholino. Strikingly however, we also 
observed a significantly enlarged anterior-posterior angle in ctnna1 morpholino-
injected embryos expressing α-catenin-ΔVBS-GFP. These embryos also show 
reduced convergence of the somites to the midline compared to non-injected 
control embryos at this timepoint (Supplemental Fig. 2B). 

To rule out that this phenotype arose due to co-injection of ctnna1 morpholino, 
we expressed either α-catenin-GFP or α-catenin-ΔVBS-GFP in embryos from a 
heterozygous ctnna1 mutant incross (Fig. 4E). Here it is apparent that indeed only 
expression of α-catenin-ΔVBS-GFP induces defects in body axis elongation. The 
amount of embryos showing defects however is greater than the expected amount 
of rescued homozygous ctnna1 mutant based on Mendelian ratios, suggesting that 
expression of α-catenin-ΔVBS-GFP acts in a dominant negative manner. Confirming 
this notion, when we overexpressed α-catenin-ΔVBS-GFP in wild-type embryos, a 
small number of embryos showed body axis elongation defects (Data not shown). 
Together these results indicate that the vinculin-binding domain in αE-catenin is 
essential for proper convergent extension movements during gastrulation of the 
zebrafish embryo. 

Discussion

The cadherin complex present in adherens junctions regulates the dynamic 
rearrangement of cell-cell contacts between neighboring cells to ultimately achieve 
proper tissue morphogenesis in the developing embryo. In this study we show that 
cadherin complex member αE-catenin is essential for epithelial barrier functioning 
and maintaining tissue shape during early morphogenesis. Furthermore, disruption 
of its vinculin-binding domain, which has been found to be important for force-
induced junction reinforcement in cell culture, leads to defective convergent 
extension movements. These results indicate that αE-catenin-dependent cadherin 
mechanotransduction is essential for proper zebrafish morphogenesis.

We have used the recently established TALEN gene editing technology targeting the 
ctnna1 gene at exon 3 to generate a loss-of-function mutant called ctnna1hu10414 (Fig. 
1A). Gene disruption was verified by RLFP analysis and sequencing.  We could not 
confirm absence of α-catenin protein expression in ctnna1hu10414 mutants (Data not 
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shown) for lack of suitable antibodies to detect zebrafish α-catenin on Western Blot. 
Nevertheless, based on its essential role as an adherens junction component, the 
resulting epithelial barrier phenotype is fully consistent with a lack of αE-catenin 
protein. In analogy, knockdown of α-catenin in epithelial MDCK cells (Twiss et al., 
2012), as well as VE-Cadherin knockdown in endothelial HUVECs (Pannekoek et 
al., 2013) induced defects in barrier functioning as measured by Trans Epithelial/
Endothelial Resistance. Many studies exist in which the crucial importance of 
cadherin-based cell-cell adhesion formation for epithelial barrier function was 
reported [ref?]. In addition, we were able to rescue the barrier defect by injecting 
α-catenin mRNA (Fig. 2E) and also anti-sense ctnna1 morpholino knockdown closely 
phenocopies the mutant (Fig. 4A). Taken together this strongly suggests that our 
mutant ctnna1hu10414 is a true functional knockout. 

Tissue rupturing and subsequent embryo lysis in ctnna1 mutant embryos occurred 
stochastically during somitogenesis (Fig. 2A-C). Based on previously-described 
cadherin mutants and morphants, earlier severe defects in development would be 
expected if cells were unable to form cell-cell junctions from the start of development 
(Babb and Marrs, 2004; Kane et al., 2005; Shimizu et al., 2005). A likely explanation, 
as we derive our mutants by incrossing heterozygous parents, is that maternal 
contribution of mRNA and possibly protein provides sufficient α-catenin to sustain 
proper morphogenesis during early developmental stages. Tissue rupture is then 
observed in locations of the epithelium where the gradual decrease in functional 
α-catenin due to loss of zygotic expression has progressed the most. 

We used translation-start-site-blocking ctnna1 morpholinos to phenocopy the 
mutant. This morpholino is expected to effectively inhibit translation of maternally 
supplied mRNA into functional αE-catenin protein, but paradoxically we did not 
observe earlier defects. However in a previous study, the same morpholino was also 
used with a 10-fold higher concentration where it induced epiboly delay (Schepis 
et al., 2012). We argue that the lower concentration we used does not deplete the 
initial levels of maternally contributed α-catenin enough to induce epiboly defects, 
but does sufficiently inhibit translation of zygotic ctnna1 transcripts, thus leading to 
the embryo lysis phenotype also observed with the ctnna1 mutant.  

Regardless of the exact explanation of the lack of defects before late somitogenesis, 
it is clear that overexpression of wild-type αE-catenin by mRNA injection does 
not induce early defects while rescuing the observed barrier defect. Strikingly, we 
observed that overexpression of α-catenin-ΔVBS also rescues the barrier defect, but 
now induces defects in early development. This is consistent with the notion that 
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proteins translated from the injected α-catenin mRNAs gradually replace maternally 
supplied or redundant related α-catenin proteins in the cadherin complex in the 
developing embryos and thus become dominant over the endogenous proteins. 
Indeed, both wild-type α-catenin-GFP and α-catenin-ΔVBS-GFP localize to junctions 
already in early stage embryos (Fig. 3C shows 8 hpf embryos). The fact that this does 
not lead to additional defects in the case of wild-type αE-catenin is expected. In the 
case of α-catenin-ΔVBS, however, this leads to a dominant perturbation of the VBS 
at cell-cell junctions, resulting in a loss of recruitment of vinculin and possibly other 
associated proteins. It is very likely that the loss of recruitment of VBS-associated 
proteins causes the observed defects in convergence extension. 

Convergent extension movements in zebrafish are driven by collective cell migration 
and cell intercalations (Tada and Heisenberg, 2012; Yin et al., 2008). At the onset 
of gastrulation, cells from all three germ layers migrate to form the embryo proper. 
Mesendoderm progenitors internalize at the blastoderm margin to migrate towards 
the animal pole. These progenitors which later give rise to the prechordal plate, 
form a cohesive group of cells exhibiting collective migration behavior dependent 
on E-cadherin adhesion (Montero et al., 2005; Ulrich et al., 2005). Isolated 
prechordal plate cells which were planted ectopically in front of the migrating 
endogenous plate were still motile and polarized but lost directionality (Dumortier 
et al., 2012). This was restored when the endogenous plate reestablished cell-cell 
contacts with the transplanted cells during its migration. In addition, when cells 
isolated from embryos with E-Cadherin knockdown were ectopically transplanted 
into the migrating prechordal plate of a wild-type host, these cells showed 
reduced protrusive activity, and the direction of these protrusions was also more 
randomized. Thus, Dumortier et al. hypothesized that the directionality of the cell 
collective depends on mechanical forces transmitted at cadherin contacts. A similar 
role for E-Cadherin mechanotransduction in directional collective cell migration was 
proposed in Drosophila border cell migration (Cai et al., 2014), as well as in wound 
healing assays in cell culture (Ng et al., 2012). It is possible that interference with 
cadherin mechanotransduction by α-catenin-ΔVBS in our experiments perturbed 
directionality, leading to reduced convergent extension movements. 

Alternatively, the perturbation of cadherin mechanosensing might negatively 
influence the capacity of cells to intercalate. Previous studies show that radial 
intercalation of deep cells outward to the enveloping layer during epiboly is 
dependent on functional adherens junctions. Depletion of α-catenin (Schepis et al., 
2012) or E-Cadherin (Babb and Marrs, 2004; Kane et al., 2005; Shimizu et al., 2005) 
caused cells to fall back to more superficial layers, inhibiting epiboly progression. 
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In addition, radial and mediolateral intercalation of mesendoderm cells drive 
convergent extension during gastrulation (Yin et al., 2008). 

To achieve proper intercalation, cadherin junctions have to be loosened to allow 
exchange of neighbors, but simultaneously have to be stabilized to retain cells in 
their new position. In HUVECs (human umbellical cord endothelial cells) where 
cadherin mechanosensing is blocked by expression of α-catenin-ΔVBS, junctions 
were more prone to opening induced by permeabilizing factors such as thrombin, 
and showed reduced sealing (Huveneers et al., 2012). Similarly, it is possible that 
blocking the α-catenin-vinculin interaction using this mutant during zebrafish 
gastrulation negatively affects junction remodeling and stabilization during 
intercalation movements, leading to the observed defects in convergent extension. 
In the future it will be interesting to investigate whether intercalation movements 
are indeed perturbed when cadherin mechanosensing is lost.

In conclusion, the morphogenetic defects induced by perturbed cadherin 
mechanosensing during zebrafish gastrulation we describe here provide 
the first evidence, as far as we know, that α-catenin-dependent cadherin 
mechanotransduction is essential for the proper development of a living embryo. 
Future studies will elucidate how the interplay of local forces and cadherin dynamics 
during morphogenetic movements are integrated on a subcellular scale. 

Materials and Methods

Fish Lines and Husbandry
The following fish lines were used: Tupfel Longfin (TL) and ctnna1hu10414. Fish were 
maintained according to standard laboratory conditions. Animal experiments were 
approved by the Animal Experimentation Committee (DEC) of the Royal Netherlands 
Academy of Arts and Sciences.

Cell lines and cell culture
DLD1 R2/7 α-catenin-deficient colon carcinoma cells were cultured in high glucose 
DMEM containing L-glutamine, supplemented with 10% Fetal Calf Serum and 
Penicllin/Streptomycin in standard 10 cm culture dishes. Cells were transfected with 
zebrafish α-catenin-GFP or α-catenin-ΔVBS-GFP using X-tremegene9 (Roche) as 
per manufacturer’s instructions.  
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Construction of zebrafish α-catenin-GFP constructs
Zebrafish α-catenin was kindly provided to us by James Nelson. We generated 
a GFP-tagged version by generating a PCR fragment containing XhoI/XbaI 
restriction sites at the terminal ends using the following primers: forward 
5’- GACACTCGAGCCATGACGAGCATTAACACTGCTAACATC-3’ and reverse: 5’- 
GACATCTAGACGGAGGAGAGTAGATTAGACTTA-3’. We then digested the PCR 
product with XhoI and XbaI, and the pEGFP parental vector with SalI and XbaI 
(clontech), after which we ligated the product, resulting in ZFα-catenin-GFP x 
pEGFP. We then subcloned α-catenin-GFP into pCS2 vector for mRNA transcription. 
To achieve this we generated a PCR product using the following primers: forward 
5’- CGATTCGAATTCAAGGCCTCGCCACCATGGTGAGCAAG-3’ and reverse 5’- 
CGTAATACGACTCACTATAGTTTCAAATACTATCCATAGCTTTGAACTCGCTCAG-3’. The 
PCR product was then ligated into pCS2 digested with XhoI and XbaI using Gibson 
Assembly (NEB), resulting in zebrafish α-catenin-GFP in pCS2.

We generated zebrafish α-catenin-ΔVBS-GFP by swapping the ΔVBS domains (which 
originate from chicken vinculin) with our previously described murine α-caten-
in-ΔVBS (Huveneers et al., 2012). We first generated a PCR fragment from our B141 
α-catenin-ΔVBS-GFP vector using the following primers: forward 5’- CGAGGAT-
TCCAGCTTCTCCCAGACTGCAGGTGGAGGAGAGCTGGCATACGCT-3’ and reverse 5’- 
GTTTGGCAGCCAGGGCCAAAGCTGCATTAATCACCTGAGGACACAGCGCTTCTAACTG-3’. 
We then digested the zebrafish α-catenin-GFP x pCS2 vector using Bsu36I and NheI 
restriction sites, after which we ligated the PCR product using Gibson Assembly, 
resulting in zebrafish α-catenin-ΔVBS-GFP in pCS2. 

Plasmids were linearized with NotI (Promega) after which IVT mRNA was generated 
using the mMessage mMachine SP6 kit (Ambion), and purified using the RNeasy 
mini kit (Qiagen). 

Immunohistochemistry and cytoskeletal washout
For immunocytochemistry, DLD1 R2/7 cells were washed 1 time in PBS, 1 time in 
CSK buffer (300 mM Sucrose, 0.5% TX-100, 10 mM Pipes pH 7, 50 mM NaCl, 3mM 
CaCl2, 2 mM MgCl2) and 1 time in PBS before fixation using 4% paraformaldehyde 
in PBS for 20 min.  After fixation, cells were permeabilized with 0,4% Triton X-100 
in PBS for 5 minutes and blocked in 2% BSA for 1 hour. Phalloidin-415 (Promokine), 
vinculin mouse primary antibody (hVin clone; Sigma) and Alexa-594 secondary 
antibody (Life Technologies) 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).
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Embryos were fixed in 2% PFA in PBS overnight at 80% epiboly stage. After washing 
in PBS, embryos were dechorionated and further washed 3-5 times 5 minutes in 
PBT (PBS + 0.1% Triton-X100). Embryos were blocked in PBT +10% Normal Goat 
Serum for 1 hour, then incubated O/N with Phalloidin-Alexa594 (Life Technologies). 
Samples were then washed 4x 30 min in PBT before mounting in 0.3% agarose in E3 
embryo medium. 

Generation of ctnna1 TALEN constructs
TALENs targeting the ctnna1 locus were designed using the TALE-NT tool 
(https://tale-nt.cac.cornell.edu/node/add/talen) using the guidelines 
specified in Cermak et al. The chosen optimal target sequence in exon 3: 5’- 
TTGTGTTTATTGCAGGTCACCACACTTGTGAACTCCAGCAACAAAGGTCCA-3’ (binding 
sites of the Left and Right TALEN arms are underlined) contains a HphI (NEB) 
restriction enzyme site (GGTGA). TALENs were generated using the Golden Gate 
kit (Cermak et al., 2011) in combination with the obligate heterodimeric FokI 
pCS2TAL3DD (Addgene, #37275) and pCS2TAL3RR (Addgene, #37276) backbones 
(Ota et al., 2013).

TALEN targeting plasmids were linearized with NotI (Promega) after which IVT mRNA 
was generated using the mMessage mMachine SP6 kit (Ambion), and purified using 
the RNeasy mini kit (Qiagen).

Microinjection of morpholinos and mRNA
Translation-blocking morpholinos (MOs) targeting zebrafish ctnna1 were synthesized 
by GeneTools, LLC. The MO partially blocked the 5’UTR and ATG-start codon: 
5’-TAATGCTCGTCATGTTCCAAATTGC-3’ and is described earlier [Schepis]. Both MOs 
and mRNA were diluted in nuclease-free water containing phenol-red. Injection 
mix was microinjected into the yolk at the 1-cell stage. Rescue experiments were 
performed by sequential injection of ctnna1 MO and α-catenin mRNA.   

Genotyping of mutant alleles
To isolate genomic DNA, zebrafish embryos or fin clips were incubated in 50 µl or 
100 µl embryo lysis buffer respectively, for 60 minutes at 60°C. Proteinase K was 
heat-inactivated by incubating the samples for 15 min at 95°C. The genomic DNA 
was used as template to amplify the ctnna1 TALEN target site. Primers flanking the 
target site of ctnna1: Alphacat HphI forward, 5’- GTCTTGCCACCCCTTAATCC-3’ and 
Alphacat HphI reverse, 5’- CAATCTTCTCGCCTTTCTCC-3’. 
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To assess ctnna1 mutant alleles, the PCR amplicons were incubated with HphI 
(NEB) at 37°C for 2 hrs, resulting in the generation of 245 bp and 140 bp fragments. 
Successful mutagenesis was detected by loss of the restriction recognition site and 
the presence of an undigested band of 385 bp. Mutant alleles were sequenced 
using primer Alphacat HphI reverse, 5’- CAATCTTCTCGCCTTTCTCC-3’.

Microscopy and live imaging
Fixed cells were imaged using an inverted research widefield microscope (Eclipse Ti; 
Nikon) with perfect focus system, equipped with a 60x 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. All widefield images, unless specifically 
indicated otherwise were background subtracted by ImageJ’s rolling ball (r=20) and 
sharpened for display by ImageJ’s unsharp mask filter (r=1, weight=0.6).

Fixed embryos were imaged on the same microscope using the Nikon C1 Confocal 
system. For time-lapse imaging, embryos were dechorionated at 50% epiboly stage 
and embedded in 0.3% agarose in E3 embryo medium. DIC images were taken every 
15 minutes on the same microscope using a 20x 0.75 NA Plan Fluor objective lens. 
Embryo staging was determined by wild-type embryos images simultaneously with 
mutants or morphants. Live embryos at 12-24 hpf were imaged at fixed time points 
using a Leica MZFLIII upright microscope. 

Quantification of body axis elongation
Embryos were imaged from the lateral position at 12 hpf. Images were processed 
in Fiji (ImageJ) as follows: The center of the embryo was determined by manually 
fitting a circle over the yolk. Lines were drawn from the center to the most anterior 
position of the head, and most-posterior position of the tail. The head-tail angle 
was then assessed using the angle tool.
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(A) Quantification of the induction of embryo lethality by injection with increasing dosages of αE-
catenin translation-blocking morpholinos. Data represents three independent experiments, n>120 
embryos per condition. Data is represented as the mean ± s.e.m (B) Images of non-injected control 
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Abstract

The formation of multicellular tissues during development is governed by 
mechanical forces that drive cell shape and tissue architecture. Protein complexes 
at sites of adhesion, which link cells to the extracellular matrix (ECM) and cell 
neighbors, are not only able to transmit these mechanical forces, but also allow 
cells to respond to changes in force by inducing biochemical feedback pathways. 
Such force-induced signaling processes are termed mechanotransduction. One 
of the key proteins implicated in mechanotransduction is vinculin, which in both 
integrin-mediated cell-ECM and cadherin-mediated cell-cell adhesions mediates 
force-induced cytoskeletal remodeling and adhesion strengthening. This was found 
to be important for the integrity of epithelial tissues in cell culture models, but the 
importance in tissue morphogenesis in vivo has remained unclear. To investigate 
the role of vinculin during morphogenesis, we examined vinculin functioning in 
zebrafish, which contain two fully functional isoforms designated as vinculin A 
and vinculin B. We find that they show high sequence conservation with higher 
vertebrates such as mouse and human. Using TALEN and CRISPR-Cas gene editing 
technology we generated vinculin-deficient zebrafish. While single vinculin A and 
vinculin B mutants are viable and able to reproduce, complete loss of zygotic vinculin 
was lethal after embryonic stages. These results lead to the surprising conclusion 
that vinculin is not needed for the development and morphogenesis of zebrafish 
tissues but only becomes essential during the maintenance of adult tissue.  
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Introduction

Throughout development, cells mechanically interact with their microenvironment 
through sites of adhesion. These interactions govern tissue architecture and 
organization by coupling the contractile actomyosin cytoskeleton of cells to the 
extracellular matrix and to cell neighbours. These interactions are not only needed 
to transmit forces from outside to inside for physical deformation of cells, but 
these interactions are also needed for cells to sense rigidity of the extracellular 
environment and tension between neighbours. 

Tension-sensitive cell-cell junctions in the embryonic ectoderm allow, for instance, 
physical forces to deform cells in a coordinated manner to achieve invagination 
during morphogenesis (Armenti and Nance, 2012; Odell et al., 1980). Force-
responsive cell-cell junctions also mediate cell rearrangements such as cell 
intercalations in Drosophila germband (Rauzi et al., 2010), and migration of an 
epithelial sheet over the spherical yolk cell during zebrafish epiboly (Bruce, 2016). 
Tissue tension, sensed at cell-cell contacts controls cell proliferation in Drosophila 
development (Rauskolb et al., 2014) and force-sensitive interactions with ECM 
control lineage differentiation of mammalian mesenchymal stem cells (Engler et 
al., 2007). In analogy to the aberrant activation of hormone-controlled embryonic 
signalling pathways in cancer, mechanical changes in the microenvironment also 
contribute to cancer progression. Thus, the protein complexes that form adhesion 
sites are not only crucial for physical contact formation and maintenance, but also 
for sensing forces and eliciting appropriate intracellular biochemical responses 
during the dynamic development of a multicellular organism or tissue. This latter 
function is called mechanotransduction. 

