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Abstract 
 
Metazoan development relies on the formation and remodeling of cell-cell contacts. The 

binding of adhesion receptors and remodeling of the actomyosin cell cortex at cell-cell 

interaction sites have been implicated in cell-cell contact formation. Yet, how these two 

processes functionally interact to drive cell-cell contact expansion and strengthening 

remains unclear. Here, we study how primary germ layer progenitor cells from zebrafish 

bind to supported lipid bilayers (SLB) functionalized with E-cadherin ectodomains as an 

assay system for monitoring cell-cell contact formation at high spatiotemporal resolution. 

We show that cell-cell contact formation represents a two-tiered process: E-cadherin-

mediated downregulation of the small GTPase RhoA at the forming contact leads to both 

depletion of Myosin-2 and decrease of F-actin. This is followed by centrifugal actin 

network flows at the contact triggered by a sharp gradient of Myosin-2 at the rim of the 

contact zone, with Myosin-2 displaying higher cortical localization outside than inside of 

the contact. These centrifugal cortical actin flows, in turn, not only further dilute the actin 

network at the contact disc, but also lead to an accumulation of both F-actin and E-

cadherin at the contact rim. Eventually, this combination of actomyosin downregulation 

and flows at the contact contribute to the characteristic molecular organization implicated 

in contact formation and maintenance: depletion of cortical actomyosin at the contact disc, 

driving contact expansion by lowering interfacial tension at the contact, and accumulation 

of both E-cadherin and F-actin at the contact rim, mechanically linking the contractile 

cortices of the adhering cells. Thus, using a biomimetic assay, we exemplify how 

adhesion signaling and cell mechanics function together to modulate the spatial 

organization of cell-cell contacts. 
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1. Introduction 

1.1 Cell-cell adhesion 

1.1.1 Multicellularity  
A necessity for multicellular life is keeping cells together. Multicellularity has evolved 
several times across the tree of life through different mechanisms1. In cell-walled 
organisms such as plants, multicellularity is achieved by modifying the last step of 
cytokinesis so that the two daughter cells do not separate their interface after division. 
For metazoa, the supporting cell wall does not exist; therefore cell-cell adhesion is 
dependent on developing a glue for a single cell to stick to others.  
 

Through multicellularity animals develop specific tissues with intercellular communication, 
which coordinate behavior to divide tasks, and run a developmental bauplan. Yet, 
examples of differentiation and tissue morphologies predate metazoa. Some hypothesize 
that in colonies of unicellular cells, which show self-aggregation dynamics, based on 
environmental cues patterns of two cell types can form; such as dividing inner layer and 
motile outer layer cell groups2, similar to structures formed in a blastula. The closest living 
relatives of animals, choanoflagellates go through single cell and multicellular colony 
forms through their life cycle. In the colony that forms by divisions of a single cell, cells 
differentiate to perform different mechanistic functions such as feeding or swimming3. 
Choanoflagellates show multicellular reactions such as activating actomyosin-mediated 
apical cell contractility in the polarized colony in response to light4. Another protozoan at 
the border of unicellular to multicellular switch, slime mould Dictyostelium discoideum, 
when it is starved, forms aggregates with differential cellular functions which can 
collectively migrate5. These observations show that tissue-like mechanics, which mimic 
processes shaping the developing embryo, emerge with increased cell-cell adhesion.
 

https://www.zotero.org/google-docs/?VzIRNX
https://www.zotero.org/google-docs/?shc0PS
https://www.zotero.org/google-docs/?Z8rcWj
https://www.zotero.org/google-docs/?48SRdG
https://www.zotero.org/google-docs/?8SxrrR
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Figure 1. Cell sorting in ectoderm-mesoderm aggregates. Mixed aggregates are made 

from progenitor cells dissociated from ectoderm- and mesoderm-induced zebrafish 
embryos are left to develop in hanging drops (a). Microscopy images at 0 hours (b) and 

after 17 hours (c) in cultures. Figure adapted from6. 
 
In principle, even weak electrostatic interactions due to the charge of the cell membrane 
lipids could account for some aggregation between cells7. Another contributing factor that 
is not well-studied is glycans; though glycocalyx is usually seen as a bulk repulsive layer 
between cells due to its overall negative charge, some carbohydrates on cell surface can 
make adhesion bonds as strong as some adhesion proteins via Van der Waals bonds 
thanks to their multivalent character8. Even early mouse embryo compaction was shown 
to depend on carbohydrate interactions9. Yet, cells often require stronger, and more 
importantly specific attachments letting them recognize similar cells from foreign cells. In 
a complex tissue, differential adhesion brings distinct aggregates of cells together, driving 
pattern formation (Fig. 1), a phenomenon often seen in developing embryos. Immune 
cells recognize other immune cells through their surface receptors to show a selective 
immune response against foreign antigens. Hundreds of proteins coat the cell surface 
and many of them participate in cell-cell adhesion to mediate this recognition and 
downstream communication. Specification and diversity of adhesion molecules allow 
animal cells to control cell-cell adhesion in space and time, leading to changes in cell fate 
and mechanics, as extracellular domains of adhesion receptors are often only the tip of 
the iceberg. 

https://www.zotero.org/google-docs/?HmRcYZ
https://www.zotero.org/google-docs/?wX6nx5
https://www.zotero.org/google-docs/?0WZllG
https://www.zotero.org/google-docs/?MfxkXx
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1.1.2 Intercellular adhesion proteins 
Adhesion receptors are estimated to comprise at least 5% of the human genome10. 
Cadherins (calcium-dependent adherent proteins) are the primary molecules that 
mediate homophilic cell-cell adhesion during morphogenesis and hold many epithelial 
and endothelial sheets of cells together in adult tissues11. Cadherins have conserved 
cytoplasmic domains that bind to adapter proteins catenins which link them to the actin 
cytoskeleton, therefore mechanically linking neighboring cell cortices (1.1.3). Cadherins 
predate metazoa; there are several cadherins in choanoflagellates, however their function 
does not seem to be cell-cell adhesion and the nature of their connection to cytoskeleton 
is not clear12,13. Yet, it is unsurprising that these proteins have been repurposed in 
metazoa to mediate cell-cell adhesion.  
The immunoglobulin superfamily (IgSF) is encoded by 765 human genes and contains 
immunoglobulin domains14. These surface receptors or soluble versions, such as 
antibodies, are mainly active in recognizing target cell antigens. Yet, members also 
include IgSF cell adhesion molecules (IgCAMs). For example, neural IgCAMs have been 
studied widely in neurodevelopment, functioning in axon guidance and synaptic junction 
formation. Another example is Nectins which were shown to be active at adherens 
junctions (cadherin-based adhesion domains mechanically linked to a circumferential 
actin belt in epithelial cells). Through Afadin adapter proteins, Nectins bind the actin 
cytoskeleton and the cadherin complex via interactions with alpha-catenin15,16. Recently 
more IgCAMs were found to be required for cell sorting, and their interactions with 
actomyosin were established and recent results strongly suggest they might be involved 
in mechanosensitivity of junctions17.   
   

https://www.zotero.org/google-docs/?fVB0zh
https://www.zotero.org/google-docs/?X2T3Ne
https://www.zotero.org/google-docs/?V8tp22
https://www.zotero.org/google-docs/?AQZgsO
https://www.zotero.org/google-docs/?5Zn0rg
https://www.zotero.org/google-docs/?AbT65D
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Figure 2. Cell adhesion molecules. Schematic representations of four major classes of 
cell adhesion molecules (a). Different types of cellular junctions in which these adhesion 

molecules are involved (b). Figure adapted from18. 
 

IgSF and integrins mediate the adhesion of T cells to antigen-presenting cells. T-cell 
receptors (TCRs) of the IgSF bind to antigenic peptides only when they are presented in 
a complex with another IgSF, major histocompatibility complex (MHC) proteins on the cell 
surface, which activate T-cells. LFA-1, a member of the integrin family, mediates the 
antigen-independent adhesion of T-cells to IgSF members ICAM-1 or ICAM-2 on the 
target cell19. This exemplifies that integrins that are known to mediate cell-matrix 
adhesions commonly can also bind other cell surface receptors. Integrins link to the actin 
cytoskeleton through their cytoplasmic tails, participate in outside-in signaling to organize 
actin cytoskeleton and mediate further signaling events20, similar to cadherins.  
 
One protein family that recognizes surface carbohydrates, including ones on 
glycoproteins, to mediate adhesion are cell surface lectins: selectins. Selectin-
carbohydrate interactions are stronger than carbohydrate-carbohydrate interactions 
thanks to hydrogen bonds present. Selectins are heavily studied in the immune system 
context as leukocyte invasion into tissues occurs through an initial selectin-based 
adhesion which is followed by integrin activation downstream to selectins21. In a similar 
invasion mechanism, selectins also mediate the attachment of early mammalian embryos 
to the uterine wall22. 

https://www.zotero.org/google-docs/?TlBaWf
https://www.zotero.org/google-docs/?2cp8No
https://www.zotero.org/google-docs/?r7b91y
https://www.zotero.org/google-docs/?3mwMZ7
https://www.zotero.org/google-docs/?rdxtDl
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1.1.3 Cell-cell adhesion through cadherins 
In the following section, we discuss the stereotypical features of classical cadherin-
mediated cell-cell adhesion in animals, and remind the reader of related aspects of cell 
mechanics and topical terms, with a focus on how cadherins mediate processes affecting 
cell and tissue mechanics in a review paper.  
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1.2 Actin cytoskeleton in relation to the adhesion complex 

1.2.1 Structural, functional and dynamical variability at adhesion sites   
As discussed above, the previous description of cell-cell adhesion receptors as sticky 
surface proteins is evolving towards being a module of mechanochemical signal 
transduction. Even though cytoskeletal elements, microtubules and intermediate 
filaments are also involved with adhesion complexes at certain structures, such as in 
orientation of the spindles23,24 and desmosomes25, almost all adhesion modules are 
supported by actin. The actomyosin cytoskeleton provides the base that is required for 
adhesions with substrates or other cells to form, and it can cause conformational changes 
through force in adhesion molecules changing their force-bearing capability and 
architecture of adhesion sites. While it is itself modulated by regulatory proteins in 
adhesion complexes and mechanical signals sensed from outside of the cells, it can also 
affect the properties such as stability of adhesion sites inside-out.   
 
At integrin-based contacts of migratory cells, nascent and mature adhesion sites differ in 
structure. At the more peripheral lamellipodia where Myosin-2 activity is low, nascent 
adhesion sites form and disassemble while mature focal adhesions are more commonly 
found in lamellum, the inner domain, where there is Myosin-2 and tropomyosin activity. 
Interestingly, only the crosslinking but not motor activity of Myosin-2 is required to 
transform a nascent adhesion site into a mature adhesion site26. In both these regions, 
super-resolution studies revealed individual clusters ~100 ± 20 nm in size as functional 
modules, independent of ligand density and substrate rigidity27. At nascent adhesions in 
lamellipodia, Arp2/3-enriched and less dense branched actin is found, whereas at mature 
adhesions actin network thickens and forms linear actin bundles stratified with alpha-
actinin, centripetal arcs. This suggests that mature adhesion sites might be signaling hubs 
where its associated proteins are brought together in a dense environment through actin. 
Yet, as recent studies show that passive crosslinkers might provide contractile forces to 
the actin network28, further studies are needed to check whether Myosin-2 motor activity 
independence of mature adhesions corresponds to no difference in force profiles of these 
distinct adhesion sites or not. Similar to cadherins, integrin adhesion complexes respond 
to force. Actomyosin-based recruitment of vinculin to the linker protein talin induces active 
integrin clustering and increases its residency time, maturing focal adhesions29. Vinculin 
itself also binds actin, which contributes to the dense protein plaque formed at integrin 
adhesion sites and likely to stabilization of actin. The turnover of integrins in mature 
adhesions has a halftime of ~ 3 minutes, which is faster than that of the full adhesion site, 
yet is faster than other components of the adhesion; vinculin having a halftime of ~ 20 
seconds and talin ~ 2 minutes27. About one-third of integrin at a focal adhesion is 
immobilized while the rest goes into temporary cycles of diffusion and immobilization with 
exchanges between the adhesion site and the free membrane30.   
 
At immune synapses, several regions of different actin organizations exist. Distal 
supramolecular activation cluster (dSMAC) consists of an Arp2/3 generated dendritic 
network at the outer one-third of the contact, and is analogous to lamellipodial actin 

https://www.zotero.org/google-docs/?ABjfda
https://www.zotero.org/google-docs/?kDvG2P
https://www.zotero.org/google-docs/?EUDUSq
https://www.zotero.org/google-docs/?5zX5EJ
https://www.zotero.org/google-docs/?V4ly4T
https://www.zotero.org/google-docs/?rEwCb6
https://www.zotero.org/google-docs/?cdIl1e
https://www.zotero.org/google-docs/?KZbOWm
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network of migratory cells. This network disassembles at the peripheral SMAC (pSMAC) 
boundary,where actomyosin that is formin generated forms concentric arcs, analogous to 
lamella, surrounding the central SMAC (cSMAC). pSMAC also disassembles at the 
cSMAC boundary. There also exists Arp2/3-dependent actin foci within pSMAC and 
dSMAC, some of which colocalize with TCRs however their exact function is not known. 
The cSMAC consists of a sparse actin network of both straight and branched filaments. 
Its nucleators have not been clearly described; both Arp2/3 and formins have been 
indicated through indirect experiments and simulations31. The function of this region in 
natural killer cells is mainly secretion of lytic granules to a target cell, and therefore the 
actin network mesh size is thought to regulate the size-dependent secretion of granules, 
as upon synaptic activation actin network gets less dense32,33, yet the mechanism driving 
this actin remodeling is not discovered so far. Interestingly, Myosin-2 inhibition does not 
change the overall structure of the immune synapse, yet it increases the network density 
at cSMAC and reduces exocytosis. Myosin-2 was also found to be not only at the contact 
site but also above, as the T cell's equatorial plane seemed to align with the peripheral to 
central F-actin boundaries at the contact site34. There is a partition of proteins in the 
immune synapse in correlation with changes in actin architecture. For instance, the main 
integrin at immune synapses LFA1 is found mainly at pSMAC, where actomyosin force is 
highest; providing an analogy to nascent adhesions at dSMAC and mature adhesions at 
pSMAC. As for why integrins do not get transported to the cSMAC, LFA1-ICAM1 pairs 
have been found to be excluded due to their bulky size in comparison to TCR-MHC 
interactions which brings two membranes closer at the cSMAC35. 
 
In traditional electron microscopy studies two groups of adherens junctions were defined; 
linear adherens junctions that form at the apex of lateral membranes in epithelia that 
associate with an actomyosin ring along the cell circumference and reach microscales 
and punctate adherens junctions that are smaller and more mobile adhesion points 
observed mainly in mesenchymal cell-cell contacts. Super-resolution studies revealed 
that adhesion sites form as assemblies of nanoclusters36,37. The size distribution of these 
nanoclusters is quite broad in Drosophila epithelial tissues, and it is actin-dependent. 
Actin network interactions decrease fission rates of small clusters36. Multimers of 
cadherins do not bind actin while nanoclusters do. Stable nanoclusters, forming in an 
actomyosin contractility-dependent manner, act as building blocks for mature adhesion 
sites38. The F-actin interaction makes the clusters more stable as seen by increased 
lifetimes when the cadherin cytoplasmic domain is mutated into an actin-binding 
domain39, and the actin network binding these nanoclusters is also more stable while the 
surrounding actin network is contractile and turns over rapidly40, these observations could 
be explained by both inside-out and outside-in interactions between cadherin complex 
and actomyosin, influencing each other’s stability. 
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Figure 3. Characteristic architectures of various actin-adhesion complex structures. At 
contacts of migratory cells with ECM, nascent adhesions emerge within the lamellipodia 
with dendritic actin network, which are precursors of larger focal adhesion sites that are 
associated with myosin decorated actin bundles (a). Schematic of four actin networks at 

the immune synapse is given above. An example of a synapse where networks are 
sharply seen and symmetric is given below; the loose network at the cSMAC that is 
mostly overlooked is evident with the actin marker Ftractin (b). Schematics of three 

possible cadherin-adhesion sites in epithelial cells. Actin filaments run parallel subapical 
at high-tension linear AJs, actin filaments perpendicularly terminate at punctate AJs, 

and lateral contacts below linear AJs provide less specialized contacts, which might be 
more similar to early embryonic contacts (c). ECM: extracellular matrix, SMAC: 

supramolecular activation cluster, cSMAC: central SMAC, dSMAC: distal SMAC, 
pSMAC: peripheral SMAC, AJ: adherens junctions, ZA: zonula adherens, VCL: vinculin. 

Figure adapted from35,41,42. 
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Cadherin junction dynamics is less defined as results seem to differ with cell type as well 
as the measurement method. In pancreatic cells, within clusters of E-cadherin, around 
half were found to be mobile as free E-cadherin diffused into clusters while the rest was 
immobile. Recovery time for E-cadherin in this model’s mobile fractions of adhesive 
clusters changed from 10 to 40 seconds. FRAP experiments of differing bleached areas 
showed that the recovery time within clusters was mainly limited by molecular turnover, 
whereas for freely diffusing cadherin on the surface, which lacked actin interactions, this 
rate was determined by lateral diffusion37, showing that actin interactions affect E-
cadherin lifetime. This could be attributed to the force-responsive behavior of E-cadherin 
under increased actomyosin tension at cell-cell interfaces43,44. The cadherin turnover 
depends on the dynamics of junctional actin, as the turnover of actin was recently shown 
to affect E-cadherin stability independent of actomyosin tension45–47. Another set of FRAP 
and single molecule tracking data, by contrast, showed that nearly all of cadherin in 
junctions could be replaced in a maximum of 2 minutes, with average lifetimes in order of 
seconds, while the overall morphology of adherens junctions could appear 
unchanged46,48. This proves that further studies are required to understand the dynamics 
of cadherin clusters, and importantly, the dynamics should be studied within defined 
structures to link function and stability. 
 
