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During development, wound healing, and cancer invasion, migrating cell clusters
feature highly protrusive leader cells at their front. Leader cells are thought to pull and
direct their cohort of followers, but whether their local action is enough to guide the
entire cluster, or if a global mechanical organization is needed, remains controversial.
Here we show that the effectiveness of leader-follower organization is proportional to
the asymmetry of traction and tension within cell clusters. By combining hydrogel
micropatterning and optogenetic activation, we generate highly protrusive leaders at
the edge of minimal cell clusters. We find that the induced leader can robustly drag one
follower but not larger groups. By measuring traction forces and tension propagation
in clusters of increasing size, we establish a quantitative relationship between group
velocity and the asymmetry of the traction and tension profiles. Modelling motile
clusters as active polar fluids, we explain this force-velocity relationship in terms of
asymmetries in the active traction profile. Our results challenge the notion of
autonomous leader cells, showing that collective cell migration requires global
mechanical organization within the cluster.

Collective motion is a recurrent property of groups of self-propelled agents, including
macromolecular assemblies, human crowds or robots swarms!-3. While the coordination and
function of these groups can emerge from interactions between identical constituents*>, it is
often mediated by specialized agents®. Small numbers of such agents can either disrupt or
enhance group dynamics’?, like in the case of animal groups guided by specialized individuals
that act as leaders!®!, Similarly, collectively migrating cells during development, wound
healing or cancer invasion are thought to be guided by leader cells?-2°.

Leader cells are found at the front edge of migrating groups, have a protrusive and
polarized phenotype and are identified by the activity of specific signalling pathways!#41721-26,
Conversely, the remaining cells are termed follower cells and are thought to be mechanically
pulled and guided by their leaders through direct physical connections!®?227-2%  This
description appears to capture many in vitro and in vivo phenomena. Epithelial cell sheets
migrate by projecting multi-cellular outgrowths, with protrusive cells at their front'32325_ During
branching morphogenesis, long cell strands are tipped by lamellipodium-generating cells3%31,
Border cells are small clusters of ~8 cells that migrate during Drosophila oogenesis and have
a polarized and protrusive cell at their front?”*2, In some invasive tumours, strands of cells
project out from a cluster following a single cancer cell or a cancer-associated fibroblast6:33-
35

Despite this extensive phenomenology, the fundamental mechanical organization enabling
leader-follower coordination is still unclear. Two main scenarios are possible. One is that the
local mechanical action of a leader is sufficient to drive collective migration, regardless of the
behaviour of its followers. The other is that a global organization of forces within the group is
needed. Addressing this long-standing problem requires direct measurements of the
relationship between collective cell velocity and the underlying spatial distribution of forces,
but such a force-velocity relationship has not been reported. To fill this gap we used
optogenetics to induce leader cells in minimal groups of controlled size. We show that
generation of a leader is insufficient to drive the migration of groups larger than two cells. To
understand this behaviour, we performed a systematic study of the mechanical conditions that
enable collective cell migration in clusters of increasing cell number. This analysis revealed
that, for every cluster size, collective cell migration requires an asymmetric distribution of
traction forces on a multicellular scale. A model of the cell cluster as an active polar fluid



establishes the relationship between migration velocity and the asymmetries of the underlying
traction force field.

Generating leader cells using optogenetics

A hallmark of leader cells is lamellipodium formation by the activation of the small Rho
GTPase Racl at their leading edge!?1°3¢, We reasoned that we could use optogenetics to
locally activate Racl in cell groups, thus creating leader cells on demand?®?®73, To achieve
this, we generated stable lines of MDCK cells (optoMDCK-Rac1l) expressing two constructs:
CIBN-GFP-CAAX and TIAM-CRY2-mCherry; the first is targeted to the plasma membrane,
while the second one is cytosolic and carries the catalytic domain of Tiam1, an activator of
Racl. Upon illumination with blue light, the two constructs bind with high affinity, localizing
Tiam1 at the membrane®372°41 (Fig. 1a). Previous work has shown that Racl is activated
within the illuminated region®’. As expected, photoactivated optoMDCK-Racl cells form a
lamellipodium (Fig. 1b) and focal adhesions (Extended Data Fig. 1a).

To study the mechanical coupling of leaders and followers we engineered minimalistic
systems that captured fundamental elements of collective motion. We used microcontact
printing on polyacrylamide gels of uniform stiffness (18 kPa) to create fibronectin-coated lines
20 um wide and several millimetres long. We seeded optoMDCK-Racl cells at a low
concentration so that they attached to the patterns individually and in small linear groups (“cell
trains”) in media containing thymidine to halt cell division (Fig. 1c). Gels contained fluorescent
microspheres so that traction force microscopy (TFM) could be performed*?.

We imaged regions containing cell trains ranging in length from one to four cells (N, =
1,2,3,4; Fig. 1d). We performed an initial baseline measurement of two hours without
photoactivation, acquiring mCherry and microsphere fluorescence, and then photoactivated a
subset of cell trains. To photoactivate trains, we illuminated one of their edges with blue light,
inducing lamellipodia formation. The photoactivation and imaging continued for 4-5 hours (Fig.
1e), and the photoactivation region was periodically moved following the train motion (Fig. 2a,
Supplementary Movies 1-4). At the end of each experiment, cells were detached from the gel
and an image of the relaxed microspheres was acquired for TFM calculations.