Vinculin is a key player in mechanotransduction at adhesion complexes. It is an 
integral member of integrin adhesions, which couple the actomyosin cytoskeleton 
to the ECM (Yan et al., 2015). In these adhesions, a key interactor of vinculin is talin, 
which forms the link between integrins and actomyosin. In addition, the vinculin-
binding sites in talin are regulated by tension (del Rio et al., 2009). Specifically, the 
affinity increases > 100 fold when tension rises above 5pN per talin molecule (Yao 
et al., 2014a). The result of this tension-sensitive recruitment of vinculin to talin 
at integrin-based adhesions is a reinforcement of the interaction of the adhesion 
complex with actomyosin, and a remodelling of the integrin-associated actomyosin. 
However the molecular details of these tension-induced biochemical changes have 
not been clearly elucidated (Atherton et al., 2015; Carisey et al., 2013). 
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Similarly, vinculin is recruited to cadherin-based cell-cell junctions with increasing 
tension, thereby strengthening the adhesion (le Duc et al., 2010; Leerberg et al., 
2014). Vinculin binds the adherens junction component α-catenin, which interacts 
with cadherin-bound β-catenin through its N-terminal head domain, and links 
the cadherin complex to F-actin using its C-terminal tail. Tension in excess of 5 
pN induces unfolding of α-catenin, which leads to the exposure of its vinculin-
binding domain (Yao et al., 2014b). Recruitment of vinculin then locks α-catenin 
in the unfolded state and promotes adhesion strengthening through binding of 
other actin-binding proteins such as ZO-1, afadin and vinculin itself (Twiss and de 
Rooij, 2013). Attenuating vinculin recruitment by mutation of its binding site in 
α-catenin results in reduced cell-cell contact integrity during junction remodelling 
in endothelial cell (Huveneers et al., 2012), as well as a reduced rate of epithelial 
barrier formation (Twiss et al., 2012). 

It is thus clear that vinculin is important in mechanotransduction at both integrin- 
and cadherin-based adhesion sites. Vinculin recruitment is affected by low pN forces 
and this recruitment leads to strengthening of adhesion, most likely by inducing 
changes in the structure of the actin cytoskeleton as well as by increasing the 
interaction with actin (Huveneers and de Rooij, 2013). Notably, besides α-catenin- 
and talin-dependent tension-induced recruitment, vinculin also binds to other 
proteins at both integrin and cadherin adhesions such as paxillin and β-catenin 
(reviewed in Chapter 1). These interactions also contribute to adhesion stability 
(Case et al., 2015; Pasapera et al., 2010; Peng et al., 2010).    

Despite the well described function in adhesion mechanotransduction in cell culture 
models, the role and importance of vinculin in vivo remains controversial. Vinculin-
deficient C. elegans show defects in embryonic elongation and die in larval stages 
due to defective muscle function (Barstead and Waterston, 1991). In Drosophila, 
vinculin mutants are perfectly viable and show no apparent defects (Alatortsev 
et al., 1997). In mice, loss of vinculin induces defects apparent from day E8, and 
is embryonic lethal by day E10 (Xu et al., 1998). Problems in heart development 
were found – hearts were smaller and contained less myocytes - and embryos 
were small, showed retarded growth of limbs and somites, and failed to close 
the neural tube. This indicates that vinculin plays a role in the cell rearrangement 
movements during morphogenesis in multiple tissues. In mice where one allele 
of vinculin was disrupted, embryogenesis occured without gross defects, but a 
large percentage of mice developed stress induced cardiomyopathies (Zemljic-
Harpf et al., 2004). A protective role for vinculin in heart function was further 
established using cardiomyocyte-specific vinculin depletion. These mice died 
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from sudden heart failure caused by ventricular arrhythmias or developed dilated 
cardiomyopathy (Zemljic-Harpf et al., 2007). Conversely, upregulation of vinculin 
and associated proteins was found during aging in hearts of monkeys and flies, and 
this was shown to correlate with increased lifespan (Kaushik et al., 2015). Indeed, 
vinculin is expressed in skeletal and cardiac muscle and localizes to the intercalated 
discs and costameres (Camara-Pereira et al., 2009; Postel et al., 2008; Vogel et al., 
2009). There are a few reports on VCL mutations in individuals with dilated and 
hypertrophic cardiomyopathy, but these remained incidental and no solid causal 
relationship could be established (see NCBI/OMIM database for details). 

It became clear from these studies that vinculin is important for the correct 
development and maintenance of muscular junctions, but how this relates to its 
function as a mechanotransducers at sites of adhesion is unknown. It should be 
noted that a splice variant of vinculin, named metavinculin is specifically expressed 
in muscle cells, including cardiomyocytes, and that it might be a specific function 
of metavinculin that is needed in muscular junctions (Zemljic-Harpf et al., 2009). 
Because of the specific role of vinculin in mechanotransduction at cell-ECM and 
cell-cell junctions, it is anticipated that depletion of vinculin would also affect 
development of epithelial tissues, where forces applied on cell-cell junctions 
mediate key cell migrations in development, such as convergence extension 
movements (Rauzi et al., 2010), primordial germ cell positioning (Kardash et al., 
2010) and development of the vascular network (Lagendijk et al., 2014).

To investigate the role of vinculin during morphogenesis we used the zebrafish as a 
model system, as the development and morphogenesis of many organs and tissues, 
including the skin (Slanchev et al., 2009)b, vasculature (Lagendijk et al., 2014), and 
heart, (Bakkers, 2011) can be easily tracked by microscopy. In this study, we show that 
the zebrafish genome contains two vinculin isoforms, vinculin A and vinculin B, which 
both show very high sequence conservation with higher vertebrate orthologues 
in key regions of vinculin functioning. Using TALEN and CRISPR-Cas gene editing 
technology we generated vinculin-deficient zebrafish. Single vinculin A and vinculin 
B mutants do not show any major developmental defects and are fully viable and 
reproductive. Zygotic vinculin A/vinculin B double mutants also don’t show gross 
morphological defects and are fully viable during the first 5 days of development 
when most tissue and organs have been formed and are functional. However, fish 
depleted from zygotic vinculin fail to survive until adulthood. We conclude that 
vinculin is mostly dispensable for embryonic development in zebrafish, but crucial 
for adult life. The causes of death of vinculin-deficient fish that survived embryonic 
development did not become clear in our study.
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Results

The zebrafish genome contains two vinculin isoforms
Zebrafish are members of the teleost family, which have undergone an additional 
genome duplication event compared to other vertebrates (Glasauer and Neuhauss, 
2014). A translated nucleotide BLAST using the mouse vinculin protein sequence 
(NCBI Ref. Seq. NM_009502) revealed two vinculin orthologs present in the 
zebrafish genome. The first isoform, vinculin a (vcla) present on chromosome 13, 
was well annotated, while its paralog vinculin b (vclb) on chromosome 12 was not 
(as of assembly Zv9). Using a GENSCAN prediction sequence the cDNA for vclb was 
cloned and compared to known vinculin protein sequences to analyze conservation 
(Supplemental Fig. 1 and 2). Both zebrafish vcla and vclb show a high sequence 
conservation at the protein level (87% and 86% identical amino acids respectively) 
with mammalian vcl (Fig 1A). 

We further examined the three key regions (Fig . 1B), containing the sites of interaction 
or regulation involved in vinculin functioning, using multiple sequence alignment 
(Clustal Omega) with the most studied vinculin homologs from higher vertebrates. 
The first four helices of the vinculin head D1 domain are highly conserved across 
vertebrates (Fig. 1B,C). This domain has been shown to be essential in binding talin 
(Golji et al., 2011), α-catenin (Rangarajan and Izard, 2012) and α-actinin (Kroemker 
et al., 1994). The key residue of which mutation perturbs all of these interactions, 
A50, is fully conserved (Bakolitsa et al., 2004; Humphries et al., 2007).  This suggests 
that both vinculin A and vinculin B can interact with the same partners as in higher 
vertebrates. 

Zebrafish vinculin A contains one extra lysine at position 262 (not shown), but 
the numbering for the following alignments skips this residue for the sake of 
uniformity among amino acid positions between the different species. The loop 
regions in vinculin A and B are a little less conserved across the higher vertebrate 
homologs, but the proline rich sequences, containing binding sites for VASP 
(Brindle et al., 1996), vinexin (Kioka et al., 1999), and Arp2/3 (DeMali et al., 2002) 
are fully conserved, indicating that these interactions are conserved as well (Fig. 
1B,D). Finally, the Vinculin tail is also highly conserved. Especially Helices 3-5 which 
mediate paxillin and F-actin binding (Fig. 1E) (Janssen et al., 2006; Thompson et al., 
2014) are almost completely identical. A larger splice isoform normally expressed 
in muscle tissue called metavinculin, contains an extra exon (exon 19), coding a 
68-residue insert between Helices 1 and 2 of the Vinculin tail, which alters its F-actin 
dynamics (Thompson et al., 2013). This extra exon is indeed annotated for vinculin 
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A in the Zv9 genome database, but full annotation of the vinculin B genomic region 
spanning this exon was missing. We did not detect the extra exon in the cDNA of 
vinculin A or B extracted from whole 1dpf embryo lysates. 

Recently described phosphorylation sites involved in vinculin functioning are 
also conserved across both isoforms, such as Y100, S1033, S1045 and Y1065 
(Auernheimer and Goldmann, 2014; Auernheimer et al., 2015; Tolbert et al., 2014). 
The one notable difference between zebrafish vinculin A and B is the change of the 
otherwise conserved Y at position 822 to F in vinculin B. The phosphorylation of 
this tyrosine was found to be crucial for the interaction of vinculin to β-catenin and 
localization to cell-cell junctions in MCF10A cells, although it is localized outside 
of the β-catenin interacting domain (Bays et al., 2014). The replacement by a 
phenylalanine completely abrogates the possibility of phosphorylation or other 
means of inducing hydrogen-bonding at this position. In fact, the mutation of this 
tyrosine to phenylalanine in chicken vinculin abrogates β-catenin interaction, and 
cell-cell junction localization, leading to a reduced stability of cadherin-based cell-
cell junctions in knock-down rescue experiments. This would suggest that vinculin 
B is a vinculin isoform with impaired functionality in cell-cell junction stabilization. 
Thus, the most critical regions for vinculin’s main interactions are conserved in 
zebrafish vinculin A and B, but vinculin B lacks a crucial regulatory tyrosine involved 
in cell-cell adhesion.

To study the localization of the two zebrafish vinculin isoforms as well as their 
interaction with α-catenin, we generated α-catenin-depleted MDCK epithelial cells 
stably expressing murine α-catenin or α-catenin-DVBS (a mutant α-catenin construct 
lacking the vinculin binding site (Huveneers et al., 2012; Twiss et al., 2012)), in 
which we transiently expressed GFP-tagged versions of zebrafish vinculin A and B. 
α-catenin-depleted MDCK cells do not form cell-cell junctions in the absence of 
murine α-catenin and both zebrafish vinculin isoforms only localize to integrin-
based FAs in this case (Data not shown). In α-catenin rescued cells, both vinculin 
A and vinculin B readily localize to Focal Adhesion structures, as well as to the 
punctate Focal Adherens Junctions as evidenced by colocalization with α-catenin 
(Fig. 2, top 2 rows, asterisks and yellow arrowheads respectively). Localization to 
Linear Adherens Junctions (white arrows) was also observable for both isoforms 
albeit with less intensity. This closely mimics the localization of chicken vinculin that 
has been extensively studied previously (Huveneers et al., 2012). Curiously, the 822F 
residue in zebrafish vinculin B does not perturb its localization to cell-cell junctions. 
In addition, we can interfere specifically with vinculin A and B recruitment to cell-
cell junctions using α-cateninΔVBS (Fig. 2 bottom). Here it is apparent that both 
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Fig. 1 - Comparison of zebrafish vinculin isoforms
(A) Phylogenetic analysis of the zebrafish vinculin genes with vinculin from other model systems 
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our own cDNA clones. (B) Schematic representation of vinculin protein structure. Binding partners 
of key regions are shown. (C-E) Multiple sequence alignment of vertebrate vinculin isoforms using 
ClustalOmega. Amino acid conservation is shown as bars underneath the alignment, with higher 
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vinculin A and vinculin B are now excluded from Focal Adherens Junctions and Linear 
Adherens Junctions (arrows), but are still present in Focal Adhesions (arrows). We 
can thus conclude that both zebrafish vinculin isoforms localize similarly to chicken 
vinculin. This strongly indicated that both vcla and vclb genes in zebrafish generate 
fully functional vinculin proteins. 
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Fig. 2 - Zebrafish vinculinA and vinculinB localization
Fixed α-catenin-depleted MDCK epithelial cells expressing either α-catenin-mCherry (top two rows, 
depicted in red) or α-cateninΔVBS-mCherry, which lacks the vinculin binding domain (bottom two 
rows, depicted in red). In addition, cells express zebrafish vinculinA-GFP or vinculinB-GFP (both 
depicted in green) and were stained for F-actin (blue). Asterisks mark Focal Adhesions, White arrows 
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Vinculin A is not needed for early zebrafish development
To investigate the importance of vinculin during zebrafish morphogenesis, we first 
targeted the endogenous Vinculin A (vcla) locus in the exon 4-intron 4 boundary 
using the recently established TALEN gene editing technology (Bedell et al., 
2012; Cermak et al., 2011) (Fig. 3A). As the site contains a BclI restriction enzyme 
recognition sequence in the TALEN cleavage region, Restriction Fragment Length 
Polymorphism (RFLP) analysis could be utilized to assess the genotype of TALEN-
injected embryos. 

The amplified target locus yields a PCR product of 683 bp, while BclI cleaved PCR 
product yields fragments of 504 bp and 179 bp (Fig. 3B). Using PCR products 
from the genomic vcla locus of non-injected embryos results in efficient cleavage 
of the BclI site. In contrast, results from vcla TALEN-injected embryos also show 
additional uncleaved PCR product, indicating that the vcla TALEN is able to induce 
indel mutations at the target locus. Furthermore, increased dosages of injected vcla 
TALEN mRNA resulted in an increased amount of somatic mutations detected, as 
shown by decreasing amounts of BclI-digested PCR products of the amplified TALEN 
target site. All of 56 vcla TALEN-injected embryos which were screened by RFLP 
showed TALEN activity, even in the lowest dosage of injected vcla TALEN mRNA 
(Data not shown). Thus, the vcla TALEN is able to efficiently induce mutations in the 
endogenous vcla locus. 

The vcla TALEN-injected embryos were grown to adulthood and genotyped by 
fin clipping to identify potential founders. From embryos injected with 20 pg of 
vcla TALEN mRNA, 23 out of 40 (58%) fish grown to adulthood were found to be 
positive for somatic vcla mutations as assessed by RLFP. As expected, from embryos 
injected with higher dosages of vcla TALEN mRNA a higher percentage of fish with 
somatic mutations in the vcla locus were detected: 28 out of 32 (88%) for 50 pg of 
TALEN mRNA, and 23 out of 26 (88%) for 100 pg of TALEN mRNA (Data not shown). 
Potential founders were outcrossed to wild-type fish, and the resulting offspring 
was screened for germline transmission of mutant alleles. 

From offspring of three individual crosses, a total of 100 embryos were genotyped 
of which 47 embryos were detected with a mutant vcla allele (Data not shown). 
F1 offspring from positive vcla mutant founders were grown to adulthood, and 
subsequently genotyped by fin clipping. 

Several different indels in the endogenous vcla TALEN target locus were found, with 
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Fig. 3 - Generation of vinculinA-deficient zebrafish mutants using TALENs
(A) Schematic representation of the endogenous vcla locus targeted by TALEN gene editing technology 
at the exon4-intron4 boundary. The TALEN arms flank a BclI restriction enzyme recognition site 
(highlighted in red) used for screening mutant alleles through restriction fragment length polymorphism 
(RFLP) analysis. (B) RFLP analysis of embryos injected with increasing dosages of vcla TALEN mRNA. 
Uncleaved bands represent efficient TALEN activity. (C) Summary of the range of mutations found at 
the vcla TALEN target locus in the F1 offspring of vcla TALEN-injected fish. Arrow denotes the mutation 
of the vcla mutant used in further experiments. (D) Sequence chromatograms from cDNA of wild-type 
vinculin (top) and of the vcla Δ8B mutant allele (bottom). 
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some mutations occurring more frequently than others (Fig. 3C). This suggests that 
TALEN activity at the vcla target locus can favor certain mutations over others. The 
vcla Δ8B mutation results in a frameshift that creates a premature stopcodon at 
amino acid position 160. Translation of this mRNA would result in a highly truncated 
protein, containing only the first helical domain and a small part of the second (Fig. 
1B). Such constructs generated from chicken vinculin have been tested in vitro and 
were found to be highly instable (Bakolitsa et al., 2004). We therefore hypothesize 
that the resulting protein fragment lacks any functionality or interfering capacity. 
Thus mutant vclhu10818 will be regarded as a loss of function mutant and will be the 
main vcla mutant discussed further, unless otherwise specified.    

To screen for potential phenotypes due to loss of vcla, the heterozygous vcla mutants 
were incrossed. The presence of homozygous vcla mutants was confirmed using the 
RFLP assay. However no major developmental phenotypes could be detected even 
after 5 dpf. To rule out possible effects of maternally contributed mRNA or protein 
of vcla to early development, the offspring was grown to adulthood, then incrossed 
to generate Maternal Zygotic (MZ) vcla embryos. Surprisingly, even the MZ vcla 
mutants showed no major developmental defects. To investigate whether exon 
skipping or an alternative transcriptional start site would still generate a partial vcla 
gene product, we sequenced cDNA from MZ vcla mutants (Fig. 2D). The sequencing 
results clearly show the expected 8 bp deletion leading to a premature stopcodon 
at position Y160 in both alleles, indicating that the presence of functional vcla 
protein is highly unlikely. Taken together, the results show that vcla is not essential 
for zebrafish development or adult life.

Vinculin B-deficient embryos do not show defects during 
development
The fact that vcla deficiency failed to induce any major developmental phenotype 
and was also tolerated in adult fish, could be explained by the redundant presence 
and expression of the vclb gene. To test this, we next sought to disrupt the vclb locus 
as well. To this end we used CRISPR-Cas gene editing technology (Hwang et al., 2013), 
generating guide RNAs targeting exon 1 (Fig. 4A). Injection of guide RNA together 
with Cas9 mRNA resulted in deletions at the vclb CRISPR target site, showing that 
the chosen guide RNA is able to efficiently cleave the endogenous vclb locus (Fig. 
4B). We injected the vclb guide RNAs together with Cas9 mRNA in embryos from 
both vcla wild-type and mutant background. The injected F0 embryos were then 
grown to adulthood, and outcrossed to wild-type and vcla mutants respectively. 
The genomic DNA of the resulting F1 generation was subsequently genotyped by 
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Fig. 4 - Generation of vinculinB-deficient zebrafish using CRISPR-Cas
(A) Schematic representation of the endogenous vclb locus showing the CRISPR guide RNA target site 
in exon 1. (B) Sequence chromatograms of genomic DNA from non-injected control (top) and vclb 
CRISPR-injected embryos. The arrowhead denotes the expected CRISPR cleavage site (3 nucleotides 
upstream of the PAM site). (C) Summary of mutations found in the F1 offspring of vclb CRISPR-injected 
fish of either a wild-type (top) or vcla mutant (bottom) background. Arrows denote the mutation of the 
vclb mutant used in further experiments. (D) Amino acid sequence of vclb in wild-type (top) and vclb 
mutant (bottom). Asterisk denotes the premature stop codon found in the vinculin B coding sequence 
of vclb mutants. (E) Summary of phenotypes found in the different vinculin genetic backgrounds. MZ 
is maternal zygotic and Z is zygotic only.
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fin clipping to identify potential founders harboring a single vclb mutation. Of F1 
fish screened 65% (37 out of 57) with a wild type background and 30% (23 out of 
75) with vcla mutant background showed germline mutations. While we found a 
range of different indels at the vclb locus, a 7 bp deletion was dominant in both lines 
(Fig. 4C). This frameshift mutation generates a premature stopcodon at position 22 
(Fig. 4D) and is the vclb mutant allele we describe from here on, unless otherwise 
specified, and is designated as vclbhu11202. Zygotic vclb mutants did not show any 
major developmental defects and survive until adulthood. Thus, we conclude that 
vclb is not needed for zebrafish development and adult life. The fact that neither 
vcla nor vclb is essential for fish development, indicates that vcla and vclb are 
functionally redundant. Alternatively, a functional vinculin protein is not needed for 
zebrafish development. 