As for actin dynamics, in the free cell cortex, two subpopulations were observed. One 
subpopulation with a lifetime of less than 1 second forms most of the cortex as short 
filaments, while the second population has a lifetime of around 25 seconds49. Turnover of 
actin is essential to maintain the force balance of adhesion50, yet actin turnover is 
significantly slower under cadherin clusters. At murine cell doublets with E-cadherin 
expression, FRAP experiments show actin to recover in ~30 seconds, this recovery time 
decreases when E-cadherin levels at junctions decrease. When resolved spatially more, 
punctate adherens junctions were shown to consist of a bundled F-actin stalk and a tip 
interacting with cadherin clusters; actin turnovers were shown to differ at the stalk (~50 
seconds) and the tip (~20 seconds)51,52. Out of cadherin-associated contacts, the turnover 
was faster (~10 seconds). Remarkably, when changing E-cadherin lifetime using 
mutants, authors in this study52 also observed changes in actin lifetime, proving outside-
in effects on the cytoskeleton, suggesting that at contacts the dynamics of one cell can 
be translated to the neighboring cells. The molecular architecture of the actin network at 
most cadherin-mediated contacts is not understood well enough to have such 
comparative analysis as in this study. F-actin is thought to form an Arp2/3-mediated 
network in adherens junctions53, but in some studies, junctions are depleted of Arp2/354,55. 
In MDCK cells, FRAP experiments showed that actin recovers in seconds, similar to 
lamellipodial branched actin56, while other studies report a half-life of minimum one 
minute40,57. Formins were found to localize to contacts, promoting actin cable assemblies 
as well58 and VASP-promoted actin bundle formation59. In short, actin organization differs 
significantly, possibly at different contacts as and stages of adhesion formation.      

1.2.2 Cortical flows at adhesion sites 
In a seminal paper, Bray and White predicted that the cortical flows of actin might act as 
the driving mechanism of cytokinesis, animal cell movements, antigen aggregation at the 
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immune synapse and more60. The treadmilling dynamics in the commonly polarized actin 
network, and more prominently, the active stresses, for instance, through motors, 
generates flows of actin61, which can translocate molecules and cells.  
 
During cell division, an actomyosin contractile ring performs the membrane constriction 
in animal cells62. Due to contraction at the cell equator or relaxation at the mitotic poles, 
a gradient of contractility results in fast actomyosin flows towards the contractile ring63. 
When labeled fluorescently, concanavalin A, a label for surface glycoproteins, was shown 
to translocate towards the cytokinetic ring, not necessarily colocalizing with F-actin 
there64. Caenorhabditis elegans embryos partition membrane-bound and freely-diffusing 
PAR proteins into anterior and posterior poles via passive advective transport (via a net 
global fluid flow) by the cortical flows65,66. Outer-leaflet GPI-anchored proteins were 
shown to nanocluster locally in CHO cells, where actomyosin asters formed at the inner-
leaflet of the cell membrane67. A recent study showed that the cell membrane moves in 
the direction of cortical flows at immune synapses, suggesting not only proteins directly 
linked to the cytoskeleton but associated proteins might be carried through passive 
interactions as well68. The flows of actin and membrane seem coupled, and long-range 
membrane flows alone seem unlikely as the cell membranes do not transmit flows for 
longer than a few micrometers69. The cortex and membrane are physically close to each 
other and highly crosslinked in many settings, which explains the coupled flows, including 
of transmembrane proteins70,71, especially where there is cell-substrate interaction; 
disturbance of it, such as when a cell is de-adhered from another cell or a substrate, 
results in the formation of blebs due to membrane ripping from the actin cortex. 
 
Integrin adhesion sites are often stationary, while the actin network above them shows 
retrograde flows due to polymerization at the front end of the cell and contractions at the 
rear end, the exact mechanism driving the substrate-dependent migration. This non-
correlation indicates slippages at the actin cortex-adhesion site linkage. Still, with no links 
in between, migration cannot occur (unless cells are in a confined environment where 
pressure gradients within the cell due to deformations drive the movement of the cell72). 
A clutch, where mechanical coupling between actin and extracellular matrix is provided 
under force, is thought to support the movement. As stretch-relaxation cycles of 4-16 
seconds were measured for talin73, this supports the idea that the clutch might be 
transient at a molecular level yet intact at a macro scale. The clutch results in actin flow 
velocities getting affected by the formation of adhesion sites as this interaction affects the 
effective friction. Nascent adhesions form in the presence of lamellipodial fast flows, yet 
within seconds these adhesion sites start maturing and reach the lamellum, where 
retrograde flow is slower74. This supports the idea that interactions with the adhesion sites 
slow the retrograde flow of actin. 
 
Similarly, at immune synapses, retrograde actin flows, which gradually decay towards the 
center, carry numerous receptors such as the TCR to form the cSMAC; actin flows slow 
down where the membrane receptors are artificially trapped, supporting a frictional model 
of TCR coupling to actin flow with slippages75. When clusters are enhanced, for instance 
via phase separation in case of LAT proteins, they can be carried for longer distances by 
actin flows as their frictional coupling gets enhanced76. TCR receptors' flow velocity 
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matches with actin flow velocities in corresponding regions of the immune synapse35. At 
pSMAC, TCRs do not directly bind actin arcs but instead get swept by them77, as they 
lose the effector protein Nck which links them to actin at dSMAC/pSMAC boundary. At 
dSMAC, actin moves quite fast, with ~6 µm/min velocity with a retrograde flow 
perpendicular to the cell edge. At pSMAC, actin flows are more telescopic and circular 
and flow with ~2 µm/min velocity. Within cSMAC that is less studied as it can only be 
observed with super-resolution techniques, unlike the dSMAC and pSMAC networks, no 
actin flows have been detected so far. 
 
At epithelia, changes in E-cadherin amounts were shown to be a driver of actomyosin 
flows, independent of the initial distribution of Myosin-2. This is exemplified in Drosophila 
epithelial cytokinesis, as dividing cell pulls on the neighboring cells during cytokinesis, 
their junctions elongate, resulting in a dilution of E-cadherin locally. This results in less 
effective friction at these ingressing junctions. Since whether an actomyosin gel will break 
symmetry depends on its contractility and the gel's properties, including its friction 
coefficient, actomyosin flows can theoretically appear without a contractility increase but 
with a physical cue, such as local elongation of a junction. Experiments indeed show 
actomyosin flows towards the neighboring cells from the ingression and a local 
actomyosin accumulation as a result78. The actomyosin pool at the junctions seems to be 
more stable than the medial pool at the apical surfaces of epithelia. Large-scale flows at 
medial pools are observed, for instance, towards vertical shrinking junctions The 
directions of flows in this setting were based on anchorage points at cell-cell junctions; 
the flows were directed towards higher E-cadherin-containing junctions as the amounts 
of E-cadherin at junctions pulsated79. Additional work is necessary to see if the first model 
applies to flows at medial junctions, as medial flows seem to precede junctional changes 
in E-cadherin amounts80.  
 
Cadherin and actomyosin flows can also be seen in a coupled fashion; so far, such 
observations have been made with retrograde flows. In migratory multicellular tissues and 
epithelia, only when a new contact was forming, VE-cadherin flows from basal to 
subapical sides of the cells, where one cell crawled under another one, were observed81. 
These flows were inhibited by Cytochalasin D, supporting actin involvement in the flows, 
and cadherins seemed to localize on actin fibers, also moved with similar velocities (~0.3 
µm/min), even though transient dissociations occurred. Myosin-2 did not show such 
localization but flows halted with Myosin-2 inhibition via Blebbistatin. Y-27632 did not 
have such a response, and as it is known to stop flows at actin arcs but not lamellipodia, 
this raises the question of whether an Arp2/3-dependent and not ROCK-dependent 
actomyosin network might be mediating the flows at lateral junctions. The cadherin flows 
in this study were suggested to facilitate the movement of cells under or over other cells. 
Similarly, a recent study showed that cortical retrograde flows in opposing directions at 
neighboring cells’ junction unfold alpha-catenin82 and enhance cis-clustering, even 
though cadherin flows were ~8 times slower than actin flows in this study. Authors 
observed adherens junctions to form only when actin-dependent flows mechanically 
activated the cadherin complex, yet the flows stopped when junctions matured. When 
cadherin interactions driving apical movement of clusters were dissected, trans-
dimerization was shown to increase cluster stability and stop cluster movements, while a 
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cytoplasmic tail mutant could make fast random movements while it turned over more 
rapidly than wild types39. An actin-binding site gave direction to cluster movements, given 
they could still turnover, and Latrunculin A treatment destabilized clusters, showing actin 
linkage is required and can control the direction of dynamic cadherin clusters apically. 
The reason actin and cadherin clusters move apically could be due to tension differences 
at the lateral interface. At the subapical zone where zonula adherens is, there is an 
actomyosin belt, yet below zonula adherens also an actomyosin cortex is visible57. Laser 
ablations show the whole lateral junction to have contractile forces; however they are 
higher at zonula adherens, which could explain the direction of the flow there. 
Interestingly, E-cadherin seemed to contribute to establishing these contractile force 
instabilities, as interfering with E-cadherin reduced oscillations of other membrane 
proteins. Cadherin clusters were also shown to move in a retrograde fashion at the lateral 
interfaces of collectively migrating cells, following the retrograde actin flows that appear 
during cell migration, and their stability impacted the polarity and speed of leader cells83. 
These studies with actin-mediated cadherin cluster migration indicate cadherin clusters 
to be essential for mediating coordination between migrating cells. Yet, it remains to be 
elucidated more clearly whether such movements might be necessary for adherens 
junction assembly and localization at a subcellular level.   

1.2.3 What kind of contacts are we looking at in the early zebrafish embryo?  
In a complex adult system, there are thousands of different tissues with specific function 
and shape. Nevertheless, cell-cell adhesion's molecular basis and regulation are not fully 
understood even in a more straightforward system of three cell layers, such as the 
gastrulating zebrafish embryo we study. To study cadherin-based adhesions, we use the 
zebrafish model in our lab, taking advantage of optically transparent embryos. The deep 
cells that form the embryo proper depend on cadherin-based adhesions, and the 
enveloping layer also carries tight junctions6,84. As a result, cdh1 knockdown or knock-
outs, for instance, results in a loss of cell adhesion in deep cells and halts tissue 
movements during gastrulation85. In the early stages of gastrulation, zebrafish embryos 
go through cell sorting as the ectoderm and mesendoderm cells differentiate and 
segregate from each other6. Zebrafish reach gastrulation only 6 hours post fertilization, 
and the different germ layer progenitors show differential contractility, as well as 
molecular differences starting with cadherins they express. Heterotypic adhesions are 
weaker than homophilic adhesions, as ectoderm progenitors only express E-cadherin, 
while mesendoderm progenitors also express N-cadherin.  
 
Previous studies from our lab used a primary cell culture of germ layer progenitors to 
study the adhesion of cell doublets in a minimalistic system6,47,86. These studies revealed 
cortical tension as the primary determinant of adhesion strength, while cadherins act as 
the transmembrane linkers connecting the adhering cell cortices. Another vital function of 
cadherins in this context is their signaling, as the cortical tension gets reduced at cell-cell 
contacts downstream to cadherin binding, helping the contact-free cortical tension to drive 
contact expansion. This expansion appears bigger and leads to stronger contacts in 
ectoderm cells as they downregulate Myosin-2 more efficiently at their contacts86. This 
phenomenon seems common to many early embryos, such as Drosophila and 
mouse87,88, even though most cadherin-mediated mature contacts at adult tissues or 
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embryonic epithelial tissues recruit Myosin-289, indicating differences in overall structures 
of adhesion complexes and their coupling to contractile apparatus between early embryos 
and more specialized structures. 
 
Early embryos are pretty soft and fluid tissues. For instance, the tissue surface tension of 
Xenopus and zebrafish germ layer progenitor aggregates are less than 1 mJ/m2, while for 
many human cancer and tumor lines this value is around 10-25 mJ/m2 90. Again, for 
cortical tensions, in zebrafish single cells, the values for endoderm, mesoderm and 
ectoderm have been measured as 0.03, 0.05 and 0.08 mJ/m2 respectively6; while for 
mouse embryo pre-compaction and post-compaction cortical tensions are 0.2 and 0.4 
mJ/m2 88. Meanwhile, in many cell lines these values reach 0.5 to 2.5 mJ/m2 90. These 
values can be expected to correlate with adhesion strengths in many models; zebrafish 
progenitors do not seem to make strong adhesions, as is also evident by the lack of 
vinculin at wild-type contacts which only gets recruited to contacts when cortical tension 
is artificially enhanced47.   
 
It is conceivable that the adhesions in early embryos may not be very strong as at these 
stages embryos constantly remodel. The zebrafish embryo reaches ~ 1000 cells in 3 
hours at its 10th division cycle, so cell cycles are without intervening gaps91. With each 
division, especially after interstitial fluid accumulation92, cell contacts get dissolved by 
mitotic rounding93. Large cellular rearrangements start with gastrulation, such as 
involution, intercalation and directed single cell migrations, which are conserved in most 
vertebrates and during which adhesion-regulated remodeling plays a critical role94. 
 
Even though the adhesions in early embryos seem transient, adhesion takes place quite 
fast and matures within a few minutes, indicative of a very efficient system to make 
adhesions. Remarkably, progenitors in zebrafish show differences in their contact 
architecture: while ectoderm progenitors accumulate E-cadherin and F-actin at the 
contact rim in a ring-like fashion (similar to what has been observed in other cell doublets 
of MDCK cells, embryonic stem cells and sarcoma line cells45), mesoderm and endoderm 
progenitors show a more homogenous distribution of the two. Understanding the 
differences between different germ layer progenitor contacts would be valuable for the 
developmental biology community, as differential adhesion complex and actin 
cytoskeleton remodeling is intercalated with differentiation and material properties of 
embryonic tissues93. Furthermore, understanding how the contact architectures form in 
zebrafish progenitors would help us elucidate contact formation, maintenance and 
remodeling in early embryos, a question that would apply to many other model systems; 
maybe to even different adhesion molecule-cortex-mediated processes discussed as 
analogous mechanisms in previous chapters. One efficient method to look at contacts is 
reconstituting these contacts. In the next chapter, I will discuss different methods to do 
so, building toward my methodology of choice for this thesis work, reconstitution of 
cadherin-based adhesion with functionalized lipid bilayers. 
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1.3 Engineering cadherin adhesion  

1.3.1 Reconstitution of biological processes  
Reconstitution is building a system from its components. This is a valuable method which 
proofreads one’s understanding of the system at hand and figures the critical parameters 
of a biological event. Reconstituted systems are composed of a reduced set of 
components, yet as our understanding increases, they become more complex, like the 
natural environment within a cell, with steps towards even reconstituting a functional 
synthetic cell. At cellular scales, the discoveries range from the first synthesis of DNA95 
to a synthetic chromosome96; from the first meeting of actin, myosin and ATP ex cellulo97 
to actomyosin-based constriction of giant vesicles resembling furrow formation in dividing 
cells98.

 

Figure 4. Examples of biochemical and cellular reconstitution. Biochemical 
reconstitution at molecular length scale (red) and cellular reconstitution at micrometer 

length scale (black). The figure is taken from99. 
 

Cell adhesion sites are quite interesting as they provide a defined signaling interface with 
biochemical and mechanical signaling. As many adhesion receptors and ligands retain 
functionality in isolation, essays with reconstituted substrates can be used to induce cell-
matrix or cell-cell adhesion. The most common methods involve a defined geometry via 
patterning ligands on solid substrates of varied rigidity, changing from crosslinked soft 
polymers to hydrogels to glass.  
 
For the reconstitution of membrane-bound processes, such as cell junction formation, 
supported lipid bilayers (SLBs) are useful approximations of cell membranes that can be 
controlled to a great extent100. SLBs can be formed of smaller phospholipid vesicles on a 
solid substrate such as silica or glass. The lipid bilayer retains fluid character as it forms 
over a ~5 nm water layer above the glass surface. This system provides a cell-surface 
model where receptors are correctly oriented, and non-specific interactions are limited. 
Moreover, it provides control over receptor density and mobility. Around 20 years ago, 
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SLBs started to be used to recapitulate interactions at cellular interfaces, as such a 
reductionist approach allowed the contact interactions to occur within ~100 nm of the 
glass coverslip, allowing high-spatiotemporal imaging methods such as total internal 
reflection microscopy (TIRF) and reflection interference contrast microscopy (RICM) to 
be used on contacts that were not resolved before.  

1.3.2 Reconstituting cadherin-based adhesion 
Cell membranes are very complex structures with hundreds of different lipids in possibly 
different phases and different types of proteins; some embedded within the membrane, 
some soluble and some decorating the cell surface. This environment gets even more 
complex with modifications to proteins and lipids, which can be part of an even more 
diverse glycocalyx. It is only understandable that in such a complex environment 
receptors that also have self- or nonself-interactions behave in very different ways. It is 
well known, for example, that in antigen-presenting cells, some ligands move freely while 
some exhibit constrained movement101. One needs to consider that during recapitulation, 
neither immobile nor fluid substrates capture the bona fide complexity of the membrane 
alone. Both these approaches completely lack the cytoskeletal interactions which are 
important to mechanosensitive proteins such as cadherins and their interaction 
partners102. Cell type might be another concern in deciding what substrate is better. For 
example, at cadherin contact sites involving integrins, such as in endothelial cells, 
mechanotransduction via VE-cadherins activate the integrin response, which requires 
high traction forces103. Based on the process studied, both immobile and mobile ligand 
approaches might be helpful tools. In the following, I discuss some previous studies of 
cadherin-based adhesion reconstitution. 

1.3.2.1 Immobile ligands  
Cadherin adhesions are very specific. For example, only homophilic but not heterotypic 
classical cadherin adhesions mediated mechanotransduction104. Nevertheless, they have 
remarkably low affinity; for instance, while the dissociation constant of integrin and ICAM 
interactions are at the nanomolar range105,106, Ecad interactions are in the micromolar 
range107. This supports the idea that most of the adhesion strength in cell-cell contacts 
comes from reorganizing the actin cytoskeleton underlying the contact rather than 
receptor affinities. Still, a critical function of cadherin receptors is to link the underlying 
cytoskeletons of cells to each other86. For neighboring cells to expand cell-cell contacts, 
the ligands - cadherins - need to resist the piconewton forces generated by cells during 
contact spreading. Cadherin cytoplasmic domain mutants or contact missing the linker 
alpha-catenin, which do not bind the cytoskeleton, cannot expand cell-cell contacts45,47. 
This suggests that a reconstitution system should provide enough support to cadherins 
so that they can resist forces. Immobile substrates have been useful to provide this.   
 
The immobile substrate needs to be carefully recruited. For instance, immobile RGD 
ligands activate integrin response only if they are in less than 60 nm apart clusters108, and 
for the immune synapse, T cells can only be activated on immobile substrates if the TCR 
ligands are at the center of the immune contact, surrounded by ICAM-1 molecules as in 
a mature contact109. Such configurations must be allowing the maximum mimicry one 
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could achieve with a solid substrate, of TCR-MHC engagement, which consists of 
assembly into microclusters and transport of clusters to cSMAC110.  
 
Cadherin-coated solid substrates allow the spreading of cells as cells can spread on any 
adhesive surface, given that it creates enough adhesion energy, as well as can induce 
migration of mesenchymal cells as a clutch could be activated with drag force applied on 
a solid substrate. However, it is not clear whether a solid cadherin surface would 
recapitulate the natural response and remodeling at cell-cell contacts, such as the 
accumulation of cadherin under adhering surfaces (see 1.1.3) or long-range redistribution 
of cadherins seen as flows (see 1.2.2). In addition, a concern is whether the solid ligands 
would mimic the effects of having ECM interactions, as actomyosin organization 
correlates with substrate stiffness (Fig. 5). Previous studies measuring forces on even 
soft PDMS (1 kPa) adhesive substrates showed the stresses measured to be an order of 
magnitude higher than at cell-cell junctions111. Compared to fibronectin-coated 
substrates, these forces were very similar; actin showed similar distribution at the cell 
edge112.  
 