A photoactivated cell can only lead one follower

Prior to any analysis, we reoriented images so that the photoactivated edge of the cell trains
was always towards y > 0. We segmented and tracked both photoactivated and non-
photoactivated cell trains and calculated V(t), their centre-of-mass velocity. As expected,
regardless of the cell number N,, the non-photoactivated cell trains have average velocities
symmetrically distributed around 0, showing no preferred direction (Fig. 2b bottom row, c¢). In
contrast, the velocities of photoactivated cell trains with N, =1 are biased towards the
direction of the photoactivated edge and generally have larger magnitudes than the
corresponding non-photoactivated cases, confirming our ability to generate moving cells.
While cell trains with N, = 2 also move significantly biased towards the photoactivated edge,
this directional bias is lost for N, > 3, with average velocities (V), not significantly different
between photoactivated and non-photoactivated cell trains (Fig. 2b top row, c).

To investigate the impact of photoactivation beyond centre-of-mass motion, for each train
we analysed separately the sequences of instantaneous velocities of top and bottom edges,



v, (t) and v_(t), respectively. We defined “coherent motion” of a cell train the case in which
both top edge and bottom edge velocity medians, ¥, and ¥_, were significantly non-zero and
had the same sign. We then termed “directed motion” the case of coherent motion in the
direction of photoactivation (¥, > 0, 7_ > 0, Fig. 2d). Conversely, we categorized the opposite
case as “antidirected motion” (¥, < 0, ¥_ < 0). The cases that did not exhibit coherent motion
were termed spreading (¥, > 0, ¥_ < 0) and contraction (7, < 0, ¥_ > 0).

By analysing all photoactivated cell trains with this criterion, we found that a third of the
single-cell trains exhibit directed motion, while no single cells are moving opposite to
photoactivation (Fig. 2e). Consistent with our data on centre-of-mass velocity, this effect is
rapidly lost as N, grows: the percentage of cell trains with directed motion decreases, and the
percentage with antidirected motion increases (Fig. 2e). For N, = 3 photoactivated cell trains
behave comparably to non-photoactivated trains; there is no increase in directed motion due
to photoactivation (Extended Data Fig. 2a).

We checked whether this behaviour was due to an inability of photoactivated cells to
generate a lamellipodium when connected to more followers. To do so, we measured
lamellipodium growth caused by photoactivation. We found that for all values of N, the
photoactivated trains display significant increases in lamellipodium size, and that this increase
does not depend on N, (Extended Data Fig. 1b,c). Moreover, the percentage of photoactivated
top edges where 7, is significantly larger than 0 is >50% for all values of N, (Extended Data
Fig. 2b), supporting that photoactivation induces protrusion and migration for all train lengths.
We also tested whether the response of cell trains to photoactivation was influenced by their
behaviour before photoactivation. We found that nearly all trains that undergo coherent motion
after photoactivation were initially either spreading or contracting, indicating that no
directedness existed prior to photoactivation (Extended Data Fig. 3).

Taken together, our experiments show that induced leader cells are not capable of driving
coherent motion of more than one follower.

Coherent motion requires asymmetric traction and tension fields

To identify the determinants of coherent group motion, we study the longitudinal traction
forces T, exerted by the cells on the substrate (Fig. 3a, b). As expected, for N, =1 cell
tractions form a contractile dipole (Fig. 3b). Longer cell trains exhibit more complex patterns
that are not simple superpositions of N, dipoles, indicating that the cells in a train are not
mechanically independent (Fig. 3b, c).

For different train lengths N., we computed the profile (T, ), . averaged over the train width
x and time t. We compared these profiles between cell trains that did and did not move
coherently. Our data shows that coherent motion occurs both in photoactivated trains (Fig. 2e)
and, with a lower probability, in non-photoactivated ones (Extended Data Fig. 2a). Therefore,
we binned our data in two groups, one of all non-coherently moving trains and another one of
all coherently moving trains, regardless of whether the coherent motion was directed or
antidirected and whether the trains were photoactivated or non-photoactivated (see Extended
Data Fig. 4 for different groupings of these data). To compare moving trains regardless of their
direction of motion, we aligned the profiles with y > 0 in the direction of coherent motion.

The average traction profiles of trains that do not move coherently are symmetric, with
tractions of equal magnitude concentrated at the train edges (grey curves Fig. 3d, top row).
With increasing train length, the tractions in the central region vanish, meaning that while edge
tractions are sustained in time, central tractions are transient and tend to cancel out. By



contrast, in trains undergoing coherent movement (7, ), . becomes asymmetric; the tractions
at the trailing edge are lower in magnitude and extend further into the train even reaching the
central region (red curves in Fig. 3d, top row).

To quantify this mechanical asymmetry, we computed the time-averaged 1D normalized
traction quadrupole Q = (f T, y*dy)/ (f|T,|y?*dy), which is the normalized second moment
of the traction field along the train axis with respect to the centre of mass**. Since we are
considering the coherent motion of all trains as being towards positive y, the quadrupole Q is
negative for traction profiles like those of the trains undergoing coherent movement. Indeed,
we found that in nearly all trains undergoing coherent movement (Q); is negative, while in
other trains it takes positive and negative values with equal probability (Fig. 3e).

We then studied the distribution of internal tension within the cell trains by calculating o,
the tension transmitted inside cells by the cytoskeleton and between cells by cell-cell junctions.
The internal tension balances the tractions at the cell-substrate interface and in a 1D system
it is given by o(y,t) = f_yL T,(y*, t)dy*, where 2L is the length of the cell train®®. Analogously
to our calculation of (T,), ., we computed ensemble averages of a. We found that trains that
do not exhibit coherent movement have symmetric average tension profiles, while the trains
that move coherently have an asymmetric tension profile with a broad peak located closer to
the leading edge (Fig. 3d bottom row).

