nature physics

Article

https://doi.org/10.1038/s41567-025-02980-z

The actin cortex acts asamechanical
memory of morphology in confined

migrating cells

Received: 8 August 2024

Accepted: 25 June 2025

Published online: 25 August 2025

Yohalie Kalukula®', Marine Luciano®', Gleb Simanov?24,
Guillaume Charras ® >*#, David B. Briickner ® 567

& Sylvain Gabriele ®'

W Check for updates

Cell migration in narrow microenvironments occurs in numerous physiological
processes. Itinvolves successive cycles of confinement and release that drive

important morphological changes. However, it remains unclear whether
migrating cells can retain amemory of their past morphological states

that could potentially facilitate their navigation through confined spaces.

We demonstrate that local geometry governs a switch between two cell
morphologies, thereby facilitating cell passage through long and narrow

gaps. We combined cell migration assays on standardized microsystems with
biophysical modelling and biochemical perturbations to show that migrating
cells have along-term memory of past confinement events. The morphological
cell states correlate across transitions through actin cortex remodelling. These
findings indicate that mechanical memory in migrating cells plays an active
rolein their migratory potential in confined environments.

Adherent cells actively adapt their shape and functionsto the physico-
chemical constraints imposed by their surrounding extracellular
matrix (ECM) in response to variations in ECM properties'. A crucial
facet of this adaptive response is the concept of mechanical memory,
whereinanew phenotype persists even when the physical constraints
arerelaxed. Emerging evidence indicates that adherent cells canretain
amemory of the mechanical characteristics of their microenvironment
after prolonged exposure, ranging from a few days to several weeks,
through alterations in transcription factor activity, post-translational
modifications and epigenetic changes’. Despite these observations,
the mechanical memory related to short-duration confinement events
that occur repetitively and frequently over hour-long periods during
confined migration remains unexplored. In physiologically relevant
contexts, cells must interact dynamically with their surroundings
to migrate and facilitate processes such as embryogenesis, immune
response’, wound healing* and cancer metastasis’. Migrating cells

must, therefore, adapt their strategies to navigate through mechani-
cally heterogeneous matrices and narrow constrictions, leading to
variable confining and unconfining events associated with substantial
morphological switches. As adaptation to confinement is potentially
energetically costly due to the necessity for transcriptionand transla-
tion, retaining along-term memory of past confinement may provide
acrucial advantage for migrating cells.

A morphological switchis associated with
efficient passage through long narrow gaps

To study changesin cell shape during confined migration under stand-
ardized and reproducible conditions, we employed a well-established
system of adhesive micropatterns featuring adumbbell geometry, as
introduced previously®~. This system consists of a narrow fibronectin
(FN) passage, 6 um in width with a variable length systematically
increased from an initial 40 pm up to 80 pm, 120 pm, 160 pum and
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Fig.1| Amorphological switch ensures a successful crossing on long bridges.
a, Schematic representation and typical microscopy images of single epithelial
cells (MCF-10A) navigating through a narrow passage represented by adumbbell
micropattern. The FN-coated micropattern consists of two square islands of

40 pm x 40 pm connected to a narrow bridge of a constant width (W= 6 pm)
and various lengths (L =40 pm, 80 pm, 120 um, 160 pm or 320 pm). The
nucleus is stained with Hoechst, and actin filaments are stained with phalloidin
(coloursinverted). The CSlis indicated for each bridge length. b, CSl on bridge
versus bridge length (n =116 for 40 um, n = 76 for 80 pm, n =109 for 120 pm,
n=87for160 pm and n =184 for 320 um from N > 3).*P=0.0117; **P= 0.0042;
***+P < 0.0001. ¢, Distribution of the CSl values on the bridge for L =40 um

(red) and L =160 pm (blue).d, CSl on the bridge for elongated (E, n = 37) and
compacted (C, n=50) epithelial cell morphologies for L =160 um. e, Schematic
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representation of the typical morphology of acompacted (CSI=0.54 + 0.09) and
anelongated (CSI=0.29 + 0.08) morphology.f,g, Time-lapse sequence of a failed
(f) and a successful (g) crossing of a bridge with W= 6 pumand L =160 pm. Arrows
show the direction of migration. h,i, Percentage of successful crossings for
bridges of various lengths (n =116 for 40 pum, n = 76 for 80 pm, n =109 for 120 um,
n=87for160 umand n =184 for 320 um from N > 3 replicates per condition)

(h) and for elongated (n = 24) versus compacted (n = 113) morphologies for

L =160 pum (i). Error barsin hrepresent the s.d. *P < 0.05; **P < 0.01; ****P < 0.0001
(Student’s t-test, two-tailed, unequal variances). Box plots range from the first
quartile to the third quartile, with the median (50th percentile) indicated by a
line. Whiskers extend from the box to the minimum and maximum data points
within 1.5 times the interquartile range. Scale bars, 20 um (a), 50 pum (f,g). NS, not
significant.

320 pm (Fig.1a). These dimensions correspond to those of interstitial
spaces found, for instance, inskin'® and breast tissues", which are less
than10 pmin diameter and can extend over 150 pmin length'. Eachend
ofthe narrow bridge is connected to alarge square area (40 x 40 um?),
whichallowsthe cellto spread and repolarize before traversing the con-
fined passage again (Supplementary Video1). Interestingly, it has been
demonstrated that one-dimensional microstripes, like those used for
the bridge, can effectively replicate many characteristics of the rapid,
uniaxial migration phenotype observed infibrillar three-dimensional
cell-derived matrices”. Quantifying the cell shape index (CSI;
Methods)™ of mammary epithelial cells (MCF-10A) within these
confined bridges (Fig. 1b) based on automatic tracking of 20-h-long
time-lapse experiments (Supplementary Video 2) revealed a sur-
prising bimodal distribution for the longest length (160 pm; Fig. 1c).

