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Focal adhesions are protein complexes that transmit actin cy-
toskeleton forces to the extracellular matrix and serve as sig-
naling hubs that regulate cell physiology. While their growth is
achieved through a local force-dependent process, the require-
ment of sustaining stress at the cell scale suggests a global reg-
ulation of the collective organization of focal adhesions. To in-
vestigate evidence of such large-scale regulation, we compared
changes in cell shape and the organization of focal adhesion-like
structures during the early spreading of fibroblasts either on
a two-dimensional substrate or confined between two parallel
plates, and for cells of different volumes. In this way, we reveal
that the areal density of focal adhesions is conserved regard-
less of cell size or third-dimensional confinement, despite dif-
ferent absolute values of the surface covered by adhesion clus-
ters. In particular, the width of the focal adhesions ring, which
fills the flat lamella at the cell front, adapts to cell size and
third-dimensional confinement and scales with cell-substrate
contact radius. We find that this contact radius also adapts in
the parallel-plate geometry so that the cumulated area of cell-
substrate contact is conserved at the cell scale. We suggest that
this behavior is the result of 3D cell shape changes which govern
spreading transitions. Indeed, because of volume conservation
constraints, the evolution of cell-body contact angle, adjusts ac-
cording to cell size and confinement, whereas the rate of early
spreading at the cell-substrate contact is not affected by third-
dimensional geometry. Overall, our data suggest that a coor-
dination between global and local scales mediates the adapta-
tion of cell-substrate contacts and focal adhesions distribution
to large scale geometrical constraints, which allows an invariant
cell-substrate adhesive energy.
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Significance statement. Focal adhesions are micron-sized
protein aggregates with which cells bind and communicate
mechanical signals to their environment. Here, we reveal
that the ratio between focal adhesions area and cell-substrate
contact area is conserved independently of cell size or third-
dimensional confinement, suggesting that cells maintain an
invariant cell-substrate adhesive energy independently of in-
ternal or external geometrical constraints. Consistently, we
find that the size of the lamella, a thin actin-rich sheet be-

tween the body of the cell and its leading edge, scales with
the size of the cell-substrate contact. These allometric rela-
tionships demonstrate a major role of the global cell shape in
the coordination of the growth of focal adhesions, allowing
their adaptation during dynamic tissue rearrangement, like in
regeneration or morphogenetic processes.

Introduction

In vivo, adherent cells encounter complex geometrical envi-
ronments since the extra-cellular matrix (ECM) varies in den-
sity and topography in different organs (1, 2) and tissue phys-
iological state (3, 4). The reconstitution of three-dimensional
ECM networks in vitro has revealed that cell shape is influ-
enced by the architecture of its micro-environment (4, 5).
Because cell spreading modulates cellular functions such
as traction force (6), differentiation (7) and cell cycle pro-
cesses (8, 9), understanding the mechanisms which govern
cell shape changes in complex geometrical environments is
of particular importance.

Focal adhesions (FAs) represent a key player both for the def-
inition of cell shape and cell mechano-sensing. FAs indeed
form a mechanical connection between the acto-myosin cy-
toskeleton and the ECM, so that the clustering of FA compo-
nents is necessary for the extension of cell-substrate contact
area during spreading (10). On the other hand, FAs respond
to the mechanical properties of the substrate through their
force-dependent maturation involving the engagement of the
integrin ligand, the recruitment of adaptor proteins (such as
paxillin or vinculin) (11, 12) and the activation of associated
signalling pathways (such as FAK phosphorylation) (8, 13).
This process is realized locally in coordination with actin
polymerization and myosin II accumulation at the cell lead-
ing edge (11, 14). However, the distribution of stresses that
FAs collectively transmit to the substrate, as well as the force
balance requested at the cell scale, suggest a global regulation
of the organization of these structures (15, 16).

To understand this, we need to consider the biological play-
ers that govern cell shape changes at the cellular level. One
of these players is the acto-myosin cortex, a thin cross-linked
network which lies underneath the cell membrane of contact-
free cell surfaces (17). A balance between cytosol pressure
and an effective surface tension encompassing actin cortex
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tension and cell adhesion, is then hypothesized to govern
global cell shape through its curvature (18-20).

Only a few studies focused on the cooperation between the
local clustering of adhesion proteins and three-dimensional
cell-scale shape changes. In fully spread cells, it has been
demonstrated that circumferential contractile actin arcs, orig-
inating from the cell front and linked to FAs, squeeze the cell
body and acto-myosin cortex, pointing towards a local con-
trol of third-dimensional cell shape (21). On the other hand,
in cells spreading between two micro-plates, we have shown
that the macroscopic cell body contact angle is a good pre-
dictor of cell traction force and the subsequent formation of
adhesion complexes (22). Along this line, a phenomenolog-
ical rule has established a correlation between the distance
from the cell edge to the center, traction stress and protrusion
rate at the cell edge during cell polarization (23, 24).
Despite these findings, the question of how local and global-
scale mechanical processes interplay to define cell shape at
the cellular level remains largely unresolved. In this article,
we study how three-dimensional cell shape, cell-substrate
contact and collective organization of FAs are affected when
large scale geometrical parameters of the cell or its environ-
ment are modified. We show that the cumulated areas of pe-
ripheral FA and cell-substrate contact are conserved whether
cells spread confined between parallel plates or unconfined.
By changing cell volume, we also demonstrate that these
characteristic areas scale with cell size. These effects cor-
relate with changes in cell-substrate contact angle in those
conditions, variations which are determined by volume con-
servation. Finally, we found that allometric relationships be-
tween the extent of cell body spreading and lamella size are
consistent with the conservation of FA density with respect
to cell size and third-dimension confinement. These results
demonstrate that the size of cell-substrate contact and collec-
tive organization of FAs are regulated by third-dimensional
cell-scale geometrical constraints.

Results

Cumulated areas of FAs and cell-substrate contact are
conserved in confined and unconfined spreading. We
analyzed the early spreading of isolated Ref-52 fibroblasts in
two different substrate configurations. In the first configura-
tion, the cell is let free to spread on a bi-dimensional glass
coverslip. The coverslip is coated with fibronectin to per-
mit integrin engagement. In the second configuration, before
the onset of spreading, a glass plate with the same coating
is positioned parallel to the coverslip at a distance h, with
h close to the diameter Ly of the cell while in suspension
(h/Lo = 0.92 £ 0.02, N=15 cells). Thus, cells spread con-
fined in between two parallel plates (Fig. 1-A). Ref-52 fi-
broblasts expressed a fusion of YFP with paxillin, a marker of
FAs. We could thus visualize via TIRF microscopy the evolu-
tion of cell-substrate contact (thanks to cytoplasmic paxillin)
and the formation of FA-like clusters (intense paxillin aggre-
gates) in the vicinity of the substrate (lower plate only) during
spreading in both configurations (Fig. 1-B).