We then wondered if the value of (Q); was related to the centre-of-mass velocity (V);. In
Fig. 3a-e, we had aligned all data so that the coherent motion of trains was in the direction of
increasing y. Now, however, to better visualize the relationship between velocity and traction
asymmetry, we went back to considering trains moving with either positive or negative velocity,
as they occurred in the experiments. Strikingly, for all trains exhibiting coherent motion, (V);
and (Q); are correlated. Faster trains have stronger traction asymmetries, resulting in tension
that is more concentrated towards their leading edge (Fig. 3f).

Taken together, these results show that train movement is driven by the global spatial
distribution of mechanical stress. Front-back asymmetries along the train are necessary for
coherent motion, and stronger asymmetries drive faster motion.

Migrating 2D clusters and monolayer fingers

The directed migration of 1D cell trains is common in processes such as angiogenesis?*’,
branching morphogenesis*®. and collective cancer invasion through interstitial spaces®. In
many other processes, cells migrate as either 2D clusters or multicellular protrusions from a
cell sheet?. We thus asked whether the mechanical asymmetries observed in migrating 1D
cell trains are also present in these 2D systems.

To this end, we patterned wider fibronectin lines (50 um across) and seeded optoMDCK-
Racl cells, obtaining clusters 2-3 cells wide (Fig. 4a-c). We selected clusters of 5-15 cells and
photoactivated their top edge, applying the same experimental protocol and analysis used for
the cell trains (Supplementary Movie 5). Similarly to longer trains, only a small fraction of
clusters migrated coherently (~11%). We then computed the time-averaged traction profile
(T,)x, for clusters that did not move coherently and for those that did. Like in cell trains, the
traction profile of the non-coherently moving clusters is symmetric (Fig. 4e, grey curves). By
contrast, in coherently moving clusters tractions at the leading edge are higher in magnitude
and those at the trailing edge extend further into the cluster (Fig. 4e, red curves). Accordingly,
in these clusters tension has an asymmetric profile with higher values towards the leading



edge (Fig. 4g). Plotting the values of (V) and (Q), for the migrating clusters in Fig. 3f, we
found that they behave similarly to the cell trains.

Next, we looked at multicellular finger-like protrusions at the edge of an expanding epithelial
monolayer from the work of Reffay et al., where traction forces generated by several MDCK
fingers were measured using micropillars?. We analysed the component of the tractions along
the finger's axis, averaged across the width of the finger analogously to how we previously
calculated (T, ), . (Fig. 4d). The resulting average traction profile shows an asymmetry similar
to coherently moving trains and clusters: tractions are higher and more localized at the leading
edge than at the trailing edge (Fig. 4f). This profile results in an asymmetric tension with higher
values towards the front (Fig. 4h). These findings suggest that the relationship between
collective cell migration and tension asymmetries is a general principle that applies to both 1D
and 2D systems.

An active fluid model explains the force-velocity relation

So far, our results show that an autonomous leader cell is not sufficient to drive coherent
group motion. We instead find that coherent motion requires a supracellular traction and
tension asymmetry, and that this asymmetry correlates with the migration velocity. To
understand how tension distributions drive collective migration, we modelled a cell train as a
one-dimensional compressible active fluid that exerts tractions on the substrate®. Force
balance reads 9,0 =T, where o =nd,v is the internal tension, with n being the effective
viscosity and v the velocity field. T is the total traction that results from viscous drag on the
substrate, év, and from myosin-generated forces termed active tractions, T,. Thus, the total
traction is

T=¢%v—T,, D)
and force balance is given by
nogv = év —T,. (2)

When a cell polarizes, it develops spatial asymmetries in force generation. To study how
these asymmetries drive motion, we took an active traction profile given by

sinh(y/¢)
T _ Gt sinh (L/£4)’ 20
() = sinh (y/¢_)
~ sinh (L/¢.)’

()
y <0,

where L is the train length. Equation (3) generalizes the active traction profiles in previous
models *°2 to now account for spatial asymmetries in both their magnitude Z, at the train
edges and their decay length £, towards the train interior (Fig. 5a).

To analyse how these two sources of asymmetry shape the total traction and tension

profiles, we calculated the centre-of-mass velocity V = % f_LL v(y)dy. Averaging Eq. (2) over y
and imposing stress-free boundary conditions [o(—L) = o(L) = 0], we obtained

2L§f Ta()dy = = [Z+1€’+tanh( ) [ tanh( )] ()



Eq. (4) shows that the integral of the active traction drives cluster motion. This result provides
an explicit force-velocity relation for a cell cluster, linking its motion to the asymmetries in the
underlying active traction field.

Then, solving Eq. (2) with stress-free boundary conditions as well as velocity and stress
continuity at y = 0, we obtained the velocity profile v(y) and used it to calculate the total-

traction quadrupole, Q = f_LLT(y)yzdy, intermsof¢,, ¢_, £,, £_ and the screening length A =

\/ﬁ (Supplementary Note Sections A and B). Fig. 5b summarizes in a 2D diagram how the
signs of the velocity and the quadrupole change with the asymmetry ratios ¢, /{_ and ¢, /¢_.
Below, we illustrate these results by following the paths indicated by the pink, green, and blue
arrows. The profiles of all fields at the points along these paths are shown in Fig. 5¢-n, and
the variation of the velocity and quadrupole along the green and blue paths are plotted in Fig.
50-q.