Complete loss of vinculin is lethal 
To study whether complete loss of vinculin would result in disturbed embryogenesis, 
we incrossed vcla-/-vclb+/- zebrafish lines. Mendelian inheritance of the mutant 
alleles was confirmed by lysing and genotyping of live embryos at 48 hpf, as we 
indeed found 25% of the F1 generation to be homozygous mutant for both vinculin 
genes (Data not shown). Surprisingly, we could not distinguish any differences in 
phenotype between these MZ vcla-/- Z vclb-/- embryos and their siblings, even until 
after 5 dpf. However when embryos were grown to adulthood (10-12 weeks post 
fertilization) and genotyped by fin clipping, no vcla-/-vclb-/- fish were detected (84 
adults screened out of three different pairings), indicating that complete loss of 
vinculin is lethal after embryonic stages (Fig. 4E). One possible explanation is that 
maternally supplied mRNA and protein from the wild-type vclb allele generated 
sufficient vinculin B protein to sustain development until at least 5 dpf. The other 
explanation, is that no vinculin protein is needed for the embryonic development of 
zebrafish, but that the protein does become essential at later stages of life. 
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Discussion

In this study we show that zebrafish contain two homologous vinculin isoforms, 
of which the sequence of key functional domains is conserved with that of 
several higher vertebrate vinculin proteins. Loss of both zygotic vcla and maternal 
contribution of vcla did not result in notable defects, while the additional loss of 
zygotic vclb in this mutant background is lethal only after embryonic stages. These 
data seem to indicate that embryonic development in zebrafish can occur without 
vinculin.

From the sequence analysis and localization, it stems that both vinculin isoforms 
are bona fide vinculin proteins. Both proteins are stable when expressed in cultured 
cells and localize similarly to endogenous or ectopically expressed chicken vinculin 
(Fig. 2). The very high homology in regions of vinculin where key interactions for its 
functioning take place indicates that besides localization, also the main interactions 
are conserved (Fig. 1C-E), although differences cannot be excluded from sequence 
analysis alone. Differences in post-translational modifications that may affect 
vinculin’s functions can also not be excluded. 

Most of the known residues of phosphorylation (as indicated by phosphosite.org), 
whether or not functionally important, are conserved between zebrafish and higher 
vertebrate vinculins (not shown). There is, however, one notable exception. Recently, 
residue Y822 was found to be a determinant for vinculin localization and functioning 
specifically in cell-cell junctions (Bays et al., 2014). The unphosphorylatable Y822F 
mutant was unable to localize in cadherin-based junctions and was unable to 
stabilize cell-cell adhesions due to reduced β-catenin binding. In our experiments, 
we found that the Y822F mutation is naturally present in zebrafish vinculin B, but 
did not impede its localization to cadherin junctions (Fig. 2). Furthermore, only 
when perturbing the α-catenin-vinculin interaction in α-catenin-ΔVBS, which does 
not in any way affect vinculin or β-catenin, was vinculin excluded from junctions.

So far, perturbation of cell-cell junction localization by the Y822F mutation was only 
shown in MCF10A cells, whereas in MDCK cells chicken vinculin Y822F localized 
normally (our unpublished data). This apparent discrepancy may arise due to 
different junction structures formed in different cell types. Alternatively, the fact 
that endogenous vinculin was depleted in experiments performed by Bays et al. but 
was still present in our cells, may have rescued the junctional localization of Y822F 
vinculin or zebrafish vinculin B. Indeed, vinculin proteins in solution have been 
shown to dimerize through their tail domains (Shen et al., 2011). In conclusion, from 
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the currently available data, both vinculin proteins in zebrafish appear to function 
comparably to the single vinculin protein present in higher vertebrates and can be 
regarded as functionally redundant.

Despite apparent conservation of vinculin, it should be noted that important 
differences do exist between cadherin adhesion systems in mammals versus 
zebrafish. This is exemplified by investigation of the zebrafish isoform of vinculin’s 
closest paralog, αE-catenin. This protein is also highly homologous (90% sequence 
identity) to its murine counterpart (Miller et al., 2013). However, it is monomeric in 
solution and forms a complex with β-catenin and F-actin simultaneously in solution. 
This is a key difference with higher vertebrate homologues, which form dimers and 
cannot bind to β-catenin and F-actin simultaneously under these conditions. It is 
therefore anticipated that allosteric regulation of α-catenin is needed for it to be 
able to link the cadherin complex to actomyosin, become part of a force chain and 
function as a mechanosensor. The factor that would regulate this is so far elusive. It is 
important to note that force itself was found to increase the affinity of α-catenin for 
β-catenin in a typical example of catch-bond behavior (Buckley et al., 2014). Because 
these apparent differences in force-response exist for the interaction between 
higher vertebrate α-catenin and zebrafish α-catenin with F-actin, this could indicate 
that mechanical properties and regulations of the cadherin adhesion system have 
not evolved similarly between these branches. As vinculin is a mechano-responsive 
protein in cadherin junctions this could mean that this particular function may not 
be conserved either. So far, however, this is still speculative. In vitro biophysical 
experiments with zebrafish α-catenin are awaited to directly compare α-catenin-
vinculin modules from zebrafish and higher vertebrates.

We employed both TALEN and CRISPR-Cas9 gene editing technologies for targeted 
disruption of the vinculin A and B loci. While the techniques have only recently 
been established, many groups have shown successful gene targeting in zebrafish 
(Bedell et al., 2012; Hwang et al., 2013), Drosophila (Baena-Lopez et al., 2013) and 
even human material (Wen et al., 2016). One drawback of this approach as opposed 
to forward-genetic screens is the unpredictability of the genetic lesion. We induced 
indel mutations using TALENs or CRISPR-Cas9 to generate premature stop codons, 
most likely leading to nonsense-mediated mRNA decay (Brogna and Wen, 2009). 
However, translation is possible at alternative translation start sites located after the 
premature stop-codon (Neu-Yilik et al., 2011). For the vcla mutant allele we describe 
here, that would result in a truncated vinculin protein starting at M167 in exon 5, 
missing vital parts of its D1 head domain such as the A50. This domain is crucial 
for vinculin functioning as both talin and α-catenin bind this region. In contrast, for 
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vclb the truncated protein would start at M26 in exon 1, leaving the possibility for a 
functional vinculin protein. However, since the double vinculin mutant is lethal after 
embryonal stages, it seems more likely that the lack of phenotypes observed in the 
single vcla and vclb mutants can be explained by protein redundancy. 

Another often-cited problem inherent to these DNA-editing techniques is the 
possibility of off-target effects (Ding et al., 2013; Fu et al., 2013; Kim et al., 2013; 
Pattanayak et al., 2013). While we did not investigate the presence of off-target 
mutations, the fact that we only observe a (late) phenotype in double vcla vclb 
mutants but not in single mutants argues against this possibility.

Whereas full deletion of either one of the vinculin genes did not cause any 
observable phenotype, a previous study in which vinculin knockdown was achieved 
by morpholino injection in zebrafish embryos, induced defects in heart development 
at 3 dpf (Vogel et al., 2009). Moreover, the splice-site morpholino that was used, 
only targeted the zygotic vinculin A isoform, keeping maternally supplied mRNA and 
vinculin B intact. The discrepancy in phenotypes described between vcla morpholino 
knockdown in this study and loss of vcla in our MZ vcla mutant is in line with several 
reports which show that many genetic lesions induced by TALEN or CRISPR-Cas9 
do not recapitulate previously reported morpholino phenotypes (van Impel et al., 
2014). In these cases either the morpholino phenotype was regarded as an off-
target effect (Kok et al., 2015), or genetic ablation of a gene caused upregulation 
of a related/redundant protein to maintain homeostasis, a process less prone to 
occur with morpholino knockdown (Rossi et al., 2015). While we cannot exclude the 
latter, we think the most likely explanation is that the reported effects of the used 
vinculin A morpholinos are non-specific. The reasons are twofold: Firstly, its role as 
a mechanosensor implies that its exact conformation is crucial to its functioning. 
We envision that this function cannot easily be compensated by another protein, 
except by a close homolog. Secondly, in our MZ vcla Z vclb mutant, vinculin B, the 
only close homolog and possible compensatory protein after vcla genetic ablation, 
cannot be upregulated by the zygote. One would then expect to see the described 
vinculinA morpholino-induced heart phenotypes in this context, but instead the 
embryos show no major defects even up until 5 dpf. 

We did not observe any morphological defects in MZ vcla Z vclb mutants during early 
development but these fish did not survive until adulthood. This lethal phenotype 
occurs at a later time point than we expected, as vinculin depletion in mice is lethal 
during embryonic stages, leading to defects in neural tube closure, as well as in 
the and other tissues such as heart (Xu et al., 1998). It is possible that maternally 
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provided vclb mRNA or protein, which was still available in these particular crosses, 
is sufficient to drive early development. The gradual decrease in total vinculin due 
to loss of zygotic vclb expression in the MZ vcla background then eventually results 
in the lethal phenotype we observe. Alternatively, vinculin is not needed for early 
zebrafish development similar to Drosophila, of which vinculin mutants are viable 
and fertile (Alatortsev et al., 1997).

Interestingly, cardiac-specific overexpression of vinculin in flies increased their 
median lifespan by 150% (Kaushik et al., 2015). This was caused by improved 
cardiac functioning due to increased cardiac contractility, tissue stiffness, as well as 
enhanced myofilament architecture. In contrast, heart-specific vinculin knockout 
mice show sudden death and dilated cardiomyopathy (Zemljic-Harpf et al., 2007). 
Even heterozygous vinculin mutant mice show abnormal cardiac muscle structure, 
as well as cardiac dysfunction after artificially-induced hemodynamic stress (Zemljic-
Harpf et al., 2004). Indeed, vinculin can be found in skeletal and cardiac muscle in 
the intercalated discs and costameres, adhesion structures akin to cadherin and 
integrin junctions respectively (Camara-Pereira et al., 2009; Postel et al., 2008; 
Vogel et al., 2009). These findings fit vinculin’s role in strengthening adhesions, 
especially since muscle tissue is under higher force load than other tissues. It is thus 
possible that loss of vinculin in our MZ vcla Z vclb mutant at later stages in zebrafish 
development is detrimental to cardiac muscle functioning, leading to sudden death, 
but this needs to be further established. 

In conclusion, we show here that complete loss of vinculin is lethal in zebrafish 
only after embryonic stages. In future studies, it will be interesting to investigate 
whether or not maternally contributed vinculin explains the lack of defects in early 
development and which perturbed functions of vinculin culminate in the eventual 
death of these vinculin-deficient fish. 

Materials and Methods

Fish Lines and Husbandry
The following fish lines were used: Tupfel Longfin (TL) wild-type and vinculin 
gene-depleted mutants vclahu10818 and vclhu11202. From the mutant parental lines 
the following lines were established: Zygotic vcla-/-, Maternal Zygotic vcla-/-, 
Zygotic vclb-/- and Maternal Zygotic vcla-/-vclb+/-. Fish were maintained according to 
standard laboratory conditions. Animal experiments were approved by the Animal 
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Experimentation Committee (DEC) of the Royal Netherlands Academy of Arts and 
Sciences.

Cell lines and cell culture
Madin Darby Canine Kidney cells (MDCK strain II) epithelial cells depleted 
from α-catenin, were cultured in high glucose DMEM containing L-glutamine, 
supplemented with 10% Fetal Calf Serum and Penicllin/Streptomycin in standard 
10 cm culture dishes. Cells were transfected with murine α-catenin-GFP or 
α-cateninΔVBS-GFP, in combination with either zebrafish vinculin A-GFP or vinculin 
B-GFP, using X-tremegene9 (Roche) as per manufacturer’s instructions.

Characterization of the vclb locus
The vclb locus was found using a translated nucleotide blast with mouse vinculin (NCBI 
Ref. Seq. NM_009502) as a protein query. The vclb locus was not annotated formally in 
the Zv9 zebrafish genome database, but did contain a GENSCAN prediction sequence. 
This was used to generate primers to clone the gene from cDNA, generated from 
total mRNA of whole embryo lysates. Forward: 5’- ATGCCGGTTTTCCACACGAAGAC-3’ 
and reverse: 5’-TCACTGGTACCAGGGTGTCTTGC-3’. The resulting PCR product was 
cloned into pGEM-T using TA-cloning and fully sequenced.

Alignments of vcl homologs
The vinculin sequences of various animals were aligned and compared using 
Clustal Omega in the Jalview web app software (Waterhouse AM 2009). Used 
NCBI reference sequences: Drosophila (NP_476820.1), C. elegans (NP_501104.2), 
Human (NP_003364.1), Mouse (NP_033528.3), Chicken (NP_990772.1), Xenopus 
(NP_001090722.1). 

Generation of vcla TALEN constructs
TALENs targeting the vcla locus were designed using the TALE-NT tool (https://tale-
nt.cac.cornell.edu/node/add/talen) using the guidelines specified in (Cermak et al., 
2011). The chosen optimal target sequence in exon 4: 

5’-TTGTGGAAACCATGGAGGACTTGATCACTTACACTAAAAACCTGGGACCAGGTA-3’ 
(binding sites of the Left and Right TALEN arms are underlined) contains a BclI 
(Promega) restriction enzyme site (TGATCA). TALENs were generated using the 
Golden Gate kit in combination with the obligate heterodimeric FokI pCS2TAL3DD 
(Addgene, #37275) and pCS2TAL3RR (Addgene, #37276) backbones (Dahlem et al., 
2012).
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TALEN targeting plasmids were linearized with NotI (Promega) after which IVT mRNA 
was generated using the mMessage mMachine SP6 kit (Ambion), and purified using 
the RNeasy mini kit (Qiagen).

Generation of vclb CRISPR-Cas constructs
CRISPR guide RNA oligonucleotides were designed by targeting exon 1 of vclb 
using the ZiFit design website (http://zifit.partners.org/ZiFiT/). Oligonucleotides 
5’- TAGGCCCAGCAGATCTCCCATC-3’ and 5’- AAACGATGGGAGATCTGCTGGG-3’ were 
annealed and cloned into pDR274 (Addgene, #42250). The construct was linearized 
using DraI (NEB) and guide RNA was transcribed using the T7 MEGAshortscript kit 
(Ambion). Cas9 mRNA was generated from NotI linearized pCS2-nCas9n (Addgene, 
#47929) using the mMessage mMachine SP6 kit (Ambion), and purified using the 
RNeasy mini kit (Qiagen).

Microinjection of constructs
Left and Right vcla TALEN arm mRNA (10, 25 and 50 pg each) or 15 pg vclb guide RNA 
together with 150 pg nCas9n mRNA were diluted in nuclease-free water containing 
phenol red, and injected into the blastomeres of one-cell stage zebrafish embryos 
in a volume of 1 nl.     

Genotyping of mutant alleles
To isolate genomic DNA, zebrafish embryos or fin clips were incubated in 50 µl or 100 
µl embryo lysis buffer respectively, for 60 minutes at 60°C. Proteinase K was heat-
inactivated by incubating the samples for 15 min at 95°C. The genomic DNA was 
used as template to amplify the vcla TALEN and vclb CRISPR-Cas target loci. Primers 
flanking the target site of vcla: VclA E4 forward, 5’- TCTGCATTGACGTATCATCGAC-3’ 
and VclA E4 reverse, 5’- ACTCGTGCAAACAGTTGCTG-3’. Primers flanking the vclb 
target site: VclB 5UTR forward, 5’- CTCTCTGTGTAGGAGCTCTGC-3’ and VclB E1 
reverse, 5’- GGATGGCTTTCCCGTCC-3’.

To assess vcla mutant alleles, the PCR amplicons were incubated with BclI (Promega) 
at 50°C for 2 hrs, resulting in the generation of 504 bp and 179 bp fragments. 
Successful mutagenesis was detected by loss of the restriction recognition site and 
the presence of an undigested band of 683 bp. Mutant alleles were sequenced 
using primer VclA E4 forward, 5’- TCTGCATTGACGTATCATCGAC-3’.

CRISPR-Cas mediated vclb  mutant alleles were detected by sequencing 
the PCR amplicon of the target site using primer VclB 5UTR forward, 5’- 
CTCTCTGTGTAGGAGCTCTGC-3’.      
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Generation of cDNA using RT-PCR 
RNA was isolated from 20-30 embryos using Trizol (Invitrogen). The purified RNA 
was used to generate cDNA using the SuperScript III First Strand Synthesis kit.        