In a previous work, we have examined the series of events
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taking place during spreading in the single plate geometry
(22). Briefly, we found that spreading occurs in two phases
as previously described (25-27), with a first rapid phase (P1)
where cell radius increases proportionally to time (Fig. S1).
This phase is followed by a slower phase (P2) after about
450 s of spreading. The slow-down of cell spreading occurs
moments after a transition in paxillin organization, with pax-
illin aggregates evolving from transient dot-like patches uni-
formly distributed into elongated aggregates, dense in pax-
illin and analog to FAs, situated at the cell front (Fig. 1-C,
top, Supplementary movie 1).

These features are also observable when cells spread con-
fined between parallel plates (Fig. 1-C and 1-D, Supple-
mentary movie 2). First, a ring of paxillin clusters ap-
pears after minutes of spreading. Second, the spreading pro-
cess displays two phases; importantly, the rate of spread-
ing during P1 is unchanged by the addition of the upper
plate (v!P = (3.04£0.2) x 10~ 2um - s~ 1, N=34; v?P = (2.7+
0.2) x 10~2um-s~!, N=45, p-value = 0.33 for two-sided
Mann-Whitney test, Fig 1-D and S1-B). However, in the
parallel-plate geometry, the transition in spreading regime
and peripheral FA ring formation occur at contact areas ap-
proximately twice smaller than in the single-plate geometry
(factor 2.0 + 0.2 for the mean contact area at FAs transition
A(t¥,); factor 2.4 £ 0.3 for the mean contact area at spread-
ing transition A(t};), Fig 1-C, 1-D and 1-E). In addition,
when spreading has saturated for most cells in both condi-
tions (i.e after 20 minutes), the cell-substrate contact area dif-
fers when in confinement, being reduced by a factor 2.24+0.2
in the parallel-plate geometry (Fig 1-C, 1-D and 1-E, and see
Fig S1-C for a population representation). It is worth noting
that, building on the fact that cells spread similarly on both
plates when in a parallel plate geometry (28), the total contact
area with the plates is expected to be twice the area measured
on the bottom plate here. This implies that the characteris-
tic contact areas of spreading are conserved, irrespective of
whether the spreading is in a confined or unconfined geome-
try.

We next tested whether this accommodation of cell contact
area to third-dimensional confinement was accompanied by
changes in the surface occupied by FA-like clusters. We
found that after saturation of spreading (20 minutes), the con-
tact area occupied by FAs (which we denote Spax) also adapts
to confinement: the total surface occupied by adhesion mea-
sured in confined geometry is reduced by a factor 1.8 £0.2
as compared to unconfined spreading (Fig 1-C, 1-F and 1-G),
suggesting that the cumulated area of FAs on both plates in
the confined spreading is equal to the one measured in un-
confined (bi-dimensional) spreading. It is important to note
that this adaptation of the area of the FA ring occurs while
the local cellular environment (glass plates coated with fi-
bronectin) is unchanged between confined and unconfined
configurations.

Finally, since cell-generated traction forces are known to
adapt to the stiffness of the substrate (28, 29), we investi-
gated, in the parallel plate confined geometry, whether the
stiffness of the flexible plate has an impact on the character-

Bimbard etal. | Allometric cell spreading



istic cell-substrate contact areas (Fig. S2-A). It turns out that,
although the maximum cell traction force and the maximum
rate of force increase both increase significantly with stiff-
ness (Fig. S2-B and S2-C), stiffness has little or no effect
on the evolution of cell-substrate contact and distribution of
FAs (Fig. S2-D to S2-H). Therefore, the measurements we
present here include data obtained with three different stiff-
ness values (1.5 nN/um, 12.5 nN/um and infinite stiffness -
achieved through feedback-loop control (30)) but we restrict
our analysis to the effect of substrate geometry.

Cell-substrate contact and total FA areas scale with
cell size. The above results suggest that cell-scale geomet-
rical constraints determine the overall size of cell-substrate
contact and collective organization of FAs. To further test
this hypothesis, we varied cell volume and analyzed the evo-
lution of cell-substrate contact on bi-dimensional substrates
(Fig. 2-A). Varying cell volume also has physiological rele-
vance since volume varies along cell cycle (31, 32) and ac-
cording to nutrient conditions (33). We induced the forma-
tion of larger cells by culturing them with a low dose of Mit-
omycin C (MMC), which blocks mitosis without inhibiting
protein synthesis (34). On average, before spreading, MMC-
treated cells have a 2-fold increase in their apparent surface
Ap = 4w R2, with Ry the cell radius in suspension, and a 2.8-
fold increase in volume (Fig. S3-A to S3-C).

Spreading of MMC-treated cells exhibit the same qualitative
characteristics as the one of non-treated cells (Fig. 2-B, 2-C,
Fig. S3-D and Supplementary movie 3). Like in the con-
fined geometry, the spreading rate during P1 is not signifi-
cantly modified by changes in cell size (v%}flt =(3.0+0.2) x
10~ 2um s~ 1, N=34; ohye = (3.8 £0.4) x 10 2pm s~ 1,
N=21, p-value = 0.11 for two-sided Mann-Whitney test, Fig.
2-C, Fig. S3-E). This is in agreement with the hypothesis
that the extension of the lamellipodium is controlled locally
by actin polymerization during this phase (22), and that this
phase is characterized by non-specific interactions with the
substrate (26). However, the areas characterizing spreading
are increased in MMC-treated cells compared to untreated
cells, by a factor 1.5+0.2 for A(t}, ), which characterizes
the onset of FA maturation, and by a factor 2.3 £ 0.3 for
A(ty,), which characterizes the spreading slow-down (Fig.
2-C and 2-D). The dependence of these characteristic areas
according to cell size was confirmed when analyzing cells
individually with respect to their apparent surface in suspen-
sion Ag. We found that both A(t7, ) and A(t};) scale with
Ay but with a different exponent: A(t}) = 3.3 A3-76 and
A(t}) = 0.06 A}* (Fig. 2-E and 2-F). Consequently, the
difference in contact area between these two events also in-
crease with cell size (Fig. 2-G). Note also that the exponent
1.4, close to 1.5, suggests that cell contact area at spreading
transition scales like cell volume (Fig. S3-F).