 
Figure 5. Tissues and substrates with a variety of stiffnesses. Early embryos are 

relatively soft tissues, exemplary mouse embryo data taken from113. PAA: 
polyacrylamide, PEG: polyethyleneglycol, PDMS: polydimethylsiloxane, PS: 

polystyrene, PLGA: polylactic-co-glycolic acid, PCL: polycaprolactone. Figure adapted 
from114. 

 
The signaling response of cadherin adhesions was highlighted to differ on different 
substrate stiffnesses in one study, where E-cadherin-coated polyacrylamide (PA) 
hydrogels were used to study the adhesions of MDCK cells115. For instance, Cdc42 
activity and formins were required for adhesion to 30 kPa PA gel yet not for 60 kPa PA 
gel, which induced Arp2/3-mediated adhesions, showing cadherin-actin complex 
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architecture depends on the reconstitution assay; both mechanisms may be used for 
contact formation and maturation at the same time in natural contacts. Previous studies 
of cadherin reconstitution very often used glass as a solid substrate (~100GPa)53,116, 
which induced large adhesion plaques and a highly organized actin network, also seen 
on more rigid PA gels of 95 kPa117; these structures look different from small clusters 
often observed on softer substrates as well as real contacts. (Fig. 6) 

                                

 
Figure 6. Effects of substrate on the cadherin-adhesion organization. Immobile N-

cadherin-Fc substrates on glass lead to cell spreading. Immunolabeling of cadherin-
actin complex proteins is shown. Cadherin/catenin proteins show a radial distribution at 
lamellipodia, and strong vesicle-like immunostaining is found in the central area; actin 
arcs and radial arcs are visualized in the actin channel (a). Effects of integrin- and E-

cadherin-based rigidity sensing on collagen-coated substrates (left) and E-cadherin-Fc 
functionalized substrates (right) of different moduli are shown (b). Effects of supported 
lipid bilayer mobility on cadherin-based adhesions. F-actin forms organized structures 

on immobile substrates reminiscent of stress fibers; on mobile substrates, it 
accumulates at the edge and has a less organized central distribution (c). Figure 

adapted from115,116,118. 
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1.3.2.2 Fluid Bilayers  
SLBs can provide a dynamic reconstitution system where cadherin receptors can get 
recruited, cluster and spatially reorganize, capturing many details of these receptors 
within the cell membrane. As used for immune synapse reconstitution for more than 20 
years (The first hybrid immune synapse was formed between a T cell and an SLB 
decorated with MHC peptide and ICAM1, mimicking the surface of an antigen-presenting 
cell119), these systems provide a large toolset and modifications to play with. Fluid bilayers 
activate immune synapse activity with considerably fewer ligands than immobile 
substrates101. Neuronal synapses were recapitulated using SLBs functionalized with 
neuroligin-1 proteins120. Recently, SLBs were also used to reconstitute Eph-Ephrin 
signaling on bilayers decorated with ephrinA1 ligands intermixed with immobile RGD 
peptides121.  
 
Previous studies showed cadherins to diffuse slower when they are in density-induced 
clusters on fluid membranes122, which seem to stabilize their binding to the 
cytoskeleton123, suggesting a mobile substrate might induce different adhesions than an 
immobile substrate. In line with this, E-cadherin-dependent Rac1 responses of epithelial 
cells were shown to be enhanced on laterally mobile substrates of E-cadherin compared 
to immobilized counterparts124. However, due to the weak cadherin interactions, mobile 
ligand systems have not been easy to activate, especially considering the lack of actin 
cytoskeleton that could have increased the adhesion energy of cadherin receptors125.  
 

First trials used fluid bilayers to induce cadherin adhesion between bilayers and cells. In 
one such study decorating bilayers via GPI-anchored E-cadherin ectodomain, epithelial 
cells did not spread on the bilayer 6 hours after seeding, even though about 30% of the 
cells increased ligand concentrations underneath, suggesting some diffusion trap to be 
active126, probably suggesting nascent adhesions could be induced. However, maturation 
could not take place due to low shear viscosity. This study went on to induce cell 
spreading using fibronectin micropatterns within the bilayers. However, this might 
complicate the cellular adhesion response, as some proteins involved with cadherin 
adhesions, such as alpha-catenin127 and vinculin, also take part in integrin-mediated 
adhesions. Therefore such modification possibly affects the amount of available pools of 
these proteins to cell-cell vs. cell-matrix adhesions. Indeed, in another study where 
epithelial cells showed polarization on E-cadherin/Fc functionalized bilayers, in the 
presence of integrin adhesion, E-cadherin clustering was reduced128. The fluidity of 
bilayers in this study was unclear as they were composed of mainly fluid DOPC but 
formed on PDMS, which can affect the fluidity differently. When looking at the actin 
cytoskeleton, a switch from gel-phase to fluid bilayers was shown to induce a switch from 
stress-fiber-like actin bundles to more diffuse actin118, supporting the idea that immobile 
cadherin adhesions might have features of cell-matrix interactions. Notably, the same 
substrate was used by changing the temperature of the bilayers and taking advantage of 
phase transitions, attributing this change in actin structure very likely to E-cadherin 
mobility. In this study, again performed on PDMS wells, the DOPC lipid diffusion was 
recorded to be significantly lower than on glass substrates, suggesting the better cell-
bilayer adhesion in the Charnley et al. and Andreasson-Ochsner et al. papers compared 
to Perez et al. might also be a consequence of decreased bilayer fluidity. When this 
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hypothesis was systematically addressed, indeed, partially-fluidized bilayers were shown 
to induce adhesion more efficiently than fluid bilayers129. Importantly, in this study, the 
authors also tried trapping the ligands with nanogrids, but it did not prove successful, 
showing that the drag forces or the long-range mobility of ligands might be necessary in 
contact maturation. In model membranes, the 2D diffusion coefficient of a membrane-
bound protein is typically between 1-10 µm2/s. For E-cadherin, the diffusion coefficient 
was estimated to be 0.1-0.3 µm2/s on free membranes130,131, whereas, at epithelial 
adhesion sites, this value drops to 0.005-0.06 µm2/s40, reflecting changes in dynamics via 
trans and cis interactions, cytoskeletal links and possibly specific lipid environments.   
 
Another way to decrease the mobility of ligands and capture the natural state of 
transmembrane proteins is to deploy the bilayers on polymers so that the bilayer is at a 
5-100 nm distance from the solid support, allowing transmembrane proteins to be 
incorporated within the bilayer without affecting their diffusivity due to physical constraints. 
Although chemically challenging, polymer tethered bilayers can be deployed as multi-
bilayer stacks, linked to each other with spacers, which also allows the adjustment of 
frictional coupling as lipid diffusion on such bilayers can be adjusted132. Based on the 
number of layers, substrate stiffness can be varied; this system was used with N-cadherin 
functionalization and provided a substrate on which myoblasts could spread and migrate, 
as N-cadherin was shown to accumulate and assemble in clusters under the adhered 
cells, independent of ligand density within the range tried, as linker distances of 48 nm 
and 68 nm did not make a difference133.  
 
For our study, we decided to recruit E-cadherin-based adhesion of zebrafish ectoderm 
progenitors on SLBs to study contact formation and maturation, given the importance of 
ligand mobility in cadherin-based adhesions. In order to make homogenous partially-fluid 
bilayers, we opted for introducing cholesterol into fluid bilayer preparation, so that we 
could adjust diffusion precisely without introducing bulky lipid moieties or heterogenous 
layers100.  

https://www.zotero.org/google-docs/?qpjbdP
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2. Materials and Methods 

2. 1 EcadECD protein expression, purification and characterization 
cDNA encoding the zebrafish E-cadherin ectodomain (Q90Z37_DANRE, EC1 to EC5, 
residues G141 to D672), with an N-terminal human CD33 signaling peptide and C-
terminal 12xHistidine purification tag was codon optimized and ordered as a gBlocks 
Gene Fragment with overhangs for Gibson assembly (NEB). The sequence was 
engineered to have a single Cys in the EC5 domain for site-specific labeling129. The 
product was inserted between  EcoRI and XbaI sites of pcDNA3.1(-) mammalian 
expression vector (Invitrogen).  
 
EcadECD was expressed in suspension FreeStyle 293-F cells (Thermo Fisher Scientific) 
in Freestyle 293 Expression medium at 37°C and 8% CO2. HEK293 F cells were 
transiently transfected using polyethylenimine (Polysciences,  #23966) diluted in Opti-
MEM Reduced Serum Medium (Thermo Fisher Scientific). Cultures were supplemented 
with 5 mM CaCl2 2 days after transfection134 and culture media containing secreted 
EcadECD was collected 5 days later. Secreted protein from filtered and conditioned 
media was loaded to HisTrap Fast Flow Crude column (Cytiva) for affinity 
chromatography on an AEKTA pure fast protein liquid chromatography system (Cytiva) 
and eluted with an imidazole gradient. Clean fractions, checked by SDS-PAGE, were 
pooled together, and dialyzed overnight in storage solution (100 mM NaCl, 20 mM Tris-
Cl pH 8, 3 mM CaCl2) or buffer was exchanged using PD10 desalting columns (Cytiva). 
The identity of the protein was verified with N-terminal sequencing. Clean protein was 
aliquoted at a final 50 µg/ml concentration and snap frozen for long-term storage at -80°C 
with 5% glycerol.  

2.1.1 Protein labeling 
In order to perform FRAP experiments to determine the protein diffusion constant, 
EcadECD was labeled at the Cys residue using Sulfo-C5-maleimide (Lumiprobe). First, 
the sample was incubated for 20 min with TCEP (100 molar fold excess of protein) at RT. 
Then maleimide dye (10 molar fold excess of protein) was added to the sample and 
incubated at RT for 1 hour. Excess dye was removed using a 7K MWCO Zeba™ Spin 
Desalting Column (Thermo Fisher Scientific).   

2.1.2 Bead Aggregation assay 
10 µl of Cobalt-based Dynabeads (Invitrogen) were mixed with 2 μg of EcadECD and 
slowly shaken at 4℃.  Beads were rinsed and resuspended in a storage buffer (500 mM 
NaCl, 3mM CaCl2 and 20 mM Tris-HCl). Using a magnetic rack, beads were washed 3 
times with a washing buffer (100 mM NaCl, 20 mM Tris, pH 7.3) and resuspended in 600 
µl washing buffer. Preparation was sonicated briefly to disperse the beads, split into half 
and put into two wells of a 12-well plate. To one well 2 mM CaCl2 was added while the 
other was kept calcium-free. 

https://www.zotero.org/google-docs/?ILh5e6
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2.1.3 Western blot 
Eluted protein fraction was incubated at 70°C in NuPAGE LDS Sample Buffer and 
NuPAGE Sample Reducing Agent (Invitrogen) for 10 min before getting loaded to a 4-
12% NuPAGE Bis-Tris protein gel. After SDS-PAGE, proteins in the gel were transferred 
to a membrane using the iBlot Western Blotting System (Invitrogen) according to the 
manufacturer's protocol. For the immunodetection of EcadECD, the membrane was 
blocked with blocking buffer (3%BSA, 0.2% Tween 20 in PBS) for 1 hour at RT and 
incubated overnight with rabbit anti-zebrafish E-cadherin antibody86 (1:5000) in blocking 
solution. After 3x10 min washes with PBT (PBS with 0.2% Tween),  the membrane was 
incubated with Peroxidase AffiniPure Goat Anti-Rabbit IgG (H+L) (1:20000) (Jackson 
ImmunoResearch Laboratories, Inc.) for 45 min at RT and washed 4 x 5min with PBT, 
then 2x5 min with PBS. The membrane was developed with Clarity Western ECL 
Substrate (Bio-Rad) before imaging. 

2. 2 Bilayer preparation 
To make small unilamellar vesicles, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), 
1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] 
(nickel salt), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene 
glycol)-2000] (ammonium salt) (DSPE-PEG2000) (Avanti Polar Lipids),  and freshly 
dissolved cholesterol (Sigma Aldrich) lipid mixtures in chloroform with a molar ratio of 
55.9:4:0.1:40 (unless otherwise stated) were prepared in glass vials and evaporated 
under N2 stream to get a homogenous thin film. To make gel-phase bilayers, DOPC was 
replaced by 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Avanti Polar Lipids). 
Lipids were further vacuumed for 1 hour to remove the remaining solvent and frozen at -
20°C unless freshly used. For FRAP experiments, 0.1% (1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (Rhodamine-DOPE) was 
added to the lipid mixture. Lipid film was resuspended in a vesicle buffer (75 mM NaCl, 
3mM CaCl2, 20 mM Hepes) at 37°C by vortexing, with a final concentration of 1.5mM and 
freeze-thawed in liquid nitrogen 5 times before aliquoting. Aliquots were kept at -20°C 
and used within 2 weeks, after diluting the solution to 0.2 mM with vesicle buffer and bath 
sonication for 15 minutes.  
 
To form the lipid bilayers on, 24-×50-mm high precision coverslips (no. 1.5H; Marienfeld)  
were cleaned in Piranha solution (3:1, 98% H2SO4 (Merck):30% H2O2 (Sigma-Aldrich)) 
for 1 hour. The coverslips were further washed with deionized water and kept in water to 
be used within 2 weeks. Before use, coverslips were dried, PCR tubes were attached to 
the surface with their conical ends removed, as reaction chambers, using ultraviolet 
curing glue (Norland optical adhesive 63) under UV light for 5 min. The coverslips were 
then treated in a Zepto B (Diener Electronic) plasma oven for 12 min at 30 W under 1 L/h 
airflow. Immediately after, vesicle mixtures were added to reaction chambers, and after 
letting the vesicles settle for 4 min 3 mM CaCl2 was added to enhance vesicle fusion on 
the activated surface. 
 
Chambers were incubated for 1 hour at 37°C, washed with PBS through serial washes 
by vigorous pipetting, incubated with 0.1% fatty acid-free BSA (Sigma-Aldrich) in protein 
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storage buffer for 30 min to which 2 ug/ml final concentration of zebrafish EcadECD or 
mouse E-cadherin/Fc/6xHis chimera (E2153, Sigma) was added. Protein was incubated 
on bilayers for 45 min at RT before changing to a prewarmed imaging medium with serial 
washes. 

2. 3 Zebrafish lines and handling 
Zebrafish (Danio rerio) handling was performed as described135. Embryos were raised at 
28.5–31°C in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl, 20.33 mM MgSO4) 
and staged as previously described91. The following lines were used: WT ABxTL, 
Tg(actb2:Myl12.1-eGFP)136, Tg(cdh1-tdTomato)xt18137, Tg(cdh1-mlanYFP)xt17137 and 
Tg(ctnna-citrine)ct3a138, Tg(actb1:mCherry–utrCH)136, Tg(actb2:Tpm3.1-mNeongreen) 
and Tg(actb2:ArpC2-mNeongreen) (both created by Roland Kardos in the Heisenberg 
Lab). Fish were bred in the aquatics facility of IST Austria according to local regulations, 
and all procedures were approved by the Ethics Committee of IST Austria regulating 
animal care and usage. 

2. 4 Cloning of expression constructs 
PCR products from plasmids pEGFP-RhoA Biosensor(gift from Michael Glotzer, Addgene 
plasmid # 68026) and GFP-AHPH-DM (gift from Alpha Yap, Addgene plasmid # 71368) 
were subcloned with following primers to create Gateway attB PCR products: pEGFP-
RhoA  
5’-GCAGGATCCCATCGATTATGGTGAGCAAGGGCGAG-3’, 5’-
CGTAATACGACTCACTATAGTTTCAAGGCTTTCCAATAGGTTTGTAGCAA-3’, 
GFP-AHPH-DM 5’-
AATACAAGCTACTTGTTCTTTTTGCAGGATCCCATCGATTATGGTGAGCAAGGGCG
AG-3’ 
5’-
TCTGGATCTACGTAATACGACTCACTATAGTTCTAGAGGCTCAAGGCTTTCCAATA
GGTTTGTAGC-3’. 
 
cDNA sequence coding for Ftractin (IP3KA_RAT, 10M to 52G) was codon-optimized and 
ordered as a gBlocks Gene Fragment (IDT) with attB arms.  
 
Zebrafish E-cadherin-GFP plasmid (a gift from Erez Raz139, and E-cadherin full-length 
PCR product was subcloned using the Gateway primers: 
5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACCATGGCCTGCGTGAC-3’ 
5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTGTCCTCTCCGCCACCGT-3’ 
 
All products were recombined with pDONR(P1-P2) (Lawson#208) to create entry clones, 
and further recombined with with p3E mNeonGreen (Allelebiotech), p3E mKO2, p3E-
3xmCherry or p3E-polyA (Chien#302) and pCS2-Dest (Lawson #444) to create 
expression plasmids. 
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E-cadherin-Δcyto-GFP fusion was created by removing the cytoplasmic domain by 
amplifying the full-length plasmid with the following primers: 
5’-GATCTCGAGGTGTCCAAAGGCG-3’ 
5’-CAGCAGAGGCTCTTTCTTGCTG-3’ 

2. 5 Embryo microinjections 
Zebrafish embryos were injected using glass capillary needles (30-0020, Harvard 
Apparatus), which were prepared by a needle puller (P-97, Sutter Instruments) and 
attached to a microinjector system (PV820, World Precision Instruments).  
 
All embryos were microinjected with 100 pg lefty1 mRNA at the 1-cell stage to induce 
ectoderm fate. Additionally, to visualize F-actin 60pg of Ftractin-NG or 75 pg Lifeact-RFP 
mRNAs136; to visualize RhoA activity 80 pg of GFP-AHPH-WT140 or GFP-AHPH-DM 
mRNAs141; to decrease endogenous Cdh1 amounts, 4 ng cdh1 morpholino (5’-
TAAATCGCAGCTCTTCCTTCCAACG-3’, GeneTools)142; to decrease Myosin-2 activity 
75 pg CA-Mypt mRNA84, to increase RhoA activity 3 pg caRhoA mRNA84, to decrease 
Rac1 activity 100 pg DN-Rac1 mRNA143, to overactivate Ezrin 150 pg CA-Ezrin mRNA144 
and for actin single molecule imaging 0.125 ng actin protein from rabbit skeletal muscle 
labeled with TRITC (Cytoskeletal, Inc.) were injected to 1-cell stage embryos.  
 
To exchange endogenous Ecad with designed constructs, following morpholino injection, 
200pg Ecad-mCherry (full-length) or 200 pg E-cadherin-Δcyto-GFP were injected into the 
1-cell-stage embryos.  
 