This indicates the presence of two distinct subpopulations of cell
morphologies with a CSl either below or above 0.4 (Fig. 1d and Sup-
plementary Video 3), corresponding to elongated (-38%) or compacted
(-62%) morphologies, respectively (Fig. 1e). As shown in Supplemen-
tary Fig. 1, bridges of length 120 pm yielded a unimodal Gaussian CSI
distribution (CSI=0.34 + 0.09 and R? = 0.8257), whereas bridges of
length 160 or 320 pm consistently exhibited bimodal distributions.
For these longer bridges, the subpopulation means remained nota-
bly consistent: 0.27 + 0.04 and 0.55 + 0.08 for 160 pm (R*= 0.8445)
and 0.27 £ 0.08 and 0.55 + 0.10 for 320 um (R*= 0.9492). These dis-
tinct CSlsubpopulations indicate the coexistence of different migra-
tory phenotypes, which may reflect underlying differences in cell
contractility. Amoeboid phenotypes are typically associated with
strong rear-localized phosphorylated myosin light chain (pMLC)
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staining, whereas mesenchymal states exhibit a more homogene-
ous pMLC distribution. To investigate whether these morphological
differences reflect pre-existing variations in cellular contractility, we
performedimmunostaining for pMLC, akey regulator of contractility
and actin-myosin cytoskeletal dynamics (Supplementary Fig. 2a). To
evaluate the intrinsic contractile state of the initial unconfined cell
population, we cultured MCF-10A cells on glass surfaces functional-
ized with the same concentration of FN used for the micropatterns.
Immunostaining revealed a unimodal distribution of pMLC fluores-
cence intensity (Supplementary Fig. 2b), indicating a continuum
of contractility levels rather than discrete subpopulations. These results
indicate that the initial MCF-10A population does not exhibitinherent
heterogeneity in contractility.

Furthermore, not all crossings were successful, and success
seemed to be correlated with CSI. To quantify this observation,
we tracked back-and-forth motions by time-lapse imaging for the
different bridge lengths. This enabled quantification of the percent-
age of failed passages (Fig. 1f and Supplementary Video 4), during
which cells reversed direction before reaching the square at the
oppositeend, versus successful passages (Fig. 1g and Supplementary
Video 4), during which cells successfully traversed the entire bridge
before spreading in the opposite square. Interestingly, we observed
that cells crossed longer bridges more efficiently: the probability of
an attempt (defined as a protrusion entering the bridge) resulting in
asuccessful transition increased with bridge length, reaching ~91.6%
on the longest bridges of 160 pm. Surprisingly, this high rate of
successful crossings is directly linked to the compacted morphology
(Fig.1h), which seems to be much more effective in navigating through
long and narrow environments (Fig. 1i).

Together, these findings reveal that the emergence of two dis-
crete morphological states—elongated and compacted—occurs only
beyond a critical bridge length of 120 um, which notably exceeds the
average maximum elongation capacity of MCF-10A cells (-100 pm).
This morphological switch probably reflects an adaptive response
to persistent confinement and is associated with efficient migration
through long, narrow gaps.

Symmetry-breaking and polarization drive
cell-shape dynamics
To explore the link between cell morphology and confined migration
efficiency—measured by the percentage of successful crossings—we
quantified back-and-forth cell movements over a 20-h period and
colour-coded the trajectories based on CSI (Fig. 1d,e), which revealed
striking differences in migration dynamics between the two morpholo-
gies (Fig. 2a). Compacted cells exhibited an average crossing speed
three times faster than elongated morphologies (Fig. 2b) and three
times shorter dwell times—defined as the time spent on the square
areas—compared with elongated cells (Fig. 2c). An actin flow analysis
inthe lamellipodia (Fig. 2d and Supplementary Video 5) of both mor-
phologies revealed asignificantly higher retrograde flow in compacted
cells (Fig. 2e,f), a hallmark of fast-migrating cells®. Interestingly, mor-
phological switches from an elongated to amore compacted state have
been previously observed during the migration of breast epithelial
cellsin collagen microtracks with a high level of spatial confinement'®.
Furthermore, theintrinsicrelationship between adopting acompacted
mode and theincrease in migration speed has been observed for other
cell types in different confinement situations, such as migration on
glass fibres with a diameter like that of the bridge width" (Extended
Data Fig. 1a) or within collagen matrices'® (Extended Data Fig. 1b).
High-resolution confocal microscopy (Fig. 2g and Supplemen-
tary Videos 6 and 7) revealed that elongated cells are larger, display
arelatively uniform F-actin distribution along their length and con-
tain a higher overall density of actin filaments (Fig. 2h,i) compared
with compacted cells. Although some front-rear asymmetries can
be observed—such as F-actin enrichment at the leading edge and a

stem-like rear—the overall morphology remains less polarized than
that of compacted cells. By contrast, compacted cells adopt a highly
asymmetric shape characteristic of migrating cells, with a broad
leading edge and a rounded rear (Fig. 2g, bottom), as well as signifi-
cantly smaller spreading areas (Fig. 2h) and lower total actin filament
density (Fig. 2i). Pronounced F-actin asymmetry in compacted cells
(Fig. 2j) further reinforces their polarized morphology, a hallmark of
fast migration®.