First, keeping the decay lengths equal, £, = ¢_, we varied the ratio between the magnitude
of active traction at the train edges, . /{_ (pink arrow in Fig. 5b). In the symmetric case
(. /C_ =1, there is no possibility for net motion, as the train protrudes with equal force in both
directions. As we increase (,/{_, making the active traction relatively stronger on the right
(Fig. 5¢), the train moves to the right (positive velocity, Fig. 5d). The profiles of the total traction
have an asymmetry analogous to that of the active traction (Fig. 5e), which gives negative
guadrupoles Q < 0 (Fig. 5b, pink). Accordingly, the tension is concentrated towards the front
(Fig. 5f) and the centre-of-mass velocity is positive and increases with the asymmetry
(averages of profiles in Fig. 5d).

Next, we varied the ratio between the decay length of active traction on each side of the
train, £, /¢_, while keeping the magnitudes equal (green arrow in Fig. 5b). Starting again from
the symmetric case, we now decreased ¢, /£_, which makes the active traction more localized
on the right edge (Fig. 5g). Now the total traction and tension profiles shift towards the left,
which gives a positive quadrupole Q@ > 0 and drives leftwards migration, V < 0 (Fig. 5h-j and
Fig. 5b, green).

In the two cases above, IV has the opposite sign of @ and its magnitude increases with that
of Q (green lines in Fig. 50-q), consistent with our experimental results (Fig. 3e,f). Our theory
also predicts additional scenarios in which the two sources of spatial asymmetries (magnitude
vs localization) in active traction have competing effects on cell motion (Supplementary Note
Section C). In these cases, there are parameter regions in which V and Q have the same sign
(blue path in Fig. 5b, illustrated in Fig. 5k-n), even if the magnitude of V always increases with
that of Q (blue curves in Fig. 50-q).

So far, our model assumed that friction was uniform. We generalized the model to account
for a non-uniform friction coefficient with the same profile as the active traction (Supplementary
Note Section D), which could result from a non-uniform distribution of focal adhesions®*. The
velocity, tension, and traction profiles are only slightly modified with respect to the case with
uniform friction coefficient (Extended Data Fig. 5), showing that our conclusions also hold in
the presence of a non-uniform friction coefficient.

Fitting the theory to the experiments

Next, we fitted the model to the experimental traction profiles in Fig. 3d, and we extracted
the values of the active traction parameters ¢,,{_,¢.,£_ and the friction term &V (Extended
Data Fig. 6), which positioned the cell trains of different lengths in the model parameter space
(Fig. 5r). As expected, cell trains with no coherent motion fall at the origin of the diagram (1,1),



reflecting the symmetry in traction profiles. By contrast, cell trains displaying coherent motion
fall in the top right-hand quadrant (Q<0 and V>0), indicating an asymmetry in both the traction
magnitude and the decay length.

Finally, we used our model to recapitulate the experimental relationship between traction
guadrupole and velocity (Fig. 3f). We fitted the traction profiles of all individual cell trains and
obtained distributions of the parameter values {,,{_,¢,,¢_,&. From these distributions we
generated a set of 60 simulated cell trains, for which we calculated the traction quadrupole Q
and used Eqg. (4) to compute V. We then plotted V against Q in Fig. 5s and obtained a
correlation analogous to the experimental relationship between (V) and (Q); in Fig. 3f.

Overall, our theory provides a force-velocity relation for collective cell migration (Eq. (4))
and captures the link between motion and the strength of the mechanical asymmetries in cell
clusters quantified by the traction quadrupole (Fig. 5q). Beyond capturing our experimental
measurements (Figs. 3f and 5r, s), our theory reveals that the velocity-quadrupole relation
depends on the interplay between asymmetries in the magnitude and localization of cellular
forces, providing quantitative predictions for future experiments.

Discussion

We investigated how cell groups undergo coherent motion. Using optogenetics, we tested
if a single protrusive cell could guide an entire group. We found that a leader cell cannot guide
more than one follower. Through measurement of cellular forces and theoretical modelling,
we showed that collective cell migration requires a global asymmetry in the tension profile
within the cell cluster. Leaders need the followers' contribution to this asymmetry for effective
guidance.

The relation between cellular forces and velocities is a fundamental and unresolved
problem in cell migration?°5-°°, Because inertia and viscous drag against the surrounding fluid
are negligible, the sum of tractions exerted by cells on the substrate is always zero and
therefore is not indicative of neither the magnitude nor the direction of cell velocity. Previous
work at the single-cell level established that asymmetries in the traction distribution correlate
with the direction of cell movement**45, However, a general quantitative relationship between
force and velocity was lacking both at the single and collective cell levels*5°94360-64 Here we
showed that cluster velocity increases with global stress asymmetry. To understand the origin
of this relationship, we modelled the cluster as a 1D active polar fluid that can generate
asymmetric active tractions. This model fits the experimental total traction and tension
distributions, and it reproduces the relationship between tension asymmetry and cell velocity.