Synthetic mRNAs were produced using the SP6 mMessage mMachine kit (Ambion), while 
actin protein was handled according to manufacturer protocols. 

2. 6 Embryo cell cultures  
Embryos were first transferred to prewarmed (28.5-31°C) DMEM/F12 medium (Sigma-
Aldrich) (supplemented with GlutaMAX (Gibco), PenStrep and diluted to 90% with cell 
culture grade water to better match the osmolarity of the in vivo environment) at time of 
cell culture preparation for live imaging. The animal cap was cut from the yolk cell at 
sphere stage with forceps and these explants were transferred to eppendorf tubes using 
glass pipettes. For each condition, one embryo was used to minimize variability and for 
all conditions embryos from the same batch of embryos from a single couple were used. 
In case of inhibitor use, media in the eppendorfs were accordingly exchanged 10 min 
before cell seeding. All explants were dissociated by gentle tapping and seeded on 
bilayers covered with control or treatment media at 29°C. 

2. 7 Inhibitor treatments 
DMEM/F12 medium or DMSO (0.1%) were used as controls depending on the solvent of 
the pharmacological inhibitors. The final concentrations used were 0.1% for DMSO, 10 
μM for para-nitroblebbistatin (10 mM stock dissolved in DMSO) (Optopharma Ltd.), 20 
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nM for 1-Oleoyl lysophosphatidic acid sodium salt (LPA) (5 mM stock dissolved in water) 
(Tocris), 20 nM for Jasplakinolide (100 μM stock dissolved in DMSO) (Sigma-Aldrich), 
100 μM CK666 (stock in DMSO), 25 μM SMIFH2 (stock in DMSO), 1μM Damnacanthal 
(stock in DMSO), 50 μM LimKi3 (stock in DMSO). 

2.8 Phalloidin staining 
Cell cultures were prepared on bilayers as described and kept at 28℃ for 30 min. Cells 
were fixed by adding 4%PFA (diluted from methanol-free 16% solution (Agar Scientific)) 
into the media, to a final 2% concentration. After 5 min of fixation, cells were rinsed 5x 
with CSK buffer (10mM PIPES/KOH (1M, pH 6.8), 100 mM NaCl, 300 mM Sucrose, 1 mM 
EGTA, 1mM MgCl2, 1mM DTT, 1 tablet protease inhibitor per 50 ml), permeabilized for 
10 min with 0.1%Triton in CSK buffer, blocked for 10 min with 2%BSA and stained with 
Atto 565 phalloidin (dissolved and aliquoted in DMSO) (Sigma Aldrich, 94072) in blocking 
solution. Cells were washed 3x with CSK buffer and an anti-fade mounting solution was 
added for samples that were not imaged on the day. 

2. 9 Imaging tools 

2.9.1 PDMS confinement  
In the case of bilayers without the EcadECD (except for adherence assay, see below), 
cells were imaged under PDMS confinement to increase the contact area that is imaged. 
Bilayers were formed on coverslips glued to the bottom of plastic dishes containing a 17-
mm round hole, on which a chamber was created by gluing a ring cut from a 15 ml falcon 
tube. Cells were seeded into these chambers. 
 
1:10 PDMS mixtures (Sylgard 184, Ellsworth Adhesives) were prepared as previously 
described72, degassed for 2 min at 2,000 rpm (mix) and for 2 min at 2,200 rpm (defoam) 
in a mixer/defoamer (ARE-250, Thinky). PDMS was poured onto a wafer and 10-mm 
round coverslips that were activated by plasma cleaning were pressed onto this mix. The 
wafer was baked at 95 °C for 15 min and the 16-μm-high micropillar-coated coverslips 
were gently removed from the wafer to be used as confiners. Before use, a confiner was 
incubated for 5 min with FBS, washed with PBS and kept in a culture medium. For 
imaging, the confiner was placed on a soft pillar attached to a magnetic glass lid, and 
closed on the cells. During imaging, it was kept in place using a magnetic ring underneath 
the dish. 

2.9.2 Hydrogel microwells 
My Polymer 132 (My Polymers) hydrogel microwells to trap cell doublets were prepared 
as previously described145. Briefly, microwells with a diameter of 30 μm and depth of 50 
μm were prepared by pressing the pattern-containing PDMS stamps to droplets of 
polymer on Mattek glass-bottom dishes. These patterns were curated using a UV lamp 
(Thorlabs UV-light-emitting diode 365 nm) in nitrogen atmosphere for up to 1 hour, and 
the PDMS stamps were peeled off. Before usage, hydrogel patterns were passivated for 
5 min with BSA and kept in PBS until use. 

https://www.zotero.org/google-docs/?tDLosz
https://www.zotero.org/google-docs/?L34VfN


36 

2. 10 Microscopy and Data Analysis 
Imaging was performed using microscopes with heating chambers preheated to 29°C. 
For contact formation imaging, the acquisition was started as soon as cells were seeded. 
For steady contact imaging, cells were imaged 10-30 min post seeding. Cultures were 
imaged for around 1h maximum, dividing and apoptotic cells were excluded from analysis.  
 
Contacts were imaged using an LSM800 equipped with an Airyscan detector using a 
Plan-APOCHROMAT 63x/1.4 oil objective (Zeiss). For time-lapse imaging of Ecad and 
AHPH signals that were weaker and subject to higher photobleaching, Andor Dragonfly 
505 equipped with 1x Andor Zyla sCMOS detector using a CFI Apochromat TIRF 60x/NA 
1.49/WD 0.13 mm oil objective (Nikon) was used. A TILL Photonics iMic TIRF System 
equipped with Andor TuCam detection was used with a 100x/1.49 (Olympus) oil objective 
for imaging bilayers, single molecules and FRAP experiments. 
 
All micrographs were adjusted for contrast and saved as figures using Fiji. The rest of the 
data for analysis were processed raw. 

2.10.1 FRAP  
To measure the diffusion constant of the protein on different bilayer compositions, 
photobleaching experiments were performed using Cy5-labeled EcadECD. With a frame 
rate of 2 s per frame, 5 pre-bleach frames were acquired, followed by photobleaching of 
an area of about 10 µm × 10 µm. Recovery of the signal was analyzed using the  
frap_analysis146 program implemented in MATLAB (The MathWorks, Natick, MA). 
 
FRAP experiments for cellular Ecad were performed using the Ecad-mlanYFP expressing 
cells. With a frame rate of 0.5 s per frame, 5 pre-bleach frames were acquired, followed 
by photobleaching of an area of about 5 µm × 5 µm at the cell contact. A photobleach 
correction due to the imaging process was performed using an un-bleached area of the 
contact and the photobleach curve was normalized to the first pre-bleach data point. To 
obtain the recovery times and immobile fractions, monoexponential functions were fitted 
to the recovery curves. 

2.10.2 Adherence assay 
To check for the specificity of cell-bilayer adhesions, bilayers were kept EcadECD-free or 
Ecad was reduced in cells using the morpholino. Contact areas were quantified using the 
particle analysis function of ImageJ, under a certain value (150 μm2) cells were 
considered non-adherent, where smaller contact areas were attributed to non-specific 
interactions. 

2.10.3 Average intensity and coverage at the contact 
Contact intensity over time was measured using a custom Python script, by taking ratios 
of the total intensity after background subtraction to total area determined by local 
thresholding. For AHPH and F-tractin constructs, values were normalized to maximum to 
remove injection-based variations between samples. We found the AHPH construct to 
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localize diffusely, as well as in a few cortical foci. These foci were homogeneously spread 
at the contact-free interface and after the contact area stabilized, they localized to the 
contact rim, which seemed to correlate with contractile activity in the cells. Nevertheless, 
we excluded them from our average intensity analysis, given that not all RhoA biosensors 
show such structures147. 
 
As Myosin-2 filaments could be detected, masks for these positive signals at the contact 
interface were created using ILASTIK148. Next, using a custom Python149 script, 
percentages of total area positive for signal were determined in segmented images. To 
get enrichment of a signal at the rim, rim and center intensities at the contact were 
separately calculated and rim-to-center ratio was used as a measure of enrichment where 
the contact rim was the 1-1.5 μm-thick ring at the contact edge and contact center was 
the remainder area.  
 
Contact diameters were estimated from the measured contact areas as most contacts 
were symmetrical. 

2.10.4 Colocalization and line profiles 
Dual color images acquired with the confocal mode of LSM800 from Ecad-tdTom 
expressing cells injected with AHPH-NG, and Ecad-mlanYFP expressing cells injected 
with Ftractin-mKO2 were used for colocalization analysis. Images were analyzed using 
Just Another Colocalization Plugin (JACoP)150 (https://github.com/fabricecordelieres/IJ-
Plugin_JACoP) in ImageJ. After adjusting the thresholds manually to detect positive 
signals, Manders’ coefficients M1 and M2 (0 to 1)151, which give a fraction of overlap 
between positive pixels, and Li’s Intensity Correlation Quotient (Li’s ICQ) (-0.5 to 0.5)152, 
which gives a value based on the correlation of intensity changes at two channels, were 
calculated.   
 
In order to visualize the colocalization, intensity profiles over a 0.3 µm-thick line for both 
channels were plotted together.   

2.10.5 Radial intensity profiles 
Radial averages of intensity profiles in symmetrical contacts were generated using the 
transform function in ImageJ to rotate a single snapshot by 1-359°. The resulting rotations 
were averaged to get the mean radial intensity and plotted by a line profile along the 
contact diameter. Profiles were normalized to contact length first, and second, to mean 
intensity, before averaging radial profiles from multiple cells. 

2.10.6 F-actin and Ecad flows 
Time-lapse images of Ftractin-NG or Ecad-mlanYFP expressing cells were used for flow 
analysis. The built-in Fiji153 function Multi Kymograph was used to get single kymographs 
along each cell’s diameter. For analysis, kymographs were split into two pieces from the 
position of center of mass to get radial kymographs. The motion of fluorescent particles 
within was detected using a deep learning automated kymograph analysis software, 
KymoButler154 in Mathematica 12.1 (Wolfram Research, Inc.). BiKymoButler function was 

https://www.zotero.org/google-docs/?zFMUP3
https://www.zotero.org/google-docs/?YoD1qz
https://www.zotero.org/google-docs/?NtsF18
https://www.zotero.org/google-docs/?0YOTNP
https://www.zotero.org/google-docs/?yy7Xfl
https://www.zotero.org/google-docs/?5ketcv
https://www.zotero.org/google-docs/?tW3P6p
https://www.zotero.org/google-docs/?czqMfp
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used to detect bidirectional tracks with a particle size of 0.3 µm and a minimum of 10 
seconds. From these tracks, net velocity of particle movements with respect to the center 
of mass and track durations were calculated.  
 
For experiments with Jasp, network movement was detected also using PIVlab155 to get 
a spatial map, as filaments were stable enough for movements to be detected with particle 
image velocimetry. Extracted velocity vectors were averaged over time and using a 
custom Python script, radial velocities were plotted with respect to the center of mass. 

2.10.7 Actin network density 
Ftractin-NG labeled F-actin networks were extracted using a software for quantification 
of biopolymers networks, SOAX156. For time-lapse images, parameters were adjusted for 
each movie based on inspection of some frames and the corresponding extracted 
networks; the saved parameters were later used to batch process the movies. Extracted 
network coordinates were used to plot networks using a custom Python script, total 
network lengths were measured using Skan library157 functions and divided by contact 
areas to get network density values.  

2.10.8 Actin single particle tracking 
TRITC-injected cells were imaged on the Imic TIRF microscope with ~100 nm pixel size, 
using a 561-nm laser line with 100 ms exposure. Acquisition intervals of 1 s, 2 s and 3 s 
were used to capture at least 200-frame time lapses. Particle detection and tracking were 
performed using the TrackMate plugin158 in ImageJ, based on a Gaussian fit with an 
estimated diameter of 0.3 µm. 0.2 µm maximum linking distance and gaps of maximum 2 
frames were allowed to account for failures to detect particles. Thresholds were adjusted 
manually for each experiment and tracks were verified by overlaying with the raw data. 
Average lifetime of actin at contacts were calculated as previously described159. Briefly, 
effective lifetime was given by fitting a monoexponential decay function to the lifetime 
distribution of tracks obtained from each cell. This value was corrected for photobleaching 
using the varying acquisition intervals to obtain the photobleaching constant, giving a 
corrected dissociation rate. Photobleach corrected lifetimes obtained from each 
experiment (with at least 3 different movies) were plotted as single data points.  

2. 11 Statistics and Reproducibility 
Data were plotted and statistical tests were performed in Prism 6 (Graphpad). Details for 
each experiment are described in figure legends. In summary, first, a D'Agostino-Pearson 
normality test was performed and based on the results, a two-tailed Student’s t-test for 
parametric distributions and a Mann–Whitney U-test for non-parametric distributions were 
used to compare two groups. To compare cumulative distributions of velocity histograms 
between two samples, Kolmogorov-Smirnov test was performed. To compare more than 
two groups, an analysis of variance (ANOVA) for parametric distributions and a Kruskal–
Wallis test for non-parametric distributions were used. Independent experiments (N) 
denote a single embryo, where controls and experiments are taken from the egg lay of a 
single couple, and n denotes the number of imaged/analyzed cells from this embryo.   

https://www.zotero.org/google-docs/?50B3pi
https://www.zotero.org/google-docs/?SVwtP3
https://www.zotero.org/google-docs/?z36uZc
https://www.zotero.org/google-docs/?grz6EY
https://www.zotero.org/google-docs/?8iM9Gq
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3. Results 

3. 1 Reconstitution of adhesion on bilayers 
In order to visualize contact formation dynamics with high spatiotemporal resolution, we 
aimed to establish a biomimetic system where zebrafish ectoderm progenitor cells adhere 
to supported lipid bilayers, which carry mobile and correctly-oriented E-cadherin (Ecad) 
ectodomains (EcadECDs) (Fig. 7). We chose ectoderm cells as they made strong 
contacts compared to other progenitor cells86, and formed a stereotypical contact 
architecture - showing a ring-like accumulation of Ecad and F-actin at the contact rim. 
Another advantage of ectoderm progenitors was that they only expressed Ecad, which 
helped us keep our system minimal.  
 

 
Figure 7. Schematic of the biomimetic cell-cell adhesion assay. Ectoderm progenitor 

cells seeded for the adhesion assay were obtained by dissociating fate-induced 
embryos at sphere stage. The supported lipid bilayer was formed by small unilamellar 
vesicles comprising fluid-phase phosphatidylcholines, Ni-chelated lipids, cholesterol to 

decrease fluidity and PEG-ylated lipids to mimic non-specific interactions with a 
glycocalyx-like layer. EcadECD protein was purified from HEK293 suspension and 

tagged to the bilayers with its 12xHis tag. This platform provided us with a contact at a 
single z-plane which could be observed using confocal microscopes or more techniques 

such as total internal reflection microscopy (TIRF), thanks to its closeness to the 
coverslip. 

 
As a proof of concept, we wanted to know whether contacts would form when one of the 
cells missed a functional cellular link to its E-cadherin. To test this, we injected embryos 
at the one-cell stage with cdh1 morpholino (MO) to knock-down E-cadherin in the cells. 
We either rescued the cadherin expression by injecting a full-length (FL) Ecad-encoding 

https://www.zotero.org/google-docs/?ha5Ots
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mRNA in red or a cytoplasmic-deletion truncated version (Δcyto) of the same construct 
to mimic the situation of bilayers, lacking their link to the cytoskeleton. We measured 
contact lengths between doublets of these cells. While the homophilic EcadΔcyto 
contacts did not expand, we could rescue the contacts in EcadFL doublets. The hybrid 
EcadΔcyto-EcadFL contacts had contacts that expanded as much as the EcadFL-EcadFL 
contacts, showing that a single cell with a functional Ecad complex could be enough to 
drive adhesion (Fig. 8). Therefore, we assumed the bilayer assay we planned could mimic 
cell-cell adhesion with cell-bilayer contacts.  
 

 
Figure 8. Hybrid EcadFL-EcadΔcyto contacts compare to homotypic EcadFL-EcadFL 

contacts. A schematic of the experiment is given on the top left. At the bottom, 
representative images of 3 different contact combinations are given. Contact length 
quantifications of homotypic and heterotypic contacts with EcadFL or EcadΔcyto are 
given on the top right. From N=4 independent experiments, n  denotes the number of 

doublets quantified for each condition in the plot, where error bars show mean ± s.e.m. 
Student’s t-test. 

 
In order to purify zebrafish EcadECD with 12xHis, we opted to use a mammalian 
expression system to keep its glycosylation patterns (Fig. 9a). Previously, constructs 
expressed with insect or bacteria cultures were found to be inactive (a supplier providing 
insect-purified human E-cadherin (sinobiological.com) removed the protein from their 
selection later on). Our initial expression trials gave no yields, however adding CaCl2 to 
the cell cultures 2 days post transfection (as stated in a thesis from Harrison Lab) 
stabilized the EcadECD that was secreted into the culture medium even though it killed 
most of the cells in cultures (Fig.9b). We checked the activity of the protein via a CaCl2 
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aggregation assay as calcium is needed for Ecad activity. Beads coated with zebrafish 
EcadECD only aggregated in the presence of CaCl2 (Fig. 9c). This activity seemed to last 
around 10-12 months for the EcadECD kept at -80℃ or in liquid nitrogen, suggesting some 
improvement to the storage buffer might be necessary.  
 

 
Figure 9. Zebrafish EcadECD purification and activity. Expression and purification 

strategy of EcadECD. A pcDNA(3.1-) plasmid that carries the codon-optimized zebrafish 
E-cadherin ectodomain sequence was placed downstream to CD33 signaling peptide 
and finished with a 12xHis tag. HEK 293 Freestyle cells in suspension were used for 

expression, a representative image transfected using polyethyleneimine with 
cytoplasmic GFP is shown. SDS-PAGE of purified protein is on the left side of gels, 
followed by western blots against zebrafish Ecad with an ectodomain recognizing 
antibody and against His tag. Controls are from culture media that have not been 

transfected with the EcadECD plasmid (a). Effects of extra calcium addition to 
expression media. Different amounts of calcium were added to expression media 2 

days after transfection and a western blot against Ecad was carried out with samples 
from the culture media directly after 5 days with calcium (b). EcadECD activity assay. 
Cobalt-based magnetic beads incubated with zebrafish EcadECD in the presence or 

absence of calcium show different aggregation kinetics (c). 
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As it would ease the protocol, first, we tested a commercially available mouse EcadECD 
which carries His- and Fc-tags to induce cell-bilayer adhesion. This construct had been 
used in zebrafish studies from our lab before, in in vivo settings, to induce adhesion93,160. 
In order to simplify the adhesion assay, we started with gel-phase (DPPC) bilayers which 
would provide an immobile ligand as we measured by FRAP experiments (Fig. 10a), 
given that many labs successfully induced contacts with a functionalized glass of polymer 
surfaces with non-diffusive ligand arrays to study Ecad-mediated adhesion. However, we 
did not see contact formation between the mouse EcadECD functionalized bilayers and 
ectoderm progenitors, as the cells continued rolling on the bilayers as if on passivated 
surfaces (Fig. 10b). We assumed that our assay required a more specific interaction to 
be functional, as the mouse and zebrafish EcadECDs showed only 63% similarity in 
sequence (Fig. 10c).  
 
