Traction forces at the cytokinetic ring regulate cell division
and polyploidy in the migrating zebrafish epicardium
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Epithelial repair and regeneration are driven by collective cell migration and division. Both
cellular functions involve tightly controlled mechanical events, but how physical forces
regulate cell division in migrating epithelia is largely unknown. Here we show that cells
dividing in the migrating zebrafish epicardium exert large cell-extracellular matrix (ECM)
forces during cytokinesis. These forces point towards the division axis and are exerted
through focal adhesions that connect the cytokinetic ring to the underlying ECM. When
subjected to high loading rates, these cytokinetic focal adhesions (CFAs) prevent closure of
the contractile ring, leading to multi-nucleation through cytokinetic failure. By combining a
clutch model with experiments on substrates of different rigidity, ECM composition, and
ligand density we show that failed cytokinesis is triggered by adhesion reinforcement
downstream of increased myosin density. The mechanical interaction between the cytokinetic
ring and the ECM thus provides a mechanism for the regulation of cell division and
polyploidy that may have implications in regeneration and cancer.

The zebrafish heart has been shown to regenerate a fully functional structure after loss of
up to 20% of the ventricle or genetic ablation of up to 60% of its cardiomyocyte mass 3.
This remarkable regenerative capacity has attracted much interest for its potential to
address human cardiovascular disease. Regeneration proceeds through massive
proliferation of cardiomyocytes in exquisite coordination with cells from the vascular,
nervous and immune systems® 4. A particularly relevant tissue in heart regeneration is the
epicardium, the mesothelial layer that covers all vertebrate hearts. Following injury, the
quiescent zebrafish epicardium re-expresses embryonic genes and secretes soluble factors
that regulate cell division, survival and vascularization of new muscle >,

Two key steps in zebrafish heart regeneration are collective migration and proliferation of
epicardial cells to cover the newly synthesized tissue®. Both collective cell migration and
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division rely on the generation of physical forces. Physical forces during collective cell
migration have extensively been studied using a variety of epithelial and endothelial cell
lines!®4, By contrast, mechanics of cell division in collective systems remains poorly
understood. Here we measured forces at the cell-ECM interface during collective migration
and division of the zebrafish epicardium ex vivo. We show that epicardial forces during
collective migration differ sharply from previous descriptions in epithelial cell lines. We
show, further, that dividing cells connect the cytokinetic ring to the ECM through focal
adhesions and generate contractile forces that point towards the division axis. When
subjected to high loading rates, these adhesions reinforce and stick the cytokinetic ring to
the ECM. This mechanism prevents completion of cytokinesis and gives rise to
multinucleated cells.

An unconventional mechanism of collective migration

To study epicardial forces we dissected hearts from adult zebrafish and gently deposited
them on top of collagen-1 coated soft polyacrylamide substrates!®. We chose a substrate
stiffness of 14 kPa, similar to that of the adult zebrafish heart'®. A few days after seeding
(generally 3-5 days), an epicardial monolayer explanted from the heart and migrated
spontaneously on the freely available gel substrate (Fig. la, Supplementary Video 1).
During migration, cells retained cell-cell adherens junctions rich in B-catenin (Fig. 1b). Cell
and nuclear area were highest at the leading edge and decreased progressively thereafter
(Fig. 1c-e). The monolayer was squamous, with a maximum height of 1.3+0.5 um in the
first cell row and 2.3+£0.5 um behind it (mean£SD, Supplementary Fig. 1a-e).

The migrating epicardium exhibited a leader/follower organization’. Leader cells in the
first 2-3 rows showed a dense pattern of stress fibers parallel to the leading edge. These
parallel fibers formed at protruding lamellipodia and moved retrogradely towards the cell
body (Fig. 1f-g, Supplementary Fig. 2a,b, Supplementary Video 2). Fibers were anchored
to the substrate through focal adhesions or connected to neighboring cells through adherens
junctions (Fig. 1f,g). Behind the lamellar zone, fibers remained stable and disassembled
only when reached by the trailing edge of the cell (Supplementary Video 2). Behind the
leading cell rows, basal stress fibers were progressively lost and di-phosphorylation of
myosin light chain (ppMLC) decayed (Supplementary Fig. 2,c-d). Immediately above the
basal fiber network, we observed a second contractile network lining cell-cell junctions
both at the leading edge and behind it (Fig. 1f-h). This cell-cell network was often seen to
slide over the more stable basal network, thus indicating that the two contractile networks
were largely uncoupled (Supplementary Video 2). To illustrate the relative motion of the
two networks we superimposed snap shots of the migrating epicardium of transgenic fish
expressing myosin-GFP (Fig. 1h). Maps color-coding myosin as a function of time revealed
that basal fibers were mostly immobile as the apical network moved over them. Despite
their strikingly distinct cytoskeletal organization, leaders and followers were not different
cell types, as shown by the fact that follower cells quickly begun to assemble stress fibers
upon spontaneous death of single followers (Supplementary Fig. 2e, Supplementary Video
3). Moreover, staining of tcf-21 confirmed that all cells in the monolayer were epicardial
(Fig. 1b).



The pattern of basal stress fibers parallel to the leading edge differs from previous studies
in expanding monolayers'® 8 suggesting a new mechanism for force generation during
collective cell migration. To study this mechanism, we used traction force microscopy
(TFM) to map forces at the cell-ECM interface (Fig. 2a-c, Supplementary Video 4)1. As
expected from myosin organization, traction forces in the first cell row were mainly parallel
to the leading edge and dropped quickly thereafter (Fig. 2a-b). High resolution force maps
revealed that force transmission to the ECM was localized at the sites of stress fiber
anchoring (Fig. 2c). This behavior is reminiscent of closure of small wounds, during which
the attachment of a supracellular actomyosin cable to the substrate generates large parallel
tractions®®. However, it contrasts sharply with previous studies in expanding epithelial and
endothelial monolayers, which showed that cells exert the largest forces towards the empty
space independently of cell motion and geometry®® 4 20 Our data show that the zebrafish
epicardium uses an unconventional mechanism of collective migration in which cells
contract the substrate parallel to the direction of motion, rather than perpendicular to it.

We studied whether this force pattern can explain the distribution of cell areas during
migration. Despite the fact that tangential tractions were dominant in magnitude, their
integration over the field of view vanished (Fig. 2b, inset). Therefore, their net effect on
global migration can be neglected in a first approximation. By contrast, we measured a net
inward-pointing radial traction at the leading edge. Since traction forces add up to zero in a
vectorial sense when summed over the cell sheet, this local net radial traction indicates that
leader cells pull on their followers. To study how leader forces impact follower migration
and deformation we adapted a 1D model of a migrating monolayer'®. The model treats the
monolayer as a series of springs connected in series (Fig. 2d). Each spring mimics a cell
and each connection between them mimics a cell-cell junction. Cell-ECM interaction is
modelled by viscous elements that connect each junction with the underlying substrate. The
monolayer is pulled forward by a self-propelling force generated by the leading cell. This
pulling force is balanced by the elastic force at the springs and by the viscous force at the
cell-substrate interface (Fig. 2e). Following experimental observations during early
explantation, all cells in the initial configuration of the modeled monolayer are chosen to
have the same size (Fig. 2f). The onset of force generation at the leading edge then begins
to stretch the uniform monolayer. If cell-substrate friction was negligible, force generated at
the leading edge would be immediately transmitted to all cells in the monolayer, and the
distribution of cell size would remain uniform. However, non-negligible viscous friction
with the substrate prevents instantaneous transmission of the leading force to the passive
followers. As a consequence, the further a cell is from the leading edge, the smaller is its
deformation, which results in a gradient of cell size similar to that observed experimentally
(Fig. 2g). Thus, a leader-follower organization is sufficient to explain the observed gradient
in cell area.