Since leader activation alone can't guide large groups, our study raises the question of how
leaders and followers organize to form the asymmetry needed for collective migration.
Communication might involve patterns in cell differentiation, paracrine signalling, or direct cell
contact®® 70, In uncontrolled scenarios like cancer invasion, asymmetry might arise
stochastically, as we observed when some groups migrated even without photoactivation (Fig.
3). By defining the mechanical rules of leadership, we set an experimental and conceptual
basis to test these communication mechanisms.
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Figures

Figure 1. Optogenetic control of lamellipodium formation in cell trains. (a) Scheme of
the optogenetic system to control lamellipodium formation. OptoMDCK-Racl express two
constructs: an activator of Racl fused to Cry2 and membrane-bound CIBN. Upon blue-light
illumination, Cry2 binds to CIBN locally activating Racl and causing lamellipodium growth.
(b) Effect of photoactivation on a cell. 488 nm light is applied to the blue region every 3
minutes, inducing lamellipodium formation (scale bar 20 pm). (c) Scheme of sample
preparation: microcontact printing of polyacrylamide hydrogels (E=18 kPa) with fibronectin
lines (width 20 um) and incubation with optoMDCK-Rac1 yields samples containing hundreds
of cell trains of different lengths. Substrates are prepared with fluorescent beads, making them
apt for traction force microscopy. (d) Representative microscopy images of cell trains (scale
bar 20 um). (e) Scheme of the experimental protocol. Fields of view containing cell trains (N, =
[1,4]) are imaged for 2 hours every 3 minutes without photoactivation, then a subset of cell
trains is photoactivated (blue regions) at every imaging interval while other cell trains (white
arrowheads) are left non-activated.
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Figure 2. Leader cell migratory efficiency decreases with number of followers. (a)
Representative cell trains during photoactivation of a cell edge (scale bars 20 um). (b)
Centre of mass trajectories for all cell trains. Top row: photoactivated trains, blue curves
represent duration of photoactivation. Bottom row: control trains. Red lines are average
trajectories. (c) Average migration velocities of the centre of mass of all photoactivated and
control cell trains. Statistical significance quantified by a two-sided Wilcoxon rank sum test.
For the two-sample tests ** indicates p<0.01 and * indicates p<0.05. Box plots showing first
guartile, median and third quartile. Range includes all data points. Whiskers extend to first
adjacent value within 1.5 x inter-quartile range. Full p-values in Supplementary Table 1. (d)
Types of cell train migration based on the motion of the top and bottom edges. (e) Motion of
photoactivated cell trains according to the definitions in (d). Magenta represents the
percentage of trains that undergo collective migration in the direction of the photoactivation
(i.e., directed migration), green is in the opposite direction (antidirected migration).
Percentages of directed migration are: 32.6% (N, = 1), 27.9% (N, = 2), 9.5% (N, = 3), 6.0%
(N, = 4), total sample sizes are n=49, n=61, n=42, n=33, respectively. n=292 cell trains
examined over 59 independent experiments.
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Figure 3. Asymmetric traction and tension profiles drive the migration of cell trains.
(a) Scheme of cell-substrate traction and tension within a cell train. (b) Representative fields
of the longitudinal traction forces for trains of different lengths. (c) Representative
kymographs of the longitudinal tractions. Cyan lines mark the beginning of the
photoactivation intervals, white lines are the cell edges (scale bars 50 um). (d) Average
profiles of longitudinal component of the traction forces (top row) and of internal tension
(bottom row), for cell trains undergoing coherent motion (red) and for other trains (grey).
Shaded regions along the curves show the standard error of the mean. Averages are over
different cell trains; number of cell-trains n is indicated on the plot. (e) Normalized traction
quadrupole of trains exhibiting coherent movement (red) and other trains (grey). Box plots
showing first quartile, median and third quartile. Range includes all data points. Whiskers
extend to first adjacent value within 1.5 x inter-quartile range. p-values in Supplementary
Table 1. (f) Scatter plot of average centre-of-mass velocity and normalized traction
quadrupole in cell trains and clusters (see Fig. 4) exhibiting coherent motion. R=0.66,
p<0.01. For clarity, in this plot the cell train velocities have not been aligned with the positive
axis. n=292 cell trains examined over 59 independent experiments.
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Figure 4. Asymmetric traction profiles in 2D cell groups. (a) Phase contrast image and
longitudinal traction forces of a cell island (scale bar 50 um). Representative data from n=43
islands examined over 8 independent experiments. (b) Kymograph of the longitudinal
tractions. Cyan lines mark the beginning of the photoactivation intervals (scale bar 50 pm).
(c) Diagram of a cell island on a micropatterned fibronectin line (dark green) on a
polyacrylamide gel (light green). (d) Diagram of a migrating finger from a monolayer edge on
pillars. (e) Average profiles of longitudinal component of the traction forces, for cell islands
undergoing coherent motion (red) and for other trains (grey). Shaded regions represent the
standard error. Averages are over different cell islands; number of cell-trains n is indicated
on the plot. (f) Average profile of longitudinal component of the traction forces, for migrating
cell fingers. Shaded region represents the standard error of the mean. Averages are over
different cell fingers; their number n is indicated on the plot. (g) Average profiles of the
computed tension for cell islands undergoing coherent motion (red) and for other trains
(grey). Shaded regions represent the standard error of the mean. (h) Average profiles of the
computed tension for migrating cell fingers.
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Figure 5. An active polar fluid model explains how traction asymmetries drive
migration. (a) Scheme of a cell train (grey) that exerts an asymmetric active-traction profile
(dark blue curve) on the substrate (light blue). (b) Diagram showing the signs of the centre-
of-mass velocity V and the traction quadrupole Q as a function of asymmetries in traction
magnitude and decay length. The colour-coded points and arrows correspond to the
parameter values used for the profiles in panels c-n. All panels are plotted for _ = 0.4 L and
A =10 L, with L the train length. We chose A > L to ensure tension transmission across the
entire cell train®2"1, (c-n) lllustrative results of the model in different regimes of asymmetries
of the active tractions. Columns correspond to profiles of different quantities. Rows with pink,
green, and blue frames correspond to the paths indicated by the corresponding arrows in
panel b. (c-f) Decreasing active traction magnitude at the left edge (c) results in increased
cell velocity (d), as well as in asymmetric total tractions (e) and tension concentrated to the
right (). (g-j) Decreasing the decay length of active tractions at the right edge (g) results in
negative velocity (h), as well as asymmetric tractions (i) and tension concentrated towards
the left (j). (k-n) Asymmetry in both the magnitude and the decay length of active tractions.
As active tractions become more localized at the right edge (k), velocity decreases in
magnitude and eventually changes sign (). The total tractions (m) and tension (n) profiles
also shift from right- to left-concentrated, corresponding to a change of sign of the traction
quadrupole Q. (o, p) Centre-of-mass velocity (0) and traction quadrupole (p) as a function of
the decay-length asymmetry of active tractions. Colours correspond to the parameter paths
indicated by arrows in panel b. (q) Velocity as a function of the quadrupole obtained by
varying the decay length ratio. The velocity and the quadrupole change sign simultaneously
only when the active-traction magnitude is symmetric (green). (r) Diagram as in panel b
showing the values of active traction magnitude and decay length ratios obtained from the
fits to the experimental profiles in Fig. 3d. Coherently moving cell trains (red points) fall in the
region with positive velocity and negative quadrupole (V > 0,Q < 0), whereas non-
coherently moving cell trains (grey points) have symmetric traction profiles that fall close to
the origin at (1,1). Error bars are confidence intervals derived from fits (see Methods). (s)
Model simulations recapitulating Fig. 3f. Points are calculated from 60 sets of parameter
values ¢,,¢_,¢,,¢_,& drawn from the distributions obtained from fits of the model to all
individual cell trains (Methods).
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Methods