Next, we tried our new zebrafish EcadECD construct with the same settings, with gel-
phase bilayers to check the adhesive activity of the protein. The diffusion constant of the 
EcadECD, which was FRAPped after labeling it with Cy5, was slower than the lipid 
bilayer, which might be due to the protein being a bulkier structure than the lipids but also 
a result of cis interactions of cadherins on the bilayer surface (Fig. 9a). Many cells in 
cultures spread nicely on the functionalized bilayers, while cdh1 MO cells did not spread 
on the bilayers and when bilayers were left undecorated cells also did not spread (Fig. 
9d,e). This proved that our EcadECD construct was functional and cells spread on them 
due to specific adhesions. Still, it was interesting to see a spread phenotype from the cells 
as this is not the case when cell doublets are brought together. Therefore we looked into 
these contacts in more detail by imaging alpha-catenin with higher resolution. 
Interestingly, alpha-catenin seemed to localize to radial defined structures, reminding us 
of stress fibers. This observation, given that such observations were made when 
switching from mobile to immobile bilayers or other immobile stiff substrates before (see 
1.3.2) suggests that immobile substrates might be mimicking structures formed in matrix-
cell interactions rather than cell-cell interactions. This is plausible as some adhesion 
complex-actin linker proteins such as vinculin, also recently alpha-catenin have been 
found to participate in cell-cell and matrix-cell adhesions respectively, contrary to their 
traditional roles127,161.  

https://www.zotero.org/google-docs/?YkFbZp
https://www.zotero.org/google-docs/?9FYgN6
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Figure 10. Mouse and zebrafish EcadECD on gel-phase bilayers. FRAP experiment of 

the gel-phase bilayer shows the slow recovery of the lipids labeled with 0.1 molar % 
rhodamine PE. Measured diffusion constants for rhodamine PE and EcadECD-Cy5 are 

given (a). Bilayer-ectoderm cell interface of cells expressing alpha-catenin-citrine 
seeded on mouse EcadECD functionalized gel bilayers (b). Amino acid sequence 

comparison between zebrafish and mouse E-cadherin ectodomains (c). Exemplary 
images of ectoderm progenitor cells in wild-type conditions seeded on zebrafish 

EcadECD functionalized gel bilayers (left), ectoderm progenitors injected with cdh1 MO 
(middle), and wild-type ectoderm progenitors seeded on empty bilayers (right) (d). 

Quantification of contact roundness under different conditions (e). An exemplary image 
of alpha-catenin-citrine expressing ectoderm cell-gell-bilayer contact, below is the 

zoomed-in image denoted in the image above (f). Student’s t-test (e). 
 
Following these results, we wanted to recapitulate cell-cell adhesion on fluid bilayers to 
better mimic the natural architecture of nascent adhesions. We started optimizing the fluid 
bilayers for adhesion after seeing cells did not adhere to them right away (Fig. 11a), 
suggesting the viscosity of the bilayers and therefore the dragging force cellular Ecad can 
apply to the Ecad on the bilayer is an important factor in contact formation. We first tested 
various ligand densities by changing Ni-chelated lipid amounts, and on fluid bilayers, only 
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above 5% molar Ni-NTA lipids, we could induce adhesion. These values were already at 
the limit of cadherin width, showing we might have got a dense layer of EcadECD at those 
values, also evident by their decreased diffusion constant (Fig. 11a). Also at these values 
of Ni-NTA lipids we could not be sure that the bilayers would be homogenous. Therefore 
we went down to 4% which is commonly used in immune synapse studies. This first 
titration had already shown us the importance of cadherin diffusivity in inducing 
adhesions, so we tried decreasing the fluidity of the bilayers next to affect protein mobility. 
We opted for introducing cholesterol into the lipid mixture as this proved a cleaner and 
more homogenous method of decreasing fluid bilayer diffusion than other methods. At 
molar ratios of 4% Ni-NTA and 40%cholesterol, we obtained partially-fluid bilayers on 
which the tethered EcadECD diffused at 0.34±0.04 µm2/s (Fig. 11c). Cells seeded on 
these bilayers made large (more than 15µm in diameter) contacts, while the contacts 
formed with bilayers which lacked EcadECD or used Cdh1-morphant cells remained small 
(Fig. 11d). Together, these observations supported that E-cadherin-functionalized 
partially-fluid bilayers could support E-cadherin-specific interactions with progenitor cells 
and form a 2D imaging platform to observe contacts. 
 

 
Figure 11. Optimization of fluid bilayers. The plot shows the diffusion constant of 

EcadECD-Cy5 on DOPC bilayers with Ni-NTA-DOGS titration. Empty circles denote 
conditions where no adhesion is seen (a). Plot shows the diffusion constant of 

EcadECD-Cy5 on DOPC with 4 molar % Ni-NTA-DOGS bilayers and cholesterol 
titration (b). An exemplary image of FRAP experiment from the working bilayer, purple 
rectangle in figure (b) (c). Percentage of cells adhering to empty bilayers (N=3, n=48), 

bilayers functionalized with EcadECD (N=3, n=50), and using cdh1 MO injected cells on 
functionalized bilayers (N=3, n=50). Kruskal-Wallis test (d). Scale bar: 5 µm. 

3. 2 Contact formation dynamics 

3.2.1 E-cadherin-mediated contact formation regulates cortical actomyosin  
We first used our assay to investigate the initial steps of contact formation and recorded 
time-lapse movies of newly-forming contacts as they increased and stabilized in size. 
Cells made symmetrical contacts reminiscent of the in vivo situation on our working 
bilayer. We used the Tg(cdh1-mlanYFP)xt17 line to monitor the endogenous Ecad, and 
imaged contact formation with total internal reflection fluorescence (TIRF) microscopy, 
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which minimized photobleaching. The concentration of Ecad at the contact increased 
within 2-3 minutes of contact formation, concomitant with the contact area increase (Fig. 
12a,b), in line with previous studies showing Ecad to concentrate at intercellular contacts 
by a diffusion-trap mechanism following trans binding (Yamada 2007, Wu 2010). On the 
contrary, cells seeded on bilayers without EcadECD, which we imaged under slight 
confinement to increase the imaging area without changing mechanical properties of the 
cells162, displayed characteristics of the contact-free interface and had lower Ecad 
intensity at their cell-bilayer interfaces (Fig.12e,f). This once again supported that the 
ectoderm progenitors bound specifically to the EcadECD on bilayers. 

 
Figure 12. Dynamics of contact formation. Representative TIRF images of Ecad, 

Airyscan images of Myosin-2, Airyscan images of F-tractin/F-actin and TIRF images of 

https://www.zotero.org/google-docs/?zfrs1F
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AHPH/GTP-RhoA during contact formation (a). Inlets in Myosin-2 and GTP-RhoA show 
exemplary masks for positive signals used in intensity calculation. Plot of Ecad, Myosin-
2, F-actin, GTP-RhoA fluorescent intensities and contact area over time during contact 

formation (on the left; Ecad N=4, n=10; Myosin-2 N=4, n=4; F-actin N=6, n=6; GTP-
RhoA N=3, n=11) and at mature contacts (on the right; Ecad N=3, n=20; Myosin-2 N=3, 

n=4; F-actin N=5, n=7; GTP-RhoA N=4, n=7) (b,c). Cross correlations in time for the 
graph in (b) (d). Schematic of confined contacts on bilayers without EcadECD, and 

representative images of Ecad, Myosin-2, F-actin and GTP-RhoA (e). Comparison of 
mean intensities with and without EcadECD on bilayers for Ecad, Myosin-2, F-actin and 

GTP-RhoA (without EcadECD; Ecad N=3, n=33; Myosin-2 N=3, n=20; F-actin N=4, 
n=23; GTP-RhoA N=2, n=25;  with EcadECD; Ecad N=6, n=26; Myosin-2 N=7, n=50; F-
actin N=3, n=35; GTP-RhoA N=4, n=27). Mean ± s.e.m. are shown. Mann-Whitney test 

(f). Scale bars are 5 µm. 
 
Next, we checked whether our previous observation of actomyosin downregulation at 
progenitor cell-cell contacts86 could be recapitulated with our reconstitution assay. We 
imaged Myosin-2 and F-actin separately to image them both at high resolution with 
Tg(actb2:Myl12.1-eGFP) transgenic line and Ftractin-mNeonGreen using Airyscan 
imaging as these markers did not show strong photobleach. Myosin-2 appeared as 
filaments, initially richly decorating the cortex, as in the contact-free interface (Fig. 12a,e). 
As the appearance and disappearance of Myosin-2 filaments were highly dynamic 
throughout contact formation, we quantified the average density of filaments in the contact 
area. Myosin-2 was reduced at the contacts concurrently with the contact area expansion, 
ultimately becoming absent from the contacts and appearing only at the contact rim during 
retraction of protrusions such as blebs (Fig. 12a,b), that frequently travel on the contact-
free surfaces of progenitor cells. These results supported that homotypic Ecad 
interactions led to the downregulation of Myosin-2, specifically at the contacts. Previously, 
studies in similar culture systems have shown F-actin to get depleted from intercellular 
contacts during contact expansion45,86. We noted that average F-actin intensity decreased 
as contacts expanded, similar to Myosin-2 however, it reached stable levels when the 
contact area stabilized as an F-actin network at the contact remained. Overall, the 
correlation between Ecad, Myosin-2 and F-actin amounts during contact expansion 
confirmed the increasing Ecad concentration and decreasing actomyosin levels to be 
coupled to promote contact expansion (Fig. 12d), and intercellular signaling activity of 
Ecad was active in our reconstitution assay. When looked at mature contacts (>10 min), 
these changes were not evident and all plotted quantifications seemed stable, confirming 
that the plots showing decreases in intensities did not show these trends due to 
photobleaching (Fig. 12c) and that the contacts had already reached maturity in terms of 
protein levels within the first 6 minutes they were observed. 

3.2.2 Small GTPases for contact regulation 
Small GTPases Rac and RhoA have been implicated to function at cell-cell contact sites 
before163, and they could modulate both Myosin-2 activity and F-actin levels. To see 
whether we could find a downstream link between Ecad homophilic binding and 
actomyosin reduction, we started screening the function of these GTPases. Rac1 was 
previously suggested to become active at nascent contacts and to downregulate RhoA 

https://www.zotero.org/google-docs/?zbSdVE
https://www.zotero.org/google-docs/?XhIGGR
https://www.zotero.org/google-docs/?wBbzHC
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activity there. We tried to inhibit Rac1 function using an inhibitor, as well as a dominant 
negative version of the zebrafish Rac1 (DN-Rac1)143. With Rac inhibitor, we did not see 
a difference in the relative actin levels at the cell-cell contact vs contact-free interface (Fig. 
13a). When we looked at DN-Rac1, which is functional in mesendoderm cell migration, 
we did not see differences in distributions of Myosin-2 or F-actin at contact interfaces (Fig. 
13b,c). These observations led us to believe that Rac1 did not play an active role in the 
contact formation of zebrafish ectoderm progenitors.  
 

 
Figure 13. Rac1 inhibition does not affect cell-cell contacts. Single plane representative 

images of Ftractin expressing cell doublets treated with DMSO as control or Rac 
Inhibitor II, with cell-cell to cell-matrix intensity ratios (DMSO N=2, n=25; RacInhII 

N=2,n=31). Mean ± s.e.m. are shown. Student’s t-test, p = 0.9969 (a). Representative 
images of Myosin-2 and Tropomyosin3 (as an F-actin marker) at the cell-bilayer 

interfaces of control and DN-Rac1 expressing cells (b,c). 
 
In a similar attempt to determine whether there might be decreased RhoA activity at the 
contacts, we tried increasing RhoA activity and seeing the changes it causes in cell 
doublet adhesion. When expressing a constitutively active form of RhoA (CA-RhoA), cell 
doublets showed smaller contact sizes as reported before145. To our surprise, this did not 
correlate with an enhanced decrease of actomyosin at the contact site as a result of 
increased global contractility. But the actomyosin amounts at the cell-cell contact seemed 
to increase more relative to contact-free surfaces (Fig. 14), suggesting CA-RhoA 
expression might have overwritten the actomyosin downregulation at the contacts of cell 
doublets. 
 

 
Figure 14. RhoA overactivity affects cell-cell doublets. Single plane representative 

images of Myosin-2 at the cell doublets of control and CA-RhoA expressing cells, with 
cell-cell to cell-matrix intensity ratios (Control N=3, n=27; CA-RhoA N=3,n=23). Mean ± 

s.e.m. are shown. Mann-Whitney test, ****P<0.0001 (a). Single plane representative 
images of Ftractin/F-actin at the cell doublets of control and CA-RhoA expressing cells, 

with cell-cell to cell-matrix intensity ratios (Control N=2, n=25; CA-RhoA N=2,n=23). 
Mean ± s.e.m. are shown. Mann-Whitney test, ****P<0.0001 (b). 

 

https://www.zotero.org/google-docs/?Nwugw5
https://www.zotero.org/google-docs/?OtyURc
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To investigate the WT situation further, we visualized active RhoA during contact 
formation using a biosensor. We tried mouse and enhanced (2xrGBD) Xenopus Rhotekin-
based sensors with no success (only giving cytoplasmic signal even with CA-RhoA) and 
found that a human sequence construct based on Anillin Rho binding domain (GTP-
RhoA) was previously used successfully in zebrafish164. Its correct localization was also 
evident during cytokinesis at the contractile ring, so we performed further analysis with 
this construct. Limited by the low signal intensity of the construct, we acquired time-lapse 
movies with TIRF microscopy to avoid photobleaching. We found the construct to localize 
diffusely at the contact site, as well as in a few cortical foci (Fig.12a). These foci were 
homogeneously spread at the contact-free interface (Fig. 12e,f), and after the contact 
area stabilized, they localized only to the contact rim (Fig. 12a). Similar to decreases in 
Myosin-2 and F-actin, GTP-RhoA levels decreased at the contacts during the first 2-3 
minutes of contact expansion (Fig. 12a-d).  
 
As a control, we imaged a mutant version of the biosensor that does not bind to active 
RhoA (GTP-RhoAA740D E758K). In contrast to the GTP-RhoA, Levels of this construct slightly 
increased as contacts formed (Fig. 15a,b), validating the measured decrease in GTP-
RhoA during contact expansion. Furthermore, dual-color images of Ecad and GTP-RhoA 
showed that Ecad clusters and GTP-RhoA lack overlap (Fig. 15c-f). This suggested that 
Ecad-mediated signaling at the contact locally repressed RhoA activity, which could 
downregulate Myosin-2 and F-actin levels. To test this hypothesis further, we imaged cells 
injected with CA-RhoA as they formed contacts. In CA-RhoA-injected cells, while Ecad 
levels increased similarly as the contact area increased, GTP-RhoA levels did not 
decrease (Fig. 15g,h), showing that the decrease of GTP-RhoA was overwritten at these 
contacts. Furthermore, neither F-actin nor Myosin-2 decreased at the contacts, and 
contacts maintained a dense cortex decorated with Myosin-2 filaments with a small 
contact area. Together, these findings led us to conclude that homotypic Ecad 
interactions promote contact expansion by downregulating RhoA activity at the contacts.
 

https://www.zotero.org/google-docs/?NLuhK3
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Figure 15. RhoA-mediated changes at the contact. Representative TIRF images of the 

mutant AHPHA740D E758K/GTP-RhoAA740D E758K during contact formation (a). The 
plot of mean intensity at the contact over time for GTP-RhoAA740D E758K (N=4, n=7) 
(b). Representative dual-color images of Ecad-Tom cells expressing GTP-RhoA-NG, in 
the merged tab Ecad is labeled purple and GTP-RhoA yellow (c). The plot of intensities 
for Ecad and GTP-RhoA signals over the dashed line in (c) (d). Bar plots of Manders’ 
coefficients for colocalization quantification of Ecad with GTP-RhoA (left) and GTP-

RhoA with Ecad (right). (e). Bar plot of Li’s ICQ value for colocalization quantification of 
Ecad and GTP-RhoA (f). Mean ± s.e.m. are shown. (N=1, n=14) (e,f). Representative 
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TIRF images of Ecad, Airyscan images of Myosin-2, Airyscan images of F-tractin/F-
actin and TIRF images of AHPH/GTP-RhoA during contact formation (g). Plot of Ecad, 
Myosin-2, F-actin, GTP-RhoA fluorescent intensities and contact area over time during 
contact formation (Ecad N=2, n=13; Myosin-2 N=3, n=5; F-actin N=3, n=3; GTP-RhoA 

N=3, n=9) (h). Scale bars are 5 µm. 

3. 3 Centrifugal flows redistribute F-actin and E-cadherin   
Next, we examined whether the Ecad and F-actin accumulated at the contact rim, as seen 
in the cell doublets of the ectoderm cells at the cell-bilayer contacts. We found that even 
though a general reduction in actomyosin was present as we measured (Fig. 12a,b), 
actomyosin reduction was less pronounced at the contact rim than the contact center; 
and while Ecad increased overall in the whole contact, it accumulated more at the contact 
rim (Fig. 16a).  
 
The ring-like accumulation of F-actin separated distinct cortical organizations: we can 
think of this accumulation as an actin arc, seen in immune synapses, as it forms mostly 
circumferential arrays of actin sporadically decorated with Myosin-2 filaments, though 
weaker than the actin arc of the immune synapse as it gets disorganized easily with cell 
protrusions sometimes (Fig. 16b). The narrow zone between the F-actin arc and the 
contact edge exhibits a contractile cortex, reminiscent of the contact-free cortex above it. 
This cortex was not always visible (sometimes the edge was the actin arc itself), but 
mostly when blebs occurred and got retracted, a dense network of actin got built there in 
a fast fashion, and Myosin-2 minifilaments decorated it, possibly helping with the bleb 
retraction as described in literature before165. Due to these retractions, this zone showed 
occasional fast centripetal F-actin flows starting at the cell edge and ending at the arc, 
which marks the outer edge of the “real contact”, and the blebs cannot go further than it. 
Compared to the outer zone, the inner zone showed a less dense and more stable F-
actin network. Notably, Ecad accumulation occured at the edge of this inner zone, as it 
did not get into the actin arc (Fig. 16c).  
 