Immunohistochemistry and cytoskeletal washout
For immunocytochemistry, MDCK cells were washed 1 time in PBS, 1 time in CSK 
buffer (300 mM Sucrose, 0.5% TX-100, 10 mM Pipes pH 7, 50 mM NaCl, 3mM CaCl2, 
2 mM MgCl2) and 1 time in PBS before fixation using 4% paraformaldehyde in PBS 
for 20 min.  After fixation, cells were permeabilized with 0,4% Triton X-100 in PBS for 
5 minutes and blocked in 2% BSA for 1 hour. Phalloidin-415 (Promokine was diluted 
in 2% BSA and incubated with the cells for 1 hour. Afterwards, cells were mounted 
in Mowiol 4–88/DABCO solution (Sigma-Aldrich).
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Zebrafish_VclB 100        
Zebrafish_VclA 86 100       
Xenopus_Vcl 85 86 100      
Human_Vcl 86 87 90 100     
Mouse_Vcl 86 87 90 99 100    
Chicken_Vcl 86 88 90 95 95 100   
Drosophila_Vcl 47 48 47 48 48 48 100  
C. elegans_Vcl 46 45 45 46 46 46 51 100 

Supplemental Figure 1
Identity matrix (in %) of the comparison between vinculin protein sequences of common model 
organisms. The matrix is based on multiple sequence alignment using Clustal Omega. 
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Zebrafish_VclB       MPVFHTKTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLSAPVLAVQAAVSNLVRVGKE 60
Zebrafish_VclA       MPVFHTKTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLTSPVAAVQAAVSNLVRVGKE 60
Xenopus_Vcl         MPVFHTKTIESILEPVAQQISHLVIMHEEGEVDGKAIPELTAPVAAVQAAVSNLVRVGKE 60
Human_Vcl           MPVFHTRTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLTAPVAAVQAAVSNLVRVGKE 60
Mouse_Vcl           MPVFHTRTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLTAPVAAVQAAVSNLVRVGKE 60
Chicken_Vcl         MPVFHTRTIESILEPVAQQISHLVIMHEEGEVDGKAIPDLTAPVSAVQAAVSNLVRVGKE 60
Drosophila_Vcl      MPVFHTKTIESILDPVAQQVSRLVILHEEAE-DGNAMPDLSRPVQVVSAAVANLVKVGRD 59
CElegans_Vcl        MPVFHTKTIENILEPVAQQVSRLVILHEEAN-DGNAMPDLTGPVGMVSRAVGNLIQVGYD 59
                    ******:***.**:*****:*:***:***.: **:*:*:*: **  *. **.**::** :

Zebrafish_VclB       TVQTTEDAIMRRDMPPAFIKVENACTKLVQAAQMLKADPYSVPARDYLIDGSRGILSGTS 120
Zebrafish_VclA       TVQTTEDKIMKRDMPSAFIKVENACAKLVEAAQMLRTDPYSVPARDYLIDGSRGILSGTS 120
Xenopus_Vcl         TVQTTEDQIMKRDMPPAFIKVENACAKLVQAAQMLHADPYSVPARDYLIDGSRGILSGTS 120
Human_Vcl           TVQTTEDQILKRDMPPAFIKVENACTKLVQAAQMLQSDPYSVPARDYLIDGSRGILSGTS 120
Mouse_Vcl           TVQTTEDQILKRDMPPAFIKVENACTKLVQAAQMLQSDPYSVPARDYLIDGSRGILSGTS 120
Chicken_Vcl         TVQTTEDQILKRDMPPAFIKVENACTKLVRAAQMLQADPYSVPARDYLIDGSRGILSGTS 120
Drosophila_Vcl      TINSSDDKILRQDMPSALHRVEGASQLLEEASDMLRSDPYSGPARKKLIEGSRGILQGTS 119
CElegans_Vcl        TCDHSDDRILQQDMPPALQRVEGSSKLLEESSYSLKHDPYSVPARKKLIDGARGILQGTS 119
                    * : ::* *:::*** *: :** :.  * .::  *: **** ***. **:*:****.***

Zebrafish_VclB       DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVESMEDLITYTKNLGPGMTKMAKMIDERQQ 180
Zebrafish_VclA       DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVETMEDLITYTKNLGPGMTKMAKMIDERQQ 180
Xenopus_Vcl         DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVESMEDLVTYTKNLGPGMTKMAKMIDERQQ 180
Human_Vcl           DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVETMEDLVTYTKNLGPGMTKMAKMIDERQQ 180
Mouse_Vcl           DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVETMEDLVTYTKNLGPGMTKMAKMIDERQQ 180
Chicken_Vcl         DLLLTFDEAEVRKIIRVCKGILEYLTVAEVVETMEDLVTYTKNLGPGMTKMAKMIDERQQ 180
Drosophila_Vcl      SLLLCFDESEVRKIIQECKRVLDYLAVAEVINTMEQLVQFLKDLSPCLSKVHREVGAREK 179
CElegans_Vcl        ALLLCFDESEVRKIIRVCRKANDYVAVSEVIESMADLQQFVKDISPVLHDVTNDVNLRQQ 179
                     *** ***:******: *:   :*::*:**:::* :*  : *::.* : .: . :  *::

Zebrafish_VclB       ELTHQEHRVMLVNSMNTVKELLPVLISGIKIFVTTRTSQ-GKGVEEALKNRNFTVEKMNT 239
Zebrafish_VclA       ELTHQEHRVMLVTSMNTVKELLPVLISAIKIFVTTKCTK-SHGVEEALKNRNYTFDKMTA 239
Xenopus_Vcl         ELTHQEHRVMLVNSMNTVKDLLPVLISAMKIFVTTKNSR-SQGIEEALKNRNFTVEKMSA 239
Human_Vcl           ELTHQEHRVMLVNSMNTVKELLPVLISAMKIFVTTKNSK-NQGIEEALKNRNFTVEKMSA 239
Mouse_Vcl           ELTHQEHRVMLVNSMNTVKELLPVLISAMKIFVTTKNSK-NQGIEEALKNRNFTVEKMSA 239
Chicken_Vcl         ELTHQEHRVMLVNSMNTVKELLPVLISAMKIFVTTKNTK-SQGIEEALKNRNFTVEKMSA 239
Drosophila_Vcl      ELTHQVHSEILVRCLEQVKTLAPILICSMKVYIHIVEQQ-GRGAEEAAENRNYLAARMSD 238
CElegans_Vcl        ELTHQVHREILIRCMDSIKVIAPILICSMKTSIELGTPHPRQGHAEAIANRNFMSQRMTE 239
                    ***** *  :*: .:: :* : *:**..:*  :     :  :*  **  ***:   :*. 

Zebrafish_VclB       EINEIIRVLQLTSWDEDAWAN-KDTEAMKRALALIDSKMAQAKNWLRDPQGQPGGPGEQA 298
Zebrafish_VclA       EINEIIRVLQLTSWDEDAWANKKDTEAMKRALALIESKMGQAKGWLRDPNALPGDPGEHA 299
Xenopus_Vcl         EINEIIRVLQLTSWDEDAWAS-KDTEAMKRALALIDSKINQAKGWLRDPNAPPGDVGEQA 298
Human_Vcl           EINEIIRVLQLTSWDEDAWAS-KDTEAMKRALASIDSKLNQAKGWLRDPSASPGDAGEQA 298
Mouse_Vcl           EINEIIRVLQLTSWDEDAWAS-KDTEAMKRALASIDSKLNQAKGWLRDPNASPGDAGEQA 298
Chicken_Vcl         EINEIIRVLQLTSWDEDAWAS-KDTEAMKRALALIDSKMNQAKGWLRDPNAPPGDAGEQA 298
Drosophila_Vcl      ELQEIIRVLQLTTYDEDTSEL-DNLTVLKKLSNAISNKMEQANEWLSNPYALRGGVGEKA 297
CElegans_Vcl        EMNEIIRVLQLTTYDEDEWDA-DNVTVMRKALSAAKSLLTAALDWLADPHARSGAVGEKA 298
                    *::*********::***     .:  .:::     .. :  *  ** :* .  *  **:*

Zebrafish_VclB      I RQILDEAEKVGELCAGKERRDIVGTAKTLGQLTEQVSDLRARGQGANPVAMQKAQQVSQ 358
Zebrafish_VclA       LRQILDEAGKVGELCAGKERREILGTAKTLGQMTDQVSDVRARGQGATPMGMQKAQQVAQ 359
Xenopus_Vcl         VRQILDEAGKVGELCAGTERKDILGICRTLGQMTDQVSDLRARGQGATPIAMQKAQQVSQ 358
Human_Vcl           IRQILDEAGKVGELCAGKERREILGTCKMLGQMTDQVADLRARGQGSSPVAMQKAQQVSQ 358
Mouse_Vcl           IRQILDEAGKVGELCAGKERREILGTCKMLGQMTDQVADLRARGQGASPVAMQKAQQVSQ 358
Chicken_Vcl         IRQILDEAGKAGELCAGKERREILGTCKTLGQMTDQLADLRARGQGATPMAMQKAQQVSQ 358
Drosophila_Vcl      LRQVIDNATEISERCLPQDSYPIRKLADEVTAMANTLCELRQEGKGQSPQAE----SLVR 353
CElegans_Vcl        IRRICEYADRISARALPEDAQSIKRSIFEITSFTDELCNLRNNGQPDRENLAA---QTAR 355
                    :*:: : * . .  .   :   *      :  ::: :.::* .*:           .  :

Zebrafish_VclB       GLDVLTGKVENAARKLEAMTGSKQAIAKRIDAAQSWLADPHSGPEGEENIRALLGEARKI 418
Zebrafish_VclA       GLDILVGKVENAARKLEALTNAKQAIAKRIDNAQSWLADPNGGPEGEENIRALLAEAKRI 419
Xenopus_Vcl         GLDVLTSKVKNAAHKLEALTNSKQAIGKKIDAAQSWLADPNGGPEGEENIRTILAEAKKI 418
Human_Vcl           GLDVLTAKVENAARKLEAMTNSKQSIAKKIDAAQNWLADPNGGPEGEEQIRGALAEARKI 418
Mouse_Vcl           GLDVLTAKVENAARKLEAMTNSKQSIAKKIDAAQNWLADPNGGPEGEEQIRGALAEARKI 418
Chicken_Vcl         GLDLLTAKVENAARKLEAMTNSKQAIAKKIDAAQNWLADPNGGSEGEEHIRGIMSEARKV 418
Drosophila_Vcl      GIRDRMGE---------------------------------------L--KSL------- 365
CElegans_Vcl        RLKDLVGS---------------------------------------QNSSGL------- 369
                     :    ..                                                    

Zebrafish_VclB       ADLCEDPKEREDILRSMSEIAALSGKLAELKRAGKGDTPEARALAKQIATALQNLQSKTS 478
Zebrafish_VclA       ADLCEDPKERDDILRSIGEIAGLTARLVELRRIGKGDTPEARALAKQIGTALQNLQAKTN 479
Xenopus_Vcl         ADLCEDPKDKEDILRSLGEIAALTAKLTDLRRQGKGDSHEARALAKQIATSLQNLQTKVN 478
Human_Vcl           AELCDDPKERDDILRSLGEISALTSKLADLRRQGKGDSPEARALAKQVATALQNLQTKTN 478
Mouse_Vcl           AELCDDPKERDDILRSLGEIAALTSKLGDLRRQGKGDSPEARALAKQVATALQNLQTKTN 478
Chicken_Vcl         AELCEEPKERDDILRSLGEISALTAKLSDLRRHGKGDSPEARALAKQIATSLQNLQSKTN 478
Drosophila_Vcl      -----------------------------------------------VHQAVLGVD---- 374
CElegans_Vcl        -----------------------------------------------MGDALQNAQ---- 378
                                                                   :  ::   :    

Zebrafish_VclB       KAVANTRPAKAAVHLAGKMEQAGRWIDNPTLDDSGVGQAAIRGLLAEGRRLANALPAAQR 538
Zebrafish_VclA       RAVANMRPAKAAVTLEGKMEQALRWINNPGVDDHGVGQAAIRGLIAEGRRLASSLPGPYR 539
Xenopus_Vcl         RAVANSRPVKAAVNMEGKVEQAQRWIDNPSVDDKGVGQAAIRGLVAEGRRLANSMIGPFR 538
Human_Vcl           RAVANSRPAKAAVHLEGKIEQAQRWIDNPTVDDRGVGQAAIRGLVAEGHRLANVMMGPYR 538
Mouse_Vcl           RAVANSRPAKAAVHLEGKIEQAQRWIDNPTVDDRGVGQAAIRGLVAEGHRLANVMMGPYR 538
Chicken_Vcl         RAVANTRPVKAAVHLEGKIEQAQRWIDNPTVDDRGVGQAAIRGLVAEGRRLANVMMGPYR 538
Drosophila_Vcl      ----KAGVQQTAHTIQGRLEQAVKWLQHPEINDGGLGERAINLIVEEGRKVAEGCPGHQK 430
CElegans_Vcl        ----RHGGANPAHTAAGRLEQALRWLDNPGLDDGGLGLQALRLLTADARKLADRLNPQDR 434
                        .    : *    *::*** :*::.* ::* *:*  *:. :  :.:::*.      :
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Zebrafish_VclB       QELLGKCEQVEHLMAQLAELAARGEGDSPQARAIAQQLQHTLKELEGKMQDAMTQEVSDI 598
Zebrafish_VclA       QELLAKCEQVEQLMMQLADLAARGEGESPQARAVAAHLLEAIKDLKAKMQEAMTQEVSDV 599
Xenopus_Vcl         QDMMAKCDRVEQLAGQLAELALRGEGDTPLAQAVAAQLQEALKDLKGKMQEAMTQEVSDV 598
Human_Vcl           QDLLAKCDRVDQLTAQLADLAARGEGESPQARALASQLQDSLKDLKARMQEAMTQEVSDV 598
Mouse_Vcl           QDLLAKCDRVDQLTAQLADLAARGEGESPQARALASQLQDSLKDLKAQMQEAMTQEVSDV 598
Chicken_Vcl         QDLLAKCDRVDQLAAQLADLAARGEGESPQARAIAAQLQDSLKDLKARMQEAMTQEVSDV 598
Drosophila_Vcl      AEIQQLCDEVERLK-------RQAAGSGPAAKQAAKQLTQKLYELKAAIQNALVNRIVQD 483
CElegans_Vcl        NRLLGLCSDIDRLAAQLADLERRGLGNSPEAHQIRNQLKNALRDLGDFMRRVLTDRVVDD 494
                      :   *. :::*         :. *. * *:    :* . : :*   :: .:.:.: : 

Zebrafish_VclB       FSDTTTPIKLLAVAATAPSDSPNREEVFKERASNFENHASRLGATAEKAAAVGT-ANKST 657
Zebrafish_VclA       FSDTTTPIKLLAVAATAPLEAPNREEVFEERASNFENHASRLGATAEKAAAVGT-ANKST 658
Xenopus_Vcl         FSDTTTPIKLLAVAATSPSDTPNRDEVFEERATNFESHSARLGATAEKAAAVGS-ANKAT 657
Human_Vcl           FSDTTTPIKLLAVAATAPPDAPNREEVFDERAANFENHSGKLGATAEKAAAVGT-ANKST 657
Mouse_Vcl           FSDTTTPIKLLAVAATAPPDAPNREEVFDERAANFENHSGRLGATAEKAAAVGT-ANKST 657
Chicken_Vcl         FSDTTTPIKLLAVAATAPSDTPNREEVFEERAANFENHAARLGATAEKAAAVGT-ANKTT 657
Drosophila_Vcl      FMDVSTPLKQFTEAVLQPEGTPGREQNFNQKSNNLQAFSDRASKTSRMVAAGGACGNKKI 543
CElegans_Vcl        FADITTPLKQFVEAVHADPYDPNREQNFVDKSQRLTDHSQSMTTTARLVASCGPSKSKKT 554
                    * * :**:* :. *.      * *:: * ::: .:  .:     *:. .*: *   .*  

Zebrafish_VclB       VEGIQAAVKSARDLTPQVVSAARILLKNPGNQAAFEHFETMKNQWIDNVEKMTGLVDEAI 717
Zebrafish_VclA       VEGIQAAVKSARDLTPQVTSAARILLKNPGNQAAYEHFDTMKNQWIDNIEKMTSLVDEAI 718
Xenopus_Vcl         VEGIQAAVKSARELTPQVVSAARILLRNPGNQAAYEHFETMKNQWIDNVEKMTGLVDEAI 717
Human_Vcl           VEGIQASVKTARELTPQVVSAARILLRNPGNQAAYEHFETMKNQWIDNVEKMTGLVDEAI 717
Mouse_Vcl           VEGIQASVKTARELTPQVISAARILLRNPGNQAAYEHFETMKNQWIDNVEKMTGLVDEAI 717
Chicken_Vcl         VEGIQATVKSARELTPQVVSAARILLRNPGNQAAYEHFETMKNQWIDNVEKMTGLVDEAI 717
Drosophila_Vcl      AEILLSSAAQVDSLTPQLISAGRIRMNYPGSKAADEHLQNLKQQYADTVLRMRTLCDQAT 603
CElegans_Vcl        VEAILDTAEKVEQLTPQLVNAGRVRLHNPGSE---QHFENIHKQYADALHRLRSHVDDAI 611
                    .* :  :.  . .****: .*.*: :. **.:   :*::.:::*: * : ::    *:* 

Zebrafish_VclB       DTRSLLAASEDAIKKDLDKCQVAMANHQPQMLVAGATSIARRANRILLVAKREIENSEDP 777
Zebrafish_VclA       DTKSLLDASEEAIKKDIDKCRVAMANVQPQMLVAGATSIARRANRVLLVAKREVENSEDP 778
Xenopus_Vcl         DTRSLLDASEEAIKKDIDKCKVAMANMQPQMLVAGATSIARRANRILLVAKREMENSEDP 777
Human_Vcl           DTKSLLDASEEAIKKDLDKCKVAMANIQPQMLVAGATSIARRANRILLVAKREVENSEDP 777
Mouse_Vcl           DTKSLLDASEEAIKKDLDKCKVAMANIQPQMLVAGATSIARRANRILLVAKREVENSEDP 777
Chicken_Vcl         DTKSLLDASEEAIKKDLDKCKVAMANMQPQMLVAGATSIARRANRILLVAKREVENSEDP 777
Drosophila_Vcl      DPADFIKTSEEHMQVYAKLCEDAIHARQPQKMVDNTSNIARLINRVLLVAKQEADNSEDP 663
CElegans_Vcl        DTGEFVRASETAMRRYTNHCEGAINGADAHGLVNNSSQIARLGNRVLMTAQNEADNSEEP 671
                    *  .:: :**  ::   . *. *:   : : :*  ::.***  **:*:.*:.* :***:*

Zebrafish_VclB       KFRETVKAASDELSRTISPMVMDAKAVAANIKDQGLQRGFLDSGFKILGAVANVRDAFQP 837
Zebrafish_VclA       KFRELVKAASDELGRTISPMVMAAKGVAGNIQDPGLQKGFLDSGYRILAAVGKVREAFQP 838
Xenopus_Vcl         KFRDAVKNASDELSKTISPMVMEAKAVAGNISNPALQKGFLDSGYRILGAVAKVREAFQP 837
Human_Vcl           KFREAVKAASDELSKTISPMVMDAKAVAGNISDPGLQKSFLDSGYRILGAVAKVREAFQP 837
Mouse_Vcl           KFREAVKAASDELSKTISPMVMDAKAVAGNISDPGLQKSFLDSGYRILGAVAKVREAFQP 837
Chicken_Vcl         KFREAVKAASDELSKTISPMVMDAKAVAGNISDPGLQKSFLDSGYRILGAVAKVREAFQP 837
Drosophila_Vcl      VFTERLNAAANRLERSLPAMVGDAKLVATNIADPAAAAAWKNSFQRLLGDVREVRDAIAP 723
CElegans_Vcl        SFVSRVRNAADQLHNAIPPMVNNAKQIAQNPHDQYAAQNWRGTNDHLLNSVRAVGDAITG 731
                     * . :. *::.* .::  **  ** :* *  :      :  :  ::*  *  * :*:  

Zebrafish_VclB       QEP-----------------E--------------FPPPPPDLESL---QISDTAAPPKP 863
Zebrafish_VclA       QEL-----------------D--------------FPPPPPDLDQL---HVNDDQAPPKP 864
Xenopus_Vcl         PEP-----------------E--------------FPP-PPDLDQL---RLSDEAAPPKP 862
Human_Vcl           QEP-----------------D--------------FPPPPPDLEQL---RLTDELAPPKP 863
Mouse_Vcl           QEP-----------------D--------------FPPPPPDLEQL---RLTDELAPPKP 863
Chicken_Vcl         QEP-----------------D--------------FPPPPPDLEHL---HLTDELAPPKP 863
Drosophila_Vcl      P--------------------QPPPLPTS------LPPPIPELSALHLSNQNAERAPPRP 757
CElegans_Vcl        VPMSNGRHSSYQESISRASPYNPPPPSSQVIRSVNASPPTAPIIHNKMIIREDIPAPPRP 791
                                                         *    :            ***:*