Finally, at saturation of spreading, the cumulated area of the
peripheral paxillin clusters Spax increases following MMC
treatment, in proportion with the increase of cell contact
area A: factor 2.040.2 for Spax(t=20min) and 1.8 0.2 for
A(t=20min) (Fig. 2-D, 2-H and 2-I).
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FA areal density is conserved irrespective of cell size
and third-dimension confinement. The observation that,
at the final stage of spreading, both cell substrate contact area
and area of FA ring are rescaled in the same way in confined
and unconfined geometry, and whether cells are treated with
MMC or not, implies that the ratio Spax/A(t =20min) is a
conserved quantity. In fact, in all these conditions, the area
occupied by the peripheral ring of FAs represents about one
tenth of the cell-substrate contact area: 0.09 £0.01 for single
plate geometry, 0.12£0.01 for parallel plates geometry and
0.10£0.01 for MMC-treated cells (Fig. 2J).
Intra-population comparison over these different conditions
confirm that such an adaptation occurs even at the single cell
level (Fig. 3-A). A linear regression on the pooled data gives
a prefactor equal to 0.09, very close to the mean values of
Spax/A(t =20min) obtained for each condition. This con-
servation of the FA areal density is surprising since FAs are
mainly distributed along cell perimeter and, therefore, we
would rather expect the ratio of cumulated FA area over cell
perimeter Spax /(27 R(t =20min)) to be conserved. Since this
is not the case, a non-trivial process must govern the collec-
tive organization of FAs and its adaptation to cell-scale geo-
metrical constraints.

We propose a model to comprehend how this cumulated FA
area scales like the total contact area, regardless of cell and
substrate geometry (Fig. 3-A). In line with other theoretical
work (35, 36), we assume that, during early spreading, before
the cell polarizes, FAs form at constant density d,qn along the
contact line. Thus, when a new row of FAs forms, the number
of FAs (IVgp) varies like :

dNFA = QTI'dathdT’ (1)

Integrating over the width of the FA ring (which we denote
W), we have :

R
NFA = 27Tdadh/ rdr (2)
R—W,
We observed that the area of individual adhesion clusters spx
is constant in the different substrate or cell geometries tested
(Fig. 3-B). Consequently, the cumulated area of FAs is :

Spax = SpaxNFA = Wdadhspax(ZRWT - WE) 3

For the ratio Spax/A(t = 20min) to be constant, we then ex-
pect the width of the FA ring W,. to be proportional to the
cell contact radius R.

To test this, we determined the width of the FA ring W,. by
averaging paxillin intensity over cell contour and represent-
ing it as a function of the distance to the cell edge at each
time-point of the spreading process (see Methods). Figures 3-
C, 3-D and 3-E represent the spatio-temporal distribution of
paxillin normalized by the maximum intensity along cell ra-
dius at each time-point for typical samples in the single plate,
parallel plates and MMC-treated conditions respectively. At
early time-points, the intensity is homogeneous over the cell-
substrate contact, while, during the second phase of spread-
ing, it is higher near the leading edge compared to the cell
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central region. To determine the position of the inner bound-
ary of the paxilin ring, we used a threshold on the normalized
intensity map corresponding to half the maximum intensity at
each time-point of the second phase of spreading P2 (yellow
lines, Fig. 3-C to 3-E). With this method, we found that the
ratio of paxillin ring width over cell contact radius after 20
minutes of spreading W,./R(t =20min) was independent of
substrate geometry or cell size (Fig. S4-A). This scaling was
valid not only at 20 minutes but all along the second phase
of spreading (Fig. 3-F). According to Equation (3), the scal-
ing between paxillin ring width W,. and cell contact radius
R could then explain the conservation of FA areal density,
i.e how the surface of FAs Spax scales like the contact area
A(t =20min).

In sum, our results point towards a cell-scale mechanism that
regulates the size of the paxillin ring along with cell substrate
contact radius, while both of these quantities adapt to cell size
and third-dimensional confinement.

FA ring size depends on myosin Il contractility, inde-
pendently of spreading. Because FA growth is known to
be mechanosensitive and myosin [I-dependent, we next asked
whether myosin contractility could regulate FA ring size. For
that, we inhibited myosin II activity by incubating cells in
the Rho-kinase inhibitor Y27632 before imaging spreading
in TIRF (Fig. 4-A and Supplementary Movie 4). It is known
that myosin II does not affect the first phase of spreading
(22, 37). Here, lower cell contractility was associated with
a less regular contour of the cell projected area, as shown
in (37), however its size after 20 minutes of spreading was
not different in Y27632-treated cells from the one of un-

treated cells (AY™) - = (1.77 £0.07) x 103um?, N=34;
AY2r = (1.79£0.09) x 10%um?, N=17, p-value = 1.00

for two-sided Mann-Whitney test, Fig. 4-B). Unsurprisingly,
given the known role of myosin-generated force on focal
adhesion maturation, the surface of paxillin ring Spq. Was
smaller in conditions of lower cell contractility, with a slight
tendency to increase in cells of larger contact areas (Fig. 4-
C). This could be due to the smaller, less elongated paxillin
aggregates observed (Fig S4-B and S4-C) but also possibly to
a less extended FA ring. Therefore, we measured the width
of the paxillin ring over the second phase of spreading with
the method previously described, based on fluorescence in-
tensity (Fig. 4-D). We found that the ring was indeed thin-
ner in conditions of lower contractility (Fig. 4-E), while the
ratio of paxillin ring width over cell contact radius was sig-
nificantly smaller than in untreated conditions, contributing
to the smaller density of FAs (Fig. S4-A). Moreover, qualita-
tive analysis of FA turnover suggests that FAs turnover faster
when cell contractility is inhibited (Fig S4-B and S4-C). This
effect could be at the origin of the reduced ring size observed.
Altogether, this demonstrates that FA areal density is depen-
dent on myosin II activity and that the ratio of FA ring size
over cell-substrate contact radius is regulated by cell contrac-
tility.