Epicardial cells exert traction forces during cytokinesis

We next focused on mechanics of cell division during epicardial expansion. Current
understanding emphasizes that nearly all eukaryotic cells lacking a cell wall round up
during mitosis?! 22, In contrast with this view, epicardial cells remained flat and maintained
a constant eccentricity throughout division (Fig. 3a-c, Supplementary Video5). At the onset
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of metaphase, traction forces under the dividing cell decreased, consistent with the
prevalent notion that cells inactivate integrins and weaken adhesion with the ECM to divide
(Fig. 3d,e) 2>%. During cytokinesis traction forces increased sharply (Fig. 3d,e). Forces
were restricted to the interface between the two daughter cells and pointed towards the
division axis as force dipoles. These dipoles appeared shortly after the accumulation of
myosin at the cleavage furrow (Fig. 3f, Supplementary Video 6), suggesting that the
cytokinetic ring is not isolated from its inert surroundings but rather dynamically anchored
to the ECM. To assess this possibility, we studied the localization of paxillin, using both
immunostainings of phopho-paxillin (p-paxillin) and live imaging of a line expressing
paxillin-GFP%: 27 (Fig. 3g,h, Supplementary Video 7). At the onset of metaphase paxillin
was distributed homogeneously in the cytoplasm. When the contractile ring formed, large
focal adhesions appeared on each side of ventral stress fibers under the cleavage furrow,
indicating that the contractile machinery that drives division is coupled to the ECM (Fig.
3g,h). STORM imaging revealed a dense F-actin network between focal adhesions at the
basal plane of the cytokinetic ring (Fig. 3i). To distinguish these adhesions from focal
adhesions at the cell periphery we call them CFAs. As the cytokinetic ring contracted,
CFAs moved inwards, and they disappeared when the ring disassembled (Supplementary
Video 7).

Reinforcement of CFAs leads to cytokinetic failure

A remarkable feature of epicardial regeneration in zebrafish is the recent discovery that
cells close to the leading edge are multinucleated both in vivo and ex vivo!” (Fig. 4a-d). The
fraction of multinucleated cells was highest at the leading edge, where half of the cells
exhibited more than one nucleus (Fig. 4b). Multinucleation is characteristic feature of a
variety of cell types in physiology and disease? %, and it is usually attributed either to cell
fusion® or failed division'. We did not observe fusion events, but cells were often seen to
fail cytokinesis (Fig. 4e, Supplementary Video 8). As in successful divisions, the
contractile ring of cells failing cytokinesis was anchored to the ECM through CFAs (Fig.
4e,f). After 60 minutes, well after successful divisions were completed, CFAs disassembled
and the furrow regressed without reaching abscission, thereby giving rise to a binucleated
cell (Fig. 4e,f, Supplementary Video 9).

Failed cytokinesis is a hallmark of diverse processes in morphogenesis and disease, such as
hepatocyte differentiation and aberrant division of cancer cells®®., In these processes,
cytokinetic failure is often caused by insufficient contractility of the ring, which prevents
ingression of the cleavage furrow. To test whether this mechanism explained our
observations in the zebrafish epicardium, we compared myosin intensity in cells exhibiting
successful and failed cytokinesis (Fig. 5a). Contrary to our expectations, myosin
accumulation at the cytokinetic ring was higher in cells failing cytokinesis, thus ruling out
insufficient contractility as the mechanism underlying cytokinetic failure. This observation
led us to focus on mechanosensing at CFAs in response to ring contraction. We reasoned
that, rather than favoring contraction, excess myosin could trigger reinforcement feedback
loops®* ** at the cell-ECM contacts under the ring, thereby generating long-lived CFAs. In
this hypothetical scenario, excess force would favor adhesion of the ring to the ECM and
prevent cytokinesis from being completed.



To test this hypothesis, we turned to a clutch model of cell adhesion, which has been shown
to explain cellular sensing of rigidity and ECM ligand density*>3® (Fig. 5¢c-€). We modeled
the basal side of the contractile ring as a 1D actin filament pulled by myosin motors and
anchored to the substrate through a parallel arrangement of molecular clutches. Each clutch
comprises one integrin and a mechanosensing adaptor protein. Actin is pulled centripetally
by myosin motors in the ring according to a linearly decreasing force-velocity relationship.
Myosin force generates an actin retrograde flow which progressively pulls attached
clutches towards the center of the cytokinetic ring. Bond dynamics of the clutches is
modeled using a “weakest link” approach, which assumes that the integrin-ECM bond, the
adaptor-integrin bond, and the adaptor-actin bond can simply be modeled using one set of
binding (kon) and unbinding (koff) rates corresponding to the weakest of these bonds.
When force transmitted to each clutch reaches a threshold value, a reinforcement
mechanosensing event is triggered, leading to an increase in integrin number. In this
interpretation of focal adhesions in terms of molecular clutches, the key variable that
determines whether an adhesion will fail or reinforce is the loading rate that the actomyosin
cytoskeleton applies to each clutch. When the loading rate is low, force leads to clutch
unbinding from the matrix before the reinforcement threshold is reached, and the
actomyosin ring slips centripetally. When the loading rate is high, by contrast, the
reinforcement threshold is reached before clutches unbind, leading to growth of focal
adhesions and immobilization of the actomyosin ring on the substrate.

We then used the model to predict the time evolution of traction forces and ring closure
velocity, which is taken simply as the magnitude of the actin retrograde flow. To this end,
we fed the model with the experimentally measured time evolution of myosin accumulation
in successful and failed cytokinesis events (Fig. 5a). Model predictions depend critically on
the magnitude of the reinforcement threshold. When this threshold is high, then the model
predicts that mechanosensing feedback loops are never triggered and the ring that contains
higher amount of myosin closes faster and generates lower traction forces (Supplementary
Fig. 3a,b). Conversely, when the reinforcement threshold is low, then mechanosensing
feedback loops are readily triggered, large focal adhesions grow, and the rings never close,
irrespective of the amount of myosin (Supplementary Fig. 3e,f). None of these scenarios is
consistent with our observation that rings with higher myosin density fail to close. At
intermediate values of the reinforcement threshold, however, the model predicts a regime in
which more reinforcement events are triggered for higher myosin densities. As a
consequence, the ring with higher myosin density closes slower and exerts higher traction
forces than the ring with lower myosin density (Fig. 5f, Supplementary Fig. 3c,d). To test
whether this intermediate scenario is consistent with our observations, we measured
traction forces exerted by the cytokinetic ring during successful and failed cytokinesis.
Consistent with model predictions (Fig. 5f), cells undergoing cytokinetic failure exerted
traction forces and loading rates that were more than 3-fold higher than those that
succeeded cytokinesis (Fig. 5g,l). In addition, rings generating the highest tractions closed
at the slowest velocity (Fig. 5h). Similar results were obtained on substrates coated with
fibronectin rather than collagen (Supplementary Fig. 4).