Zebrafish_VclB       PLPEGEVPPPRPPPPEEKDEEFPE------QQAGEMVSEPMMVAARQLHDEARKWSSKGN 917
Zebrafish_VclA       PLPEGEVPPPRPPPPEEKDEEFPE------QKAGEMVSEPMMVAARSLHDEARKWSSKGN 918
Xenopus_Vcl         PLPEGEVPPPRPPPPEEKDEEFPE------QKVGEVVNQPMMVAARQLHDEARKWSSKGN 916
Human_Vcl           PLPEGEVPPPRPPPPEEKDEEFPE------QKAGEVINQPMMMAARQLHDEARKWSSKGN 917
Mouse_Vcl           PLPEGEVPPPRPPPPEEKDEEFPE------QKAGEVINQPMMMAARQLHDEARKWSSKGN 917
Chicken_Vcl         PLPEGEVPPPRPPPPEEKDEEFPE------QKAGEAINQPMMMAARQLHDEARKWSSKGN 917
Drosophila_Vcl      PLPREGLAPVRPPPPETDDEDEG---VFRT---MPHANQPILIAARGLHQEVRQWSSKDN 811
CElegans_Vcl        PPPVELSPPPRPPPPPEYDEEEETRAFWERYPLPQASHQPMLAAAHNLHNELKQWSSQEN 851
                    * *     * *****   **:                 :*:: **: **:* ::***: *

Zebrafish_VclB      DIIGAAKRMALLMAEMSRLVRG-SGGNKRALIQCAKDIAKASDEVTRLAKEVAKQCTDKR 976
Zebrafish_VclA      DIIGAAKRMALLMAEMSRLVRG-GSGNKRALIQCAKDIAKASDEVTRLAKEVAKQCTDKR 977
Xenopus_Vcl         DIIAAAKRMALLMAEMSRLVRG-GSGNKRALIQCAKDIAKASDEVTKLAKEVAKQCTDKR 975
Human_Vcl           DIIAAAKRMALLMAEMSRLVRG-GSGTKRALIQCAKDIAKASDEVTRLAKEVAKQCTDKR 976
Mouse_Vcl           DIIAAAKRMALLMAEMSRLVRG-GSGTKRALIQCAKDIAKASDEVTRLAKEVAKQCTDKR 976
Chicken_Vcl         DIIAAAKRMALLMAEMSRLVRG-GSGNKRALIQCAKDIAKASDEVTRLAKEVAKQCTDKR 976
Drosophila_Vcl      EIIAAAKRMAILMARLSELVLSDSRGSKRELIATAKKIAEASEDVTRLAKELARQCTDRR 871
CElegans_Vcl        DIVAAAKRMAILMARLSQLVRG-EGGTKKDLINCSKAIADSSEEVTRLAVQLARLCTDIK 910
                    :*:.******:***.:*.** .   *.*: **  :* **.:*::**:** ::*: *** :

Zebrafish_VclB      IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SEEESEQATEMLVHNA 1027
Zebrafish_VclA      IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SEEESEQATEMLVHNA 1028
Xenopus_Vcl         IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SDEESEQATEMLVHNA 1026
Human_Vcl           IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SDEESEQATEMLVHNA 1027
Mouse_Vcl           IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SDEESEQATEMLVHNA 1027
Chicken_Vcl         IRTNLLQVCERIPTISTQLKILSTVKATMLGRTNI---------SDEESEQATEMLVHNA 1027
Drosophila_Vcl      IRTNLLQVCERIPTIGTQLKILSTVKATMLGA-----------QGSDEDREATEMLVGNA 920
CElegans_Vcl        MRTALLQVSERIPTIATQLKVLSTVKATMLGSANVIGPYGQPVEGSEEDDEAMQQLVHNA 970
                    :** ****.******.****:**********             ..:*. :* : ** **
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Loss of zygotic vinculin is lethal in zebrafish after embryonal 
stages

Zebrafish_VclB       QNLMQSVKETVREAEAASIKIRTD-AGFTLHWVRKTPWYQ- 1066
Zebrafish_VclA       QNLMQSVKETVREAEAASIKIRTD-AGFTLRWVRKTPWYQ- 1067
Xenopus_Vcl         QNLMQSVKETVREAEAASIKIRTD-AGCTLRWARKTPWYQ- 1065
Human_Vcl           QNLMQSVKETVREAEAASIKIRTD-AGFTLRWVRKTPWYQ- 1066
Mouse_Vcl           QNLMQSVKETVREAEAASIKIRTD-AGFTLRWVRKTPWYQ- 1066
Chicken_Vcl         QNLMQSVKETVREAEAASIKIRTD-AGFTLRWVRKTPWYQ- 1066
Drosophila_Vcl      QNLMQSVKETVRAAEGASIKIRSDQTSNRLQWVRRQPWYQY 961
CElegans_Vcl        QNLMQSVKDVVRAAEAASIKIRTN-SGLRLRWLRKPMWSNF 1010
                    ********:.** **.******:: :.  *:* *:  * :

Supplemental Figure 2 – Multiple sequence alignment of vinculin proteins
Multiple sequence alignment of vinculin protein sequences from common model organisms 
using Clustal Omega. Stars represent complete conservation of the amino acid residue across all 
sequences. Dots and colons represent almost complete conservation, with differences in one or two 
residues respectively. The Used NCBI reference sequences: Drosophila (NP_476820.1), C. elegans 
(NP_501104.2), Human (NP_003364.1), Mouse (NP_033528.3), Chicken (NP_990772.1), Xenopus 
(NP_001090722.1). Zebrafish vinculin sequences were determined from our own cDNA clones. 
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Abstract

Mechanical forces are driving many processes in tissue morphogenesis and disease. 
Central to mechanical forces in tissues is the contractile actomyosin cytoskeleton. 
Actomyosin-dependent contractile forces are integrated at the cell cortex by 
cellular adhesions. These adhesions facilitate and drive changes in cell and tissue 
shape and initiate tension-induced intracellular signaling events in a process called 
mechanotransduction. Mechanotransduction includes adhesion proximal feedback 
signals to control tissue integrity as well as long range signals controlling cell fate. 
The classical cadherins have emerged as mechanotransducers at cell-cell junctions 
and mechanistic details are being elucidated. A key question that has remained 
unanswered is when and where cadherin complexes experience the changes in 
tension that would serve as input for mechanotransduction cascades. In this study, 
we have used a FRET-based biosensor to measure E-cadherin tension in a 2D model 
of tissue remodeling. Simultaneously we employed monolayer stress microscopy 
to calculate the total junctional tension in the same junction. These experiments 
show that the level of tension on E-cadherin does not necessarily respond to the 
actual total junctional tension. However, changes in E-cadherin tension do strongly 
correlate with changes in total junctional tension in individual, remodeling junctions 
over time. We conclude that E-cadherin is a primary force-bearing molecule at cell-
cell junctions that is ideally positioned to regulate the feedback signals that control 
junction integrity in response to changes in tension.
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Changes in E-Cadherin tension rapidly follows changes in total 
junctional tension during epithelial remodeling

Introduction

The dynamics of epithelial cell-cell contacts control the morphogenesis of tissues 
and organs during development, and the homeostasis of epithelial sheets in adult 
tissue. In addition, their disruption is thought to play a large role during tumor 
invasion and metastasis. All of these processes depend on the ability of the cells 
to mechanically interact with their microenvironment through cell adhesions. Cell 
adhesion is mediated by protein complexes which link the contractile actomyosin 
cytoskeleton to the extracellular matrix (ECM), and to neighboring cells. The 
anchoring of the cytoskeleton to the cell cortex allows contractile forces to induce 
shape changes of individual cells, while the transmission of these forces at cell-cell 
contacts can lead to global alteration in tissue morphology. Actomyosin-induced cell 
shape changes are for example crucial for the cell intercalations which drive tissue 
elongation, or tissue invaginations that occur during tube formation in embryos 
(Odell et al., 1980; Rauzi et al., 2010). To understand exactly how mechanical forces 
control tissue morphogenesis, we need to elucidate how actomyosin-generated 
forces are integrated at sites of cell-cell adhesion in multicellular tissues. 

Among the epithelial cell-cell adhesion complexes, the classical cadherin-complex 
is well recognized for facilitating force transmission (Leckband and de Rooij, 
2014). This complex is under constant actomyosin-dependent tension (Borghi et 
al., 2012). In addition to bearing forces and transmitting forces between cells, the 
classical cadherin complex was also found to be a tension sensor capable of eliciting 
intracellular responses proportional to the magnitude of tension increase (le Duc 
et al., 2010). These responses include signaling events mediated by α-catenin and 
vinculin, which induce changes in actomyosin structure and causes stabilization and 
reinforcement of the junction (see Chapter 2) (Han and de Rooij, 2016; Huveneers 
et al., 2012; Twiss et al., 2012). In a 2D cell culture setting, classical cadherins were 
indeed found to influence monolayer tension in a rapid feedback response to 
tension fluctuations (Bazellieres et al., 2015). Together, these results suggest that 
tension-sensitive feedback signaling by classical cadherins is an important factor in 
force-dependent regulation of tissue morphogenesis. 

In vivo, however, the evidence for the importance of cadherin mechanosensing 
in morphogenesis is limited. As shown in chapter 3 of this thesis, the disruption 
of the two vinculin-encoding genes in zebrafish has no discernible effect on 
morphogenesis and also fruit flies develop perfectly fine without vinculin 
(Alatortsev et al., 1997). This has raised the question whether redundancies in 
E-cadherin mechanosensing may exist that bypass the loss of vinculin, or whether 
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additional force-bearing adhesion complexes may be redundant with cadherin in 
sensing and responding to tension. Such complexes include the claudin/occludin/
ZO-1-based tight junctions and the nectin/afadin complex that are both linked to 
the actin cytoskeleton (Fanning and Anderson, 2009; Mandai et al., 2013; Twiss and 
de Rooij, 2013) or desmosomal cadherin complexes that connect the intermediate 
filament cytoskeletons of neighboring cells (Kowalczyk and Green, 2013). These 
junctions are well known to transmit forces and have even been implicated in 
mechanosensing (Harris et al., 2014; Lowndes et al., 2014; Weber et al., 2012). 
Whereas in mature, columnar epithelial monolayers, such as colon epithelium the 
different adhesion complexes appear to be physically separated from each other, 
in squamous epithelia, remodeling/developing epithelia or cells in 2D culture the 
spatial separation between cell-cell adhesion complexes is less clear (Twiss and de 
Rooij, 2013; Twiss et al., 2012). It is thus apparent that multiple types of protein 
complexes bear and transmit intercellular tension and it is not a priori clear which 
of these complexes is the primary force-sensor that may contribute to force-
dependent regulation of morphogenesis.

One of the essential pieces of information that is missing, is when and where 
adhesion complexes experience fluctuations in tension during morphogenesis. To 
begin filling this void, the TSMod FRET biosensor was developed that can be inserted 
into proteins and used to measure low pN tensions across these proteins by FRET 
imaging in live tissues (Grashoff et al., 2010). When inserted into E-cadherin, the 
biosensor showed that tension on this complex depends on actomyosin contractility 
and that the magnitude of tension can vary with junction morphology when cells 
are stretched (Borghi et al., 2012). On the other hand, it also showed that tension 
on E-cadherin remained constant in the junctions of MDCK cell pairs grown on 
differently patterned substrates, while at the same time traction force microscopy 
showed differences in total intercellular tension (Sim et al., 2015). The latter results 

Fig. 1 – Schematic of the experimental workflow
MDCK epithelial cells overexpressing the E-CadherinTSMod FRET tension biosensor were grown in 
monolayers of >10 cells, on elastic polyacrylamide-gels containing far-red fluorescent beads. Traction 
forces exerted by the cells on the polyacrylamide-gel can be determined from the bead displacement. 
Because the tractions must be balanced due to Newton’s second law, using the geometry of the 
cell island we can calculate the monolayer stress. Simultaneously, we image the E-CadherinTSMod, 
resulting in YFP and mTFP images. After image processing we calculate the FRET Ratio, which is then a 
relative measurement of the molecular tension on E-Cadherin. We then compare the found E-Cadherin 
tension and monolayer stress to investigate possible correlations.
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could be interpreted to question the notion that the E-cadherin complex is a primary 
bearer of tension at cell-cell junctions in MDCK cells. It should be noted that these 
experiments describe fixed states and leave unexplored how dynamic changes in 
cell-cell tension affect tension on the E-Cadherin complex. 

The morphogenesis hormone HGF induces cell-cell contact remodeling of simple 
epithelial monolayers in 2D cell culture, causing junctions to rupture and cells to 
scatter. HGF was found to alter actomyosin contractility and F-actin organization, 
and it was hypothesized that a resulting increase in tension at cell-cell junctions 
might underlie junction dissociation (de Rooij et al., 2005). In a more recent 
study, changes in intercellular tension upon HGF were quantified by traction force 
microscopy and found to depend on the geometry of cell-cell contact dissociation 
(Maruthamuthu and Gardel, 2014). In this study we use HGF stimulation as a means 
to induce rapid changes in tension in simple MDCK cell monolayers and compare 
E-cadherin tension to total junctional tension in live cells.

We assessed the total junctional tension through Monolayer Stress Microscopy 
(Tambe et al., 2011). In this method, monolayer stress is computed from the 
traction forces exerted by the monolayer on the substrate, which must be balanced 
by the total intra- and intercellular stress found in the monolayer. Simultaneously, 
we assessed tension on E-Cadherin using the E-Cadherin-TSMod biosensor (Borghi 
et al., 2012). Our experiments show that the level of E-cadherin tension does not 
correlate with MSM-derived total junctional tension. However, changes in total 
junctional tension induced by HGF strongly correlated with changes in E-cadherin 
tension in individual junctions through time. We conclude that, despite structural 
differences that preclude comparison between different intercellular contact 
structures, E-cadherin is a force-bearing molecule that senses fluctuations in tension 
in remodeling cell-cell junctions.

Results

HGF-induced junction remodeling in epithelial cells 
leads to reduced monolayer stress
We have developed an assay that combines MSM (Tambe et al., 2011) with 
E-Cadherin-TSMod FRET (Borghi et al., 2012) in live cell, time lapse microscopy 
to investigate how changes in monolayer tension, induced by the morphogenetic 
hormone HGF, correlate with changes in tension on the E-cadherin cell-cell 
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adhesion complex on short time scales (minutes). To this end, MDCK epithelial 
cells overexpressing the E-Cadherin-TSMod FRET sensor were seeded on collagen-
coated viscoelastic polyacrylamide-gels of medium stiffness (Young modulus 
= 12 kPa) and containing far-red fluorescent beads (Fig. 1). By measuring the 
displacements of the beads, we determined the traction forces exerted by the 
cells on the underlying substrate (Traction Force Miscroscopy or TFM) (Trepat et 
al., 2009). Using the measured traction forces in combination with the geometry 
of the cell island, we then calculated the total tension within the monolayer using 
Monolayer Stress Microscopy (MSM) as previously established. Simultaneously, 
we acquired images of the E-Cadherin-TSMod FRET tension sensor and relative 
molecular tension on E-Cadherin was then calculated through simple ratiometric 
FRET (YFP/mTFP). For the specific comparison of total junctional tension (measured 
by MSM) and junctional E-cadherin tension (measured by FRET), we segmented 
E-cadherin junctions using manual intensity thresholding on junction locations in 
the cell islands, and generated a mask for each individual junction (Fig. 3A)

First, we imaged isolated epithelial cell islands of at least 10 cells. We found that 
cells exerted significant forces on the substrate and on each other under baseline 
conditions (Fig. 2A-D). Subsequently, to induce fluctuations in integrin-mediated 
traction and tension at cell-cell junctions (de Rooij et al., 2005; Maruthamuthu 
and Gardel, 2014), we stimulated the cells with the morphogenesis hormone HGF. 
In a typical response to HGF the cells started to form protrusions and the island 
began to flatten. Cells became more motile with respect to their neighbours and 
some cell-cell junctions were disrupted. Despite a clear change in the spatial 
traction pattern, after 90 minutes of HGF induction the total exerted tractions of 
the cell island did not change (Fig. 2C). The total monolayer tension, however, was 
reduced (Fig. 2D). This is consistent with the notion that cells increasingly lose their 
collective behaviour after HGF (Loerke et al., 2012; Maruthamuthu and Gardel, 
2014). When cells lose their mechanical coupling, traction-generated tension is 
no longer balanced through cell-cell junctions over long distances (leading to high 
total monolayer tension), but instead is locally balanced by tractions from cell-
ECM adhesions (causing total monolayer tension to decrease). After 2 hrs of HGF, 
we washed in the ROCK-inhibitor Y27632 to abrogate all actomyosin contractility. 
Within 10 minutes of wash-in, both traction forces and monolayer tension were 
reduced to background levels (Fig. 2C,D).

We did not detect regional differences in the islands that would indicate that 
specific fluctuations in monolayer tension correlates with the disruption of cell-
cell junctions. Monolayer tension similarly decreased in all areas, including those 
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Fig. 2 – Measuring HGF-induced fluctuations in monolayer tension
Maps of the traction forces (A) and monolayer stress (B) of MDCK cells at t=0, at t=90 minutes after 
HGF stimulation, and at t=11 min after ROCK inhibition using Y27632. (C-D) Quantification of the 
average traction forces (C) and monlayer stress (D) during these conditions. Error bars represent the 
mean±s.e.m. (n=3 cell islands of three independent experiments). Statistical analysis was performed 
using one-way ANOVA with a Tukey-post test. Statistical significance is represented as *= P≤0.05 and 
**=P≤0.01.
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where junction disruption occurred. Since previous studies suggested that cell-cell 
junctions rupture during HGF-induced remodelling by tensile forces perpendicular 
to the junction interface or loss of tension in the tangential direction (de Rooij et al., 
2005; Maruthamuthu and Gardel, 2014), we asked in which direction the intercellular 
tension was exerted in the junctional areas segmented. By using the geometry of 
the junction, we determined the tension components normal and tangential to the 
junction interface (Supplemental Fig. 1A). We did not find significant differences 
between these components before or after addition of HGF (Supplemental Fig. 1B), 
suggesting that both components contribute equally to the total junctional tension 
calculated in our experiments. Taken together these data show that traction forces 
reorient upon stimulation of MDCK cells by HGF and that this leads to a reduction 
in total stress within the monolayer. This is consistent with previous results from 
TFM on HGF-stimulated cell pairs (Maruthamuthu and Gardel, 2014). Our current 
data do not support the hypothesis that disruption of cell-cell junctions after HGF is 
directly governed by increased forces exerted at cell-cell junctions.

The molecular tension on E-Cadherin in junctions is not 
a predictor for the total junctional tension
To determine how tension on E-Cadherin molecules in cell-cell junctions relates to 
total junctional tension, we calculated E-cadherin tension using the E-Cadherin-
TSMod FRET biosensor imaged simultaneously with TFM (Fig. 3A). We segmented 
cell-cell junctions using manual intensity thresholding on the E-cadherin-TSMod 
image (Fig. 3A left) and overlaid the mask on the FRET Ratio image to measure 
relative junctional E-cadherin tension (Fig. 3A middle), and on the MSM stress map 
to measure the total junctional tension (Fig. 3A right).

Consistent with previous work (Borghi et al., 2012), under basal conditions junctional 
E-Cadherin is under a certain amount of tension and a control probe, E-Cadherin-
TSMod-ΔCyto, which lacks the β-catenin binding domain and is therefore not 
linked to the actin cytoskeleton via α-catenin, showed a significantly higher FRET 
Ratio (±20%) under the exact same imaging conditions (Fig. 3B). Addition of HGF 
induced an increase in the average FRET ratio of E-Cad-TSMod (±10%), but not of 
E-Cadherin-TSMod-ΔCyto. This indicates that HGF lowers tension on E-Cadherin by 
modulating forces applied by the actomyosin cytoskeleton. In parallel, we found 
that total junctional tension (by MSM) was also reduced upon HGF stimulation 
(Fig. 3C). Surprisingly, when we abolished actomyosin contractility through ROCK 
inhibition, E-Cadherin-TSMod only showed a slight additional increase in FRET, 
which would indicate only a slight decrease in E-Cadherin tension.  Nevertheless, 
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the total tension at junctions, measured by MSM, still showed a strong reduction 
upon ROCK inhibition. This suggests that there are other adhesive structures in 
addition to E-Cadherin that contribute to the bearing of intercellular tension at 
low range. Alternatively, the low contractility condition in our experiment reduces 
tension at E-cadherin to the limits of the dynamic range of the FRET tension sensor. 