To test the hypothesis that the difference in migratory dynamics
between compacted and elongated cells may originate from a
symmetry-breaking event in cell polarity, we explored a minimal
biophysicalmodel of active migration under confinement. Specifically,
we modelled cells as polar particles exerting active migration
forcesinadirection of polarity p = (p,, p,). The dynamics of cell posi-
tionx(¢) are thendescribed by dx/d¢ = p, + F(x), where F(x)is arepulsive
force arising at the left and right edges of the micropattern to ensure
confinement, which reflects the absence of ECM adhesion outside
the adhesive track and ensures confinement consistent with the
experimental set-up (‘Theory note’ in Supplementary Information).
To describe the dynamics of cell polarity, we used a minimal model
that allows both states in which cells are unpolarized (corresponding
to morphologies with two opposing protrusions) and states in
which cells are highly polarized in the direction of a single protrusion.
Specifically, we hypothesized that the dynamics of cell polarity follow
p= (—ﬁ|p|2 —a)p + yF(x) + 0§(t) with >0, where y quantifies the
tendency of cells to repolarize upon contact with the micropattern
boundary, &(¢) is Gaussian white noise that models fluctuations of
the cell polarization and o is the noise amplitude. Different states of
polarizationare determined by the parameter a. For positive a, the cell
polarization stochastically fluctuates around a mean-zero polarization
state (Fig. 2k, top). For negative a, the cell is highly polarized, with
non-zero mean polarity (Fig. 2k, bottom). Simulations of our model
with positive and negative a produced trajectories (Supplementary
Video 8) that closely match those observed for elongated and com-
pacted cell morphologies, respectively (Fig. 2| and Supplementary
Video 3). Onfitting a values to the experimentally measured crossing
speeds, weindeed find positive and negative a for elongated and com-
pacted cells, respectively (‘Theory note’ in Supplementary Informa-
tion). Our model correctly captures that compacted cells were faster
(Fig.2m) and spend less time on the square islands between transitions,
as quantified by the dwell time (Fig. 2n). Furthermore, our model cap-
tures key features of the qualitative nature of the nonlinear dynamics
ofelongated and compacted cells during their transit across the bridge.
Elongated cells should exhibit a stable fixed point at vanishing speed
v =0, indicating that they are susceptible to stochastic fluctuations,
leading to frequent changes in direction (Fig. 20). Compacted cells
exhibit two stable fixed points at finite speed, leading to a highly
persistent crossing of the bridge at a fixed speed. These modelled
dynamics can be measured experimentally by inferring the average
acceleration of a cell as a function of its velocity for elongated and
compacted cells® (Fig. 2p and ‘Theory note’ in Supplementary Informa-
tion). This result confirms the hypothesized qualitative difference in
nonlinear dynamics, with compacted cells exhibiting a pronounced
separation of two stable fixed points at finite speeds v~2 pm min,
closely matching the typical measured crossing velocity. Collectively,
our findings demonstrate that compacted and elongated morpho-
logies are associated with distinct migratory behaviours, governed by
different polarization states under confinement.

Toinvestigate molecular differences between polarization states,
we analysed key markers involved in cell polarity, including vinculin-
containing adhesion sites, Golgi positioning, 3-tubulin distribution
and Arp2/3 fluorescence intensity (Supplementary Video 9). Both
elongated cells (Supplementary Fig. 3a) and compacted cells (Supple-
mentary Fig. 3b) exhibited actin filament accumulation and vinculin-
rich adhesions at the leading edge, primarily at the cell periphery.
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Fig. 2 | Impact of symmetry-breaking and polarization states on cell dynamics.
a, Experimental trajectories for an elongated (top) and acompacted (bottom)
cellmorphology on a micropatterned dumbbell (160 pm long and 6 pm wide).
Trajectories are colour-coded to show square zones (grey) and zones with
elongated (orange, CSI < 0.4) or compacted morphologies (purple, CSI> 0.4).
b,c, Crossing speed (n =32 for elongated, n =55 for compacted and N =16) (b)
and dwell time for elongated (n=31and N=16) and compacted (n=36 and N=16)
cell morphologies (c). d,e, Kymographs of the actin flow (d) and quantification
oftheretrograde actin flow speed (e) in the lamellipodia for elongated and
compacted cells. f, Representative sketches of elongated (n=32and N=3) and
compacted (n =4 and N =3) morphologies with their associated mean cell speed
and retrograde actin flow. Arrows show the direction of the retrograde flow.

g, Representative confocal images in enhanced-resolution mode of elongated
(top) and compacted (bottom) morphologies of MCF-10A cells. h, Spreading
area (n=37for elongated, n =42 for compacted and N = 3).i, Normalized actin
intensity (n =28 for elongated, n = 33 for compacted and N =3). j, Front-to-rear

-2 0 2

Velocity (um min™

actinintensity ratio (n =12 for elongated, n =28 for compacted and N = 3).

k, Representation of cell polarity dynamics with a > 0 when the cell polarization
stochastically fluctuates around a zero-mean polarization state (top) and a < 0
when the cell is highly polarized (bottom), with non-zero mean polarity.

I-n, Representative trajectories (I), crossing speed (m) and dwell time (n)
estimated by the model. Cell morphologies and time spent on squares are
colour-coded. o,p, Average acceleration of elongated versus compacted cells
as afunction of the cell velocity as estimated by the model (0) and measured
experimentally (n=57 cellsand N=16) (p). Purple arrows show the presence of
stable fixed points at finite speeds v = 2 pm min™ close to experimental crossing
speed values. Orange arrows show v = 0 where both curves cross each other.
****P < 0.0001 (Student’s t-test or Kruskal-Wallis test). Box plots range from the
first quartile to the third quartile, with the median (50th percentile) indicated by
aline. Whiskers extend from the box to the minimum and maximum data points
within 1.5 times the interquartile range. Scale bars, 2 pm (d), 20 pm (g, top),

25 um (g, bottom).

This peripheral localization is consistent with a highly motile pheno-
type, where cells typically form smaller, more dynamic adhesion
complexes. Adhesion sites were classified into three categories based
on area”: nascent adhesions (<0.5 pm?), focal complexes (0.5-1 pm?)
andfocal adhesions (>1 um?). Elongated cells had comparable propor-
tions of nascent adhesions and focal complexes but alower frequency

offocaladhesions. In contrast, compacted cells exhibited a higher pro-
portion of nascent adhesions, a similar proportion of focal complexes
and significantly fewer focaladhesions compared with elongated cells
(Supplementary Fig. 3c,d).