The time-evolving 3D body shape of spreading cell
scales with cell size and is affected by confinement.
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Previous work revealed that cell body contact angle, a cell-
scale parameter, dictates the onset of traction force gener-
ation and growth of FAs during spreading between parallel
plates (22). Cell-substrate contact angle indeed reflects the
equilibrium of tensions between the cell, its substrate and the
medium. Therefore, we quantified the effect of cell confine-
ment and cell size on the cell contact angle from profile views
of the spreading process imaged in bright-field (Fig. 5-A and
5-B; Supplementary movies 5 & 6).

The automatized segmentation of cell profile and determina-
tion of contact angle is described in Methods (Fig. 5-C and
Supplementary movie 7). Note that the contact radius mea-
sured here — which we name cell body contact radius and
denote Ry on the figures because it corresponds to the appar-
ent contact point between the cell body and the plates — does
not correspond to the contact radius R measured by TIRF mi-
croscopy. Indeed, the extremity of the flat lamella at the cell
front could not be detected in the profile view experiments
realised in bright-field imaging (see Fig. 5-C).

As expected, the cell contact angle (see definition in Fig.
5-C) increased during spreading on a single plate. But, at
equivalent contact radii, the cell contact angle was lower in
MMC-treated cells compared to non-treated cells throughout
spreading (Fig. 5-D). This is the case even for small contact
radii corresponding to the first phase of spreading P1, dur-
ing which the contact radius increases at the same rate in
the two conditions (Fig. 2-C). Therefore, there is a discrep-
ancy between the rate at which the contact with the plates and
the cell contact angle increase in untreated and MMC-treated
cells during the first phase of spreading. Nevertheless, after
rescaling the contact radius by the radius of the cell in suspen-
sion Ry, the data of contact angle as function of the normal-
ized contact radius collapse on a unique “master” curve (Fig.
5-E). This indicates that cell spreading follows the same dy-
namics, regardless of cell size or MMC treatment. Notably,
those results also indicate that cell volume and cell contact
angle cannot be regulated independently.

We next analysed how cell contact angle evolves in the con-
text of cell confinement. Here, the contact angle as a function
of contact radius increases with a larger slope when cells are
confined between parallel plates than when they are free to
spread on a single plate (Fig. 5-F). Like for MMC-treated
cells, this effect is observable also during the early phase
P1, although the cell-substrate contact areas increased at the
same rate in both geometries during this phase of spreading
(Fig. 1-D and Fig. S1-B). Thus, contact angle evolution is not
only driven by cell-substrate contact interactions, but is also
dictated by third-dimension confinement and cell size. Also,
it appears that spreading transitions occur at lower contact ar-
eas when the contact angle evolves more rapidly. This is con-
sistent with our previous findings showing that the growth of
peripheral FAs closely follows the out-of-plane cell traction
force, past a specific contact angle (close to 90°) (22).

Substrate geometry, volume conservation and
isotropic cortical tension predict three-dimensional
cell shape changes during spreading. To understand
how cell size and substrate geometry could be at the origin
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of these differences in three-dimensional cell shape changes,
we designed a geometrical model of cell spreading (see
details in Appendix 1 of Supplementary Materials and Fig.
S5-A and S5-B). The modeling idea stems from the fact that
cell body shape is known to result from the cortical tension
(21), leading to a mechanical balance governed by Laplace
law. Considering the radial symmetry of cell shape during
early spreading, we then use the Young-Laplace equation :

r!! 1 Ap

(1+,r/2)3/2 B 7‘\/1-‘,-7“’2 - 7

where 7/ = dr/dz, Ap is the pressure difference between
the interior and exterior and we define H the mean curva-
ture. Making a further assumption of isotropic cortical ten-
sion (21, 38? ) yields that H is uniform in space and the
shape should be of constant mean curvature (CMC). For a
given cell volume and for any cell body-substrate contact ra-
dius Ry(t), there is a unique CMC shape, that is, a spheri-
cal cap in the unconfined geometry and a portion of either a
nodoid or an unduloid in the confined geometry (Fig. S5-C).
Assuming that the volume of the cell is conserved through-
out spreading, equal to the values shown in Fig. S3-C for
untreated and MMC cells respectively, we could thus make
predictions of its shape evolution as a function of the cell
body contact radius, either in unconfined or confined geome-
try (Fig. 6, Supplementary movies 8, 9 and 10). In particular,
in this model, the data of volume and current cell contact ra-
dius are predictive of the contact angle independently of the
cortical tension. This is because cell body pressure is ex-
pected to adjust in proportion to cortical tension, .

In the unconfined geometry, the dorsal arc radius evolves with
cell contact radius consistently in the model and in measure-
ments from live cells, indicating that the model can describe
global cell shape changes in this configuration (Fig. S5-D).
The size-independent evolution of the cell contact angle ob-
served in untreated and MMC-treated cells were also well re-
capitulated by the geometrical model (Fig. 5-E, solid line). In
addition, in the model of parallel plate spreading, the contact
angle evolves faster as a function of cell contact radius than
in the single plate geometry. Furthermore, the geometrical
model reproduces the different rates of contact angle evolu-
tion observed in cells spreading on a single plate or in be-
tween parallel plates (Fig. 5-F, solid lines). Altogether, this
shows that the different rates of three-dimensional cell shape
changes, represented by the evolution of cell contact angle,
can be explained by two geometrical ingredients acting at the
local and global scales respectively: cell-substrate contact ex-
pansion, on the one hand, and volume conservation, on the
other hand.

The cause leading to a size-dependent relation between cell
body contact radius and contact angle is apparent when one
considers that the shapes are self-similar when scaling the
cell with its size, and that this self-similarity conserves an-
gles whereas distances need to be rescaled. It is less obvious
in general to determine how the presence of two plates rather
than one only affects the contact angle. However, consid-
ering the stage of spreading for which the cell body makes

H(t) = @)
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a 90° angle with the substrate, the corresponding shapes of
constant mean curvature are respectively a hemisphere and
a cylinder of the same volume. In this case, a cylinder will
have smaller a basal area, which accounts for the fact that
contact angle increases faster in the parallel-plate configura-
tion. Consequently, because of volume conservation, increas-
ing cell confinement is akin to reducing cell size as far as the
evolution of the three-dimensional cell shape is concerned.
This could explain how those different geometrical pertur-
bations affect the characteristic spreading areas in a similar
way.