 

https://www.zotero.org/google-docs/?LBeU2Z
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Figure 16. Contact architecture at the contact rim vs. center. Plot of mean intensities for 
Myosin-2, F-actin and Ecad at the contact rim and contact center on bilayers with or 

without EcadECD. Mean ± s.e.m. are shown (a). Representative dual-color images of 
Myosin-2-GFP; Utrophin-mCherry line cells, in the merged tab Myosin-2 is labeled blue 

and F-actin green, with plot of intensities for Myosin-2 and F-actin signals over the 
dashed line in (b). Representative dual-color images of Ecad-YFP line cells expressing 
Ftractin-KO, in the merged tab Ecad is labeled purple and F-actin green, with the plot of 
intensities for Ecad and F-actin signals over the dashed line in (c). Scale bars are 5 µm. 
 
To further investigate the architecture of Ecad-mediated contacts, we built radial intensity 
profiles of Myosin-2, F-actin and Ecad at mature contacts (Fig. 17a,b). This analysis 
showed Myosin-2 to peak specifically at the contact rim, showing a rather binary response 
to biochemical changes. Meanwhile, F-actin and Ecad formed a continuous gradient 
along the contact radius, increasing levels from the center towards the rim of the mature 
contacts. Such gradients were not seen in contacts without EcadECD, showing the 
specificity of these contacts to E-cad-mediated adhesion (Fig. 17c). The gradients 
appeared during the fast contact expansion phase and continued to get steeper for 2-3 
min after the total amounts of F-actin and Ecad were stabilized (Fig. 17d,e), suggesting 
further remodeling of the contacts after the RhoA-mediated contact expansion.  
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Figure 17. Radial intensity profiles at the contact. Airyscan snapshots of Myosin-2, F-
tractin/F-actin and Ecad at the contact, given with an exemplary radial intensity image 

where the profile is calculated along the orange line (a). Radial intensity plots, which are 
normalized by contact length and average intensity, for Myosin-2 treated with DMSO, F-
actin treated with DMSO and Ecad (Myosin-2 N=3, n=22; F-actin N=3, n=20; Ecad N=4, 
n=20). Arrowhead points to the Myosin-2 peak, and lines show the graduate increases 
in F-actin and Ecad profiles (b). Radial intensity plots for Myosin-2, F-actin and Ecad on 
bilayers without EcadECD (Myosin-2 N=3, n=18; F-actin N=3, n=19; Ecad N=3, n=29) 
(c). Representative images of F-actin during contact formation and intensity profiles 

from indicated times, normalized to maximum intensity (d). Representative images of 
Ecad during contact formation, along with intensity profiles from indicated times, 

normalized to maximum intensity (d). Mean ± s.e.m. are shown (b,c). Scale bars are 5 
µm. 

 
To confirm these results with a second approach, we analyzed the F-actin network density 
at the maturing contacts (Fig. 18a). In a fashion temporarily similar to the F-actin gradient 
establishment, network density decreased for several more minutes after the fast contact 
expansion phase, diluting the actin network at the contact even further (Fig. 18b). Network 
density formed a gradient similar to F-actin intensity, suggesting that the radial intensity 
profile of F-actin is due to changes in network density (Fig. 18c). Overall, these results 
hinted at the possibility of a different mechanism, which spatially redistributed the 
maintained pools of F-actin and Ecad at the contact. 
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Figure 18. F-actin network density at the contact. Representative images of the SOAX-
skeletonized F-actin network during contact formation of Fig. 17d (a). The plot of F-actin 

fluorescent intensity (repeated from (Fig. 12b) and F-actin network density over time 
during contact formation (F-actin network density N=6, n=6). The contact expansion 
phase of initial minutes is indicated in purple (b). Radial network density profile of F-

actin (N=5, n=23). Mean ± s.e.m. are shown (b,c). 
 

As contact formation disrupts the uniform distribution of the contractility indicator Myosin-
2 at the cortex, we asked whether this anisotropy would induce cytoskeletal flows directed 
toward the contact rim with peak Myosin-2 levels. We hypothesized that such centrifugal 
flows could mechanically mediate the translocation of proteins outwards. We sought to 
demonstrate the presence of centrifugal flows via kymographs along the inner contact 
diameter where Ecad accumulates. This analysis showed that F-actin filaments move 
predominantly from the contact center towards the rim (0.22 ± 0.09 µm/min) in mature 
contacts, consistent with our hypothesis (Fig. 19a-c). The flows appear during contact 
formation and continue in mature contacts, supporting the idea that a protected Myosin 
peak activity could cause them (Fig. 19d). To understand how these flows are established 
and related to the concomitant accumulation of Ecad at the contact edge, we turned to 
Myosin-2, previously shown to represent the main determinant of cortical actin 
contractility and flow. To address the possibility that flows might be Myosin-2 mediated, 
we blocked Myosin-2 activity in the contacting cell by exposing it to the Myosin-2 inhibitor 
para-nitroblebbistatin (pnBb) and analyzed resultant changes in F-actin flows at the 
contact166. Centrifugal F-actin flows at the contact were not detectable anymore upon 
pnBb treatment (Fig. 19c,i), and pnBb-treated contacts displayed higher F-actin network 
density (Fig. 19k), alongside radial profiles showing no enrichment towards the contact 
rim for F-actin (Fig. 19h) supporting the notion that such flows are generated by the 

https://www.zotero.org/google-docs/?KgHoB7
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asymmetric distribution of Myosin-2 at the contact edge and contribute to further dilution 
of the F-actin network at the contacts.  
 
We analyzed changes in Ecad distribution at the contact disc to explore further whether 
and how the centrifugal flows of F-actin at the contact disc are related to the graded 
distribution and accumulation of E-cadherin at the contact edge. Since Ecad clusters have 
previously been shown to be taken along by F-actin flows (see 1.2.2), we hypothesized 
that the observed centrifugal F-actin flows at the contact disc might trigger similar flows 
of Ecad, leading to Ecad gradient formation and contact edge accumulation. Kymograph 
analysis revealed single Ecad clusters flowing centrifugally (Fig. 19a-c) with an average 
net velocity (0.28 ± 0.64 µm/min) similar to F-actin filaments (Fig. 19b,c), supporting the 
notion of Ecad flowing towards the contact edge by advection with the centrifugal F-actin 
flow. In order to check whether low contractility halts Ecad flows as well, we used CA-
Mypt-expressing Ecad-YFP cells as pnBb treatment caused Ecad-mlanYFP signal-to-
noise ratio to weaken. CA-Mypt-expressing contacts were similar to pnBb-treated 
contacts in which they demolished the rim enrichment of F-actin and resulted in higher 
network densities at the contact (Fig. 19j,k). CA-Mypt-expressing contacts did not show 
any enrichment for Ecad (Fig. 19h) and halted centrifugal Ecad cluster flows (Fig. 19c,i). 
A control experiment we did with pnBb using Ecad-Tom-expressing cells that could be 
imaged without bleaching for a short while gave a distribution of Ecad similar to CA-Mypt-
expressing contacts (Fig. 19l), validating our observations of pnBb and CA-Mypt can be 
used interchangeably within our context.  
 
Further analysis of colocalization of distinct Ecad clusters showed a partial colocalization 
of Ecad clusters with the F-actin filaments (Fig. 19f,g), suggesting that not all Ecad 
clusters were directly linked to F-actin, consistent with Ecad flowing by advection rather 
than direct transport by the F-actin network. 
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Figure 19. Myosin-2-activity-dependent flows of F-actin and Ecad. Schematic of the 
contact showing contact diameter excluding protrusions as the kymograph position and 

giving allocation of flow direction. Kymographs of the contacts expressing F-actin 
(above) and Ecad (below), along with tracks superimposed on the raw data (right). 

Outward-directed tracks are labeled in yellow, and inward-directed tracks are labeled in 
purple (a). Histograms of net track velocities for F-actin treated with DMSO and Ecad 

(F-actin N=5, n=7; Ecad N=4, n=10; 10 tracks from each cell)(b). The plot of cumulative 
net velocities of data shown in (b), Kolmogorov-Smirnov test (b’). The plot of average 
net track velocity per cell. DMSO or pnBb-treated F-actin-labeled cells and control or 

CA-Mypt-injected Ecad-expressing cells are quantified (F-actin DMSO N=5, n=7; F-actin 
pnBb N=8, n=12; Ecad control N=4, n=10; Ecad CA-Mypt N=3, n=10). Mann-Whitney 

test (c). Average net velocities of F-actin tracks for newly-forming contacts (N=4, n=10) 
and mature contacts (N=5, n=5). Mann-Whitney test. P=ns. (d). Comparison of F-actin 
network density for DMSO-treated and pnBb-treated contacts (DMSO N=3, n=27; pnBb 

N=3, n=25). Student’s t-test. (e). Bar plots of Manders’ coefficients for colocalization 
quantification of Ecad-Tom-expressing cells injected with Ftractin-KO as F-actin marker 

(N=2, n=40)(f). Bar plot of Li’s ICQ value for colocalization quantification of the same 
cells as in (f)(g). Airyscan snapshots of Myosin-2 treated with pnBb, F-actin treated with 
pnBb and Ecad injected with CA-Mypt at the contact, with radial intensity plots, which 

are normalized by contact length and average intensity, for each marker below (Myosin-
2 pnBb N=3, n=20; F-actin pnBb N=3, n=24; Ecad CA-Mypt N=3, n=25) (h). Histograms 
of net track velocities for F-actin treated with pnBb and Ecad injected with CA-Mypt (F-

actin pnBb N=8, n=12; Ecad CA-Mypt N=3, n=10; 10 tracks from each cell)(i). 
Representative Airyscan images of F-actin for control and CA-Mypt-expressing cells, 

along with radial intensity plots (F-actin control N=3, n=31; F-actin CA-Mypt N=3, n=25) 
(j). Comparison of F-actin network density for control and CA-Mypt-expressing contacts 
(Control N=4, n=22; CA-Mypt N=4, n=34). Student’s t-test (k). Representative Airyscan 

images of Ecad-Tom for DMSO-treated and pnBb-treated cells, along with radial 
intensity plots (Ecad DMSO N=2, n=15; Ecad pnBb N=2, n=24) (l). Scale bars are 5 µm 

on the x-axis and 1 min on the y-axis. 
 

As the flows are contractility-dependent, we wondered how increased contractility would 
impact the contact dynamics. We treated cells with lysophosphatidic acid (LPA), a 
contractility amplifier, and analyzed the radial distribution of proteins at the contact. F-
actin showed a very strong peak at the contact rim (Fig. 20a,c), in line with our previous 
study where LPA increased rim accumulation of F-actin145. While Ecad did not show a 
strong peak like F-actin, it formed a steeper gradient than the control (Fig. 20a,c). The 
differences in distribution profiles of F-actin and Ecad support that the profiles may not be 
maintained via direct coupling. The network density of F-actin had dropped in comparison 
to the control, as expected by more F-actin being carried to the rim, leading to higher rim 
accumulation (Fig. 20cb). Next, we measured flow velocities at LPA-treated contacts, and 
to our surprise, flow velocities did not show an increase (Fig. 20d,e). When carefully 
inspecting the contacts, we realized that most LPA-treated contacts had some ectopic F-
actin foci, which could explain why the flows would not get faster, as these foci would 
create instabilities in the contractility gradient. Indeed, the foci were also positive for 
Myosin-2 (Fig. 20f), forming local peaks of contractility in the normally Myosin-free contact 
zone. Interestingly, local recruitment of Ecad was present around the ectopic actomyosin 

https://www.zotero.org/google-docs/?dhIpIt
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foci (Fig. 20g), and we observed centripetal F-actin and Ecad flows towards them (Fig. 
20e), opposite in direction to what we had so far observed at the contacts. This 
observation strengthens our hypothesis that cortical flows of F-actin and Ecad, arising 
due to Myosin-2 anisotropy, result in Ecad enrichment around higher-contractility sites.
 

Figure 20. Contractility-enhanced contact dynamics. Airyscan snapshots of Myosin-2, F-
actin and Ecad treated with LPA (a). Comparison of F-actin network density for control 

and LPA-treated contacts (control N=3, n=22; LPA N=2, n=24). Student’s t-test (b). 
Radial intensity plots of LPA-treated contacts for F-actin and Ecad (F-actin Control N=8, 
n=11; F-actin LPA N=3, n=34; Ecad LPA N=3, n=16)(c). The plot of average net track 

velocity per cell. LPA-treated contacts and local flows around LPA-induced foci are 
quantified (F-actin Control N=6, n=9; F-actin LPA N=7, n=14; F-actin LPA foci N=3, n=5, 
7 foci; Ecad LPA N=6, n=10; Ecad LPA-foci N=3, n=4, 4 foci). Mann-Whitney test. Ecad 
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control is repeated from Fig.19c (d). Histograms of net track velocities for F-actin and 
Ecad treated with LPA (F-actin LPA N=7, n=14; F-actin LPA foci N=3, n=5, 7 foci; Ecad 

LPA N=6, n=10; Ecad LPA-foci N=3, n=4, 4 foci; 10 tracks from each cell)(e). 
Representative dual-color images of Myosin-2-GFP; Utrophin-mCherry line cells. In the 
merged tab, zoom-in of the rectangle in the middle picture is shown; Myosin-2 is labeled 
blue and F-actin green, with the plot of intensities for Myosin-2 and F-actin signals over 
the dashed line (leftmost) and two more examples of line intensities taken over foci from 
different contacts (f). Representative dual-color images of Ecad-YFP line cells injected 
with Ftractin-KO as F-actin marker. In the merged tab, zoom-in of the rectangle in the 

middle picture is shown; Ecad is labeled purple and F-actin green, with the plot of 
intensities for Ecad and F-actin signals over the dashed line (leftmost) and two more 

examples of line intensities taken over foci from different contacts (g). Error bars show 
mean ± s.e.m. (c,d). 

 
With these observations, we identified two critical mechanisms underlying cortical 
actomyosin depletion at the contact disc and Cadherin accumulation at the contact edge: 
downregulation of RhoA signaling downstream to trans-bound E-cadherin depletes 
Myosin-2 and decreases F-actin levels at the forming contact. This localized 
downregulation of cortical actomyosin contractility at the contact versus the remainder of 
the cell cortex leads to centrifugal flows of F-actin and E-cadherin towards the contact 
edge, causing their accumulation there. As we had manipulations of cortical tension to 
support this hypothesis, we checked the amounts of F-actin and Ecad under these 
conditions (Fig. 21a). Following our conclusions, when treating cells with LPA or pnBb, 
there were no significant changes in the Ecad amounts, suggesting the initial homophilic 
binding stage is relatively passive. F-actin amounts also did not differ between conditions 
showing that the Ecad-mediated downregulation occurs rather homogeneously between 
different conditions.The second phase, which is based on the contractility differences 
between the contact and the contact-free surface, redistributes the available pool of Ecad 
and F-actin within the contact. As for F-actin quantification, we used Ftractin, a marker 
we injected into the embryos. Therefore we wanted to double-check this observation 
using phalloidin staining, an unquestionable marker of F-actin (Fig. 21b). We quantified 
within single cells, the intensity differences at the contact in comparison to the contact-
free interface. LPA-treatment enhanced the differences, but the low contractility 
conditions did not differ significantly from their respective controls. This observation is 
different from the cell doublet situation; when two cells are brought together under 
Blebbistatin treatment, we would not expect them to make large contacts, and their F-
actin levels would not be significantly reduced in the barely formed contacts, as in this 
case, contact expansion through contact-free cortex tension would not take place. 
However, on bilayers, the geometry is different, probably since an infinite pool of adhesion 
molecules exists providing a high adhesion tension, the low surface tension of the pnBb 
or CA-Mypt cells can be broken and cells can easily spread on the surface (Fig. 21c) 
possibly through a wetting mechanism, different from cell doublets. This discrepancy 
helps us see that as soon as cadherin adhesion exists, actomyosin reduction can occur 
through signaling. 
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Figure 21. Contact manipulations. Plot of mean intensities for Myosin-2, F-actin and 
Ecad at the contact  for contacts without EcadECD, control, LPA treatment, DMSO 

treatment and pnBb treatment. (w/out EcadECD Myosin N=3, n=20; F-actin N=4, n=23; 
EcadYFP N=3, n=33; Control Myosin-2 N=7, n=50; F-actin N=3. n=35; EcadYFP N=6, 
n=26; LPA Myosin-2 N=N=3, n=25; F-actin N=3, n=30; EcadYFP N=4, n=29; DMSO 
Myosin-2 N=3, n=21; F-actin N=3, n=39; EcadTom N=2, n=16; pnBb Myosin-2 N=3, 

n=16; F-actin N=3,n=28; EcadTom N=2, n=25) Kruskal-Wallis test for w/outECD, 
Control and LPA. Student’s t test for Myosin-2 DMSO and pnBb. Mann-Whitney test for 

F-actin and Ecad DMSO and pnBb. w/out EcadECD and Control are repeated from 
Fig12f (a). Quantification of cell-bilayer/contact-free interfaces intensity ratios for 

phalloidin staining of DMSO-treated, pnBb-treated, control, LPA-treated and CA-Mypt-
expressing cells (DMSO N=2, n=41; pnBb N=2, n=36; control N=2, n=53; LPA N=2, n=; 
CA-Mypt N=2, n=48) (b). Plot of contact diameters for control, LPA-treated, CA-Mypt-

expressing, DMSO-treated and pnBb-treated cells (Control N=3, n=35; LPA N=3, n=31; 
CA-Mypt N=3, n=36; DMSO N=3,n=24; pnBb N=2, n=28). Kruskal-Wallis test for 

Control, LPA and CA-Mypt. Student’s t test for DMSO and pnBb (c). Mean ± s.e.m. are 
shown. 
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3. 4 Effects of turnover on contact dynamics 

3.4.1 Reduced actin turnover increases rim accumulation 
Increased turnover, also via LPA, was previously shown to reduce actin and Ecad 
turnovers45,145. As these contacts had more rim accumulation even though their flow 
velocity did not differ from contacts and decreased network density, we sought whether 
the results we saw could be due to reduced actin turnover, allowing more time for the 
network to be carried centrifugally. We treated cells with low amounts of Jasp, in order 
not to stabilize contacts completely, and ran radial profile, network density and flow 
analysis. As shown before, Jasp-treated contacts had high rim accumulation of F-actin 
and Ecad (Fig. 22a,b). F-actin seemed more bundled, and these structures accumulated 
circumferentially. These bundles made tracing quite easy, and we observed flows faster 
than the control for F-actin and Ecad, showing the flows are coupled (Fig. 22c,d). Faster 
flows could be due to a more connected network, experiencing the forces from rim more 
efficiently. These faster flows and increased network stability led to a more diluted actin 
network, as expected (Fig. 22e).  
 