The spatial distribution of adhesions was similarly front-biased in
bothmorphologies, with77.3 +16.7%in elongated cellsand 82.0 +11.7%
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incompacted cells (Supplementary Fig. 3e), with no statistically signifi-
cantdifference. The adhesive areaat the frontaccounted for2.3 £1.2%
and 1.6 + 0.9% of the total spreading areain elongated and compacted
cells, respectively (Supplementary Fig. 3f). At the rear, this area was
reduced to 1.0 £ 0.9% in elongated cells and 0.5 £ 0.3% in compacted
cells (Supplementary Fig. 3g), a distribution consistent with that
observed in fast-migrating phenotypes.

Thisobservationalignswith previousstudies of polarized migration
on micropatterns'®?, reinforcing the idea that compacted morpho-
logies exhibit ahigher degree of polarization. To further characterize
these polarization states, we examined Golgi apparatus positioning,
a well-established read-out of front-rear polarity during directed
migration. In elongated, less polarized cells, the Golgi was typically
positioned towards the leading edge, whereas in compacted, more
polarized cells, it was relocated behind the nucleus (Supplementary
Fig. 4a-d and Supplementary Video 9). This posterior positioning of
the Golgi is characteristic of cells undergoing persistent migration
and has been linked to enhanced directional stability. Supporting
this, enhanced-resolutionimaging revealed a strong accumulation of
microtubules at the leading edge in compacted cells (Supplementary
Fig. 4e), consistent with recent evidence that microtubule enrich-
ment at the front is essential for maintaining persistent polarized
migration®.

Inpolarized cells, the Arp2/3 complex accumulates at the leading
edge, whereitnucleates branched actin networks thatsupportlamel-
lipodial protrusion; by contrast, reduced polarity is often associated
with adiffuse cytoplasmic distribution of Arp2/3 ref. 24. To further eval-
uate front-rear polarity, we performed time-lapse imaging of MCF-10A
cells expressing ArpC1B-mScarlet cultured on dumbbell-shaped
micropatterns (Supplementary Fig. 4f,g). In compacted cells, Arp2/3
fluorescence was significantly enriched at the leading edge (Supple-
mentary Fig. 4h), consistent with its well-established role in driving
lamellipodial protrusion and maintaining directional migration®.
We also analysed the temporal dynamics of Arp2/3 activity during
back-and-forth migration events (Supplementary Fig. 5aand Supple-
mentary Video 9). Notably, Arp2/3 fluorescence intensity increased
significantly during morphological transitions from the elongated
to the compacted state (Supplementary Fig. 5b and Supplementary
Video9), indicating a shift towards enhanced front-rear polarization.

Altogether, these findings demonstrate that compacted cells
exhibit a higher degree of front-rear polarity compared with elon-
gated cells, consistent with our theoretical model in which cells are
modelled asactive particles capable of adopting either a high-polarity
(compacted) or low-polarity (elongated) state.

Dynamic morphological switchis controlled by
local geometry
Importantly, single cells migrating in a confined environment
can alternate between the elongated and compacted morphologies.
This leads to morphological switch events during migration (Fig. 3a,
SupplementaryFig. 6 and Supplementary Video 10), which are accom-
panied by animmediate change in migration speed, consistent with our
previous results (Fig. 2b). This raises a central question: what are the
statistical rules when cells switch between these two distinct morpho-
logical states? To gain insight into this, we analysed the evolution of
cell shape over time during crossing events (Fig. 3b), using numerous
experimental trajectories extracted from 20-h time-lapse videos. Based
on the CSI, we automatically assigned in these trajectories the time
spentintheelongated mode (orange), compacted mode (purple) and
onthe deconfinement squares (grey) (Fig. 3¢). Interestingly, we found
that the percentage of compacted cells, defined as having an average
CSlonthebridge greater than 0.4 (Fig.1d), strongly increased with the
bridge length, reaching ~-58% for a bridge length of 160 pm (Fig. 3d).
Previous theoretical work has indicated that the polarity dyna-
mics of cells adapt to the local micropattern geometry®*?, raising the

questionof whether a dependence of the dynamical switching onlocal
confinement could explain the dependence of morphological states
onbridgelength. Asamodel with constant, fixed switching rate cannot
capture the length dependence of compacted states (‘Theory note’
in Supplementary Information), we extended our model to include
geometry-sensitive stochastic switching between elongated and com-
pacted cells (Fig. 3e and Supplementary Video 8). Motivated by the
idea that lateral confinement could drive shape adaptation in cells,
we hypothesized that cells will more probably transition to a polarized
(a < 0),compacted, state when they are highly confined on the bridge
and willmore probably revert to an unpolarized (a > 0), elongated state
uponreachingtheisland. To model this, we assumed that the switching
rates between the morphological states depend on the lateral width
of the pattern (Fig. 3e and ‘Theory note’ in Supplementary Informa-
tion): the transition rate from elongated to compacted r¢.c increases
proportionally as the width decreases when the cell moves from the
island into the confining bridge. Conversely, we assume that the rate
of switching from compacted to elongated r..; increases proportion-
ally with width when the cell exits the bridge and spreads onto the
island. Although we cannot rule out more complex dependencies of
the switching rates onthe local width, such as different dependencies
for compacted versus elongated cells, this provides a minimal model
for the geometry-sensitive nature of the switch and wasimplemented
through position-dependent switching rates r.c(x) and rc.¢(x), as
illustratedin Fig. 3e and ‘Theory note’in Supplementary Information.