As becomes clear from Fig. 3B and C, there is a wide distribution of FRET ratio values 
as well as total tension values among individual junctions in all different conditions. 
Plotting the FRET Ratio versus the MSM-calculated stress of each individual junction 
at each condition does not reveal a clear correlation between these values (r=-0.35). 
This means that, although FRET- and MSM-based values follow the same trend over 
time after HGF stimulation, the absolute tension on E-Cadherin is not a proxy for the 
total tension at the cell-cell junction at any given time under any given condition. 
This likely reflects the fact that E-cadherin is not the only tension bearing adhesion 
receptor at cell-cell junctions in MDCK cells and that the organization of cell-cell 
junctions differs significantly within a monolayer. This is in agreement with the 
previous assessment of junctional tension in MDCK cells under different mechanical 
conditions (Sim et al., 2015) that showed no correlation between TFM-calculated 
total intercellular tension and E-cadherin-TSMod measured tension.

Fig. 3 – The molecular tension on E-Cadherin does not correlate with the total junctional tension
(A) Image of cadherin junctions of one cell island in the YFP channel (bottom left) used to segment 
ECadTSMod junctions (top left). The yellow square demarcates the insets in the upper row. Junction 
regions (left) were overlaid on the FRET Ratio image (middle) and the intercellular stress map (right). 
(B) Quantification of the FRET ratio (B) in individual junctions measured using ECadTSMod (and 
ECadTSModΔCyto zero-tension control in (B)) at t=0, at t=90 minutes after HGF stimulation, and at 
t=11 min after ROCK inhibition using Y27632. (C) Quantification of the total junctional tension of the 
same junction segments as in (B). Error bars represent as mean±s.e.m. (n=33 individual junctions for 
EcadTSMod and 22 for ECadTSModΔCyto). (D) Scatterplot of the total junctional tension versus the 
FRET Ratio (representing E-Cadherin tension) of the same data points described in (B and C). The 
trend line was generated using linear regression with the Pearson Correlation Coefficient r used as 
correlation value. Statistical analysis was performed using one-way ANOVA with a Tukey-post test. 
Statistical significance is represented as **=P≤0.01 and ***=P≤0.001.
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Changes in E-Cadherin tension correlate with changes 
in total junctional tension
To analyse the relation between changes in junctional E-Cadherin tension and total 
junctional tension at short timescales, we followed their dynamics upon stimulation 
of monolayer remodelling by HGF over time. Averaging all individual junctions from 
one monolayer, shows that the FRET ratio gradually increased after addition of 
HGF, signifying a decrease in E-Cadherin tension (Fig. 4A), while the total tension 
decreased (Fig. 4B).

As expected from the spread in data points in Fig. 3, tension at individual junctions did 
not follow the same trend in all cases. Roughly, 3 categories could be distinguished: 
16 of the 33 individual junctions analysed showed a gradual increase in FRET (a 
decrease in E-cadherin tension) as well as a gradual decrease in total junctional 
tension measured by MSM (Example in Fig. 5A); 7 junctions showed a clear gradual 
decrease in FRET-based E-cadherin tension, but a much weaker decrease in MSM-
calculated total junctional tension (Example in Fig. 5B). 10 junctions showed no 
consistent decrease in E-cadherin tension nor in total junctional tension (Example in 
Fig. 5C). For each individual junction, we then plotted the FRET-based values versus 
the MSM-based values from each imaging frame in a scatterplot to determine 
the correlation between E-cadherin tension and total junctional tension using the 
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B Fig. 4 – The average E-Cadherin tension and
total junctional tension through time
Graphs represent the mean±s.e.m. FRET Ratio 
(A) and the total junctional tension (B) from the 
average of individual junction segments (n=22) 
from one monolayer. From t=0 to t=174 min cells 
were imaged every 3 minutes. Thereafter cells 
were imaged every 35 sec. HGF was added at t=51 
min and Y27632 was added at t=179.25 min.
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Fig. 5 – The relationship between E-Cadherin tension and total junctional tension in individual 
junctions over time
(A-C) Graphs depict the FRET Ratio (top) and total junctional tension (middle) of individual junction 
segments followed over time. (A) is a representative example of junctions in which both the 
E-Cadherin tension and the total junctional tension show a consistent gradual decrease after HGF-
induction (Category 1). (B) is a representative of junctions in which a clear gradual decrease in 
E-Cadherin tension is observed, but a much weaker decrease in total junctional tension (Category 2) 
(C) represents junctions in which both E-Cadherin tension and total junctional tension do not show a 
consistent decrease (Category 3). The same values are also compared in a scatterplot (bottom) with a 
trend line generated by linear regression and the correlation measured using the Pearson Correlation 
Coefficient. From t=0 to t=174 min cells were imaged every 3 minutes. Thereafter cells were imaged 
every 35 sec. HGF was added at t=51 min and Y27632 was added at t=179.25 min. 



140

Pearson Correlation Coefficient (Fig. 5A-C, bottom). As exemplified by the junction 
in Fig. 5A, in the first category of junctions, correlations between both values were 
generally strong. In the second category (Fig. 5B), correlations were generally less 
strong but still significant, while the third category contained junctions with the 
lowest correlation between E-cadherin tension and total junctional tension (Fig. 
5C).

A graphical representation of the correlation values of the junctions in each category 
is visualized in Fig. 6A. Supplemental Table 1 summarizes all junctions, indicating 
the category they have been assigned to (by visual inspection of the FRET and MSM 
curves) and the correlation value r. 
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Fig. 6 – Changes in E-Cadherin tension correlate with changes in total junctional tension
(A) Dot plot showing the Pearson Correlation Coefficient’s found for the comparison between 
E-Cadherin tension and total junctional tension. Each data point represents data from an individual 
junction segment, categorized as described in Fig. 5. ΔCyto represents data obtained using the zero-
tension FRET control E-CadTSMod-ΔCyto. (B) Scatterplot of the total junctional tension versus the FRET 
Ratio. Data points depicted each represent time points from different individual junction segments 
(ROIs) of a single monolayer from Category 1 of the experiment shown in Fig. 4, with each a trend line 
generated by linear regression. 



141

Changes in E-Cadherin tension rapidly follows changes in total 
junctional tension during epithelial remodeling

To investigate whether tension-unrelated effects on junctional organization could 
have caused the changes in FRET and correlations with MSM-calculated tension, 
we assessed the correlations between MSM-based total junctional tension and 
FRET values in cells expressing E-Cadherin-TSMod-ΔCyto, stimulated and imaged 
in the exact same manner. As summarized in Supplemental Table 2, and visualized 
in Supplemental Fig. 2 and Fig. 6A, no consistent correlations between FRET-based 
values and MSM-measured values were found. We conclude from these analyses 
that, even though absolute values at fixed time points do not correlate, there is 
a strong correlation on short timescales between changes in E-cadherin tension 
and total junctional tension when junctions are induced to remodel. This indicates 
that E-cadherin is a primary tension bearer and a responder to acute changes in 
junctional tension during tissue remodelling.

To better understand the discrepancy between the strong correlations between 
total junctional tension and E-cadherin tension in individual junctions over time and 
the low correlation between these tensions across different junctions at fixed time 
points, we combined scatterplots of all junctions with high correlation (Category 
1) from one monolayer in Fig. 6B. From the combination of these individual plots 
in one graph, it becomes clear that there is a very strong heterogeneity in the 
linear functions that would describe these correlations. The slopes of these linear 
correlation functions are different between individual junctions, as are the offsets. 
This corroborates the above hypothesis that individual junctions in these cells may 
strongly differ in organization and indicates it is the specific organization of the 
individual junction that determines how total junctional tension and E-cadherin 
tension correlate.

Discussion

We have investigated how total junctional tension and tension on E-cadherin 
correlate in remodeling MDCK cell monolayers. We find that the relation between 
total junctional tension and E-cadherin tension is different between junctions in the 
same group of cells, possibly reflecting differences in structure and organization. 
Additionally, we find that within a single junction, when tension changes due to 
remodeling, there is a strong correlation between total junctional tension and 
E-cadherin tension. We conclude from these results that, irrespective of exact 
junction structure, the E-cadherin complex is a primary tension bearing complex 
at cell-cell junctions. This is in line with its described function as a mechanosensor 
involved in feedback signaling from changes in tension to junction stabilization.



142

Cell-cell junctions consist of multiple actomyosin-associated protein complexes 
that are not clearly separated in space and therefore it cannot be a priori deduced 
from cellular geometry which of these complexes contribute to intercellular 
force transmission. The lack of absolute correlation between E-cadherin-TSMod-
generated FRET values reflecting E-cadherin tension and MSM-calculated total 
junctional tension could be interpreted to mean that relative contributions of the 
different complexes to junction-actomyosin linkage may vary between individual 
junctions in the same group of cells. Alternatively, the amount of junctional 
E-cadherin-TSMod not engaged in actomyosin interaction could vary, which would 
also lead to differences in absolute FRET values measured across the population of 
E-cadherin-TSMod molecules at junctions. 

The finding that the magnitude of total junctional tension does not correlate with 
the level of tension on E-Cadherin has also been reported in a previous study 
which used MDCK cell pairs expressing the E-CadherinTSMod sensor, on patterned 
ECM substrates with different geometries (Sim et al., 2015). Based on the sum of 
traction forces underneath each cell, the cell-cell force was determined. By utilizing 
rectangular ECM patterns with increasing length perpendicular to the cell-cell 
junction, they found that cell-cell forces increased in a similar manner. However 
when they evaluated the tension on E-Cadherin using E-CadherinTSMod, they found 
that this tension remained constant across these conditions. They surmise that in 
these static situations, E-Cadherin mediates a tension homeostasis. In our case, 
however, the strong correlation between E-Cadherin and total junctional tension 
in individual junctions during tension-change shows that the E-Cadherin complexes 
that are engaged are directly influenced by changes in intercellular tension.

The observation that E-cadherin tension changes immediately and proportionally 
with total junctional tension places E-cadherin in the ideal position to function as 
a feedback regulator. Such a function has indeed been proposed for E-cadherin 
when it was shown that acute mechanical pulling on E-cadherin complexes formed 
around magnetic beads resulted in alterations in the stiffness of the cell cortex 
(le Duc et al., 2010). The molecular mechanism underlying this form of cadherin 
mechanotransduction is proposed to be tension-dependent stretching of the 
E-cadherin-actomyosin linker α-catenin and the subsequent recruitment of vinculin 
(Yonemura et al., 2010).

In a recent study it was found that a close homolog of E-cadherin, P-cadherin, did 
not respond by feedback signals to tension in bead-pulling experiments and also 
behaved differently in remodeling monolayers (Bazellieres et al., 2015). P-cadherin 
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can engage with α-catenin and actomyosin similarly to E-cadherin. A possible 
explanation for lack of feedback signaling is that P-cadherin is not a primary force-
bearing molecule at cell-cell junctions. Use of TSMod attached to P-cadherin and 
other junctional molecules in analogy to our current study may help to pinpoint the 
proteins primarily responsible for mechanotransduction in morphogenesis. 

Materials and methods

Cell lines and cell culture
Madin-Darby Canine Kidney epithelial cells (MDCK-II) were cultured in high glucose 
DMEM containing L-glutamine (Lonza) and supplemented with 10% Fetal Calf 
Serum (FCS) and Penicillin/Streptomycin in standard 10 cm culture dishes. MDCKs 
stably expressing E-CadherinTSMod and E-CadherinTSMod-ΔCyto FRET biosensors 
were generated by lentiviral transduction, followed by puromycin selection (2 µg/
ml). E-CadherinTSMod plasmids were kindly provided by James Nelson. 

Preparation of polyacrylamide gel substrates
Polyacrylamide gels with a Young’s modulus of 12 kPa were prepared as described 
previously [refs]. Briefly, a solution containing 19%  acrylamide, 8%  bis-acrylamide, 
0.5%  ammonium persulphate, 0.05%  tetramethylethylenediamine, 0.64% of 
200-nm-diameter Fluosphere crimson red fluorescent (580/605 nm) carboxylate-
modified beads (Thermo Fischer) in 100 mM HEPES solution was prepared and 
allowed to polymerize on glass-bottom 6-well dishes (Mattek) pre-treated with 7,1% 
3-(Trimethoxysilyl)propylmethacrylate (Sigma) in ethanol. After polymerization gels 
were activated by incubation with Sulfo-SANPAH (Thermo) under UV irradiation 
(Stratalinker 2400 – 15W) for 5 min, and coated with 0.1 mg/ml of collagen I 
overnight.

Live cell imaging
Cells were seeded 24 hours before on the polyacrylamide gel in imaging medium 
DMEM Fluorobrite (Gibco), which does not contain phenol red. Medium was 
supplemented with 10% FCS, L-Glutamine (4 mM), Penicillin/Streptomycin, and 
puromycin (2 µg/ml). Roughly 16 hours before imaging medium was replaced with 
low-serum (1% FCS) imaging medium. During imaging, cells were stimulated with 5 
ng/ml Hepatocyte Growth Factor (Sigma) and 50 µM Y27632. 

Cells were imaged on an inverted wide-field microscope (Nikon-Eclipse Ti) with 
perfect focus system, equipped with a 20x 0.75 NA (dry) objective lens, coupled 
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to an incubation chamber containing CO2 flow and maintained at 37°C (Okolabs). 
FRET images were obtained by simultaneous capture of mTFP and YFP signals using 
a beamsplitter device (Andor TuCam), coupled to two EM-CCD cameras (Andor 
Luca-R). DIC and fluorescent crimson beads were captured sequentially.   

Ratiometric FRET analysis
FRET analysis was performed using a custom written macro for Fiji (ImageJ) 
software using similar methods as described in (Kardash et al., 2011). In short, first 
background was subtracted by selecting a region of interest (ROI) outside of the 
cell monolayer, in each time point and mTFP and YFP channels separately. Then 
images were registered using the MultiStackReg plugin and subsequently converted 
to 32-bit and processed using a smooth filter. The YFP/mTFP Ratio image was then 
generated on a pixel-by-pixel manner. Individual junctions were then segmented 
using manual thresholding on the YFP intensity channel in combination with a ROI 
surrounding the junction segment through the time stack using interpolation. The 
FRET Ratio values within the junction segment were then averaged.  

Traction Force Microscopy
TFM was performed as previously described (Trepat et al., 2009). I short, gel 
displacements were computed using custom-made particle imaging velocimetry 
(PIV) software by comparing any experimental time point to a reference image 
obtained after cell trypsinization. Traction forces were computed from gel 
displacements using Fourier transform traction microscopy with finite gel thickness. 

Monolayer Stress Microscopy
Intercellular tension is computed using Monolayer Stress Microscopy (MSM), as 
described previously (Bazellieres et al., 2015; Tambe et al., 2013; Tambe et al., 2011). 
This technique uses a traction force field and imposes force balance as demanded 
by Newton’s laws to map a two-dimensional stress tensor σ:

σxx and σyy are two independent normal components and σxy and σyx are two identical 
shear components. We computed the average normal stress, defined as: 

σav= (σxx and σyy)/2

We also obtained the normal and tangential stresses at each junctional point as the 

σxx σxy
σyx σyy

σ =
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product of the 2D stress tensor and the normal vector to the junction.

Junction Correlation analysis
In order to compare FRET and MSM, we resized the stress fields to the FRET maps 
resolution using a bicubic interpolation. We used the segmented individual cell-
cell junctions from the YFP intensity as described above in the FRET analysis. We 
used this segmentation to calculate the mean FRET Ratio and Stress in the junction 
area, obtaining, for every timepoint, an average Stress in Pascals and an average 
FRET Ratio in arbitrary units. To test the correlation between FRET and MSM within 
one junction over time, we calculated the Pearson Correlation Coefficient and 
performed Linear Regression analysis.  

Software
Statistics were performed using Graphpad Prism 5 software, Fluorescent image 
processing using Fiji and custom macros, and TFM and MSM calculations using 
custom Matlab code.
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Supplemental Fig. 1 - Determining the direction of junctional tension
(A) Schematic showing how the normal (blue arrow) and tangential (red arrows) components of 
junctional tension was determined from the total junctional tension using the geometry of the junction 
(in white). Only vectors at the junction edge are shown for representation purposes. (B) Quantification 
of the found normal and tangential junctional tension components before and after the addition 
of HGF. Each point represents data from an individual junction. Error bars show the mean±s.e.m. 
Statistical analysis was performed using one-way ANOVA with Tukey post-tests.
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Supplemental Fig. 2 – No consistent correlation between total junctional tension and the FRET Ratio 
of E-CadherinTSMod-ΔCyto
Scatterplot of the total junctional tension versus the FRET Ratio of cells expressing the zero-tension 
FRET control E-CadherinTSMod-ΔCyto. Data points depicted each represent time points from different 
individual junction segments (ROIs) of a single monolayer. Trend lines were generated by linear 
regression.



151

Changes in E-Cadherin tension rapidly follows changes in total 
junctional tension during epithelial remodeling





Chapter
General Discussion



154

Mechanical forces acting on cells drive the complex cell 
rearrangements that take place during morphogenesis 
in a developing organism. 
In particular the actomyosin contractile tension that is transmitted and regulated 
at cadherin-based cell-cell adhesions greatly contribute to cell shape, cell migration 
and coordinated tissue formation and organization (as discussed in Chapter 1). It 
has become clear in recent years that the protein complexes at sites of cell adhesion 
have the ability to sense changes in tension and induce biochemical feedback 
pathways to respond to these changes in a process termed mechanotransduction 
(as reviewed in Chapter 2). Central to this mechanism is the recruitment of vinculin 
to stretched proteins present in both integrin- and cadherin-based adhesions to 
enhance adhesion strengthening. 

Recent studies from our lab and others all underline the specific requirement 
of force-induced recruitment of vinculin to α-catenin to mediate cadherin 
mechanotransduction at cell-cell junctions in cell culture systems. However, 
the importance of this mechanism for the development of a living organism had 
not been directly investigated yet. In this thesis we have investigated whether 
α-catenin/vinculin-dependent cadherin mechanotransduction might contribute to 
the development of the zebrafish embryo, and how changes in tension at E-cadherin 
cell-cell contacts might contribute to the total intercellular stress in a remodeling 
epithelial monolayer.

Cadherin mechanotransduction during zebrafish 
development
In Chapter 3 we have generated α-catenin-deficient zebrafish using the recently 
developed TALEN gene editing technology. Zygotic α-catenin disruption was found 
to be embryonic lethal during somitogenesis stages due the loss of epithelial 
integrity. Specifically, these mutants underwent embryo lysis because of the 
increased osmotic pressure when epithelial barrier functioning was lost. We 
then rescued these mutants, as well as embryos depleted of α-catenin through 
morpholino knockdown, with a mutant α-catenin construct (α-catenin-ΔVBS) in 
which the vinculin-binding domain was replaced such that vinculin recruitment to 
cadherin junctions was perturbed. This allowed us to specifically investigate the 
role of cadherin mechanotransduction while maintaining junctional structure, and 
leaving vinculin’s role in integrin adhesions intact. 
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We found that α-catenin-ΔVBS-rescued embryos, but not embryos rescued with 
wild-type α-catenin, showed a widened lateral body axis and a reduction in body 
axis elongation along the anterior-posterior axis, indicating disturbed convergent 
extension movements. We concluded that α-catenin/vinculin-dependent cadherin 
mechanotransduction is essential for proper zebrafish morphogenesis. 