Cloning

The TIAM-CRY2-mCherry plasmid was constructed as detailed previously for lentiviral
vectors *’. The CIBN-GFP-CAAX plasmid was a gift from Chandra Tucker (Denver, Colorado,
United States)*°.

Cell culture

MDCK strain Il cells were cultured in minimum essential medium with Earle’s Salts and I-
glutamine (Gibco) supplemented with 10% v/v foetal bovine serum (FBS; Gibco), 100 U ml
penicillin and 100 pg/ml streptomycin. Cells were maintained at 37 °C in a humidified
atmosphere with 5% CO2. Opto-MDCK-Racl fluorescent stable cell lines were obtained by
lentiviral transduction of CIBN-GFP-CAAX and TIAM-CRY2-mCherry and two rounds of flow
cytometry-based sorting.

Polyacrylamide gels

We prepared polyacrylamide gels with a stiffness of 18kPa according to a previously
established protocol and functionalized them with Sulpho-SANPAH (Thermo Fisher
Scientific)’>. For the gels we prepared a solution of 0.16% bis-acrylamide and 7.5%
acrylamide, 0.01% v/v 200-nm-diameter dark-red fluorescence carboxylate-modified beads
(Fluospheres, Thermo Fisher Scientific), 0.5% v/v. ammonium persulfate (Sigma Aldrich) and
0.05% tetramethylethylenediamine (Sigma Aldrich), in PBS. We placed a 22ul drop of
unpolymerized gel on a glass-bottom MatTek 35 mm dish and immediately covered it with an
18mm circular coverslip. The gels were then allowed to polymerize at room temperature for 1
hour and then covered with PBS before removing the circular coverslip. Functionalization of
the gel surface was achieved by incubation with a solution of 2 mg/ml Sulpho-SANPAH under
ultraviolet light for 7 minutes (wavelength of 365 nm at a distance of 5 cm). Then, two washes
of PBS were performed for 2.5 minutes under mild agitation to remove excess Sulpho-
SANPAH. The gels were then immediately used for microcontact printing of fibronectin lines.

Microcontact Printing

Stamps for microcontact printing of 20 um lines were fabricated from SU8-50 masters that
had been raised using conventional photolithography. For the 50 um lines, the masters were
produced by polymerizing a thin layer (20 ym) of photopolymerizing resin (NOA61, Norland)
using a UV photopatterning device (PRIMO, Alvéole) coupled to an inverted microscope (Ti
Eclipse, Nikon). In both cases the masters contained tens of identical parallel line patterns
~10 mm x 5 mm. Within each pattern the lines were spaced 80 um from each other. Uncured
Polydimethylsiloxane (PDMS, Sylgard, Dow Corning) was poured on the masters and cured
overnight at 65 °C. Solid PDMS stamps were then cut-out and peeled off from the master and
their patterned surfaces were treated with a 15 s discharge from a handheld corona surface
treater (APS-CD-20AC, Aurora Pro Scientific). Immediately following this, they were covered
with a 100 pl drop of a solution of 20 pug/ml fibronectin (fibronectin from human plasma, Sigma
Aldrich) and 15 pg/ml fibrinogen-Alexa488 conjugate (F13191, Thermo Fisher) and incubated
at room temperature for 1 h. After this, excess incubating solution was removed, and stamps
were dried with a nitrogen gun. A polyacrylamide gel was dried thoroughly with a nitrogen gun
and the stamp was laid on top of it, with the patterned face in contact with the gel surface. Gel
and stamp were left in contact for 1 h after which 1 ml of PBS was added to the MatTek dish.
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After 1 h the stamp was lifted, and the patterned gels were passivated by incubating overnight
at 4 °C with a solution of 0.1 mg/ml PLL-g-PEG in PBS. Finally, the passivating solution was
removed, and the gels were covered with a 300 ul drop of PBS and were immediately used
for cell-seeding.