This minimal model captured an increase in the percentage of
compacted morphologies with bridge length (Fig. 3f), as observed
experimentally (Fig.3d). Furthermore, the modelindicated that there
was afurtherincreasein the percentage of compacted cellsin confining
systems without islands (to 70%; Extended Data Fig. 2a). To test this,
we confined cells to one-dimensional micropatterned lines 500 pm
long (Extended Data Fig. 2b), and we analysed their shape during
their back-and-forth motion (Extended Data Fig. 2c and Supplemen-
tary Video 11), finding an increase in the percentage of compacted
cells (Extended Data Fig. 2d), in agreement with the outcome
of the model. Together, these findings indicate that cells dynami-
cally switch between elongated and compacted morphologies in a
geometry-sensitive manner.

Cell memory links morphological states across
transitions

We next investigated the overall timescales of the switching process.
Akey parameter in our modelis the average time between switches T.
If this time exceeds the average dwell time 7, the morphological state
of cellsinsubsequent transitions is expected to be correlated. During
any given transition, the probability of a cell being either elongated or
compacted is 50% (L =160 pum; Fig. 3g,h and Extended Data Fig. 3). In
the absence of long-term memory (T « 1), we expect these probabilities
to be independent of the morphological state during the previous
transition (Fig. 3h and ‘Theory note’ in Supplementary Information).
By contrast, if T> 7, cells will more probably remain in the same mor-
phological state (Fig. 3h). Experimentally, we found strong correla-
tions across transitions: after acompacted transition, 75 + 5% of cells
remained compacted in the subsequent transition, whereas 72 + 6% of
previously elongated cells retained their elongated state (Fig. 3g,h).
By contrast, a memory-free process determined by the probabilities
of the first passage would predict only 50 + 5% retention. Similarly,
the third consecutive transition also exhibits memory effects, with
probabilities of 88 + 6% for compacted cells and 78 + 8% for elongated
cells (Fig. 3g). These correlations across transitions are quantitatively
captured by our modelforaswitchingtime 7= 2.37=10 h. Giventhat the
percentage of successful crossings was highest on160-um and 320-pum
bridges (Fig. 1h) and that cells retain their morphological state across
transitions across 160-pm bridges, we next investigated the memory
process on 320-pum bridges by tracking cell morphology over time in
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Fig. 3| Morphological switch dynamics and mechanical memory.

a, Representative kymograph of a migrating cell tagged for actin with SPY555-
FastAct, showing a transition from an elongated to a compacted state over a
24-htimelapse. b, Representative colour-coded outline of an MCF-10A cell
undergoing a morphological switch on adumbbell micropattern, alongside
the corresponding evolution of CSI versus time. ¢, Selection of colour-coded
celltrajectories (n=55and N =11) of individual MCF-10A cells migrating on FN
dumbbell micropatterns for 20 h. Trajectories are colour-coded to represent
square zones (islands; grey), elongated (CSI < 0.4, orange) and compacted
(CSI>0.4; purple) morphologies. d, Percentage of compacted cells for
various bridge lengths (n =116 for L = 40 um, n =76 for 80 pm, n =109 for

120 pmand n =87 for160 pm, from N > 3). e, Sketch of the geometry-sensitive
stochastic switching between elongated and compacted cells, including the
spatial dependence of the normalized switching rates. f, Model estimates of
the percentage of compacted cells for various bridge lengths. g, Statistical
tree representation of the experimental probabilities for elongated and

compacted states over three generations of successive crossings. h, Histogram
representation of the probabilities for elongated P(E) and compacted P(C) states
for various combinations of morphological switches: elongated to elongated
P(E | E), compacted to compacted P(C | C), elongated to compacted P(E | C) and
compacted to elongated P(C | E). Error bars represent the s.d. (n=55and N=11).
i,j, Confocal microscopy images in enhanced-resolution mode of side and top
views of elongated (i) and compacted (j) cell morphologies. Inset: zoom-in
showing the thickening of the actin cortex in compacted cells. k, Plot profile of
the normalized actin intensity in the actin cortex for elongated and compacted
cells. The light-purple zone indicates the distance corresponding to the full-
width at half-maximum (FWHM) in compacted cells.1, FWHM for elongated
(n=34,E)and compacted (n =35, C) cells. ***P < 0.0001 (Student’s t-test, two-
tailed, unequal variances). Box plots range from the first quartile to the third
quartile, with the median (50th percentile) indicated by aline. Whiskers extend
from the box to the minimum and maximum data points within 1.5 times the
interquartile range. Scale bars, 20 pm (i), 5 um (j).

50 time-lapse experiments, each lasting 35 h (Extended Data Fig. 4a).
We used the CSl to automatically quantify, for each trajectory, the time
spentinthe elongated state (orange), in the compacted state (purple)
and within the deconfinement zones (grey) (Extended Data Fig. 4b).
As observed for 160-um bridges, we found strong correlations across
transitions (Extended Data Fig. 4c). Following a compacted transi-
tion, 71 + 5% of cells remained compacted in the subsequent transition,
whereas 60 + 3% of previously elongated cells retained their elongated
state (Extended DataFig. 4d), in agreement with our model.

Together, these findings demonstrate that cells ‘memorize’ their
morphological state across transitions. This raises a key question: how
is this memory achieved, given that entry into the square is expected
tolead to cell spreading and loss of polarization?

Compacted cells have a thicker actin cortex

To identify the origin of the long-term memory of short-term con-
fining events over short periods of time, we first hypothesized that
migrating cells can remodel their matrix by secreting ECM proteins.
Therefore, we investigated the possibility that physicochemical
footprints were left by cells during their migration, which could
potentially result in history-dependent migration behaviours over
an extended period®. We analysed the biochemical composition
of the FN micropattern after 5 h of incubation with cells and at the
end of the 20-h imaging period (Extended Data Fig. 5a) using immu-
nostaining for pre-coated and cell-produced laminin (Extended Data
Fig. 5b,c) as well as FN (Extended Data Fig. 5b-d). We found no sta-
tistical difference in FN or laminin intensity between the different
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conditions, indicating that there isno directrelation to a biochemical
remodelling of the surface.