The lamella size scales with the cell body contact ra-
dius during spreading and coincides with FA ring. On
the one hand, we show that the three-dimensional cell shape
(quantified via the cell contact angle) adapts to cell size
and third-dimensional confinement because of volume con-
straints; on the other hand, we observed that the width of the
FA ring adapts to cell contact radius, regardless of geomet-
rical confinement, and that this permits the conservation of
FA areal density. We next wanted to identify a potential link
between those cell-scale geometrical relationships in and out
of the plane of spreading. Since FAs are found within a flat
compartment, called the lamella, present at the leading edge
of spreading cells (39) and because the distinction between
cell body and lamella is based on their geometrical shape,
we went on to quantify the sizes of these respective compart-
ments along spreading. For that, we fixed cells at different
time-points during spreading. An F-actin-rich flat compart-
ment was indeed present at the cell leading edge at all stages
of spreading (Fig. 7-A). The cell contact radius R was thus
found to be composed of the cell body contact zone, of radius
Ry, and the lamella of width W;.

We first verified that cell fixation did not influence three-
dimensional cell shape by measuring cell contact angle with
respect to cell body radius Ry in fixed cells and live cells
(Fig. S6-A and S6-B). Second, we found that the size W,
of the lamella increased along spreading, in proportion with
the contact radius R} and regardless of the phase of spread-
ing (Fig. 7-B). Notably, the respective sizes of these two
cell compartments (cell body and lamella) followed the same
trend in MMC-treated cells, showing that this behavior was
independent of cell size and contact angle progression.
Pooling the datapoints from untreated and MMC-treated cells
together, a linear regression W;(t) = BR.(t) + WY indicated
that 8 = 0.45 and W? = 0.02 um (coefficient of determina-
tion R? = 0.49). This suggests that the sizes of the lamella
and the contact region of the cell body are intrinsically linked.
We could then compare the lamella size W, to the width of
the FA ring W,.. Note that, whereas the lamella is present and
thus W; is measurable at all stages of spreading, the width
Wi is defined only when FAs have matured, thus during the
second phase of spreading. Considering that R = Ry, + W,
we find that % = 8/(1+ pB) = 0.31, very close to the ra-
tio Mér measured during the second phase of spreading (Fig.
3-F), which was equal to 0.37 £ 0.02 for the single plate
geometry, 0.37 £ 0.03 for the parallel plate geometry and
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0.35+0.02 for the MMC-treated spreading on a single plate.
Fig. 3-C to 3-E show the coincidence between the typical
lamella size W; (white dotted lines) and W, (solid yellow
lines). We conclude that, since W;(t) ~ W,.(t) irrespective
of cell size, FAs are located within the lamella during the
slow spreading phase P2.

In summary, our data suggest that the growth of FAs is con-
trolled by the cell contact angle, whose evolution depends
on cell and substrate three-dimensional geometry. Because
the cell-substrate contact area grows at the same rate during
P1 independently of these constraints, then FAs start form-
ing at different contact areas. Subsequently, while spread-
ing proceeds, FAs mature and fill the lamella, whose size is
proportional to the contact radius (see overlay of cell body
reconstruction and lamella size on Fig. 7-C).

Discussion

Because fibroblasts evolve in complex and dynamic three-
dimensional environments within tissues while being also
subjected to changes of their own size along the cell cycle,
they need to coordinate shape changes occurring at the cell
scale (including cell body shape) together with changes in
the size of the cell-substrate contact and the distribution of its
adhesive structures. While cell shape changes are governed
by molecular-scale actors (plasma membrane, cytoskeleton,
adhesion complexes), it is still unclear whether these changes
result simply from the integration of local-scale events at the
cell scale or whether large-scale constraints could feed back
on the local scale to control the dynamics of molecular actors.
A major finding of this study is that the transition in FA orga-
nization and spreading rate (onset of paxillin clustering and
spreading slow-down, respectively) scale like cell size, al-
though with different exponents. In particular, the area char-
acterizing spreading transition scales like cell volume (Fig.
2F). In addition, when cell spread between parallel plates,
those characteristic transition areas are significantly modified
on each plate individually but the cumulated surfaces over
the two plates are unchanged compared to spreading over a
single surface (Fig. 1E). This demonstrates that spreading
slow-down and onset of FA assembly are not purely kinetic
processes as previously suggested (40). Various hypotheses
have been proposed so far that could potentially explain how
a cell scale parameter could control the formation of FAs at
the local scale.

First, theoretical work suggested that an increase in the length
of the contact line could trigger FA clustering via a phase
transition process relying on short-range protein bridging
(36). In our system, FAs should then form at a conserved
size of individual cell-substrate contacts irrespective of the
substrate geometry (single plate or two parallel plates). How-
ever, our data show that FA assembly is rather triggered when
the total cell-substrate area reaches a threshold that scales like
cell size. Another mechanism of transition was proposed that
would rely on a burst of plasma membrane tension after ex-
haustion of a pool of free membrane. That event could trigger
the transition between the two phases of spreading, and sub-
sequent growth of FAs (41). This is consistent with a spread-
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ing transition occurring at a conserved total cell-substrate
contact area, as observed here. However, although a sudden
membrane flattening accompanies the transition from fast to
slow cell spreading, these two events occur after the onset of
FA formation (22). This sequence of events is confirmed by
our data and even more compelling in the case of larger cells
(Fig. 2G). Conversely, in some rare events (n/N=3/30) where
spontaneous disassembly of a first ring of FAs happened after
entering phase P2, it was correlated with an acceleration of
cell spreading at a rate similar to P1, before FAs re-formed
into a second, larger peripheral ring (Fig. S7 & Supple-
mentary movie 11). These observations thus rather suggest
that FA growth could be the cause rather than consequence
of the spreading transition. Finally, a third mechanism that
could trigger the formation of FAs is a change in the force
balance at the cell scale, whereby the (possibly unchanged)
actomyosin cortical tension which is internally balanced at
the beginning of cell spreading starts being transferred to the
substrate at some stage. In (22), we show that indeed FA
formation coincides with the stage where the cell—substrate
apparent contact angle reaches 90°, an angle beyond which
internal balance of cortical tension becomes geometrically
impossible.