We also studied cytokinesis dynamics on substrates of lower rigidity (5kPa). The fraction
of failed cytokinesis events was not significantly different between 5kPa and 14kPa
(21+£7% and 25+6%, respectively, meantSEM). The time evolution of traction forces
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generated by cells succeeding cytokinesis was qualitatively similar on soft and stiff
substrates, but with quantitative differences. Like cells on stiff substrates, cells that failed
cytokinesis on soft substrates exhibited higher myosin density at the ring (Fig. 5b) and, as
predicted by our model (Fig. 5i), higher traction forces (Fig. 5j). Also consistent with our
model, cytokinetic failure on soft substrates was associated with higher loading rates and
slower closure velocities (Fig. 5k,l). A final feature of focal adhesions that is well captured
by clutch models is that, for substrates of sufficiently high rigidity, focal adhesions grow in
size with increasing ECM ligand density®®. We thus hypothesized that increasing ECM
ligand density should increase CFA size and limit successful cytokinesis. To test this
hypothesis, we placed hearts on micropatterned glass substrates exhibiting parallel stripes
of high and low fibronectin density (Fig. 5m,0). Cells migrating on the areas of high
density exhibited larger focal adhesions (Fig. 50). As predicted, we observed that failed
divisions were more frequent in the areas of high fibronectin density (Fig. 5n). Together,
these results rule out that cytokinesis fails because of a lack of contractile force at the
cytokinetic ring. On the contrary, high myosin levels trigger adhesion reinforcement
feedback loops, which prevents cells from disengaging adhesions between the cytokinetic
ring and the ECM.

Discussion

Physical forces driving collective cell migration have extensively been documented in a
variety of epithelial and endothelial monolayers!®4 3°. Whether and how traction forces
impact division in cell collectives has been largely unexplored, however. To a great extent,
this gap of knowledge arises from the fact that dividing cells weaken their adhesion with
the substrate to round up and they re-spread only after cytokinesis is complete??°, As a
consequence, the dividing cell does not generate significant tractions during mitosis and
cytokinesis®® ', Here we found that cells in epicardial explants detach from the matrix to
divide but they do not round up. Rather, they remain squamous and strongly adhered to
their neighbors. At the onset of cytokinesis, the contractile ring adheres to the underlying
matrix and generates large traction forces. Thus, in order to succeed at cytokinesis, the
dividing cell must overcome friction originating from specific adhesion with the matrix.

We identified that transient adhesion of the cytokinetic ring with the ECM is mediated by
CFA:s. Integrin dynamics has long been involved in mitosis and cytokinesis**® but, even at
the single cell level, little is known about force generation and adhesion with the ECM
during cell division. Before the development of traction microscopy, Burton and Taylor
provided evidence that, during cytokinesis, single isolated fibroblasts were able to wrinkle
the thin elastic membrane on which they were adherent, indicating force transmission
between the cell and its substrate*®. By contrast, dictyostelium cells and isolated MDCK
cells probed with TFM did not exert forces during cytokinesis®® *°. In confluent
monolayers, we recently showed that MDCK cells round up for division and do not exert
tractions during cytokinesis*. This is in sharp contrast with epicardial monolayers studied
here, which did not round up for division and exerted tractions during cytokinesis. These
differences between MDCK cells and zebrafish epicardial cells might arise from the very
different geometry of the two cell types. MDCK cells are cuboidal whereas epicardial cells
are squamous. A cuboidal cell in a monolayer will easily round up and divide without
severely compromising the integrity of the monolayer. By contrast, a flat cell would require
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pronounced changes in the monolayer geometry to round up for division, including
deformation of the neighbors in the three dimensions. During cytokinesis, MDCK cells are
round and not in contact with the substrate, so it is straightforward to conclude that they
will not be able to generate tractions. By contrast, the basal surface of epicardial cells
remains in contact with the substrate throughout division, favoring adhesion between the
ring and the ECM coating the substrate.

We found that a fraction of migrating epicardial cells was polyploid, both in vivo and in
vitro'’. Polyploidy is widely seen as negative hallmark of cancer and aging®!, but it is also a
physiological feature of cell types with high regenerative capacity. Physiological examples
of multinucleated cells includes trophoblast giant cells in the placenta, hepatocytes in the
liver, megakaryocytes in the bone marrow, osteoclasts in the bone, and myocytes in skeletal
muscle?®. Previous studies proposed a role for polyploid cells in wound healing and cell
migration. For example, polyploid cells were reported in the granulation tissue of well-
healing human wounds, whereas they were absent in chronic wounds®. In a later study,
polyploidy was shown to drive wound healing following puncture wounds in the drosophila
epidermis®®. Recently, Cao et al showed a large fraction of cells at the leading edge of the
regenerating zebrafish epicardium is polynucleated!’. Potential mechanisms by which
polyploid cells might display enhanced regenerative capacity are largely unknown, but they
might include increased cell size, minimization of membrane requirement through
decreased surface-to-volume ratio, increased metabolic capacity, the generation of genetic
variability, and rapid protein synthesis and enhanced protrusion and migration? 2, Further
studies should address whether the mechanisms of polyploidy identified here favor the
outstanding regenerative capacity of the zebrafish epicardium.

Multinucleated cells can be generated either by cell fusion®®, which we did not observe
here, or by failed cytokinesis. Cytokinesis may fail at several stages due to inactivation or
hyperactivation of any of its multiple components. Existing mechanisms include precocious
or delayed ingression due to enhanced of impaired contractility of the actomyosin ring, de-
stabilization of the microtubule machinery, or inhibition of abscission®. In the zebrafish
epicardium, failed cytokinesis was recently associated with increased tension, but the
mechanism by which tension might cause cytokinetic failure was unknown!’. Here we
showed that the mechanism by which cytokinesis fails in the zebrafish epicardium is
determined by the interaction between the cytokinetic ring and the ECM. We found that
cells failing cytokinesis displayed higher myosin accumulation. This result might seem
counterintuitive as increased myosin at the ring could be expected to enhance its
contractility rather than impede it. A regime in which higher accumulation of myosin 1l is
paralleled by slower ring closure has been previously identified and attributed to
crosslinking® °. Potential underlying mechanisms include stiffening of the cytoskeletal
cortex by stabilization of filament interactions, reduction in cortical dynamics by
suppression of actin depolymerization, and increasing of steric hindrance. Here, by
contrast, we found that the ring contractility was slowed down by friction with the substrate
at CFAs. In parallel with increased myosin we observed higher tractions and higher loading
rates. Supported by a theoretical description of cell adhesion in terms of molecular clutches,
our results indicate that increased myosin triggers feedback loops that reinforce focal
adhesions and prevent the ring from sliding centripetally. The interaction between the



cytokinetic ring and focal adhesions thus provides a new mechanism for the generation of
multinucleated polyploid cells, with potential implications in physiology and disease.