We, therefore, hypothesized that the organization of the cytoskel-
eton could give rise to amechanical memory across transitions. To test
this, we used enhanced-resolution confocal microscopy to examine
thearchitecture of the cytoskeleton, focusing on microtubules* and
the actin cortex®’, which are key regulators of cell polarization and
shape remodelling in confined environments. Microtubules were
uniformly distributedin elongated cells and aligned along the bridge
axis (Extended Data Fig. 6a). By contrast, compacted cells exhibited
astriking redistribution of microtubules towards the rear (Extended
DataFig. 6b). Although bothmorphologies showed preferential micro-
tubule alignment along the bridge axis at the front (Extended Data
Fig. 6¢), compacted cells displayed enhanced alignment along the ver-
tical axis at the rear (Extended Data Fig. 6d), resulting in pronounced
spatial asymmetry (Extended Data Fig. 6e). Surprisingly, we found that
actin cortex organization also varied significantly between morpholo-
gies. Enhanced-resolution imaging of elongated (Fig. 3i and Supple-
mentary Video 6) and compacted (Fig. 3jand Supplementary Video 7)
morphologies revealed that the cortex thickness nearly doubled in
compacted cells (Fig. 3k,1). This observationis consistent with recent
findings indicating that cortex thickness regulates internal stress
and cortical tension, thereby influencing cell shape®. Furthermore,
it has been proposed that a deeper penetration of myosin filaments
into the actin cortex of compacted cells could enhance the cortical
tension in this state®. To explore this mechanism, we examined with
enhanced-resolution microscopy the spatial distribution of pMLC
at the actin cortex in elongated (Extended Data Fig. 7a,b) and com-
pacted (Extended Data Fig. 7c,d) morphologies. In compacted cells,
ourresults confirmed cortical thickening (Extended Data Fig. 7e) and
revealed substantial colocalization with actin (Extended Data Fig. 7d),
indicating increased myosin infiltration into the cortex. Together,
theseresults support theideathat cortex thickeningacts as amechani-
calmemory of previous confined events and, thus, stabilizes the com-
pacted morphology over time.

Mechanical memory is controlled by the actin
cortex
Assuming that mechanical memory isassociated with reinforced front-
rear polarity, microtubules and the actin cortex are probable candi-
dates for explaining the origin of this mechanical memory. Indeed, it
is well established that microtubules play a pivotal role in the estab-
lishment of cell polarity®?, whereas cortex thickening can stabilize
the compacted cell shape, generate the propagation of long-range
membrane tension® and, therefore, contribute to the maintenance
of cell polarity**. To test these hypotheses, we first treated cells with
nocodazole, which disrupts microtubule dynamics by binding to
tubulinand leading to microtubule depolymerization (Extended Data
Fig.8aand Supplementary Video 12). Tubulin-treated cells exhibited
asimilar CSlon the bridge as control cells (Extended Data Fig. 8b), a
similar area on squares (Extended Data Fig. 8c) but a very low rate of
successful crossings (Extended Data Fig. 8d) and a very high dwell
time (Extended Data Fig. 8e).Indeed, nocodazole-treated cells mostly
became unable to migrate into the bridge and to maintain sufficient
polarization to migrate within the confined area. Altogether, these
results demonstrate that microtubules are not involved in the mechani-
calmemory process related to maintaining the compacted shape but
they are necessary for enabling the passage of epithelial cellsin narrow
environments.

Inthe next step, cells were treated either withalow concentration
(20 nM) of latrunculin B (LatB; Fig. 4a-d and Supplementary Video 13)
toweaken cortical F-actin or with Y27632 (Fig. 4e—h and Supplementary
Video 14), which inhibits rho-associated protein kinase (ROCK), a key
regulator of actin cortical tension, leading to a significant decrease
in cortex elasticity®. Interestingly, the cortical tension was higher

in cells with elevated ROCK activity compared with those with higher
Racl activity, indicating that cortical tension increases when con-
tractility dominates over actin polymerization®®. We quantified
back-and-forth cell movements during an initial 4-h control period,
followed by another 20-h period after adding one of the pharmaco-
logical agents (Fig. 4b,f). Cells treated with LatB and Y27632 were
significantly slower (Fig. 4c,g), exhibited a very low shape index on
the bridge (Fig. 4d; CSI= 0.2), which is characteristic of an extended
morphology, and a much lower rate of successful passage (Fig. 4h).
These findings collectively demonstrate the principal role of the actin
cortex and the associated ROCK contraction pathway in maintaining
the compacted shape.

Perturbing the mechanical memory dynamics

Our finding that the morphological states of cells on the confining
bridge are correlated across transitions indicates that cells canretain
amemory of their previous states during the periods of unconfine-
ment on the squareislands. Indeed, the spreading rate on the square
islands (Extended Data Fig. 9a,b) can significantly affect the actin cor-
tex thickness (Extended Data Fig. 9¢) and, thus, perturb the mechanical
memory. This raises the question of whether the two morphological
states lead to distinct cytoskeletal organizations during the unconfin-
ing event on the islands. By studying transitions between two elon-
gated shapes (E/E; Fig. 5a) or two compacted shapes (C/C; Fig. 5b),
we observed that the cell area on squares of 1,600 pm? was statisti-
cally larger for E/E than for C/C (Fig. 5c), with a transition occurring
atacell area of around 1,000 pm?. Additionally, we found that LatB-
and Y27632-treated cells exhibited larger spreading areas (Fig. 5d)
and longer dwell times (Fig. 5e) on squares compared with com-
pacted cells. Interestingly, we observed a continuous decrease of CSI
(Supplementary Fig. 7a,b) and crossing velocity (Supplementary
Fig. 7c,d) after each crossing for LatB- and Y27632-treated cells,
whereas the spreading area on squares increased continuously in
both conditions (Supplementary Fig. 7e,f). Altogether, these results
demonstrate that both the actin cytoskeleton and the ROCK contrac-
tion pathway control dwell times through cell spreading and actin
cortex remodelling.