Although the trigger of FA growth and maturation appears a
global-scale mechanism, their individual growth has all the
features of a local phenomenon. In agreement with previ-
ous findings showing that local traction forces generated by
myosin II at the junction between the lamellipodium and the
lamella control FA size (11, 14), we find that individual FAs
have the same area when substrate geometry or cell size is
changed. Consistently with (35, 36), their density along con-
tact line also appears to be constant. Finally, there is no
apparent variability in the intensity of each FA, suggesting
that they carry the same adhesion energy. Taken together,
these three local and invariant intensive characteristics (den-
sity, individual size and intensity) could lead to an invariant
adhesive surface — and presumably adhesive energy — per unit
area of the ring over which they are distributed. However, we
find that, on the other hand, the total adhesive surface (cu-
mulated FA area) scales with the total area of contact with
the substrate, with a scaling parameter which is robust to the
geometrical changes induced by confinement and cell size.
Notably, the same effect has been observed on human fore-
skin fibroblasts confined on bi-dimensional adhesive islands
of circular shapes (42). Here, the peripheral FA ring repre-
sented about 15% of the contact area, versus approximately
10% in our system. Maintaining such a scaling irrespective
of whether the cell is confined or not requires a global regu-
lation.

Thanks to 3D reconstruction of the geometry of the actin cor-
tex, we determine the relative size of the lamella of cells
at different stages of spreading. Surprisingly, we show that
throughout the different phases of spreading, the lamella
length scales with the spread radius of the cell body while
they both undergo a more than 5-fold increase, thus be-
ing globally regulated whereas the leading edge protrusivity
seems to be locally regulated. In order to coordinate the po-
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sition of the body—lamella transition point, there is thus also
the requirement for a global coordination mechanism able to
conserve this observed allometry in coordination with lead-
ing edge progress. Future work could focus on the origin of
this coordination, through an analysis of potential geometry-
dependent cytoskeletal organizations, within the lamella and
the cortex. The observation that FA ring width depends on
myosin II contractility, suggests that the lamella size could
adjust to internal tension as shown in crawling cells (21) pos-
sibly by modulating stability and turnover of FAs or a sub-
population of them (Fig. S4-B and S4-C).

At all scales in biology, allometric relationships link the size
of the parts or compartments of a system to the size of the en-
tire system. For instance, such allometric relationships link
the size of body segments to the size of organisms in insects
(43) and tetrapods (44), but also the volume of organelles to
the one of cells (45). Allometric scaling can then be used to
identify the physical constraints underlying the mechanisms
of growth. Regarding adhesion, total adhesive pad area is
found to scale like organism mass over a wide variety of an-
imal species, possibly to resist against body weight, a vol-
umetric force (46). Here, at the cellular level, we demon-
strate that the surface of the peripheral ring of adhesive sites
scales like cell-substrate contact area, independently of cell
size and substrate geometry (Fig. 3-A). Consistently, we find
that the size of the lamella, a thin actin-rich sheet between the
body of the cell and its leading edge, scales with the cell con-
tact radius. These findings reveal a major role of the global
cell shape in the coordination of the growth of focal adhe-
sions. Unlike large multi-cellular organisms, cells are mainly
subjected to surface forces generated internally by the ten-
sile acto-myosin cytoskeleton or externally by neighboring
cells. Although it is unknown how the scaling relationships
we identify here transfers to the three-dimensional contexts
that fibroblasts encounter in vivo, when extra-cellular matrix
covers cell body continuously, the invariance of focal adhe-
sion areal density could prevent cell delamination (47) and
maintain tissue integrity during dynamic tissue rearrange-
ments such as regeneration or wound healing.

Methods

Cell culture and mitomycin C treatment. Rat embry-
onic fibroblasts (Ref-52) stably expressing paxillin-YFP were
grown using DMEM supplemented with 10% (vol/vol) heat-
inactivated FCS, 2 mM glutamin, 50 units/mL penicillin, and
50 g/mL streptomycin. All cultures were maintained at 37°C
under humidified 5% CO2 atmosphere. To increase cell vol-
ume, Mitomycin-C (Sigma, M4287) at a concentration of
0.25uM was introduced into culture medium for 2 days prior
to experiments. This concentration blocked cell cycle while
limiting cell death.

Spreading assay and TIRF imaging. Before experiments,
cells were trypsinized, and maintained under smooth ag-
itation for at least 2 h at 37 °C in medium containing
DMEM without Phenol red, supplemented with 10% FBS
and 15uL/mL Hepes. Cells were then released in an imag-
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ing chamber containing the same medium as during incuba-
tion maintained at 37°C. TIRF imaging of spreading was per-
formed every 30s through a PlanApo 100X/1.45 oil objective
and a F-View CCD camera (Olympus) using an IX-71 Olym-
pus microscope coupled to a monochromatic (GFP, 450-480
nm) TIRF arm. For the parallel plate assay, a glass micro-
plate was brought above the cell just before onset of spread-
ing thanks to piezo-electric translation stages interfaced on
a 3-axis micro-manipulator (Physikelnstrumente). The glass
micro-plate was pulled from rectangular plates using a mi-
cropipette puller (PB-7; Narishige) and adjusted with a mi-
croforge (MF-900; Narishige); they were then attached to a
bent glass capillary and connected to a micro-manipulation
apparatus prior to experiment. The bottom of the imaging
chamber and the glass micro-plate were incubated in DMEM
containing 5 pg/mL fibronectin (F1141; Sigma-Aldrich) prior
to experiment to promote specific cell adhesion. In order to
inhibit cell contractility, cells were agitated in presence of Y-
27632 at 8uM (Sigma- Aldrich) 30 min before the beginning
of the experiments. To ensure that symmetric spreading oc-
curred on both plates (as observed in the profile parallel plates
setup), attachment to the upper plate was tested at the end of
each experiment by pulling on it with the micro-manipulator
and further checked through bright field imaging of the ex-
periment (see Methods in (22)).

Spreading assay and profile imaging. For profile imag-
ing of spreading in bright-field, the cells were prepared as de-
scribed above. For the parallel plates assay, two glass micro-
plates fabricated and coated as described above were posi-
tioned at the bottom of the chamber parallel to each other
and brought in contact with the cell before to be lifted. For
spreading on a single plate, the same micro-plate was aligned
perpendicularly to the bottom of the imaging chamber and
positioned in contact with the cell. To avoid cell spreading at
the bottom of the imaging chamber, a thin layer of PDMS
(about 10 um) was spin-coated on the glass coverslip and
coated with Pluronic (1% in water; F127TM; Sigma-Aldrich)
for 1h after plasma cleaning.