The rate of polyploidy was highest at the leading edge and decreased away from it. This
gradient in polyploidy coincided with the gradient in cell area, which suggests a
mechanistic link. One possible underlying mechanism is provided by differential myosin
activity as a function of cell area. Cell area has long been associated with increased
phosphorylation of the MLC through mechanisms that remain poorly understood®®. In the
zebrafish epicardium, cell area and phosphorylation of the MLC are also strongly correlated
(Supplementary Fig. 2¢c-d)*’. In light of these results, we propose the following biophysical
picture to explain the distribution of polyploidy in the monolayer. First, the leader-follower
organization generates a gradient of cell area, as supported by our physical model. This
gradient results in a gradient of phosphorylated MLC. Cells with higher MLC
phosphorylation then display higher contractility of their cytokinetic ring, which favors
cytokinesis failure through reinforcement of CFAs. This picture, which should be further
evaluated in future studies, couples migration forces with division failure.

In summary, we showed that epicardial cells dividing in a collective generate forces on
their extracellular matrix. These forces are restricted to cytokinesis and originate from a
connection between the contractile ring and the ECM mediated by paxillin-rich focal
adhesions. During normal cytokinesis, force loading of these adhesions is slow and enables
the ring to overcome matrix adhesion. However, higher forces cause adhesion
reinforcement, which impedes sliding of the ring and leads to cytokinetic failure and
multinucleation. Thus, our results establish a direct mechanism by which adhesion with the
ECM controls cytokinesis.
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Figures
Figure 1: An unconventional mechanism of collective migration.

(a) Left: IHlustration of the experimental model. Right: phase contrast image of the
epicardial monolayer explanting from the heart. Scale bar, 150 pum. (b) Immunostaining of
B-catenin (cyan) and Tcf-21 (gray) in epicardial explants. Left: cells at the leading edge.
Right: cells behind the leading edge. Scale bar, 50um. (c) Left: Immunostaining of tubulin
(gray) and nuclei (hoechst, cyan) in an expanding monolayer (heart at the top and leading
edge at the bottom). Right: color-coded cell area. Scale bar, 50 pm. (d) Mean cell area as a
function of the distance from the edge (n=1291 cells from 4 hearts). Error bars represent
SD. (e) Mean nuclear area as a function of the distance from the edge (n=1291 cells from 4
hearts). Error bars represent SD. f-g, Immunostaining of B-catenin (red), phospho-paxillin
(gray) and F-actin (green) in epicardial cells. (f) Merge images. Left: follower cells. Center
and right: leader cells. Scale bar, 20 um. (g) Magnified view of the blue squares highlighted
in (). Scale bar, 10um. (h) Overlap of a series of myosin images acquired over 30min and
color coded according to acquisition time. Note that basal stress fibers appear white,
indicating that they are slow, whereas the cell-cell network and lamellipodia are fast. Left:
follower cells. Right: leader cells. Scale bar, 20um. Images are representative of two (b),
four (c), eight (f,g), or six (h) hearts.

Figure 2: Mechanics of epicardial migration

(a) Traction vector map overlaid on a phase contrast image. Dashed lines mark the heart
edge (black) and the leading edge of the monolayer (white). Scale bar, 50um. (b) Mean
parallel and perpendicular components (unsigned) of the traction vector with respect to the
leading edge (n=5 monolayers from 4 hearts). Inset: average parallel and perpendicular
components (signed) of the traction vector with respect to the leading edge (n=5
monolayers from 4 hearts). Positive radial tractions point towards the heart. Shaded areas
represent SD. (c) Traction map overlaid on an inverted myosin fluorescence image. Scale
bar, 20um. (d) Scheme of the one-dimensional in silico model for a unidimensional
epithelium of elastic epicardial cells sliding viscously on a rigid substrate in response to
a self-propelling force at the leading-edge node. (e) Schematic of the nodal force balance
in the model. Forces are represented through arrows and all act at the generic junction
node x; (for the sake of the clarity, they have been drawn as acting at points in the
proximity of node xi). Self-propelling force Fi is in yellow; elastic forces fi® and fi+1° are
in green; and, viscous force fi" is in gray. f-g, In vitro and in silico normalized cellular
lengths at O (f) and 15 (g) hours as a function of the distance from the epithelial migrating
edge. Lengths are normalized to the average initial length. Error bars represent SD.
Experimental data in f,g corresponds to one monolayer expansion (n=41 cells at t=0h and
n=88 cells at t=15h) representative of n=3 hearts. Images are representative of four (a) or
six (c) hearts.

Figure 3: Epicardial cells exert traction forces during cytokinesis
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(a) Fluorescence staining of p-catenin (gray) and nuclei (hoechst, cyan) in cells at the onset
of metaphase and anaphase. Scale bar, 10um. (b) Left: Fluorescence staining of myosin
(green), tubulin (magenta) and nuclei (hoechst, blue) of a cell in metaphase. Scale bar,
10um. Right: YZ projection of the merge image along the orange dashed line illustrates that
cells remain flat during division. Scale bar, 2um. (c) Mean cell area (left axis) and
eccentricity (right axis) of dividing cells up to anaphase (labelled as t=0min). Shaded areas
represent SD (n=59 cells from 4 hearts). (d) Time evolution of tractions of a dividing
follower cell overlaid on phase contrast images. Scale bar, 20um. (e) Mean traction
modulus during cell division. Tractions were averaged in a region of varying size enclosing
the cytokinetic ring (illustrated in Supplementary Video 10). Dashed line represents the
beginning of anaphase. Shaded areas represent SEM (n=59 cells from 4 hearts). (f)
Tractions during division overlaid on myosin fluorescence images. Gray dashed line labels
the images in which the cytokinetic ring is clearly present. Scale bar, 10um. (Q)
Fluorescence staining of tubulin (magenta), myosin (green), phospho-paxillin (yellow) and
nuclei (hoechst, blue) of a cell during cytokinesis. White dashed line marks the outline of
the cell and the yellow arrows point to CFAs. Scale bar, 20pum. (h) Paxillin-GFP during cell
division. The green dashed lines outline the nuclei. Scale bar, 10um. The yellow dashed
lines mark the area rotated and zoomed at the bottom of each image. Yellow arrows point at
CFAs. Scale bar, 2.5um. (i) Left: Fluorescence staining of tubulin (green), F-actin (red),
paxillin (yellow) and nuclei (hoechst, blue) of a cell during cytokinesis. Scale bar, 10pm.
Right: STORM image of F-actin at the interface between the two daughter cells
(corresponding to the region marked with blue dash lines on the left image). Epi-
fluorescence of paxillin is overlaid on the STORM image. Scale bar, 10um. In all graphs,
the origin of the time axis (Omin) is defined as the last time point in which only one nucleus
was visible. Images shown in a are representative of n=9 divisions from three hearts,
images shown in b are representative of n=9 divisions from four hearts, images shown in d
are representative of n=159 divisions from four hearts, images shown in f are representative
of n=29 divisions from four hearts, images shown in g are representative of n=26 divisions
from nine hearts inspected in higher resolution in i, and images shown in h are
representative of n=13 divisions from two hearts.