To test the role of available spreading area in the memory of
morphological switching, we designed two new dumbbell geometries:
(1) one with two squares of 900 um?, which is lower than the transition
between morphological states observed around 1,000 pm?in (Fig. 5¢),
and (2) one with two squares of 2,500 pm?, which are larger than the
maximal spreading area after drug treatment (Fig. 5d). Conceptually,
squares of 900 pm? constrain cells into a compacted state, whereas
larger squares of 2,500 um? provide the space for cells the transition
into the elongated mode. By tracking back-and-forth motions onthese
new geometries (Fig. 5f and Supplementary Videos 15 and 16), we
observed that the mean CSlonabridge connected to 900 pm?squares
(0.56 £ 0.16) was statistically larger than the mean CSl on abridge con-
nected to 1,600 pm?squares (0.44 + 0.15), whereas cells migrating on
dumbbells with 2,500 pm?squares exhibited alower CSI(0.29 + 0.12)
(Fig.5g), indicating that the larger the square, the lower the CSlon the
bridge (Supplementary Fig. 8a). Furthermore, our results indicate
that the percentage of compacted cells was very high on bridges con-
nected to 900 pm?squares and decreased as the square areaincreased
(Fig.5h). Additionally, increasing the square arealed to a proportional
increase in dwell time (Fig. 5i and Supplementary Fig. 8b). We then
expanded our model to reproduce the new dumbbell geometries and
test its response to changes in the area of the squares. As shown in
Fig.5j,k, themodelindicated that the larger the area of the square, the
lower the proportion of compacted cells (Fig. 5j) and the longer the
dwell time (Fig. 5k), consistent with our experimental observations,
thereby supporting the validity of our model. Altogether, these results
demonstrate that modulating the dwell time allowed us to tune the
mechanical memory of confined cells.
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Fig. 4| Pharmacological perturbation of mechanical memory dynamics.

a, Sequence showing typical cellmorphology during three successive crossings
(C1,C2and C3) after treatment with LatB. b, Representative trajectories of cells
treated with LatB at ¢ = 0 during their migration on adumbbell pattern with
a160-um-long bridge. Elongated morphologies, compacted morphologies
and square zones (islands) are colour-coded as previously. The control was
dimethyl sulfoxide (DMSO) for LatB. ¢, Mean crossing speed for cells before
and after treatment with LatB (n=5and N =4).d, CSlon bridge for control
(n=21) and LatB-treated cells (n =28 and N = 8). e, Sequence showing typical
cell morphology during three successive crossings (C1, C2 and C3) after
treatment with Y27632. f, Representative trajectories of cells treated with

Y27632 at t = 0 during their migration on adumbbell pattern with a160-pm-long
bridge. Elongated morphologies, compacted morphologies and square zones
(islands) are colour-coded. The control was water for Y27632. g, Mean crossing
speed for cells before and after treatment with Y27632 (n =20 for Y27632, N=8).
h, Successful crossing rate for control (n =146), LatB (n = 65) and Y27632 (n = 58);
N = 8forall. ***P < 0.0001 (Student’s ¢-test, two-tailed, unequal variances or
Kruskal-Wallis test). Box plots range from the first quartile to the third quartile,
with the median (50th percentile) indicated by a line. Whiskers extend from the
box to the minimum and maximum data points within 1.5 times the interquartile
range. CTRL, control group.

To demonstrate the crucial role of the actin cortex in maintaining
cell-shape memory, we treated cells migrating on dumbbells con-
nected to a deconfinement square of size 2,500 pm? with jasplak-
inolide (Jas; Supplementary Video 17), a pharmacological agent that
stabilizes actin filaments. We used a moderate concentration of Jas,
which has been shown to stabilize actin filaments and increase the
actin cortex thickness® without significantly impacting the recycling
of actin filaments in the lamellipodium, which is necessary for cell
migration. Our results indicate that cells treated with Jas continued to
migrate, adopted a more compacted shape (CSI = 0.51 + 0.13; Fig. 5I)
and exhibited a significantly shorter residence time (7 =151 + 67 min;
Fig. 5m) than control cells. These results demonstrate that the rein-
forcement of the actin cytoskeleton enables cells to maintain a com-
pacted shape evenwhen placed in very large deconfinement areas that
would typically lead to elongated shapes (Fig. 5g) and high residence
times (Fig. 5i).

Todeterminetherole of the mechanical memoryin cells migrating
througharrays of successive constrictions, we performed experiments
on concatenated dumbbells, each featuring a deconfinement zone of
either 900 pm? (Fig. 5n and Supplementary Video 18) or 2,500 pm?
(Fig. 50 and Supplementary Video 18). These patterns allowed us to
investigate the maintenance of mechanical memory as a function
of the deconfinement zone size, thereby mimicking the successive
confinement-deconfinement events experienced by cells as they
migrate in a squeezed state within ECM fibres and in a more relaxed

state through pores. These experiments revealed markedly differ-
ent behaviours depending on the size of the relaxation zone: cells
confined within 900 pm? patterns remain compact, directional and
highly persistent. They crossed a series of ten interconnected motifs
in less than 17 h (Fig. 5n). By contrast, cells on 2,500 pm? patterns
were predominantly elongated, exhibited less persistent directional
movement and struggled to traverse even a single motif over more
than 60 h (Fig. 50). Interestingly, the theoretical model accurately
recapitulates key experimental features of elongated and compacted
cell phenotypes migrating through complex 900 and 2,500 pm?
successive patterns, such as the percentage of successful crossings
(Extended Data Fig. 10a,b) and repolarization events (Extended
DataFig.10c,d), thereby supporting the relevance and robustness of
the model.