Spreading was imaged every 10s through bright-field imag-
ing using a CMOS camera (ORCA-Flash 4.0, Hamamatsu)
and a 60X water objective (UPLSAPO, Olympus) mounted
on an Olympus IX81 inverted microscope.

Measurement and characterization of cell contact
area. Methods for segmentation and transitions in cell-
substrate contact area and paxillin organization were thor-
oughly described in (22). Briefly, for the determination of
the cell-substrate contact area from TIRF images of paxillin-
YFP, an ImageJ custom-built macro was used. Noise was
removed using the functions : Despeckle, Smooth, Sub-
tract Background before binarization of the image through
a threshold in intensity manually defined. To include some
potentially isolated parts, we then used the closure algorithm
Close-. The contact area A(t};) corresponding to the tran-
sition in spreading regimes was defined as the largest con-

tact radius R(t) = # before R(t) departed from a linear
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trend.

Segmentation of FA clusters. The regions covered with
FA clusters were defined according to a threshold in inten-
sity from TIRF images of paxillin-YFP. For that, the entropy-
based algorithm RenyiEntropy (48) based on the entropic
analysis of the intensity histogram of the image and im-
plemented in ImageJ was used. During the early phase of
spreading (¢ < t;4,), the algorithm detected a region corre-
sponding to the entire contact area, indicating that no region
of the contact was specifically intense. We noted A(t}y,), the
contact area retrieved from the last frame devoid of adhesion
clusters. Then, we noted Spax the area of the peripheral ring
of intense paxillin-YFP clusters measured after 20 minutes of
spreading.

Individual FA clusters were segmented manually. A mini-
mum of 8 clusters per cell were selected based on their aspect
ratio (which was chosen superior to 1.8) and on their location
(within FA ring). The average FA area was then calculated
for each cell tested.

Determination of the width of the FA ring. To measure
mean paxillin intensity with respect to the distance to cell
edge, we use the Erosion algorithm of ImageJ. Because the
erosion in ImagelJ is performed with a square 3 x 3 structur-
ing element, the distance from the leading edge of the n-th
concentric region is best approximated as d ~ ndpixx/i where
dpix is the pixel size. Next, we plotted the mean fluorescence
intensity I.w(d,t) of these concentric regions as a kymo-
graph. In order to detect the distance from which the signal
significantly decreases, we first normalized the signal Iy, by
an affine mapping, lnom = (Iraw — Ly ) (I — Ity ) Where
the It are the i-th decile value of I,y Next we detected the
distance from edge VNVT(t) where I,orm crossed the value 0.5
for the first time while decreasing,

W,.(t) = min{d, Inorm(d,t) = 0.5 and OgInorm < 0}.

Since occasional large variations are possible over a single
frame, we applied a median filter with a window size of 3 in
order to define w,.,

W, (t) = median { (W, (t — At), W,.(t), W, (t+ At) }.

Segmentation of cell profile and measurement of con-
tact angle. To measure the shape changes of cells profile
during spreading, an ad-hoc python algorithm was developed.
First, to make the glass plate appear horizontal on the im-
age, a rotation of the image is applied (using a linear Hough
transform to detect the glass edge original angle). Optical
aberration generated by the glass plate in the cell region is
then removed by subtracting to each vertical line of the im-
age the typical profile of the shadow computed from a region
of the image free of cell. Finally, the profile of the cell is seg-
mented using the active contour method (49) implemented in
the scikit-image library (50). After a manual initialization of
the cell contour on the first frame, the contour is re-adjusted
in each successive image to the new cell shape using the ac-
tive contour method. These contours are analyzed to deter-
mine the geometrical descriptors of the cell shape on each
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frame (see Fig. 3C). The dorsal arc radius is extracted by fit-
ting an arc of circle to the upper part (representing 2/3 of cell
height) of the cell body. The cell body contact diameter is
calculated from the two points of the contour on each side of
the cell reaching a distance to the plate < 0,75um. Finally,
the macroscopic cell contact angle is determined from the
tangent to the contour at the point of inversion of cell contour
curvature. For that, the local curvature of the cell contour s
was computed along the contour expressed parametrically as
x(@®),y) : k= M The tangent of the cell contour
(y/2 +a:’2) 9

around this position is subsequently obtained from a linear fit
along a 1 pm contour length.

Confocal imaging. For confocal imaging of fixed cells
at various stages of spreading, cells were fixed with
paraformaldehyde (15 min; 3% in PBS), permeabilized in
Triton X-100 (15 min; 0.2% in PBS), and put in presence of
BSA (30 min; 1% in PBS). For actin staining, cells were in-
cubated with fluorescent phalloidin from Fluoprobes (30 min;
0.1% in PBS). Cells were imaged using a confocal spinning
disk from Andor Technology coupled to an Olympus IX-81
microscope with a 60X oil objective.