Cell seeding

Opto-MDCK-Racl cells were detached from their culture flask using trypsin and
resuspended in culture medium. A 300ul drop containing 2x10* cells was placed on a
micropatterned gel that had been sterilized under UV light in a cell-culture hood for 15 min.
Cells were allowed to adhere for 1 h before unattached cells were removed by a gentle wash
with warm cell culture media. The samples were then left to incubate for 12h in 2ml cell media
containing thymidine 2 mM (79250243 1G, Sigma) at 37 °C in a humidified atmosphere with
5% CO..

Photoactivation experiments and fluorescence imaging

Experiments were carried out on a Zeiss LSM880 confocal microscope running the
software Zeiss ZEN2.3 SP1 FP3 (black, version 14.0.24.201), and using a Plan Apochromat
20X 0.8 NA objective. Regions of the sample containing cell groups (trains or clusters) of
interest were identified through the eyepieces using white light illumination with a long pass
red filter (cut off at 630 nm). Only cell groups that were isolated from other cells on the same
line were used for the experiments. The sample was rotated in the plane of the microscope
stage so that the lines of the micropatterns appeared vertical in images. Integrity of the
micropatterned lines in each region was verified by acquiring a single image with a low-
intensity 488nm laser scan, visualizing the signal of the Fibrinogen-Alexa488 conjugate
present in the protein-coating. Regions with discontinuous or broken patterns were not used
for experiments. After this step, 45 minutes were let pass to allow for the unbinding of
CRY2/CIBN and for any induced activation of Rac1 to return to basal levels®. Following this,
the imaging was started. Three channels were acquired: 561 nm to excite mCherry, 633 nm
to excite the fluorescent microspheres and 633 nm transmitted light to obtain a bright-field
image. Scanning was performed with a pixel-size of 0.17 um and a pixel dwell time of 0.35 ps.
Up to four fields of view were acquired, with imaging occurring every 3 minutes in a
multiposition timelapse. At each position the fluorescence autofocus algorithm of ZEN was run
using the microsphere fluorescence as reference. Initially, a baseline phase of 2 h with no
photoactivation was acquired. Following this, a subgroup of cell groups was selected to be
photoactivated and a rectangular illumination region was drawn on the free edge of one of
their edges using the ROI tool of ZEN. Imaging was then resumed as before, and during every
subsequent imaging acquisition the photoactivation regions were scanned with the 488 nm
laser and the same pixel dwell time as before. The imaging and photoactivation continued for
4 to 5 h with a frequency of 3 minutes. Every 5 image acquisitions (i.e., every 15 min) the
positions of the photoactivating regions were manually adjusted according to the movement
of the targeted cells. This was done to keep the region of induced lamellipodia at the same
relative position within the cell group. This operation required less than 2 minutes. At the end
of each experiment, cells were detached from the gel using Versene 1X (Life Technologies)
and a reference image of the fluorescent beads was acquired for TFM calculations*?. Cell
groups that merged or touched other cells, and cell groups containing cells that divided during
the experiment were not considered for analysis.
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Image analysis

In the non-photoactivated cases, we calculated each cell train’s average centre-of-mass
velocity (V); over the duration of the full experiment, while in the photoactivated cases we
computed (V); from one hour after photoactivation until the end of the experiment, to exclude
any transient behaviour.

For all timepoints, mCherry fluorescence images were semi-automatically segmented using
a custom written MATLAB (R2017a) script and ImageJ/FIJI (2.3.0/1.53f51). A first
segmentation was obtained based on the triangle thresholding algorithm, and then any
mistakes were manually corrected. The binary masks thus obtained were used to measure
cell group dynamics (edge trajectories and centre of mass trajectory). In the photoactivated
cases, the images were reoriented (if necessary) so that the photoactivation ROl was at a
positive y distance from the centre of the cell group. Edge trajectories were smoothed by
adjacent averaging with a span of 5 points. Lamellipodium growth was calculated by first
dividing the train segmentation in two by bisecting its major axis. The average area (4) of the
top half (i.e., the half subject to photoactivation) was calculated in the hour prior to and
following photoactivation (A*). Lamellipodium growth was defined as the difference between
these two areas: AA = A* — A.

Quantifying directed motion

Motility of an edge was characterized using the set of its instantaneous velocities. For each
trajectory a two-sided Wilcoxon signed rank test was applied to assess if the set of
instantaneous velocities was significantly different from a set with null median. If it was not,
the edge was considered to be not significantly motile in any direction. In the case of non-
photoactivated trains this approach was applied to trajectories lasting for the whole duration
of the experiment, while in the other cases it was applied separately to the trajectories before
and during photoactivation, but in order to rule out any transient effect caused by
photoactivation we left out the first hour after its application. For a cell train, directed and
antidirected motion were defined as the cases when the aforementioned analysis yielded that
the median velocities of both edges were significantly non-zero and of the same sign.