Clear dynamics of the Jasp-treated contacts allowed us to analyze F-actin flow profiles 
with particle image velocimetry (PIV) at these contacts in a more spatially-resolved way. 
Recapitulating our observations, LPA addition did not change Jasp-treated flow velocities, 
yet pnBb abolished them (Fig. 22f,g). The average flow velocities, averaged over 
circumferential rings starting from the center of mass, increased from the center towards 
the contact rim and stopped at the rim, resulting in compression accumulating F-actin and 
Ecad at the rim.  
 

https://www.zotero.org/google-docs/?D1OIZa
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Figure 22. Jasp-treated contacts. Airyscan snapshots of Myosin-2, F-actin and Ecad 
treated with Jasp (a). Radial intensity plots of Jasp-treated contacts for F-actin and 

Ecad (F-actin Jasp N=4, n=23; Ecad Jasp N=2, n=6)(b). Kymographs of Jasp-treated 
contacts expressing F-actin (above) and Ecad (below), tracks superimposed on the raw 

data. Outward-directed tracks are labeled in yellow, and inward-directed tracks are 
labeled in purple. Histograms of net track velocities for F-actin and Ecad treated with 

Jasp (F-actin N=8, n=11; Ecad N=2, n=3; 10 tracks from each cell) (c). Plot of average 
net track velocity per cell for Jasp-treated contacts (F-actin N=8, n=11; Ecad N=2, n=3) 
Control is repeated from Fig. 20c. Mann-Whitney test. Control is repeated from Fig.19c 

(d). Comparison of F-actin network density for Control (repeated from Fig. 20b) and 
Jasp-treated contacts (Jasp N=4, n=19) Student’s t-test. (e). Airyscan snapshots of F-

actin for Jasp-treated, Jasp plus pnBb-treated and Jasp plus LPA-treated cells (above), 
with PIV maps averaged over time lapses (below)(f). Plot of radial net velocities of Jasp-
, Jasp plus pnBb- and Jasp plus LPA-treated cells along the contact radius (Jasp N=2, 
n=3; Jasp+pnBb N=3,n=6; Jasp+LPA N=3, n=5). Mean ± s.e.m. are shown. Scale bars 

are 5 µm on the x-axis and 1 min on the y-axis. 
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3.4.2 Molecular turnover measurements 
As Myosin-2 driven accumulation of F-actin and Ecad at the contact edge not only 
depends on their centrifugal flow velocities but also on their turnover, we measured actin 
lifetime by single-molecule imaging of injected TRITC-Actin protein and Ecad lifetime 
using FRAP.  
 
As actin-GFP mRNA injection gave a homogenous cytoplasmic signal, TRITC-Actin 
protein injection proved the best option to measure actin lifetime. Injection of this protein 
in small quantities at the one-cell stage resulted in single molecules roughly 0.5 µm apart 
from each other (Fig. 23a). Even when we tried higher concentrations, we could never 
label filaments thoroughly, and very high concentrations were also lethal for the embryos. 
For spot detection, we used the TrackMate algorithm of ImageJ and measured track 
lengths at contacts. Most longer tracks seemed randomly distributed, with many in the 
center. From the obtained tracks, we constructed decay curves with track counts for 
differing lifetimes that fit mono exponentials, optimizing the quality thresholds we used in 
TrackMate for each experimental day (Fig. 23b-d). The decay constants that were 
extracted from these curves give a sum of the F-actin dissociation rate and a 
photobleaching rate. By varying the acquisition intervals (see Methods), we got separate 
estimates of photobleaching and a corrected dissociation rate for F-actin (Fig. 23e-f).  
 
In line with previous reports, we found a lifetime of 26.3 ± 2.8 s for actin in controls (Fig. 
23g). LPA treatment increased actin lifetime as expected, which would result in more 
accumulation at the rim of the contact. Also, pnBb treatment increased the actin lifetime 
at the contact significantly, in accordance with reports of suppressed Myosin-2 activity 
reducing actin turnover (Sonal 2018) however, this increased lifetime would not predict 
more rim accumulation as the outward flows were suppressed with pnBb treatment.     
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Figure 23. Actin single molecule imaging. TIRF image of a TRITC-Actin-labeled contact, 
along with tracks detected using TrackMate (a). An exemplary plot of track duration 
distribution from a single movie, showing exponential decay (b). Decay curves for 

different acquisition intervals were plotted using the log scale to check for linearity (c). 
Decay curves for the same data with different quality thresholds picked in TrackMate, 

keff values are given (d). Fraction of counts given for differing lifetimes for 3 cells 
acquired with differing time intervals (0.5, 1, 2, 3, 4s), raw decay data is given by dots, 

and best monoexponential fits are given by lines (e). Plot of acquisition interval vs 
acquisition interval * effective dissociation constant for data shown on the left. The line 
indicates fit to keffttl=koffttl + kpbtex, where keff is the effective dissociation constant, koff is 
the real dissociation constant, kpb is the photobleaching rate, tex is the exposure time 

and ttl is the acquisition interval (f). The plot of actin average lifetimes for control, LPA-
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treated, DMSO-treated and pnBb-treated contacts (Control N=4; LPA N=3; DMSO N=3; 
pnBb N=3; n is at least 3 (differing acquisition intervals and cells) for each N). Mean ± 

s.e.m. are shown (e). Scale bar: 5 µm. 
 
Following actin measurements, we continued with measuring Ecad lifetime to see 
whether we would lower values for it as Ecad formed a less steep gradient than F-actin. 
We opted to use FRAP to measure Ecad recovery times as we had a knock-in line, and 
any single molecule technique would require overexpression of Ecad in the cells. As we 
checked the recovery curves, they fit well to a one-phase association curve, suggesting 
the imaged Ecad pool does not show significantly different dynamics based on their 
clustering or F-actin association (Fig. 24a,b). This is probably because of the high Ecad 
turnover, 11.69 ± 4.71 s of recovery time for control, which limits detection of different 
pools even if they exist. When two-phase associations were tried; the taus for two phases 
were not differing an order of magnitude; therefore we could not use this method reliably. 
In line with this, the clusters also seemed to have similar recoveries as with more diffusive 
monomers (Fig. 24a). Still, we also detected a low fraction of immobile pool (Fig. 24c), 
which increased in percentage with LPA-treatment. Moreover, Ecad turnover seemed to 
correlate with tension in the cell, as LPA-treated contacts showed slower turnover. The 
CA-Mypt-expressing contacts on the contrary showed faster turnover compared to control 
but the difference was not significant suggesting control conditions may not have high 
contractility to start with. We also did not see a correlation between Ecad and F-actin 
turnovers, especially under low contractility, showing Ecad and actin turnovers may not 
always be linked (Fig. 24a,b). The details of the recovery process are not very clear 
through this analysis, as we could not detect clear differences at the edge vs center of 
the FRAPped regions suggesting an apparent diffusion-based recovery, but also FRAP 
areas of different sizes seemed to have slightly different recovery profiles. In preliminary 
experiments where we FRAPped the whole contacts, we got values around 15 s for 
recovery; more experiments are needed to figure contributions of lateral diffusion vs 
cytoplasmic turnover, yet both might be contributing to it based on the current preliminary 
observations. 
 

 
Figure 24. Ecad recovery after bleaching. TIRF image of FRAPped contact labeled for 
Ecad (above), along with a kymograph of the acquired timelapse along the dashed line 

(below) (a). Exemplary recovery curves after bleaching for Control, LPA-treated and 
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CA-Mypt-expressing contacts (Control n=11; LPA n=9; CA-Mypt n=9) (b). Plot of 
average recovery times at Control, LPA-treated and CA-Mypt-expressing contacts 
(Control N=3, n=35; LPA N=4, n=28; CA-Mypt N=3, n=24) (b). The plot of immobile 

fractions for the data shown in (c)(d). Mean ± s.e.m. are shown (e). Kruskal-Wallis test. 
The scale bar is 5 µm on the x-axis for the image above and y-axis for the image below, 

1 min for the x-axis for the image below. 
 
It is expected that the already observed Myosin-2 localization differences in cell doublets 
would give rise to flows. Previously the actin network at the contacts was not clearly 
visualized, and the Myosin-2 was completely absent, so only with our study it became 
possible to assume flows and observe them. As we managed to get measurements for 
flows and turnovers thanks to the resolution we have with lipid bilayers, it should be 
possible to feed these parameters to a mathematical model and see how much 
accumulation at the rim would be possible. Our collaborators are working on this with the 
extracted parameters (Table 1). 
 
 Contact 

diameter 
(um) 

Actin 
average 
flow 
velocity 
(um/min) 

Actin 
average 
lifetime (s) 

Ecad 
average 
flow 
velocity 
(um/min) 

Ecad 
average 
recovery 
time (s) 

Ecad 
immobile 
fraction 

control 16.12 ± 3.28 0.18 ± 0.06 24.9 ± 1.8 0.25 ± 0.17 11.69 ± 4.71 0.13 ± 0.09 

LPA 13.77 ± 2.24 0.20 ± 0.21 35.1 ± 3.3 0.20 ± 0.13 14.17 ± 3.73 0.19 ± 0.11 

DMSO 16.01 ± 3.11 0.22 ± 0.09 20.77 ± 2.92    

pnBb 16.89 ± 2.64 -0.19 ± 0.26 42.3 ± 2.76    

CA-Mypt1 15.06 ± 4.49   -0.01 ± 0.13 9.10 ± 2.51 0.16 ± 0.07 

Table 1. A summary of the flow and turnover parameters at the contact. 
 

3. 5 Actin architecture at the contact 
As mentioned above, the diffuse network of actin we observed at the contact was rather 
unexpected. Therefore when we first visualized it, we wanted to confirm those findings 
with cell doublets. Previously, our lab had published a study where doublets were stacked 
into microwells so that the contacts could be visualized en face145. We used a bright actin 
labeling line, overexpressing Tropomyosin3(Tpm3)-NeonGreen, to look at doublets with 
the microwell method. Even though this marker is not a ubiquitous F-actin maker, and 
Tropomyosins have been shown to bind specific pools of actin, we could observe a diffuse 
actin network at the contact in live cells (Fig. 25a), confirming our bilayer results. Similarly, 
phalloidin-stained cell-doublets also showed diffuse actin structures at the contacts rather 
than only at the rim (Fig. 25b). 

https://www.zotero.org/google-docs/?825q9W
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Figure 25. Actin at the contacts of cell doublets. Schematic of the experimental design 
(left), side view and contact view for exemplary Tpm3-expressing contacts are shown 
(a). Side view and contact views of exemplary phalloidin-stained contacts are shown 

(b). 
 
As the nature of this actin network needed to be clarified, we did treatments with a general 
formin inhibitor (SMIFH2) and Arp2/3 inhibitor to see whether we could deduce the 
contributions of these networks to the local actin structure at the contacts. Formin 
inhibition increased Myosin-2 localization to the actin network and the actin network 
increased its network density upon treatment (Fig. 26a,b). Previously similar observations 
were made in stem cells, and Myosin-2 was suggested to be recruited thanks to the 
change in actin network density, implying that in control conditions Myosin-2 gets 
excluded spatially as the actin density decreases167. However, this needs to be 
investigated in more detail. Another explanation of actin density changes could be 
SMIFH2 treatment’s decrease of contractility, resulting in a phenotype similar to pnBb168. 
As for Arp2/3 inhibition, we did not observe a difference in actin network density (Fig. 
26b). Unfortunately, the fluorescent formin lines that were created in the lab or 
immunostainings against Arp2/3 complex components did not work. Therefore we could 
not get more details on the question of actin’s nature at the contact. The only fluorescent 
line that worked was ArpC2, which labeled structures that colocalized with transient actin 
foci, that might be polymerization hotspots, and the edge of protrusions (Fig. 26c). 
 

https://www.zotero.org/google-docs/?8mX46c
https://www.zotero.org/google-docs/?QX73wE
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Figure 26. Formin and Arp2/3 inhibitor treatments. Representative images of Myosin-2 

for DMSO- and SMIFH2-treated cells, along with the comparison of Myosin-2 density for 
these conditions, sample numbers are given in figure (a). Representative F-actin 

images for Control, SMIFH2- and CK666-treated cells, along with the comparison of F-
actin network density for these conditions, sample numbers are given in figure (b). 

Representative dual-color images of ArpC2-mNeongreen cells, injected with Lifeact-
RFP, in the merged tab Lifeact/F-actin is labeled purple and ArpC2 green (c). 

 
We also checked whether cofilin might be active in decreasing network density at the cell 
contacts. Unfortunately, the antibodies we tried did not work in our hands, and the 
inhibitors of the LIM kinase (Damnacanthal and LimKi3), which phosphorylates cofilin and 
decreases its activity, did not give any differences in the network (Fig. 27).  



68 

 
Figure 27. Inhibitors of actin depolymerization. Representative snapshots of F-

actin/Ftractin for DMSO- and LimKi3-treated contacts. 
 
Another important note is on the selection of F-actin markers used. We realized during 
this project, thanks to the high resolution we obtained, that there is a preference for actin 
markers on specific pools of actin (Fig. 28). Utrophin was labeling the newly polymerizing 
actin network faster. It localized mainly to the protrusions and the ring-like accumulation 
at the edge, suggesting these networks might be more Arp2/3 mediated. On the contrary, 
Tpm3 labeled actin more slowly, and it seemed to bind more stable filaments in the 
contact center. Tpm3 was previously shown to label formin-mediated networks 
specifically, raising the question of whether it might be binding a formin-mediated network 
more readily in our contacts. Since we saw that Ftractin labeled the actin structures more 
homogeneously than these two markers, we opted to use Ftractin for most of our study. 
 

 
Figure 28. F-actin markers. Representative dual-color images of Utr-mCherry and 

Tpm3-mNeongreen cells, in the merged tab Utrophin is labeled purple and Tpm3 green. 

3. 6 Contribution of blebs to F-actin and Ecad rim accumulation 
Even though for most of this thesis we focused on accumulation that is mediated from 
center towards the actin ring, as mentioned before, the cells are decorated with blebs that 
get retracted at the contact site. We wondered whether these persistent blebs might also 
mediate remodeling at the contacts, for instance in the case of LPA, when blebs are 
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increased, similar to the idea that filopodia at the contacts might mediate Ecad 
clustering129. 
 
We started by looking at the correlation of blebs with rim enrichment. At contacts of F-
actin, as blebs got retracted, we observed an enrichment in the signal at the rim. It 
seemed like with blebs, the signal at the contact’s edge, both for F-actin and Ecad, looked 
more diffuse, and with retraction, it came back to an enriched form (Fig. 29a,b). When we 
looked with kymographs at bleb retractions, we observed accumulations of F-actin and 
the formation of Ecad clusters at the stem of blebs in most cases (Fig. 29c). These 
observations were suggestive of blebs contributing to the remodeling of F-actin and Ecad 
at the contacts, yet it is unclear whether this is a meaningful contribution or cause 
transitionary responses.  
 
In order to investigate this phenomenon further, we tried to find a way to decouple bleb 
numbers and contractility. As it was used before for zebrafish progenitors144, we injected 
cells with a constitutively active form of Ezrin (CA-Ezrin2) to decrease bleb numbers by 
increasing membrane-cortex interactions.  Unfortunately, in my hands, this method that I 
tried early on in my thesis (therefore, handling of cells may also not be excellent) could 
have given more consistent results. Only in some cases, CA-Ezrin2 decreased bleb 
numbers effectively, and the contacts in CA-Ezrin2-expressing cells were smaller and 
seemed to have less of a rim accumulation for alpha-catenin (Fig. 29d-g). Unfortunately, 
as reproducibility was a problem, I did not continue on this project further. As an 
alternative agent to reduce blebs, I also tried wheat germ agglutinin (WGA), as it binds 
glycoproteins of the cell membrane, yet after realizing it also affected Ecad clustering, I 
also did not continue further with that method. Other methods, such as osmolarity 
modulation, also did not have enough literature to guess the effects of such treatments 
very clearly. Therefore the question still stands whether retrograde retractions occurring 
through blebs outside of the contacts also matter for rim accumulation or not. Inducing 
blebs might also be an interesting take on this. For instance, laser cuts to the cortex of 
progenitor cells result in bleb formation, yet we did not have a good enough cutter system 
to investigate the results of a cut at the full cell contact at the time. 

https://www.zotero.org/google-docs/?TTWwnD
https://www.zotero.org/google-docs/?qgdc20
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Figure 29. Enrichment of proteins with bleb retractions. Images from a time-lapse of F-

actin/Utrophin, where area changes (blebs) are labeled in purple (a). Rim-to-center 
intensity ratios of an Ecad-labeled contact over time, with area changes indicating when 
blebs occur (b). Kymographs of a dual-colored contact radius injected F-actin/Utrophin 

is labeled in purple and injected Ecad-GFP is labeled in green. The rectangle shows the 
stem of bleb retractions (blebs are labeled with *), where accumulations occur (c). 

Comparison of bleb frequencies in control and CA-Ezrin2-expressing cells. Student’s t-
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test. Sample numbers are given (d). Comparison of contact lengths between the cell 
doublets of control and CA-Ezrin2-expressing cells. Student’s t-test. Sample numbers 

are given (e). Representative images of alpha-catenin contacts of control and CA-Ezrin-
2 expressing cells reconstructed from z-stacks (f). Quantification of radial intensity for 

control and CA-Ezrin2-expressing contacts (reconstructed as in f). Sample numbers are 
given (g). 

 

4. Discussion and Conclusions 

 
Figure 30. Ecad homophilic binding induced cortical acto-cadherin flows lead to rim 

accumulation.  
 
Our main finding in this thesis explains how Ecad mediates its own rim accumulation in 
nascent contacts (Fig. 30). We show that in the initial minutes of contact formation, Ecad 
density at the contact increases, and this leads to a decrease in RhoA GTPase activity, 
which mediates downregulation of F-actin and Myosin-2 levels. After this initial phase, the 
protein amounts at the contact zone stabilize. Moreover, physical remodeling takes place. 
Possibly as soon as the Myosin-2 distribution becomes asymmetric due to the total 
exclusion of Myosin-2 at the contact, F-actin starts flowing from the low-contractility 
contact center towards the high-contractility contact rim. Ecad follows similarly. With the 
same velocities seen for F-actin flows it goes centrifugally towards the rim. We show that 
the average actin lifetime is around 30 seconds and Ecad recovers much faster, in around 
10 seconds; this correlates with how steep the gradients of these proteins are along the 
cell radius.Therefore, the cortical flows of F-actin and Ecad, created through biochemical 
means by Ecad itself, remodel the Ecad-mediated cell-cell contacts.    
 