Figure 4: A large number of cells are multinucleated due to cytokinetic failure

(a) Fluorescence staining of B-catenin (cyan) and nuclei (hoechst, gray) in an epicardial
explant. Scale bar, 50um. (b) Percentage of binucleated cells as a function of the distance
from the edge (n=1291 cells from 4 hearts). (c) Fluorescence staining of p-catenin (green)
and nuclei (hoechst, magenta) at the surface of a regenerating heart (3 days post
amputation). Scale bar, 20um. (d) Detail of a cell in (c) with three nuclei. Left: merge.
Center: B-catenin. Right: nuclei. Scale bar, 10pum. Bottom: Projections along the lines
labelled 1 (YZ, yellow) and 2 (blue, XZ) in the merge image. Horizontal scale bar, 2um.
Vertical scale bar, 2um. (e) Time evolution of tractions during a failed cell division
overlaid on myosin fluorescence images. The origin of the time axis (Omin) is defined as
the last time point in which only one nucleus was visible. Green lines outline the nuclei.
Scale bar, 20pum. (f) Paxillin-GFP during a failed cell division. The origin of the time axis
(Omin) is defined as the last time point in which only one nucleus was visible. Green lines
outline the nuclei. Scale bar, 20um. The yellow dashed lines mark the area rotated and
zoomed at the bottom of each image. Scale bar, 5um. Images are representative of four (a)
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or two (c,d) hearts. Images shown in e are representative of n=9 failed divisions from four
hearts and images shown in f are representative of n=>5 failed divisions from two hearts.

Figure 5: Reinforcement of CFAs leads to cytokinetic failure

a-b, Time evolution of the normalized mean myosin intensity during division for successful
and failed divisions on 14kPa substrates (a), and on 5kPa substrates (b). c-e Scheme of the
clutch model. The basal segment of the cytokinetic ring is modeled as a 1D contractile
cable containing actin (red) and myosin (gray) anchored to the substrate at the edges by
integrins (light brown) and adaptor proteins (teal). (c¢) Model for successful divisions. (d)
Model for failed divisions. (¢) The molecular-clutch model. f-g, Predicted (f) and
experimental (g) time evolution of the mean traction force on 14kPa substrates for
successful and failed divisions. (h) Experimental traction force vs ring contraction velocity
for the first time points of closure (up to 6 min after anaphase for successful divisions and 9
min for failed divisions) on 14kPa substrates. i-j, Predicted (i) and experimental (j) time
evolution of the mean traction force on 5kPa substrates for successful and failed divisions.
(k) Experimental traction force vs ring contraction velocity for the first time points of
closure (up to 6 min after anaphase for successful divisions and 9 min for failed divisions)
on 5kPa substrates. (I) Mean loading rate for successful and failed divisions on 14kPa and
5kPa substrates. Error bars represent SD. *P=0.0166 and ***P=0.0002, two-tailed Mann—
Whitney test. Myosin and tractions were averaged in a region enclosing the cytokinetic ring
(illustrated in Supplementary Video 10). In a,b,g,j shaded areas represent SEM and dashed
line represents the beginning of anaphase. Dashed lines in h,k represent linear fits. For
14kPa n=29 successful and 9 failed divisions from 4 hearts, and for 5kPa n=39 successful
and 13 failed divisions from 5 hearts. (m) Fibronectin (imaged through fluorescent
fibrinogen) patterns overlaid on a phase contrast image. Scale bar, 100um. (n) Mean
percentage of division failure in the areas of high and low ECM coating (n=10 hearts from
6 independent experiments). *P=0.019, paired two tailed t-test. Error bars represent SD.
(o) Left: merge image of the fluorescent fibrinogen (green), an immunostaining of
phospho-paxillin  (gray) and nuclei (hoechst, blue) in epicardial cells. Right:
immunostaining of phospho-paxillin. Scale bar, 50 um. Images are representative of ten
(m) or eight (0) hearts.
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Methods

Zebrafish husbandry and surgical procedures

All experiments were carried out with adult zebrafish between 3 and 15 months of age,
maintained and raised according to standard protocols®. In this study, the following
zebrafish strains were used: wild-type AB, Tg(actb2:myl12.1-EGFP) (obtained from Elisa
Marti’s lab) and Tg(bActin:Paxilin-GFP)*" (obtained from Caren Norden’s Lab).

For the 3dpa hearts, the ventricular amputation was performed as previously described by
Raya et. al.2. All animal procedures were approved by the Ethics Committee on
Experimental Animals of the PRBB (CEEA-PRBB).

Preparation of polyacrylamide gel substrates

Glass-bottom dishes were activated by using a 1:1:14 solution of acetic acid/bind-silane
(M6514, Sigma)/ethanol. The dishes were washed twice with ethanol and air-dried for 5
min. For 14kPa (5kpa) gel substrates, a 500ul stock solution containing Hepes 10mM,
93.75ul (68.75ul) acrylamide 40% (161-0140, BioRad), 35ul (22.5ul) bisacrylamide 2%
(161-0142, BioRad), 2.5ul 10% APS diluted in water (161-0700, BioRad), 3.5ul (for
imaging with 20x objectives -or 12ul for 60x objectives-) 200-nm-diameter far red
fluorescent carboxylate-modified beads (F8807, ThermoFisher) and 0.25ul TEMED
(T9281, Sigma-Aldrich, added last) was prepared. A drop of 18 ul was added to the center
of the glass-bottom dishes and the solution was covered with 18-mm-diameter GelBond
film (Lonza) coverslips (hydrophobic side down) custom cut by an electronic cutting tool
(Silhouette Cameo). After polymerization, the coverslip was removed, and gels were
functionalized using sulfo-sanpah. For this purpose, a drop of 80ul of sulfo-sanpah was
placed on top of the polyacrylamide gel and activated by UV light for 3 min. Sulfo-sanpah
(22589, Thermo-Scientific) was diluted in miliQ water to a final concentration of 2mg/mi
from an initial dilution of 50mg/ml in DMSO kept at -80°. Next, gels were washed twice
with miliQ water and once with PBS for 5min each. Afterwards, gels were incubated with
200pl of either a 0.1mg/ml collagen | solution (60-30-810, Firstlink) or a 10ug/ml
fibronectin solution (F0895, Sigma-Aldrich) overnight at 4°C.

Epicardium explant culture

Before seeding, the gels coated with ECM were washed twice with PBS, sterilized with UV
(30min), covered with media, and kept in the incubator at 28°. Simultaneously, 18mmg
glass coverslips were sonicated for Smin in acetone and 5min in isopropanol, N2 dried and
sterilized with UV for 20min.

After an intra-abdominal injection of 20ul of Heparin (1000U/ml, Sigma), zebrafish were
sacrificed with 0,6% tricaine in fish water. Hearts were collected and dissected in a 10%
Penicilin/Streptomycin  (ThermoFisher, 10378-016), 10% Fungizone (ThermoFisher,
15290-026) PBS solution (at 28°). The media was removed from the gels and the hearts
were seeded on top with a small drop of media. A clean sterile coverslip was placed on top
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of the heart and, after 1 minute, 2ml of media were added. Finally, the wells were incubated
at 28°.

The epicardial cell explants were kept in L-15 cell culture medium supplemented with 4%
FBS (ThermoFisher, 10270-106), 2% Pen/Strep, and 2% Fungizone. The media was
changed daily. After 3-5 days, epicardial cells started to explant in ~50% of the hearts.