The lamella width and cell body radius were measured based
on the same criterion as for the determination of the cell body
radius in profile bright-field imaging of spreading: the ex-
tremities of the cell body diameter were defined from the two
points of the contour on each side of the cell reaching a dis-
tance to the substrate < 0,75um. The lamella width W; was
then calculated from the total cell contact area A measured
independently and through the equation A = 7(W; + Ry,)?,
with Ry, the cell body radius.
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Fig. 1. A — Diagram depicting the parallel plate experiment for the analysis of spreading in condition of third-dimension confinement. A microplate parallel to the bottom of the
chamber is brought in contact with the cell just after sedimentation and before spreading onset. The contact with the bottom of the chamber is imaged by TIRF microscopy.
B — Diagram representing cell spreading configurations for TIRF imaging. Top: A cell in suspension is let free to spread on a uniform bi-dimensional glass substrate. Bottom:
A cell is let free to spread between two parallel plates, separated by about 90% of original cell length L. C — TIRF imaging of cell-substrate contact of the early spreading
of Ref-52 fibroblasts expressing Paxillin-YFP in the two confinement configurations, as described in B. Scale bar : 5um. D — Typical evolution of cell-substrate contact area
for the single plate (blue) and parallel plates geometry (red). E — Boxplots of characteristic cell-substrate contact areas of cell spreading in the two substrate geometrical
configurations. Left: Contact area A(t,y,) indicating onset of focal adhesions-like paxillin clusters formation. Middle: Contact area A(t) characterizing slow-down of
spreading. Right: Contact area A(t = 20m4n) after 20 minutes of spreading. F — Typical evolution of the integrated area of FA ring for the single plate (blue) and parallel
plates geometry (red). G — Boxplot representing the cumulated area of FAs S),4. after 20 minutes of spreading.
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Fig. 2. A — Spreading of cells with different size. Top: Untreated cells, normal cell size. Bottom: Cells treated with mitomycin C, large cell size. (Cell volume is increased 2.8
times on average.) B — TIRF imaging of cell-substrate contact of the early spreading of Ref-52 fibroblasts expressing paxillin-YFP in untreated cells (top) and cells treated
with mitomycin C (bottom). Scale bar : 5um. C — Typical evolution of cell-substrate contact area in untreated (blue) and mitomycin C-treated (green) cells. D — Boxplots of
characteristic cell-substrate contact areas of cell spreading in untreated and mitomycin C-treated cells. Left: Contact area A(t,y,) indicating onset of FA-like paxillin clusters
formation. Middle: Contact area A(t%,) characterizing slow-down of spreading. Right: Contact area A(t = 20min) after 20 minutes of spreading. E — Contact area A(t}y,)
as a function of cell surface in suspension Ay in untreated (blue) and Mitomycin-C treated cells (green). Dotted line: power-law fit. F — Contact area A(t};) as a function of
cell surface in suspension Ay in untreated (blue) and Mitomycin C treated cells (green). Dotted line: power-law fit. G — Difference between spreading slow-down and onset
of focal adhesions-like clusters formation contact areas as a function of cell surface in suspension Ag. H — Typical evolution of the cumulated area of FAs for untreated (blue)
and mitomycin C-treated cells (green). | — Boxplot representing the cumulated area of FAs after 20 minutes of spreading for untreated (blue) and mitomycin C-treated cells
(green). J — Boxplot representing the ratio of the cumulated area of FAs over cell-substrate contact area for untreated cells spreading on a single plate (1 plate), MMC-treated
cells spreading on a single plate (1 plate - MMC) and for untreated cells spreading between two parallel plates (2 plates) after 20 minutes of spreading.
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Fig. 3. A — Cumulated area of FAs Spax as a function of cell contact area A after 20 min of spreading for untreated cells spreading on a single plate (1 plate), mitomycin
C-treated cells spreading on a single plate (1 plate - MMC) and for untreated cells spreading between two parallel plates (2 plates). B — Individual paxillin clusters area spax.
Each point represent the average for an individual cell over N=8 clusters. C - Kymograph of normalized paxillin intensity as a function of the distance to the cell edge and
along time for a cell spreading on a single plate. Solid yellow line: paxillin ring width W,.. Dashed white line: estimation of W; from allometry relation W; = 8/(1+ B)R
(see Fig. 7B). D- Same as Fig. C for a cell treated with mitomycin C and spreading on a single plate. E - Same as Fig. C for a cell spreading between parallel plates. F -
Width of the focal adhesions ring versus contact radius along the second phase of spreading P2 for untreated cells in single plate geometry (blue), parallel plates geometry
(red) and MMC treated cells in single plate geometry (green). Each line represent one sample.
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Fig. 4. A - TIRF imaging of cell-substrate contact of the early spreading of Ref-52 fibroblasts expressing paxillin-YFP treated with 8uM of the Rho kinase inhibitor Y27632
cells. Scale bar : 5um. B - Boxplot of cell contact area after 20 minutes of spreading in untreated cells and Y277632 treated cells (Y27). C - Cumulated area of FAsS Spax
as a function of cell contact area after 20 min of spreading for untreated cells spreading on a single plate (blue) and Y27632-treated cells (orange). Dotted lines represent
the linear regression crossing the origin for each populations with coefficient 8.0 x 10~2 and 2.4 x 10~ 2 respectively. D - Kymograph of normalized paxillin intensity as a
function of the distance to the cell edge and along time for a cell treated with Y27632, spreading on a single plate. Solid yellow line: paxillin ring width W,.. E - Width of the
focal adhesions ring versus contact radius along the second phase of spreading P2 for untreated cells in single plate geometry (blue) and Y27632 treated cells in single plate
geometry (orange). Each line represent one sample.
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Fig. 5. A — Diagram representing imaging configuration of cell spreading imaged in profile. Left: Spreading on a single glass plate, aligned perpendicularly to the objective
focal plane. Right: Profile imaging in the parallel plates assay. B — Profile imaging of a cell spreading between parallel plates (top), on a single plate (middle) and a mitomycin
C-treated cell spreading on a single plate (bottom). Scale bar: 10um. C — Diagram and picture showing the definitions used for cell contact angle and cell body contact radius.
D — Cell contact angle 6 as a function of cortex contact radius Ry, for untreated (blue, N=10) and mitomycin C-treated cells (green, N=4) . E — Cell contact angle as a function
of cell body contact radius R;, normalized by cell radius in suspension Rq. The solid line represents the behavior of a spherical cap of constant volume (see also Fig. 6). F —

Cell contact angle € as a function of cell body contact radius R, for cell spreading on a single plate (blue) or in between parallel plates (red, N=6). The solid lines represents
the behaviors of geometrical models as described in the main text (see also Fig. 6).
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Fig. 6. Geometrical modeling of three-dimensional cell shape changes during spreading using constant mean curvature surfaces. The first three columns show a cross-
section of the predicted cell shape, for three typical contact radii (R, = 4tm, 8tmand12tm). The column on the right shows a 3D representation of cell shape prediction
for a contact radius R, = 8tm. A — Prediction of cell shape changes during spreading between parallel plates (black lines). Free edges (red lines) are modeled by a nodoid
or unduloid in contact with the plates. Blue dotted lines indicate the tangent to the free edge at the contact point with the plate, defining the contact angle. B — Same as A

for a spherical cap (red line) model mimicking cell spreading on a bi-dimensional substrate (black line). C — Same as B for a spherical cap of larger initial volume, mimicking
spreading under mitomycin C treatment.
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Fig. 7. A — Cell shape (profile and cell-substrate contact) imaged through confocal imaging of spreading cells fixed at different stages of spreading. Scale bars: 5um. B —
Lamella width W; as a function of cell body contact radius R; for untreated (blue) and mitomycin C-treated cells (green). C - Reconstructed cell body shapes and lamella
growth along spreading (for the sample analyzed in Fig. 3C). The averaged spatial distribution of paxillin intensity along time is shown at the cell-substrate interface.
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