We observed the changes at the contacts with high spatiotemporal resolution thanks to 
the SLB systems we employed in this thesis work to reconstitute cell-cell adhesion.We 
induced adhesion between cells and the bilayers using partially-fluid bilayers via 
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cholesterol addition to fluid PC components. Significantly, cells could remodel on these 
bilayers as seen by the spatial distribution of proteins similar to cell-cell doublets and 
increased Ecad levels at their contacts. We have not investigated the importance of Ecad 
density increase at the contact site in this study; however, it is a well-established 
phenomenon in cell cultures163. It might be interesting to characterize the RhoA-mediated 
and cytoskeletal responses with a titration of bilayer fluidities, therefore with various 
diffusion constants for available E-cadherin on the bilayer. For instance, Rac1 
response124 and actin bundling118 were shown to differ on mobile and immobile 
substrates. Both force responses due to changes in bilayer viscosity and density-
dependent clustering of cadherins122 might differ as the substrate mobility changes. 
Previously on fluid bilayers, cadherin density increase was observed without mature 
contact formation126. Whether this density response was needed or necessary levels were 
reached to induce adhesion formation is not clear. In order to decouple the importance of 
cadherin enrichment vs the drag force cells required to apply to it, it would also be possible 
to titrate only the ligand density on partially-fluid bilayers. Unfortunately, we could not 
carry out such studies due to limitations in cell cultures, as there was much variability in 
the quality of the cells and contacts they made day by day and embryo batch by embryo 
batch. It would be exciting to carry out such experiments using a more robust culture 
system such as established cell lines. 
 
We could also see how the maturation processes would differ from our nascent embryonic 
contacts using epithelial lines. In our contacts, we observed a complete downregulation 
of Myosin-2, and a diffuse network of F-actin does not seem to be oriented. It would be 
interesting to look at the contacts of enveloping cell layer (EVL) from the embryo, which 
carried Myosin-2 and actin foci at their contacts with bilayers as, from time to time, we ran 
into these cells. Similarly, in mature epithelial contacts, one would expect Myosin-2 at the 
contact, and it would be interesting to see whether they would have similar initial steps 
and how actin organization, presumably running as parallel bundles in those cells, would 
emerge. Radial or parallel bundles of actin were seen on immobile substrates of E-
cadherin before (see 1.3.2.1), it would be interesting to investigate whether this response 
was a side effect of the ligand immobility or whether mature contacts also reach such 
conformations at our system. 
 
Regarding cell-to-cell differences in contacts, an open question remains within the 
embryonic stage we study. During gastrulation, initially, ectoderm and mesendoderm cells 
differentiate from each other. It would be interesting to try out mesendoderm cells 
systematically using our system. One could see whether cells would break symmetry and 
start migrating in such a system and what variables could mediate such a response. It 
would be possible to change stiffness using PDMS support118 or polymer-stacked 
bilayers133 to investigate such properties and image contacts with high resolution at the 
same time. In cell clusters it would be interesting to see how cell-cell contacts would affect 
cell-bilayer contacts as well, by systematically changing contacting cell numbers and 
visualizing the contacts. Moreover, adding Ncad to the synthetic system would be 
valuable in studying mesendoderm contacts as they also start expressing this protein. 
Ecad and Ncad both make homophilic interactions, yet they were shown to make 
heterotypic interactions as well. There is still no clear understanding on how heterotypic 

https://www.zotero.org/google-docs/?ZBwh1k
https://www.zotero.org/google-docs/?qH0Ulg
https://www.zotero.org/google-docs/?32GxTp
https://www.zotero.org/google-docs/?9Jh4zY
https://www.zotero.org/google-docs/?Zby5Gb
https://www.zotero.org/google-docs/?5o1eWM
https://www.zotero.org/google-docs/?QMAgtu
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vs homotypic interactions affect the contact architecture, even though it is known that 
differential expression of cadherins mediates robust patterning in space169.  
 
Previously, Rho and Rac signalings have been implicated in junction formation163. We did 
not observe any change in our contacts with the elimination of Rac signaling, while Ecad 
and active RhoA signals were found not to overlap, suggesting Ecad clusters to 
downregulate the RhoA signaling at the contact.  However, we still need to figure out the 
cascade of events leading to RhoA downregulation. The link between Rho GTPases and 
Ecad signaling needs to be well-established as there seem to be differences from junction 
to junction. Rac activity might be required for filopodia or lamellipodia formation, which 
were shown to initiate de novo contacts before129,163.  However, in zebrafish ectoderm 
progenitors, we do not observe these protrusions in culture but rather blebs as the 
dominant protrusions, which may be why Rac activity does not have a major role in these 
cells. Rac activity, which peaked at contact initiation, was suggested to downregulate 
RhoA activity by recruiting a RhoGAP to p120-catenin170,171. Whether such an interaction 
could occur independent of Rac activity, and the role of p120-catenin in the 
downregulation of actomyosin via RhoA could be investigated further.  
 
Following RhoA downregulation, F-actin levels decrease (we also observed significant 
downregulation of F-actin amounts when using a dominant negative form of ROCK, this 
similarity suggests F-actin levels could also be regulated via Rho/ROCK pathway in 
ectoderm progenitors). Nevertheless, there is Myosin-2 activity at the contact rim where 
there is protrusive activity, as well as a richer circumferential actin network reminiscent of 
immune synapse actin arcs. Ecad accumulation at the rim seems to be a consequence 
of the high actomyosin contractility at the rim. It may not be surprising that the 
accumulation of such proteins, also probably RhoA activity, occurs at the contact rim, 
where the component of contact-free cortical tension that is normal to the contact 
interface is the highest. Of course, this is a prediction172, and it would be interesting to 
measure the values and how force correlates with actin and Ecad gradual profiles. FRET 
sensors that were developed for E-cadherin could be used to investigate this44. The 
contact edge seems a critical place to hold the two mechanically-interacting matrices 
together against this normal force. One question in this context is whether the tension 
difference is mediated only via Myosin-2 activity differences or whether the density of 
actin might be important as well173.  
 
Reports show Ecad clustering, F-actin stabilization, Myosin-2 and Vinculin localizations 
to the cell contact edge45,86,145,174. The next question is how the rim-like accumulation is 
mediated. If there were a simple mechanism as we suggest, where Ecad homophilic 
interactions downregulate actomyosin, the whole contact would have the same 
actomyosin downregulation. On top, as only normal force and diffusion trap could cause 
a passive coffee ring effect for Ecad distribution, a decrease in actomyosin, maybe even 
more so than at the contact with less Ecad, would be expected at the contact rim. 
However, what we see is an actomyosin ring at the rim and Ecad being accumulated not 
at this ring but inside it, suggesting another factor to cause the actomyosin accumulation, 
which contradicts ideas such as a bigger Ecad cluster zone at the rim to activate RhoA 
opposite to the contact center, to form a circumferential actomyosin network typical of 

https://www.zotero.org/google-docs/?sAfvTV
https://www.zotero.org/google-docs/?xSSscH
https://www.zotero.org/google-docs/?gN2H19
https://www.zotero.org/google-docs/?562pkI
https://www.zotero.org/google-docs/?YkxmK3
https://www.zotero.org/google-docs/?NyNaVd
https://www.zotero.org/google-docs/?t7nUDo
https://www.zotero.org/google-docs/?A36fXh
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zonula adherens141. Still, one could check the localization of mediators of this process, 
such as the RhoGEF Ect2, an upstream activator of the RhoA pathway175, in progenitor 
cells, to completely eliminate this hypothesis.  
 
The actin architecture at the contact still needs to be better understood after this study, 
as it is resolved to this extent for the first time. It looks more complex than previously 
thought and has distinct regions with different structures. It will be exciting, as this 
architecture, to some extent, resembles immune synapses and stem cell contacts, to 
better understand the contact architecture of actin. As seen by Ecad accumulation within 
the inner side of the actin accumulation, this actin arc structure either spatially excludes 
Ecad or may not be a part of the real contact. It would be very interesting to check the 
distance of cells from the bilayers using RICM with some spatial resolution to understand 
the distance different actin architectures stand at from the cell-bilayer contacts and to see 
whether Ecad receptors might be excluded from this zone due to their size176. Another 
hypothesis could be that the actin ring is an extension of the upper cortex, and the high 
actomyosin levels of the cortex override the Ecad-dependent effects there. As any 
microscope we use would image around a 200-nm z section, it would be hard to image 
such an effect without superresolution. It is also possible that this actomyosin richer zone 
is just the expanding contact edge, labeled “contact edge”, and is free of Ecad in papers 
from the Nelson Lab163. It is possible that this edge with a more expansive property could 
act in preventing the collapse of contacts. There might also be an effect of geometry, due 
to the right angle of the cortex at the contact edge or protrusions, or the actin 
polymerization might be polarized in the cell.  It might be interesting to follow up on our 
observations, especially with formin inhibitors, which were essential to understanding how 
Myosin-2 is recruited to the actin network at the contacts and what nucleators are active. 
It might be possible that the rim and center actin networks are nucleated via different 
proteins as in the immune synapse and have different stabilities and interacting proteins, 
resulting in the differential architecture of actin as well as Ecad exclusion from one of 
these zones. Another explanation could be blebs; as they bring Myosin-2, they also bring 
in actin towards the rim during retractions. Such transient accumulations could as well 
break the symmetry of the contacts.    
 
The Myosin-2 signal at the contact has a cytoplasmic component, which might be non-
specific as we see mini-filaments. Interestingly, with this signal, in addition to mini-
filaments, the cytoplasmic background also gets weaker at the center of the contact. The 
center within the overlying cell cortex is dense and has vesicles, which appear as dark 
spots against the cytoplasmic signal, and the blebs are empty inside in comparison. This 
contact structure would be interesting to study further and realize the roles of many 
vesicles at the contact zone, some of which might be carrying ecad, and see their release 
mechanisms; for instance, whether this might also be a cause for the differential amounts 
of Ecad at the contact center vs underneath the actomyosin rich edge. Regarding 
Myosins, we looked at only Myosin-2 activity and localization and could explain most of 
our observations via that as Myosin-2 activity blockers could stop flows and affect the 
dilution of the F-actin network at the contact. Nevertheless, other Myosins are also 
implicated in cell-cell adhesions, such as Myosin-6, which was found to regulate vinculin 
recruitment to mature contacts177,178. Understanding the molecular architecture better will 

https://www.zotero.org/google-docs/?5xhqjI
https://www.zotero.org/google-docs/?5cVryV
https://www.zotero.org/google-docs/?jCWIEN
https://www.zotero.org/google-docs/?4XxiOo
https://www.zotero.org/google-docs/?tDaoH5
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be crucial and will also lead to better theoretical models to describe the contacts. This 
characterization of the contacts will be possible in the future with more optimized antibody 
staining protocols and new fluorescent zebrafish lines. In addition to the actomyosin-
related proteins, there might be other receptors mediating the contacts in addition to Ecad 
as well. For instance, epidermal growth factor receptor (EGFR) was previously shown to 
form complexes with Ecad, which was disrupted under force179, and IgSF member 
Nectins were shown to associate with Ecad in the formation of adherens junctions180.  
 
With fluorescence microscopy, we are shining light literally on a single protein in the 
darkness of the whole cell, and it is intriguing to think what other molecules might be 
carried with the F-actin flows and get enriched at the rim. Candidates that would be 
interesting to look at are ezrin-radixin-moesin (ERM) proteins that link cell membranes to 
the cytoskeleton. As they also appear in retracting blebs, they could be expected to be 
locally recruited close to the contact edge from both sides if they were to be carried with 
centrifugal flows. ERM proteins are known to mediate actin architecture51. Thus it could 
be interesting to image them to search for correlations between their localization and the 
different actin layers we defined in the contact (see 1.2.1). Previous work also suggests 
cell membrane itself flows, and it is highly possible that F-actin flows would carry many 
proteins and the cell membrane towards the rim. It would be interesting to image 
membrane or membrane tension via recently developed sensors such as Flipper181, as 
flows could affect the lipid order, and membrane tension was shown to promote Ecad 
clustering before by imposing membrane flattening and facilitating aggregation of 
proteins182. 
 
The Cadherin adhesion complex is mechanosensitive. Enrichment of Ecad could be due 
to higher contact-free cortical tension acting locally at the rim, stabilizing the 
mechanosensitive cadherin complex, specifically strengthening the cadherin-actin bonds 
under force through catch bond behaviors of ɑ-catenin and Vinculin, which is recruited to 
cryptic binding sites of ɑ-catenin. The mechanosensitivity of cadherin-actin complex might 
also modulate contacts by modulating actin turnover under force, decreasing E-
cadherin/ɑ-catenin complex mobility102. Here we describe an additional level of 
mechanosensation of contacts that keeps the contact remodeling dynamic; a constant 
flow of Ecad from center to the rim makes sense in this context to keep it accumulated as 
turnover is around 10 seconds and probably required to keep the RhoA levels down 
everywhere. The mechanism we propose for progenitor cells here does not exclude these 
well-established mechanisms; however, we would like to suggest that it is important to 
discuss the context of these mechanisms, as, at different stages of adhesion and different 
cell types, various mechanisms of Ecad enrichment might be at play. We suggest that our 
proposed mechanism might dominate at weak, short-living contacts as in the early stages 
of a developing embryo. It would still be important to investigate the other mechanisms of 
Ecad enrichment further in our contacts. For instance, replacing E-cadherin with forms 
that cannot respond to force to see whether a rather passive accumulation of Ecad if 
Myosin-2 difference persisted would be very interesting. This would require very carefully-
devised experimental approaches, as a complete replacement might interfere with 
contact formation on the bilayers completely as in the case of Ecad knock-down, and 
overexpression of mutant cadherins may not give very indicative results if the mutant can 

https://www.zotero.org/google-docs/?Ql9yN1
https://www.zotero.org/google-docs/?h77xQD
https://www.zotero.org/google-docs/?8KZhA5
https://www.zotero.org/google-docs/?QA6Un2
https://www.zotero.org/google-docs/?U175vf
https://www.zotero.org/google-docs/?4ECQ1E
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still cis cluster and follow wildtype Ecad dynamics thanks to that. However, it is worth 
noting that so far, we observed a very fast turnover of Ecad at the contacts, that did not 
seem to give differences at the rim vs center, agreeing with our idea that the 
mechanosensitivity of cadherins may not be much in play at our contacts (please see 
1.2.3 for a more detailed introduction to zebrafish progenitor contacts). 
 
Jasp-treated contacts exhibited thick bundles of actin. Mainly the flows of these thick 
structures were detected, which turned out to be faster than the controls. In line with these 
results, Ecad flows also increased velocity, proving the two are linked. Jasp-treated 
contacts, in conclusion, led to more accumulation of actin and Ecad, while the actin 
bundles were the main accumulated structures, there was no such pattern to Ecad, 
showing that even though the flows are linked, it may not be a direct link. Ecad pattern 
still seemed homogenous. The fast flows of Jasp-treated contacts might be because of a 
better connected actin network due to its increased stability. This proves that actin flows 
with a force that is sensed at the rim. 
 
An observation we could not completely explain was the similar flow velocities LPA-
treated cells showed, both for F-actin and Ecad. We had assumed that LPA treatment 
would increase the differences in contractility of contact-free surfaces and the contact, 
and the F-actin indeed showed an expected profile: a strong actomyosin ring surrounded 
the diffuse actin network of smaller contacts. Ecad profile also had a steeper gradient but 
was not changed as strongly. LPA contacts were not easy to analyze as the F-actin 
intensities differed too much within the contact; just by looking at them, some variability 
was present as some contacts had dense F-actin networks, some sparse, and some had 
several foci of actomyosin. We attributed the dense networks to too high contractility, 
which blocked proper contact formation. Most contacts did not look very silenced and 
even without stable big foci, had some excited profile as they formed and dispersed small 
actin foci. We assumed such activity at the normally more stable contacts could be the 
cause slowing the flows. Yet, it is also possible that the reason is geometry, as smaller 
contacts of LPA-treated cells might be more viscous and therefore slow the flow down. 
Another possibility is that within these contacts, Ecad limits the flow velocity (if there is 
some intrinsic limit to it that is reached at these contacts) if the link between actin and 
Ecad is stronger due to higher tension and the friction between them is increased. Of 
course, this still may not be explaining the high actomyosin signal at the rim. It may be 
because the contact-free cortex is much more contractile and higher in signal, which also 
translates to the contact plane. At the same time, also blebs are increased, and they seem 
to show more clustering of Ecad on them, and therefore it is possible they carry more 
meaningful-than-control amounts of material during their retraction towards the rim, 
increasing accumulation therein. To understand the LPA-treated contacts, it will be 
necessary to look into these hypotheses further. It also does not help that its exact 
mechanism of action is not very straightforward. Therefore we tried other contractility-
increasing techniques, such as CA-RhoA injection, which gave a different phenotype at 
the contact and alternative drugs to increase contractility, such as Calyculin A were too 
toxic for the cultures. Other alternatives should be tried and compared to better dissect 
the effect of LPA treatment. 
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Our study exemplifies how a biochemical process can give rise to a mechanical process 
and how a mechanochemical process can drive the spatiotemporal regulation of contacts. 
When the cells are dividing, contractility in progenitor cells seems to increase; they round 
up as they homogenize their cortices and increase actomyosin activity at the contact. This 
reverses the contact formation process we observed and detaches cells from each other. 
Such dynamic contacts form and disappear throughout development, especially fast in 
the early stages in many vertebrate embryos. Visualizing this phenomenon or its effects 
in vivo would be extremely important. Such visualization depends on developments in 
imaging, yet one can already perform experiments to see whether it is possible to engage 
the cortices of neighboring cells via flows; for instance, by changing actin properties such 
as stability and contractility, which we defined as important parameters in determining 
flows in one cell, and investigating if these effects determine the distributions of proteins 
in the other contacting cell. One could assume such flows that are synchronized on both 
sides of the contacts via Ecad binding could provide positive feedback on each other, 
therefore, be faster and mature contacts faster. Through modeling, and by carefully 
analyzing the distribution of contact proteins over time, it might be possible to infer flow 
velocities in vivo and to see whether, with contractility changes whether cells change the 
mechanism they use for contact remodeling, for instance, by invoking a switch from flows 
to confirmational mechanosensitive changes in the cadherin complex to mature long-
lasting contacts. Flows can also be indirectly detected using beads that can be injected 
or placed with an optical tweezer to cell contacts; cytoplasmic beads that are close 
enough to the membrane so they can be carried with the cortical flows could prove their 
existence in vivo, although some trials of bead injections I had did not give any positive 
results even on bilayers. The bead could also be membrane-bound, which could also 
check whether other receptors on membrane flow.  
 
We propose flow-mediated contact remodeling as a new contact regulation mechanism, 
using synthetic substrates' resolution and controllability. Synthetic systems can also be 
used within the context of the embryo in the future. For instance, as functionalized 
vesicles mimicking cells, which carry surface receptors and ligands, or as mechanistically 
defined malleable substrates, that could be instrumental both in the characterization of 
the embryos and in developing new therapies. In my experience, reconstitution starts with 
an initial understanding and putting minimal components together; it can frustrate you as 
it teaches you how complex a biological system is and surprise you as you increase your 
understanding to more than your starting point. Step by step, synthetic and developmental 
biology interactions will create wonders. 
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