Fluorescence staining

Epicardial cells on 14kPa substrates were fixed with 4% paraformaldehyde for 15 min
(heating the PFA to 28°C and without washing previously) and permeabilized in 0.5%
Triton X-100 for 7 min. Cells were blocked in 10% FBS for 1 h before being incubated for
3 h with primary antibodies. After incubation with the appropriate fluorescence-conjugated
secondary antibodies for 1h, cells were washed several times and mounted in Mowiol
reagent. A 1:5000 Hoechst (ThermoFisher, H3570) solution in PBS was added after
removing the secondary antibody for 10 minutes. If required, also a 1:1000 phalloidin—
TRITC (Sigma-Aldrich, P1951) solution in PBS was added for 30 minutes. For staining the
full heart 3dpa, the same protocol was followed maintaining the heart immersed in the
different solutions.

Antibodies

The primary antibodies used were: Tcf-21 rabbit antibody (Abcam, ab49475;
concentration 1:200), B -catenin mouse antibody (BD Biosciences, 610154; concentration
1:400), phospho-paxillin rabbit antibody (Cell Signalling, 2541S; 1:100 concentration), o
-tubulin . mouse antibody (Sigma-Aldrich, T5168; 1:400 concentration), tubulin rat
antibody (Abcam, ab6160; 1:400/1:600 concentration) and diphosphorylated-Myosin
Light Chain rabbit antibody (Cell Signalling, 3674S; 1:50 concentration).

The secondary antibodies used were: Alexa Fluor 488 anti-rabbit (ThermoFisher, A21206),
Alexa Fluor 555 anti-rabbit (ThermoFisher, A21429), Alexa Fluor 647 anti-rabbit
(ThermoFisher, A21245), Alexa Fluor 488 anti-mouse (ThermoFisher, A11029), Alexa
Fluor 555 anti-mouse (ThermoFisher, A21424) and Alexa Fluor 647 anti-rat
(ThermoFisher, A21247). All secondary antibodies were diluted 1:200.

Micropatterning

Glass-bottom petri dishes (P35-0-20, MatTek) were micropatterned using the PRIMO
system (Alveole) mounted on an inverted microscope (Nikon Eclipse Ti). The petri dish
glass surfaces were cleaned with 96% ethanol and plasma cleaned for 30s. Immediately
after plasma cleaning a PDMS stencil of approximately 1x1x0.5cm with a cylindrical
opening of 6mmg was bound to the glass. A 0.1mg/ml solution of Pll-g-Peg (PLL(20)-
0[3.5]- PEG(2kDa), SuSoS) in PBS was added in the cylindrical opening and incubated at
room temperature for 1h (or up to 24h in the fridge). The Pll-g-Peg solution was washed 3
times with filtered PBS and 10ul of the PRIMO photoinitiator (PLPP, Alveole) were added
and covered with a 18mmg glass coverslip (placed on top of the PDMS to avoid
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evaporation of the photo initiator). Then, the circular 6mmg area coated with PLL-g-PEG
and containing the photoinitiator was patterned with stripes of 90um by using the PRIMO
system with the Leonardo software (Alveole). For this procedure, a 20x CFI S Plan Fluor
ELWD ADM objective and a power of 900mJ/mm? were used. Once the patterning was
completed, the photoinitiator was cleaned 3 times with filtered PBS and 20ul of a solution
of 8% fibronectin (FO895, Sigma-Aldrich) and 2% Alexa Fluor 647 fibrinogen (F35200,
ThermoFisher) was incubated on the patterned substrate for 5min. After washing 3 times
with filtered PBS, the PDMS stencil was removed and 2ml of PBS were added. Patterned
petri dishes were stored in the fridge up to 72h before zebrafish heart seeding. A few hours
before seeding, PBS was replaced by cell media and they were kept at 28°.

Stochastic Optical Reconstruction Microscopy (STORM) Imaging

For STORM imaging, hearts were seeded on glass petri dishes, and F-actin was labeled
with phalloidin—647 (ThermoFisher, A22287) at 1:1000 dilution in PBS. Additional
immunostaining was performed using the following primary antibodies: Paxillin mouse
antibody (BD Biosciences, 610051) and tubulin rat antibody (Abcam, ab6160). Additional
secondary antibodies were: Alexa Fluor 488 anti-rat (ThermoFisher, A11006) and Alexa
Fluor 555 anti-mouse (ThermoFisher, A21424). All antibodies were diluted 1:1000.

Images were acquired using a Nikon N-STORM 4.0 system configured for total internal
reflection fluorescence (TIRF) imaging. Excitation inclination was tuned to adjust focus
and to maximize the signal-to-noise ratio. For STORM imaging Alexa647 was excited
illuminating the sample with the 647 nm (~160 mW) laser line built into the microscope.
Fluorescence was collected by means of a Nikon x100, 1.4 NA oil immersion objective and
passed through a quad-band-pass dichroic filter (97335 Nikon). Images were recorded on a
256x256 pixel region (pixel size 160 nm) of a sSCMOS camera (Hamamatsu). Samples were
kept in Gloxy buffer for STORM imaging as previously described®’. Single-molecule
localization sequences were analyzed with the STORM plug-in of NIS element Nikon
software.

Measurement of cell height

For cell height measurements hearts were fixed with a solution of 4% paraformaldehyde
and 0.4% glutaraldehyde for 10min (heating the solution to 28°C and without washing
previously). Cell membranes were stained with WGA-AF647 (ThermoFisher, W32466) at
1 ug/mL for 10 min. Then samples were imaged in the same conditions as for actin imaging
but acquiring 3D stacks. Stacks were collected for each image covering over the top of the
cell with 80 nm steps and 10000 frames/step at 10ms integration time.

3D STORM data localization and fitting was performed using the STORM module of NIS-
Elements using a Gaussian fitting. The first 50 frames were discarded, due to incomplete
photo-switching. This analysis yielded a molecule list in binary format from which multiple
emitters are automatically discarded prior to analysis. To avoid overcounting, blinkings
detected in consecutive frames are counted as single by the software. 3D data
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reconstruction was represented in Matlab using a custom-made script for calculating
maximum height, height from the leading edge and the height profile between cells.

Time lapse imaging

Multidimensional acquisition routines were performed on an automated inverted
microscope (Nikon Eclipse Ti) equipped with thermal control, CO, and humidity control,
using MetaMorph (Universal Imaging) software. All WT hearts were imaged using a 20x
objective with a 5min time interval.

Spinning-Disk imaging

An inverted Nikon microscope with a spinning disk confocal unit (CSU-WD, Yokogawa)
and Zyla sCMOS camera (Andor) was used for high-resolution image acquisition. All
transgenic hearts were imaged using a 60x objective with a 3 min time interval.

Traction microscopy

Traction forces were computed using Fourier transform-based traction microscopy with a
finite gel thickness. Gel displacements between any experimental time point and a
reference image obtained after monolayer trypsinization were computed using home-made
particle imaging velocimetry software®?.