Traction force microscopy and traction force data analysis

All traction computations and the following analyses of traction forces were carried out with
custom-written MATLAB scripts. Fourier transform traction microscopy was used to measure
traction forces?®4+73, The displacement fields of the fluorescence microspheres were obtained
using a home-made particle imaging velocimetry algorithm (PIV) using square interrogation
windows of side 40 pixels with an overlap of 0.8. The segmented binary masks of the cell
trains obtained from the mCherry fluorescence were used to segment the tractions for each
train at each time point. The axial profiles of the tractions were calculated by averaging the y-
component of the tractions, T,,, across the width of the segmented cell trains, at every time
point, yielding (T, ),. The axial lengths of these profiles were normalized to unit length for each
time point and the tractions were averaged together in groups according to the train’s
behaviour (directed/antidirected motion, or not) . In the photoactivated cases, only the
timepoints starting 1 hour after photoactivation were considered. The same averaging

procedure was applied to obtain axial tension profiles from o, (y,t) = ny[Ty(y, t)/h] dy, where
h is the height of the cell and is approximated to be 10 um. The normalized second moment
of the traction field was calculated as Q(t) = (J (Ty),y*dy)/ (J|{Ty)x|y* dy), where y is the

spatial coordinate relative to the centre of mass, and was then averaged over time, adapting
the durations to the photoactivated and non-photoactivated cases as explained above.
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Calculation of cell-cell tension

Calculations were performed under the assumption that the cell train behaves as a 1D
material. In that case the Cauchy stress tensor is reduced to a scalar, o, which we refer to it

as tension. The equation of mechanical equilibrium in 1D reads: Z—; = —T,, , hence internal
tension can be obtained by direct integration of the traction field?®7475,

Kymographs

Kymographs of tractions were obtained by averaging across the x axis the 2D traction maps
of T, (y,t), at each individual timepoint. The values of (T, ), were plotted in a colour-coded
figure in the order and spacing given by the experiment’s acquisition times.

Immunostainings

Opto-MDCK-Racl cells were photoactivated for 15 min as explained above and
immediately fixed with paraformaldehyde 4% during 15 min at room temperature (RT). Then,
cells were washed three times with PBS. The immunostainings were performed at RT using
tris-buffered saline (TBS) containing 1.6% (v/v) fish gelatine (G7765, Merck) as the basal
buffer. First, permeabilization was carried out by treating the samples with 0.1% Triton X-100
(T8787, Sigma-Aldrich) during 45 min. After that, samples were incubated for 90 min with the
primary antibody (rabbit anti-phospho-paxillin; 69363s, Cell Signaling) diluted 1:100. After
three 3 min washes, samples were incubated for 90 min with the secondary antibody (Alexa
Fluor-647 goat anti-rabbit; A-21245, ThermoFisher) diluted 1:200. Finally, they were washed
four times for 3 minutes with PBS and mounted in Mowiol reagent (81381, Merck). The image
acquisition was done on a Zeiss LSM880 confocal microscope running the software Zeiss
ZEN2.3 SP1 FP3 (black, version 14.0.24.201), and using a Plan Apochromat 20X 0.8 NA
objective. The photoactivated cells were identified for imaging by using the microscope
software to return to the previously stored positions and confirming visually that the same field-
of-view had been reached.

Fits of the theoretical model to the experimental results

Eq. 1 was fitted to the experimental data displayed in the top row of Fig. 3d. T, is given by
Eq. 2interms of £,,¢_,{,,{_ and L. As the velocity v varies weakly in space, it was replaced
in Eq. 1 with the average velocity V for simplicity. Thus, the fits yield values for the
parameters ¢,,{_,¢,,¢_,&V. The fit was performed using the MATLAB function fitnlm.
Confidence intervals for the parameters are the 95% confidence bounds, as given by the
MATLAB function confint.

Simulating the relationship between Q and V

To generate the simulated plot of Q against V (Fig. 4s), we fitted the model equations to
experimental traction profiles (Ty)x as described above, but for each coherently moving cell

train individually. These fits yielded a set of optimal values for the parameters ({,,{_,¢,,%_,&V)
for each of the 60 moving trains. We used the measured center of mass velocity V of each
train to obtain values of ¢ and calculated its average (¢) for each train length N.. We did not
consider the fits that had diverging values of £, and ¢_, leaving us with 43 out of 60 fits. From
the fit results, we built the empirical distributions of the parameter values for ¢,,{_,¢,,#_ for
each train length. We approximated these empirical distributions by Gaussian distributions
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with the mean and standard deviation obtained from the fit results. To generate the Q (V) plot,
we sampled the Gaussian distributions and obtained 15 sets of parameters values {,,{_,¢,,¢_
for each train length. Then, combining these 15 sets with the values of (&) for each of the 4
train lengths N., we obtained 60 sets of parameter values with distributions similar to the
empirical ones. For each of these 60 model realizations, we calculated the train velocity
according to Eg. 3, and the quadrupole of the total traction force as described in the methods
section on traction force microscopy, resulting in the scatter plot in Fig. 5s.

Statistical tests, box plots and Sankey diagrams

All statistical significance analysis was performed using a two-sided Wilcoxon rank sum
test, as implemented by the MATLAB functions ranksum and signrank. Box plots in all figures
show the median value, and the 25" and 75" percentiles of the data. The whiskers have a set
length of 1.5 times the interquartile range (difference between 75" and 25" percentile). Sankey
diagrams were generated using the custom MATLAB function Sankey flow chart’®,

Code availability

Analysis procedures and codes are provided on GitHub under a GPL-3.0 license
(https://github.com/xt-prc-lab/Rossetti et al 2024 Nature Physics). All other codes are
available from the corresponding authors on reasonable request. Correspondence and
requests for materials should be addressed to L.R., R.A. or X.T.

Data availability

The full datasets that support the findings of this study are available from the corresponding
authors on reasonable request. Extended Data is available for this paper. The source data
underlying Figs. 2b, 2c, 2e, 3d, 3e, 3f, 4e, 4f, 49, 4h, 5r, 5s and Extended Data Figs. 1c, 1d,
2a, 4, and 6a, 6b are provided as a Source Data file. Correspondence and requests for
materials should be addressed to L.R., R.A. or X.T.
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