In Chapter 4, we investigated the role of vinculin during zebrafish development. We 
found that zebrafish contain two fully functional vinculin isoforms, vinculin A and 
vinculin B, which show high sequence homology with higher vertebrates such as 
human and mouse. Key domains in vinculin functioning are almost fully conserved, 
and both isoforms localized properly at cell-cell junctions in mammalian cell culture 
systems. We generated vinculin A and vinculin B loss-of-function alleles using 
TALEN and CRISPR-Cas gene editing technologies, and found that single vinculin 
A or vinculin B mutants were fully viable and fertile, indicating that both proteins 
act in a redundant manner. While complete loss of zygotic vinculin did not mediate 
major observable defects in early development, we were unable to grow vinculin 
A-vinculin B double mutants to adulthood. This indicates that vinculin is dispensable 
during early morphogenesis, but becomes essential in the maintenance of adult 
tissue.

The results in Chapter 3 and 4 show that both α-catenin and vinculin, proteins 
involved in the force transduction machinery at cell-cell junctions, and also at cell-
matrix adhesions for the latter, are essential for the zebrafish organism. Indeed, 
the loss of either protein is embryonic lethal to the mouse (Torres et al., 1997; Xu 
et al., 1998). However, the importance of α-catenin/vinculin-dependent cadherin 
mechanotransduction in a developing embryo has not been described before.In cell 
culture systems loss of vinculin does not inhibit the formation of integrin-based 
focal adhesions per se, but does alter their spatiotemporal assembly, disassembly, 
and organization dynamics (Carisey et al., 2013). This leads to perturbed adhesion 
strengthening (Dumbauld et al., 2013), increased cell migration in 2D (Saunders et 
al., 2006), and reduced directional migration in 3D environments (Thievessen et 
al., 2015). Similarly, endothelial cell-cell adhesions containing α-catenin-ΔVBS do 
form functional adherens junctions and still retain their remodeling capacity, but 
junction rupture during remodeling is greatly enhanced (Huveneers et al., 2012), 
while epithelial cells in which vinculin recruitment is blocked show a reduced rate 
in epithelial barrier formation (Twiss et al., 2012). It is thus clear that loss of vinculin 
perturbs many cell parameters that are important in a spatiotemporal manner 
during tissue morphogenesis. 
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While we did not directly demonstrate this, it is likely that the convergent extension 
defects we observe in α-catenin-deficient zebrafish embryos expressing α-catenin-
ΔVBS, is caused by defects in adherens junction remodeling during cell intercalations. 
Radial intercalation movements during epiboly, in which cells intercalate from lower 
cell layers to more superficial layers, were disturbed in E-cadherin mutants (Kane et 
al., 2005) and α-catenin knockdown embryos (Schepis et al., 2012). This points to 
the possibility that defective cadherin mechanotransduction due to loss of vinculin 
at cell-cell adhesion might also perturb intercalation movements during convergent 
extension. 

However, how can the apparent discrepancy in the overall results between Chapter 
3, in which we show that the loss of vinculin recruitment to α-catenin in cadherin 
junctions leads to morphological defects in zebrafish development, and Chapter 
4, in which we show that vinculin does not seem to play a crucial role in early 
development, be reconciled? One possible explanation that we have alluded to in 
the discussion in Chapter 4, is the fact that there is probably still vinculin B mRNA 
transcript present in our Maternal Zygotic vcla Zygotic vclb vinculin double mutant. 
Any role for vinculin in early development could therefore be obscured. It should be 
noted that it would require exceptional stability and translational activity of mRNA 
and protein to supply a developing embryo for up to 5 days with sufficient levels of 
an essential protein. Nevertheless it cannot be ruled out.

Another explanation is that vinculin is indeed dispensable for the morphogenesis 
of zebrafish embryos. In Drosophila, while vinculin depletion leads to disrupted 
cytoskeletal organization at muscle attachment sites (Bharadwaj et al., 2013), 
these mutants are viable and fertile, showing that vinculin is not essential in flies 
(Alatortsev et al., 1997). It is possible that blocking maternal vclb mRNA transcripts 
in vcla knockout fish in future studies, for example using ATG morpholinos, may 
lead to more conclusive results. Because the region surrounding the transcription 
start site of the vclb gene is not well annotated in zebrafish genome, we could not 
obtain a specific ATG morpholino to knockdown vinculin B within the timeframe of 
this thesis.

A third explanation for the discrepancy between phenotypes of α-catenin-ΔVBS 
and vinculin knockout fish is that the mutation in α-catenin-ΔVBS disrupted 
the interaction between α-catenin and a different protein, more important for 
morphogenetic cell movements than vinculin. A direct interactor to that region of 
α-catenin is α-actinin, but evidence for a role of this interaction in cell culture has 
remained elusive. Recent evidence suggests that there are more mechanosensitive 
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systems present at the cadherin interface independent of vinculin recruitment, 
involving proteins such as zyxin, VASP, and TES (Oldenburg et al., 2015). Whether 
these systems are functional in zebrafish, and how these mechanisms might interact 
with or influence α-catenin-dependent mechanotransduction to affect cadherin 
junctions during morphogenesis remains to be discovered.

The complete absence of clear morphogenesis phenotypes in vinculin A/B knockout 
fish appears to recapitulate the absence of phenotype in vinculin-depleted fruit flies 
(Alatortsev et al., 1997). It should be noted, however, that Drosophila vinculin is 
considerably less conserved with mammalian vinculin genes than zebrafish vinculin 
(see Chapter 4). Nonetheless, we cannot rule out that vinculin functioning differs 
in zebrafish compared to its mammalian orthologues. Indeed, its close homolog 
α-catenin shows discrepant functioning between mammalian and zebrafish. 
Whereas mammalian α-catenin is known to homodimerize (Koslov et al., 1997), 
zebrafish α-catenin was found only as a monomer (Miller et al., 2013). Furthermore, 
in purified protein co-sedimentation assays, zebrafish α-catenin binds F-actin as 
both a monomer and heterodimer complex with β-catenin under native conditions, 
while its mammalian counterpart only does so under force (Buckley et al., 2014; 
Drees et al., 2005). These results show that small fundamental differences can exist 
in protein functioning, even though core functions are conserved. It is therefore 
also possible that the α-catenin-ΔVBS construct we have generated in Chapter 3, 
has altered functions in zebrafish compared to cell culture, and that the observed 
phenotypes during morphogenesis this construct induces might not be dependent 
on a loss of vinculin recruitment.

However, when we express zebrafish isoforms of α-catenin in mammalian epithelial 
cells lacking endogenous α-catenin, junctions were restored and mammalian 
vinculin was properly localized at the tensile Focal Adherens Junctions, while vinculin 
was excluded from these junctions when we rescue these cells with zebrafish 
α-catenin-ΔVBS, as has been reported for its mammalian isoform (Huveneers et 
al., 2012; Twiss et al., 2012). Moreover, when we express zebrafish vinculin A or 
B in mammalian cells containing mammalian α-catenin or α-cateninΔVBS, vinculin 
localizes in a similar matter. These results indicate force-sensitivity of the α-catenin/
vinculin module in zebrafish is functioning similar to its mammalian counterpart. 
Additional experiments, including direct force manipulation in the zebrafish embryo 
using magnetic cadherin-coated beads (le Duc et al., 2010), could be envisioned to 
strengthen the evidence that this mechanism is truly conserved.
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In addition to mechanotransduction at cadherin-based cell-cell junctions, 
mammalian vinculin is also involved in mechanotransduction at integrin-based 
ECM junctions. We have not explored this in any detail, but because of protein 
conservation of vinculin’s binding partner in integrin adhesions (talin) it seems likely 
that also this function of vinculin is conserved in zebrafish cells.  

From the current state of evidence, we conclude that it is highly likely that 
α-catenin/vinculin mechanotransduction is conserved between zebrafish and higher 
vertebrate cells and that the absence of defects in vinculin mutants is unexpected 
and hard to explain. Additional experiments are needed to prove that vinculins 
functions are conserved in zebrafish and that these functions are fully perturbed 
during morphogenesis in our mutants. 

Live imaging of tension at cell-cell adhesions 
In Chapter 5, we have studied the relationship between tension on E-Cadherin and 
total intercellular tension, during epithelial tissue remodeling. Using a recently 
developed FRET tension biosensor we were able to measure tension on E-Cadherin 
molecules in single junctions. Simultaneously, we measured the total intercellular 
tension in the same junction using Monolayer Stress Microscopy, which calculates 
the total monolayer stress based on the exerted traction forces by cell-ECM 
adhesions on the substrate. We used these techniques to monitor E-Cadherin 
tension and total junctional tension in an epithelial monolayer through time.

We find that upon HGF-mediated junction remodeling events, both the tension 
on E-cadherin, as well as the total junctional tension is reduced. However the 
magnitude of tension on E-Cadherin did not correlate with the actual total 
junctional tension when different junctions of the same monolayer were compared. 
This indicates that the magnitude of tension on E-Cadherin alone cannot be used 
as a predictor for the level of total junctional tension, and that other intercellular 
adhesive structures contribute and possibly determine the total junctional tension. 
However we did find that changes in tension on E-Cadherin strongly correlated with 
changes in total junctional tension within a single junction over time. We could not 
find such a correlation when we utilized an E-Cadherin FRET probe which is unable 
to bind F-actin. This suggests that E-Cadherin tension is determined by fluctuations 
in actomyosin contractile tension and that these fluctuations are also reflected in 
the total intercellular tension. 

We combined the use of the recently developed E-CadherinTSMod tension biosensor 
(Borghi et al., 2012) with more established force-measuring techniques such as 



159

General Discussion

Traction Force Microscopy and Monolayer Stress Microscopy. These techniques 
have previously shown that tension transmitted at intercellular cell-cell contacts 
guides the migration of a cell collective (Tambe et al., 2011), and that adherens 
junction proteins including E-Cadherin, α-catenin, vinculin, as well as tight junction 
proteins such as ZO-1 and Claudin8, influence the tension-dependent dynamics 
of this migration (Bazellieres et al., 2015). We envisioned that these comparisons 
would lead to a better understanding to which extent we could utilize these sensors, 
as such comparisons, to our knowledge, have not been performed before.

It is not directly apparent how tension measured on E-Cadherin molecules, as we do 
with E-CadherinTSMod, would reflect and/or influence the total junctional tension, 
or even total cadherin-based tension. E-Cadherin molecules are known to cluster 
through cis-binding of their extracellular domains (Harrison et al., 2011; Strale et al., 
2015; Truong Quang et al., 2013; Wu et al., 2015). How tension on single E-Cadherin 
molecules is reflected in the overall tension present in E-Cadherin clusters is not 
understood and whether or not a molecular force-sensor like E-cadherinTSMod 
would accurately report this was unknown. It is therefore surprising that 
E-CadherinTSMod FRET changes rapidly and proportionally with total junctional 
tension. It indicates that E-Cadherin indeed directly senses fluctuations in tension 
as one of the primary force-bearing molecules at cell-cell junctions.  Consistent with 
our model of cadherin mechanotransduction (le Duc et al., 2010), such fluctuations 
in tension would trigger local, vinculin-dependent feedback signals resulting in 
junction-associated actin remodeling. Indeed it has been recently found that 
E-cadherin stands out among other junctional proteins, including closely related 
P-cadherin to regulate collective cell behaviors (Bazellieres et al., 2015). 

Besides characterizing the influence of fluctuations in tissue tension on cadherin 
tension directly in mammalian epithelial cells, these experiments were also directed 
at investigating the usefulness of E-cadherinTSMod and related TSMod sensors for 
live imaging in developing tissues, such as a zebrafish embryo. It is clear from our 
experiments that absolute differences in tissue tension across the embryo will not 
be accurately reported by this sensor, but that local fluctuations in tension over 
time can be revealed. The average change in FRET ratio in our experiments is 10%, 
which would be sufficiently above the noise for use in live imaging in embryos. 
This will ultimately give us more insight how tension on a molecular scale might 
translate to tissue-level tension, and how changes in tension in single cells could 
influence whole tissues, such as in complex cell rearrangements during embryo 
morphogenesis.
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Concluding remarks
In this thesis we provide the first indication that cadherin mechanotransduction is 
important for morphogenesis in a developing embryo. We have shown that α-catenin 
is essential in this process, and our experiments indicate that its mechanosensitive 
vinculin-binding domain indeed control convergent extension cell rearrangements 
movements during zebrafish morphogenesis. While the exact role of vinculin in 
this process remains unresolved, we have established vinculin-deficient zebrafish 
lines which show lethality during the later development into adulthood. These lines 
will thus be valuable in further delineating vinculin’s functions. Finally, we have 
characterized the E-CadherinTSMod tension biosensor, and laid the foundations for 
its use in developing embryos such as during zebrafish morphogenesis.
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Nederlandse samenvatting

Het lichaam bestaat uit miljarden cellen die samenwerken om het geheel draaiende 
te houden. Afhankelijk van de plek in het lichaam en de functie die ze moeten 
vervullen kunnen cellen zich ook specialiseren. Denk bijvoorbeeld aan de immuun 
cellen die zorgen voor het afweersysteem, of bloedcellen die zuurstof vervoeren. 
Een ander belangrijk specialistische celtype is het epitheel. Deze cellen vormen één 
of meerdere cellagen die het lichaamsoppervlak (de huid) en de lichaamsholtes 
bedekken, en daarmee beschermt tegen pathogenen door ze buiten te houden. 
Dit doen zij door fysieke verbindingen met elkaar aan te gaan via speciale 
verbindingseiwitten die zich bevinden op het celmembraan. Ze functioneren als het 
ware als een soort klittenband. Hierdoor ‘plakken’ de cellen aan elkaar, ook wel cel 
adhesie genoemd, en vormen deze cellen een nauw geheel. Ze zorgen dus ook voor 
de structuur en vorm van organen en weefsels door op een bepaalde manier aan 
elkaar vast te zitten.

Behalve voor hun structurele functie, blijken cellen deze cel adhesie eiwitten ook 
te gebruiken om mechanische parameters (krachten) van hun omgeving te ‘voelen’ 
en daarop te reageren. Dit is mogelijk omdat de verbindingseiwitten mechanische 
veranderingen in hun omgeving kunnen omzetten in biochemische signalen die 
binnenin de cel verschillende processen kunnen aansturen. Dit stelt een cel in staat 
om bijvoorbeeld het ontstaan van een huidwond te kunnen voelen, en vervolgens 
processen in gang te zetten om deze te genezen. Denk hierbij aan het bewegen 
van cellen naar de wondopening (celmigratie), het maken van nieuwe cel adhesie 
verbindingen, en het verstevigen van deze verbindingen zodat ze niet weer opnieuw 
open gebroken worden. Cel-adhesie eiwitten in cel-cel contacten functioneren dus 
ook als mechanosensoren.  

Vooral tijdens de embryonale ontwikkeling, waarin de structuur van organen en 
weefsels nog gevormd moet worden, en er dus veel veranderingen in krachten 
optreden, zou de mechanosensor functie van cel-cel adhesie eiwitten belangrijk 
kunnen zijn. Om dit te onderzoeken hebben we 2 eiwitten met een centrale rol 
in de mechanosensor functie bestudeerd in de zebravis. De dynamiek van cel-cel 
contacten in dit modelorganisme is goed waar te nemen met microscopie, en de 
processen die zich afspelen tijdens de ontwikkeling zijn vergelijkbaar met die in 
andere organismen zoals de mens. 

Wij hebben ontdekt dat cellen die de mechanosensor functie van cel-cel 
verbindingseiwitten missen, niet goed kunnen bewegen en niet goed weten welke 
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kant ze op moeten gaan. Hierdoor komen zij niet op de juiste plaats tijdens de 
vroege ontwikkeling, wat leidt tot grote defecten in de uiteindelijke structuur van 
het lichaam. 

Deze resultaten kunnen ons helpen om beter te begrijpen hoe cellen hun directe 
omgeving voelen, en hoe ze daarop reageren. Dit is ook van belang in situaties 
waarin het misgaat, zoals bij kanker. Om te kunnen uitzaaien moeten kankercellen 
zich namelijk eerst kunnen losmaken van het weefsel waarin ze zich bevinden. Dit 
doen zij onder andere door de cel adhesie eiwitverbindingen te verbreken. Als we 
weten hoe en waarom een kankercel dit kan doen, maar een gezonde cel niet, is 
het misschien mogelijk om geneesmiddelen te ontwikkelen die aangrijpen op dit 
proces, en die het uitzaaien van kankercellen kunnen voorkomen. 

Voor degenen die nog wat meer in detail willen weten wat ik heb onderzocht, kan 
op de volgende bladzijden verder lezen.
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Zoals je in de natuurkunde op verschillende schalen dingen kan bestuderen, van 
sterrenstelsels tot moleculen, tot atomen, is dit in de biologie ook van toepassing. 
Ons lichaam bestaat uit cellen, die zelf bestaat uit organellen, die vervolgens ook 
weer bestaan uit biomoleculen. Van groot belang is DNA, die de informatie bevat 
voor het aanmaken van eiwitten. Eiwitten zijn misschien wel de belangrijkste 
componenten van een cel, want een cel gebruikt in principe eiwitten voor alles wat 
een cel doet. Ze zorgen bijvoorbeeld voor communicatie tussen cellen door middel 
van hormonen die binden aan speciale receptoreiwitten die op het celmembraan 
aanwezig zijn. Deze kunnen vervolgens weer signalen doorgeven binnenin de cel 
om hierop te reageren (signaaltransductie). Enzymen kunnen voedingsstoffen 
omzetten in bouwstoffen en energie voor de cel, die transporteiwitten vervolgens 
weer kunnen verplaatsen binnenin de cel en naar buiten.

Er zijn ook eiwitten die voor de structuur van de cel zorgen door het cytoskelet te 
vormen. Één bepaald type cytoskelet die van belang is voor de rest van dit verhaal 
is het actine cytoskelet. Het actine cytoskelet bestaat uit kleine eiwitbollen die 
samen weer lange vezels vormen. Deze vezels zorgen samen met andere type vezels 
voor de vorm van de cel, vandaar de naam het cytoskelet. Op deze vezels kunnen 
vervolgens de myosine eiwitten binden, die de vezels kunnen samentrekken en zo 
kracht kunnen uitoefenen op de eiwitstructuren waaraan het actine verbonden is. 
Dit gebeurt bijvoorbeeld ook tijdens contractie van je spieren. Omdat deze eiwitten 
dit werk samen verrichten wordt dit eiwit-cytoskelet complex ook wel actomyosine 
genoemd.

Zoals eerder vermeld, kunnen cellen fysiek met hun omgeving een interactie aangaan 
via cel adhesie. Wanneer ze met naburige cellen contacten vormen gebruiken 
ze speciale verbindingseiwitten, de cadherine eiwitten, die aanwezig zijn op hun 
celmembraan. Deze maken een verbinding via hun extracellulaire domein (het deel 
wat uit het celmembraan steekt) met andere cadherine eiwitten op een naburige cel, 
wat resulteert in een eiwitstructuur die Adherens Junctions heten. Deze structuren 
zijn nauw verbonden en zorgen dus voor een dichtgeplakte laag cellen. Cadherine 
eiwitten hebben ook nog een staart die in de binnenkant van de cel steekt, ofwel het 
intracellulaire deel. Hieraan kunnen weer andere eiwitten binden, waaronder p120-
catenine, β-catenine en α-catenine. Vooral het eiwit α-catenine is belangrijk, want 
die vormt de connectie tussen de cadherine eiwitten en het actomyosine cytoskelet. 
Uiteindelijk zorgen de cadherine eiwitcomplexen er dus voor dat de cytoskeletten 
van cellen direct met elkaar verbonden zijn. Als een cel een actomyosine contractie 
ondergaat, zal deze kracht ook meteen worden doorgegeven naar cel adhesie 
contacten, en vervolgens ook naar naburige verbonden cellen. Hierdoor vormt zich 
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een netwerk waarin krachten over gehele weefsels kunnen worden doorgegeven. De 
organisatie van het actomyosine cytoskelet bepaalt dus de vorm van een cel, maar 
daardoor dus ook de vorm van weefsels en organen. Vooral tijdens de ontwikkeling 
van een organisme, waarin alle weefsels en organen nog gevormd moeten worden, 
spelen gecoördineerde actomyosine contracties die gekoppeld zijn aan cel adhesie 
complexen een belangrijke rol. 