Cell/nuclear area measurements

For the measurements in Fig. 1d-e, cells and nuclei were segmented using a custom-made
semi-automatic watershed algorithm applied to tubulin and nuclear fluorescence stainings.
From this analysis, both the cellular/nuclear areas and the number of nuclei per cell as a
function of the distance from the edge were computed. For the measurements in Fig. 2f-g,
cell shapes were manually drawn from the phase contrast images, and normalized cell
lengths were computed as:

[ = \/A/At=0h,d=125um (1)

where [ is the normalized cell length, A is the cell area and A;—op,q=125.m IS the mean cell
area at time Oh and at 125um from the edge.

Loading rate and ring velocity

Loading rate T was defined for each cell as:

F = eIy ()

t2—tg
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where [T][,, and |T|,, are the traction moduli evaluated at times ¢, and ¢, (t, = 12min and

t; = 3min). The origin of time t=0min is defined as the last time point in which only one
nucleus was visible.

Ring velocity at time point i (v;) was calculated as:

v, = liva =l (3)
At

where [; and [;, , are the length of the ring at the time points i and i+1, respectively, and At
is the time interval of acquisition between images i and i+1 (3 min). Velocity was
calculated during the time span in which the length of the ring was accurately measurable

(up to 6min after anaphase for successful divisions and up to 9min after anaphase for failed
divisions).

Formulation and solution of the cell migration model

Our 1D in silico model reiterates a previous formulation of ours'® by representing the
epicardium as a series of elastic cells, which have constant stiffness k and are joint at nodal
intercellular junctions (Fig. 2d). Each cell can generate a self-propelling force F; that
pushes the cell forward in the direction of motion. This force results from the average
cellular traction T; (force per unit area of substrate interface), which each cell can exert on
the substrate in the direction opposite to the direction of motion. The propelling force F;
can be transmitted to neighbouring cells through intercellular junctions throughout the
epicardium. Transmission of propulsion at each intercellular junction is mediated by elastic
and viscous forces (Fig. 2d). Elastic forces are generated by compliant cells, which are
represented as elastic springs connecting intercellular junctions. Different types of friction
have been considered in monolayers'® %8, For simplicity, here we assumed that frictional
forces are generated by the underlying viscous substrate, which is represented as a dashpot
of constant viscosity n connected to a fixed node, which result in a viscous drag opposing
cellular motion at intercellular junctions. In the quasi-static approximation, the force
balance at a generic junctional node x; (Fig. 2e) sums to nought these forces: the self-
propulsion F;, the elastic responses f7 = ke;® and f7, ;, = —ke; ., ® of the two cells joined
at node x; and the viscous friction f; = n ¢;® between those two cells and the substrate
interface (Fig. 2e). Here &; denotes the strain undergone by the cellular spring connecting
nodes x;_; and x; and &; denotes the strain rate of the dashpot connecting node x; to the
substrate, whereas @ is the unit vector pointing in the one-dimensional direction of motion.
Thus, force balance at each node x; reads:

Fl' + kEi - k£i+1 —-n éi =0. (4)

A numerical solution of the model is obtained though Newton-Raphson reiterations. The
magnitudes of the propelling force F, elastic stiffness k and viscous drag 7 utilised to
simulate the epicardial monolayer were chosen based on experimental data. Specifically,
the in silico epicardial monolayer was assumed to approximately include 9 cellular units
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having initial length 30um. From average traction and cellular area at the leading edge we
estimated a self-propelling force of 250nN. From this force value and experimental
measurements of £ and ¢ we estimated 7¢:=1.3x10°nN.min and k.=312nN. In a previous
implementation of the model®, non-linearities were added to capture the propagation of
mechanical waves. No clear sign of wave propagation was observed here and those non-
linearities were not included in the present model implementation.

Motor clutch model

The computational model was implemented by Montecarlo simulation as previously
explained in detail®>®". Specifically, the implementation used is the same one as that
described in 3, with the only difference that only one population of integrins is considered
rather than two. We thus refer the reader to the supplementary information of that
publication for details. The model considers a given number of myosin motors nm, each
able to exert a force Fm, pulling on an actin filament. The actin filament is bound to the
ECM molecules n¢ on the substrate through molecular clutches composed of integrins and
adaptor proteins. The ECM molecules are connected in parallel to the substrate, which is
represented as a spring with a spring constant ksub, representing substrate rigidity. In the
absence of adhesion, when there is no load as no clutch is engaged, the actin filament
moves freely with a speed va. At each time step, each ECM molecule can engage any
unbound clutch according to a binding rate kon= Kont*dciu, Where kont is the binding rate that
characterizes the integrin-ECM interaction and deu is the density of clutches. Likewise,
each clutch bound to ECM can unbind according to an unbinding rate kot dependent on
force as a catch bond. To implement reinforcement of adhesions, the computational model
increases the number of clutches by an amount dags (which leads fundamentally to an
increase in the binding rate kon) if a clutch is submitted to a load higher than the
reinforcement force F,. Similarly, the number of integrins will decrease by the same
amount if a clutch is submitted to a load lower than the reinforcement threshold. This
implementation takes into account the observation that adhesions grow when submitted to
force and shrink when force is low 3* %%, However, since the initial basal clutch density
represents the number of clutches before any significant adhesion growth, the density of
clutches is not allowed to decrease below this value. This explicit consideration of
reinforcement, which distinguishes our approach from other thorough theoretical
descriptions of adhesion®%-%, is fundamental to model our results.

At each time step, the actin filament contracts with a speed va, displacing all the bound
clutches by the same amount, increasing the force and changing ko. The total force on the
substrate Fsub is recalculated at every time step imposing force balance as:

Zﬁ_ljlound xi

KsubKc
Fsub -

(5)

KsubtNMpoundKc

Where ¥; is the position of each clutch, ke is the spring constant of each clutch, and Npound IS
the number of bound clutches at that time step. Then, actin speed va is recalculated by
assuming a linear dependence on force as
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Vg =1y (1 — M) (6)

NmFm

v, ranges from vy (in the absence of force) to 0 (when force is nm*Fm). The simulation is
run for each experimental point for time steps of 5ms for 15000s to assure that steady state
Is reached. After the simulation finishes, F and Ksus are converted into cell traction stresses
Psuw and Young’s moduli E, respectively, by assuming a given adhesion radius ra as
described previously 33764 Specifically:

4Ty (7)
Fsup
Poyp = w21, (8)

For the computations shown in Figure 5 all the parameters are kept constant for both
stiffnesses, even the initial number of myosin motors nmo, but the number of myosin motors
varies with time based on the experimental data. To ensure that this model input varies
smoothly with time, experimental data are fitted with a sum of Gaussian functions. Model
outputs in Fig. 5 and Fig. S3 are steady state predictions of time-averaged force and actin
speed values. We therefore note that the time axis in model predictions in Figs. 5 and S3
merely represents steady-state averages corresponding to the myosin motors associated to
that time point in experimental measurements. For the computations shown in
supplementary Fig. 3, all the parameters are kept constant except the reinforcement
threshold Fr. Model parameters can be found in Supplementary Table 1.
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Supplementary Figure 1: The epicardium is squamous. (a) Representative leading edge
cell. Color-coded cell height obtained from a STORM image of the cell membrane. Scale
bar, 10 um. (b) Representative follower cell. Color-coded cell height obtained from a
STORM image of the cell membrane. Scale bar, 10 um. (c) Mean maximum cell height for
leading edge and follower cells (n=6 leaders and 3 followers from 3 hearts). Error bars
represent SD. (d) Mean membrane height as a function of the distance from the edge (n=6
cells from 3 hearts). Shaded areas represent SEM. (e) Quantification of membrane height
profile between two follower cells (n=4 cells from 3 hearts). Membrane height was averaged
in a rectangular region containing a junction, illustrated by dashed white rectangle in (b).
Averaging was performed along the direction parallel to the cell-cell junction. Shaded areas
represent SEM. The image shown in a is representative of n=6 leader cells from 3 hearts and
the image shown in b is representative of n=3 follower cells from 3 hearts. For all STORM
measurements hearts were seeded on glass substrates.
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Supplementary Figure 2: Characterization of collective cell migration. (a) Snap shot of
myosin-GFP at the leading edge of the explant. Scale bar, 20 um. (b) Kymograph of myosin
fluorescence intensity. Each row corresponds to an average of the yellow region marked on
(@) (averaging is performed along the direction parallel to the short axis of the yellow
rectangle, i.e., parallel to the leading edge). Scale bar, 5 um. (c) Immunostaining of ppMLC
in an epicardial monolayer. Scale bar, 50 um. (d) Mean ppMLC intensity as a function of
the distance from the edge (n=7 monolayers from 3 hearts). ppMLC was averaged after
subtracting the image background. Shaded areas represent SEM. (e) Tractions overlaid on
myosin-GFP images in response to the spontaneous death of a follower cell. Surrounding
cells quickly acquire a leader phenotype and migrate to cover the area left by the dead cell.
The origin of the time axis (Omin) is defined as the time point in which the follower cell
spontaneously dies. Scale bar, 20um. Images shown in a,b,e are representative of 6 hearts
and the image shown in c is representative of 3 hearts.



in
»H
a

Myosin Actin | —_— LO\A;1 myosin
s oy _ 5 : — High myosin
S| = ‘:'.f"‘ S5 = < 4.4 //\\
z| £ — — 3 4.2
° 2 v v > /
E 3 8 >§6 8 4.04 )
; ] 3.8 '\
L > 3.6
8| . & 3.
%l 3 = 3.41
T| g 3.2 T T T T T T T ]
< -45 -30 -15 0 15 30 45 60 75
* Time (min)
c d
1.29
= F,=5pN — Low myosin
) »% E —— High myosin
) 4 IS
G| E s
£z z
g~ g
o -
2 g
© oo
- c £
2| 8 =
s | g 0.0 T T ey ]
S <, -45 -30 -15 0 15 30 45 60 75
= Time (min)
e f
.27 F =0.1pN
= 12 ! P — Low myosin
£ € 1.0 — High myosin
g € 0.8
el £ =
o -4
2 § z 0.6
£ 8 0.4
g S 0.2
£ ®
2| £ z 00
-2 024+
_E -45 -30 -15 0 15 30 45 60 75
Qo)
T Time (min)

Supplementary Figure 3. Prediction of ring contraction velocities (actin flow) for
different reinforcement thresholds. a-b For a high force reinforcement threshold (100
pN), the ring containing higher myosin levels (bottom) closes faster than the ring with lower
myosin levels (top). (a) Schematic of the cytokinetic ring adhered on the substrate. Top: low
myosin concentration. Bottom: high myosin concentration. (b) Model prediction of actin
flow velocity for the case of high and low myosin concentrations. c-d For an intermediate
force reinforcement threshold (5pN) the ring with lower myosin levels (top) contracts faster
than the ring with high myosin levels (bottom). (c) Schematic of the cytokinetic ring adhered
on the substrate. (d) Model prediction of actin flow velocity for the case of high and low
myosin concentrations. e-f For a low force reinforcement threshold (0.1 pN) the rings
become stuck to the substrate regardless of the relative myosin concentration. (e) Schematic
of the cytokinetic ring adhered on the substrate. (f) Model prediction of actin flow velocity
for the case of high and low myosin concentrations. For all simulations the myosin
experimental values for 14kPa were used.
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Supplementary Figure 4: Cytokinesis forces on fibronectin-coated gels. (a)
Experimental time evolution of the traction force during division for successful and failed
cytokinesis on 14kPa fibronectin-coated substrates. Dashed line represents the beginning of
anaphase (n=148 successful and 35 failed divisions from 3 hearts). Tractions were averaged
in a region of varying size enclosing the cytokinetic ring (illustrated in Supplementary Video
10). Shaded areas represent SEM.



Supplementary Videos

Supplementary Video 1: Collective cell migration of a monolayer of epicardial cells
explanting from the heart (left). Scale bar, 50um. Images are representative of 4 hearts.

Supplementary Video 2: Myosin dynamics during cell migration (cells expressing Myosin-
GFP). Right: cells at the leading edge. Left: follower cells. Scale bar, 20um. Images are
representative of 6 hearts.

Supplementary Video 3: Myosin dynamics with tractions overlaid after a follower cell
spontaneously dies. Scale bar, 20pum. Images are representative of 6 hearts.

Supplementary Video 4: Phase contrast images of a monolayer of epicardial cells with
overlaid tractions. Scale bar, 50um. Images are representative of 4 hearts.

Supplementary Video 5: Tractions during a successful division overlaid on phase contrast
images. Scale bar, 10um. Images are representative of n=59 divisions from 4 hearts.

Supplementary Video 6: Tractions during a successful division overlaid on myosin-GFP
images. Scale bar, 10um. Images are representative of n=29 successful divisions from 4
hearts.

Supplementary Video 7: Paxillin-GFP during a successful cell division. Scale bar, 10um.
Images are representative of n=13 successful divisions from 2 hearts.

Supplementary Video 8: Tractions during a failed division overlaid on myosin-GFP images.
Scale bar, 20um. Images are representative of n=9 failed divisions from 4 hearts.

Supplementary Video 9: Paxillin images during a failed cell division. Scale bar, 20pum.
Images are representative of n=5 failed divisions from 2 hearts.

Supplementary Video 10: Calculation of average traction and myosin intensity. Average
traction and myosin intensity at the ring were computed by averaging the corresponding
signal in a region of interest of constant width (13um in Fig. 3 and 9um in Fig. 5) and
varying length (magenta outline) enclosing the cytokinetic ring. The length was determined
by the cell shape in the direction parallel to the ring. The blue dashed line marks the cell
outline. Myosin images are representative of n=29 successful divisions from 4 hearts.



Supplementary Tables

Parameter

Meaning Value Origin
Nmo Initial number of myosin 200 Adjusted
motors
Nel Number of collagen 70 Adjusted
molecules
Kont True binding rate 2.5%104 um?/s Adjusted, of the order of
values reported for alIBB3 ®
det Density of clutches 50 Adjusted
Kot Unbinding rate of 0.2 (catch bond) Adjusted, of the order of other
integrins from collagen integrins #3 74
Fr Reinforcement Force 5pN Set
Vu Unloading myosin motor 110nm/s 46,48
velocity
Fr Myosin motor stall force 2pN "
Keiu Clutch spring constant 1 nN/nm 6
Jadd Integrins added after each 24/ pm? Does not affect model output
reinforcement event
ra Radius of adhesion 700nm Set

Supplementary Table 1. Clutch model parameters