Cel adhesie eiwitcomplexen geven niet alleen krachten door maar bevatten ook 
nog de capaciteit om veranderingen in krachten te voelen, en vervolgens specifieke 
biologische signalen door te sturen binnenin de cel om proportioneel op deze 
krachten te reageren. Dit proces heet mechanotransductie, en is vergelijkbaar met 
de situatie die hierboven beschreven is voor hormonen, maar waarvan de input 
mechanische krachten zijn in plaats van chemische stoffen of biomoleculen. Een 
van de reacties als er verhoogde krachten op cadherine complexen komt te staan 
is bijvoorbeeld het versterken van de adhesie. Dit is bijvoorbeeld belangrijk voor 
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de cel-cel contacten van de cellen die de bloedvaten vormen, aangezien deze hoge 
spanning voelen door de bloeddruk maar tegelijkertijd hun adhesies niet mogen 
verbreken.

In cadherine cel-cel contacten wordt mechanotransductie gereguleerd door 
de eiwitten α-catenine en vinculine. Zoals eerder gezegd vormt α-catenine de 
verbinding tussen de cadherines en actine. Als er met een verhoogde kracht aan 
de adhesie wordt getrokken, ofwel via cadherines aan de buitenkant van de cel, 
ofwel door actomyosine contractie aan de binnenkant, wordt α-catenine als het 
ware opengevouwen. Hierdoor komen er nieuwe eiwitdomeinen beschikbaar 
op α-catenine waar andere eiwitten aan kunnen binden. Een van die eiwitten is 
vinculine. Hoe vinculine uiteindelijk zorgt voor versteviging van de cel adhesie is 
niet helemaal duidelijk, maar voorgaand onderzoek uit ons lab heeft aangetoond 
dat wanneer de translocatie van vinculine naar α-catenine wordt geblokkerd, er 
geen versteviging van de adhesie meer optreedt. Het kracht-geïnduceerde binden 
van vinculine aan α-catenine is dus de spil van cadherine mechanotransductie, en is 
ook het proces waar het onderzoek van dit proefschrift op gefocust is. 

Hoofdstuk 2 – Overlappende en unieke mechanostransductiemechanismen in 
adhesiecomplexen
Behalve adhesie tussen cellen onderling, kunnen cellen ook fysieke interacties 
aangaan met de extracellulaire matrix, een mix van veelal vezelachtige 
eiwitstructuren die zich buiten de cel bevindt. Afhankelijk van de type cellen 
die de matrix aanmaken kan de samenstelling sterk variëren. De extracellulaire 
matrix geeft ook structuur, kan een bepaalde stijfheid hebben, en is een belangrijk 
bestandsdeel van bindweefsel. De cel kan net zoals bij cel-cel contacten via speciale 
adhesie eiwitten, de integrines, de extracellulaire matrix binden. 

Ook integrine complexen staan in verbinding met het actine cytoskelet, en kunnen 
ook krachten voelen en erop reageren. Wat interessant is, is dat ook bij integrine 
complexen vinculine een mechanotransductie rol vervult. Het lijkt er dus steeds 
meer op dat hoewel cel-cel adhesies en cel-extracellulaire matrix adhesies duidelijk 
unieke structuren zijn, ze ook in een bepaalde mate dezelfde principes en dezelfde 
eiwitten gebruiken voor hun mechanotransductiemechanismen. In dit hoofdstuk 
analyzeren we de recente literatuur over de overlappende en juist unieke aspecten 
van mechanotransductie tussen cadherine en integrine adhesie complexen. 
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Hoofdstuk 3 - Mechanotransductie via αE-catenin is belangrijk voor de formatie 
van het lichaam tijdens de vroege ontwikkeling van de zebravisembryo
Voorgaand onderzoek met cellen uit de celkweek heeft aangetoond dat 
mechanotransductie van cadherine complexen via α-catenine en vinculine, 
belangrijk is voor het verstevigen van cel-cel adhesies, en voor de dynamiek van het 
maken en verbreken van cel-cel contacten. Of dit mechanisme ook daadwerkelijk 
belangrijk zou kunnen zijn voor de ontwikkeling van een levend organisme was 
tot nu toe niet bekend. Om dit uit te zoeken hebben we gebruik gemaakt van het 
zebravis modelorganisme, wat een mooi organisme is om de dynamiek van cel-cel 
contacten tijdens de embryonale ontwikkeling te bestuderen met de microscoop. 

Als eerst hebben we het gen voor α-catenine uitgeschakeld door middel van de 
nieuwste genetische manipulatie technieken. De resulterende mutante zebravis 
embryo’s kunnen niet overleven tijdens de vroege ontwikkeling omdat ze geen 
goede functionele cel-cel adhesies meer kunnen maken, waardoor op een 
gegeven moment de embryo uit elkaar valt. We kunnen deze mutanten redden 
door vervolgens α-catenine weer terug te zetten. Als we echter een versie van 
α-catenine terugzetten die het mechanosensitieve vinculine domein mist, en we 
dus zo het mechanotransductiemechanisme uitschakelen, zien we dat de mutante 
α-catenine embryos niet meer kapot gaan, maar dat ze wel defecten vertonen 
tijdens de ontwikkeling. Een van deze defecten is dat het lichaam van deze vissen 
een stuk kleiner en breder is. Dit komt waarschijnlijk omdat de cellen die normaal 
het lichaamsplan vormen, elkaar niet meer goed kunnen voelen tijdens hun 
migratie naar de juiste plek in het lichaam. Hiermee tonen we voor het eerst aan 
dat cadherine mechanotransductie belangrijk is voor de correcte coördinatie tussen 
cellen om een normale embryonale ontwikkeling door te gaan. 

Hoofdstuk 4 – Verlies van vinculine is lethaal voor zebravissen na de embryonale 
ontwikkeling
In dit hoofdstuk hebben we ook de rol van vinculine tijdens zebravis ontwikkeling 
onderzocht. We zijn erachter gekomen dat het zebravis genoom (het volledige 
DNA) twee vinculine genen bevat: vinculine A en vinculine B. Na de genen op DNA 
en aminozuur sequentie niveau beter te hebben bekeken, zien we dat deze twee 
eiwitten evolutionair erg geconserveerd zijn. Dit betekent dat de structuur van deze 
eiwitten niet veel verschilt van elkaar, maar ook niet ten opzichte van vinculine in 
andere organismen zoals de muis en de mens. Dit zijn de vinculine versies waar wij 
het meest bekend mee zijn in de celkweek. Ook de meeste belangrijke functionele 
domeinen in deze zebravis vinculine eiwitten zijn bijna helemaal gelijk aan muis/
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mens vinculine, wat erop duidt dat ook de functie van vinculine in zebravis 
geconserveerd is. 

Door middel van genetische manpulatie hebben we vervolgens deze vinculine 
genen één voor één uitgeschakeld. De mutanten waarvan slechts één vinculine 
gen is uitgeschakeld lijken geen defecten tijdens de ontwikkeling te vertonen, wat 
erop duidt dat beide vinculine genen elkaar kunnen vervangen als er één mist. Ook 
de mutante embryo’s waarin beide vinculine genen uitgeschakeld zijn, vertonen 
geen defecten tijdens de ontwikkeling. Echter als wij deze mutante embryo’s laten 
opgroeien, blijken we geen volwassen mutante embryos te vinden, wat suggereert 
dat deze dood zijn gegaan na de embryonale ontwikkeling. Deze resultaten duiden 
erop dat vinculine mogelijk niet belangrijk is tijdens de embryonale ontwikkeling, 
maar wel essentieel is voor de homeostase (evenwicht van het interne mileu) van 
volwassen zebravissen. Waarom dit zo is zou in een vervolgonderzoek moeten 
worden onderzocht. 

Hoofdstuk 5 – Veranderingen in de krachtwerking op E-Cadherine volgt 
veranderingen in de totale intercellulaire krachtwerking tijdens het hervormen 
van cel-cel contacten
Hoewel we steeds beter weten hoe krachten op cel-cel adhesies via het 
E-Cadherine complex, een van de primaire cadherine eiwitten, kunnen leiden 
tot mechanotransductie, is het nog niet goed gekarakteriseerd wanneer en 
waar precies deze krachten aangrijpen. Ook zijn E-Cadherines niet de enige 
eiwitcomplexen die aanwezig zijn in cel-cel adhesies, hoewel ze waarschijnlijk wel 
een van de belangrijkste zijn in het vormen van cel-cel contacten. Om een betere 
inzicht te krijgen in de hoeveelheid kracht die aangrijpt op cel-cel adhesies en 
op E-Cadherines, hebben we de krachten op cel-cel contacten gemeten via twee 
onafhankelijke verschillende methoden en met elkaar vergeleken.

Met een zogenaamde FRET biosensor hebben we de krachten kunnen meten op 
E-Cadherin moleculen. Deze biosensor gedraagt zich als een soort veer waarvan we 
de hoeveelheid kracht die erop staat kunnen uitlezen via microscopie. Daarnaast 
hebben we ook de totale intercellulaire krachten gemeten met een andere 
speciale microscopische techniek genaamd Monolayer Stress Microscopy. Deze 
technieken hebben we vervolgens toegepast op epitheliale cellen in celkweek. De 
cellen hebben we ook nog gestimuleerd met de groeifactor HGF. Hierdoor gaan 
de cellen hun contacten afbreken en opnieuw vormen. Op deze manier kunnen 
we fluctuaties in de krachten die op de cel-cel contacten werken, opwekken. Zo 
hebben we gevonden dat de hoeveelheid kracht die op E-Cadherin aangrijpt niet 



173

Nederlandse Samenvatting

correleert met de hoeveelheid totale intercellulaire kracht. Echter kunnen we wel 
een sterke correlatie vinden tussen de veranderingen in de kracht op E-Cadherin, en 
veranderingen in de totale intercellulaire kracht. Dit geeft aan dat er op E-Cadherin 
inderdaad veel krachtwerking aanwezig is, dat E-Cadherin de capaciteit heeft 
om veranderingen in die kracht te meten, en dus in de ideale positie zit om de 
signalen die moeten optreden als respons naar veranderingen in krachtwerking, te 
verwerken.

Conclusie

In dit proefschrift hebben we getracht te onderzoeken wat het belang is van cadherine 
mechanotransductie via α-catenine en vinculine, voor de ontwikkeling van een 
levend wezen. Hierbij is duidelijk naar voren gekomen dat het mechanosensitieve 
domein in α-catenin wat vinculin bindt, nodig is voor de cellulaire organisatie van 
een zebravis embryo. Hiermee tonen we voor het eerst aan dat het cadherine 
mechanotransductie mechanisme essentieel is voor de ontwikkeling van een 
levend wezen. Wat de exacte rol van vinculin is in dit proces is nog onduidelijk, 
maar we hebben wel mutante zebravis lijnen opgezet die gebruikt kunnen worden 
in vervolgonderzoek naar de mogelijke functies van vinculine. Daarnaast hebben 
we de werking van de E-Cadherin FRET biosensor uitvoerig gekarakteriseerd, en we 
hebben de basis gelegd voor het gebruik van deze sensor om krachten te meten op 
cel-cel adhesies tijdens de embryonale ontwikkeling van de zebravis.
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De meeste mensen die me kennen zullen vast wel weten dat ik niet per se heel veel 
zin had om aan deze sectie te beginnen omdat ik simpelweg niet al te best met 
woorden ben. Ik heb dan ook vaak overwogen om hier gewoon alleen het volgende 
neer te zetten: 

Bedankt iedereen, collega’s, vrienden en familie, die me de afgelopen jaren op de 
een of andere manier heeft geholpen om door deze leuke, zware, vermoeiende, 
insprirerende, nerveuze, plezier makende, hartverwarmende, stressvolle, soms 
uitzichtloze, soms onnavolgbaar snelle, horizon verbredende, moeite uit mijn bed 
komende, niet willen stoppen want ik verwacht coole resultaten hebbende, op de 
microscoop vloekende, maar bovenal ongelofelijk voldoening gevende periode 
heen te komen. 

Toch wil ik graag nog wat mensen in het speciaal bedanken, niet omdat het moet of 
hoort, maar vooral omdat ze het verdienen.

Allereerst Johan, bedankt dat je me de kans hebt gegeven om al het bovenstaande 
te ervaren. Zonder jou had ik het echt niet gehaald. Hoewel je me niet altijd direct 
kon helpen met mijn vis experimenten stond je wel altijd klaar met goede ideeen 
en advies. Ook je veelal positieve kijk op sommige van mijn resultaten die ik zelf half 
afgeschreven had, heb ik erg gewaardeerd. Waar ik ook terecht kom, ik hoop dat ik 
daar minstens net zo’n fijne mentor zal vinden zoals jij bent geweest de afgelopen 
jaren.

De rest van de De Rooij groep. Gerard, ook zonder jou had ik het nooit gered. 
Niet omdat ik je competente cellen nodig had, of omdat je de microscoop weer 
voor mij moest fixen, maar vooral ook door je nuchtere doch soms wat zweverige 
levensadviezen. Ik zal je bekende lach en fleurige bloesjes missen, dus laten we 
vooral nog vaak spelletjesavonden houden. Joppe, hoewel ik het niet altijd met je 
eens was kon ik je uitgesproken mening toch wel vaak waarderen. Daarnaast kon 
ik ten minste op je bouwen om samen uit te kijken naar een nieuwe Fallout of 
Witcher terwijl we de snoeppot leegvraten die je net had gevuld. Je was ook een 
fijne kamergenoot op retraites want je sliep ten minste door mijn gesnurk heen, 
iets waar sommige anderen wat meer last van hadden, hé Gerard? Emma, je liet 
me altijd een beetje schuldig voelen omdat je steeds weer leuke afspraken had 
na werk, zoals lekker dansen of muziek maken, terwijl ik weer de zoveelste serie 
op de bank zat te kijken. Bedankt dat je me hebt laten realiseren dat er na werk 
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ook genoeg te beleven valt. Ook je enorme toewijding, ofwel op programmeervlak, 
danwel op persoonlijk vlak, is iets om naar te streven. Floor, ik was altijd jaloers op je 
goede organisatie en netheid. Op jouw muzieksmaak en kieskeurige smaakpapillen 
misschien wat minder. Sander en Stefan, ik heb jullie niet superlang meegemaakt 
maar jullie waren ongelofelijk behulpzaam met jullie kennis toen ik net aan het 
opstarten was. Quint en Iris, bedankt voor de fundamenten van het de Rooij lab die 
jullie hebben neergelegd. Esteban, I tried to finish what you started. Hope you like 
it. 

De verhuizing van het Hubrecht naar het UMCU vond ik eerst vrij lastig maar gelukkig 
werden we warm onthaald. Allereerst, Hans bedankt dat je ons de mogelijkheid 
hebt gegeven om in een stimulerende omgeving verder te werken. Bos en ex-Bos 
mensen, Lucas, Marjolein, Suzanne, Fried, Holger en WJ, bedankt dat jullie ons 
hebben geholpen onze draai te vinden. Fried, bedankt voor de goede adviezen. WJ, 
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het echte mechanowerk. De Snipperts, Hugo, Koen, Jasmin, Lotte, Bas, Rene, Carla 
en Ingrid. Jullie feedback tijdens onze woensdag workmeeting was altijd waardevol. 
Met name Bas, bedankt voor al je hulp met het FRETTEN en Fiji perikelen. Koen, ik 
zal onze hele foute lachbui nooit vergeten. Martijn en Lisa, jullie zijn er nog maar 
net maar het was enorm fijn om collega’s te hebben die aan hetzelfde werken. Lisa, 
je bent een aanwinst voor onze kamer geweest. Hopelijk kan je het goed uithouden 
met Gerard.

Ook de rest van de derde verdieping. Burgering, Dansen, Kalkhoven en Van Mil 
labs, de vrijdagmiddag crew Marten, Maria, Loes, Sasha, Sabina, Maaike, Harm-Jan, 
Tobias, Boudewijn en anderen. De vrijdagmiddagborrels en aansuitende dineruitjes 
hebben me zeker het afgelopen jaar, waarin het toch zwaarder werd, de nodige 
afleiding gegeven. Marten, bedankt voor de blunt maar eerlijke wind in de afdeling. 
Jij ook nog succes met de eindsprint. Keep the metal alive.

Marianne en Cristina, zonder jullie zou de afdeling een zooitje ongeregeld zijn. Cheuk, 
Marjoleine, Marcel, Huub, de heren van de IT, bedankt dat al het ondersteunend 
werk op rolletjes verliep.

My ex-students, Froso, Nicola and Esther. Chapter 5 wouldn’t exist without your 
efforts.

Mensen van het Hubrecht, jullie hebben me een fijne eerste twee jaar bezorgd. 
Alex, we hebben dan niet altijd tijd, onze poolavonden waren altijd chill om werk 
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even los te laten. De Bakkers group, thanks for helping me out with all my fishy 
business. Jeroen, bedankt voor de nodige input en voor je toestemming om je 
groep lastig te vallen wanneer ik het nodig had. Fabian and Silja, thanks for all your 
help. Melanie, bedankt dat ik je bench altijd kon gebruiken. Sonja, bedankt voor 
je hulp met reagents en protocollen. Laurence, thanks for doing those nice in situs 
for me. Emily, thanks for helping me start up all the fish work. I couldn’ t have done 
it without your help. Ewart, bedankt voor het helpen met alle TALEN constructen. 
Ook de Van Rheenen groep. Bedankt voor jullie input toen we nog op het Hubrecht 
zaten. Mensen van de visfaciliteit: Luuk, Rob, Bert, Erma en Mark. Bedankt voor al 
jullie zorg maar ook de gezellige sfeer in de aquaria. 

All the people in the Trepat lab in Barcelona. Thanks for helping me get into the 
hardcore physics part of mechanobiology. I learned a lot when I was there. Xavi 
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analysis. I gained not only a great collaborator, but more importantly, a great friend. 
Let’s philosophize about life many times more in the future. 

Mark, Vincent en Bas. De muzieksessies en optredens tussen het werk door zijn van 
onschatbare waarde. Laten we vooral zo doorgaan. Bas, bedankt voor het opnemen 
van Mark en mij in Stoelendans. Het is altijd gaaf om met jullie te spelen. Vince, 
je enorme drive voor alles wat je doet is altijd enorm inspirerend. Ik hoop dat ik 
daarvan ook wat heb meegepikt. Mark, buddy het is altijd fijn om iemand te hebben 
die precies weet wat ik allemaal meemaak, zowel het goede als het slechte. Jij ook 
nog veel succes met je laatste loodjes. 

De Amstelveen crew, Glenn, Rens, Johan, Marnix, Erik, Paul en Shelley. Op werk mag 
ik dan wel de meest uitdagende dingen doen, op de een of andere manier blijf ik 
maar verliezen van jullie. Gelukkig haal ik net zoveel plezier uit het spelen van onze 
spelletjes zelf, als uit het sporadisch winnen. Ik ben dankbaar dat ik altijd even mijn 
frustraties kon uiten en dat jullie voor me klaar stonden. 
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Simone, bedankt voor je begrip dat ik niet altijd met mijn hoofd erbij ben. Bedankt 
dat je altijd door wind en weer toch weer naar mij toe komt. Het is altijd enorm 
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