Discussion

Collectively, our data identify a morphological switch in confined
migration and establish a mechanical memory function of the actin
cortex. The dynamic switching between compacted and elongated
morphologies allows cells to alternate between highly polarized,
directed and more exploratory, undirected motility. This adaptability
probably plays akey rolein navigating through heterogeneous matrices
and narrow constrictions, which is relevant to various physiological
processes, such as immune cell patrolling, progenitor cell motility
during development and cancer cell invasion.
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Fig. 5| Geometrical perturbation of the mechanical memory dynamics.

a,b, Representative sequence showing a transition between two elongated states
(E/E) (a) and two compacted states (C/C) (b). ¢, Spreading areaon 1,600 pm?
squares during a transition between two elongated states (E/E,n=37 and N=3)
and two compacted states (C/C, n = 61and N =3), indicating a transition around
1,000 um? d,e, Mean cell area (d) and dwell time (e) on 1,600 um?squares for
control (n=27and N > 4), LatB-treated cells (n =22 and N > 4), and Y27632-treated
(n=27and N > 4) cells. f, Representative sequence showing a crossing event on
abridge (L =160 pm and W= 6 um) connected to squares of 900 um? (left) and
2,500 um? (right). g,h, CSI(g) and percentage (h) of compacted cells on abridge
160 pumlong and 6 pm wide for dumbbell geometries with squares of 900 pm?
(n=45and N=3),1,600 um?(n =87 and N=14) and 2,500 um? (n=72and N = 3).

i, Dwell time on squares of 900 um? (n =45and N=2),1,600 pm? (n =87 and
N=16)and 2,500 um?(n=13and N = 3). j, Simulated behaviour of the percentage

of compacted cellsonabridge 160 pm long and 6 pm wide for dumbbell
geometries with squares 0f 900, 1,600 and 2,500 pm?.k, Simulated behaviour
of the dwell time on squares 0f 900,1,600 and 2,500 um?.1, CSl for control

cells (n=13and N=4) and Jas-treated cells (n =207 and N = 4). m, Dwell time for
control cells (n=31and N=4) andJas-treated cells (n =34 and N = 4, blue). The
control was DMSO for Jas experiments. n,0, Representative time-lapse sequence
of asingle MCF-10A cell migrating on an interconnected dumbbell-shaped
micropattern featuring 160-pm-long bridges and square deconfinement zones
0f900 pm?(n) or 2,500 um? (o). Colour-coded, time-dependent cell outlines
are shown alongside. ***P < 0.001; ****P < 0.0001 (Student’s ¢-test, two-tailed,
unequal variances or Kruskal-Wallis test). Box plots range from the first quartile
to the third quartile, with the median (50th percentile) indicated by a line.
Whiskers extend from the box to the minimum and maximum data points within
1.5 times the interquartile range. Scale bars, 20 um (a,b), 100 pm (n,0).

The mechanical memory we describe allows cells to retain arecord
oftheir previous morphological state, even as they transition through
subsequent cycles of confinement and unconfinement. This memory
isencoded by the organization of the actin cortex and enables cells to
maintainacompacted morphology during temporary unconfinement
events. The relationship between cortex thickness and mechanical
properties is cell-type dependent. Although cortical thickening in
oocytes has been associated with reduced cortical tension due to
disproportionate actin polymerization over myosin contractility’®,
our findings for MCF-10A epithelial cells align with previous reports
indicating that cortex thickening correlates with increased cortical
tension and enhanced migratory capacity**. Our findings support this
epithelial-specific mechanism and highlight cortical thickening as a
mechanical memory that sustains efficient migration under confine-
ment. The retention of memory from previous confining events may
allow cells to traverse heterogenous confinements such as interstitial
spaces without having to pause to reorganize their shape each time
they encounter an unconfined space. Notably this mechanical memory
preserves acompacted, highly polarized state, which promotes rapid
exploration through persistent motion and efficient navigation at dead
ends. Thebimodal transition between elongated and compacted mor-
phologies arises from a coupling between confinement, actin cortex
remodelling and polarity feedback. Increased confinement promotes
front-rear polarization and cortex thickening, which reinforces the
compacted state, whereas less-constrained regions allow more sym-
metrical spreading. This bistability is further enhanced by mechanical
memory, as cells tend to maintain the compacted morphology even
after leaving confinement, which enhances migratory efficiency.

From a theoretical perspective, our findings emphasize the
complex time- and geometry-dependent dynamics of intrinsic active
self-propulsion in migrating cells. Memory effects have previously
been identified and modelled in the context of persistent single-cell
migration on unconfined two-dimensional substrates**° and
one-dimensionallines*, and it may also emerge in whole-cell simulation
models* *. However, the mechanical memory identified here governs
morphological state transitions driven by confinement in structured
environments, distinguishing it from previously studied migration
memory effects. It would be interesting to investigate whether such
memory emerges in whole-cell models of confined migration*.
The observed morphological switch and its associated memory dyna-
mics may also have notable implications for collective cell behaviour
in confined environments, such as flocking transitions governed by
the polarization state of cells. Although our focus here has been on
identifying a minimal model to capture the long timescale statistics
of morphological switches, future theoretical work will be needed
to link these dynamics to mechanistic models of actin and polarity
regulation*®™,

Tofurther elucidate the complex nature of this mechanical mem-
ory, key questions remain: how long must cells be confined for memory
to be established? What are the changes in the three-dimensional

nanostructure of the actin cortex that determine the timescale of the
memory? Taken together, our findings represent among the most
directevidence to date that morphological switches enhance efficiency
during confined migration and support the role of the actin cortex as
amechanoadaptive mechanism involved in maintaining in a cell the
memory of past morphology during confined invasion.
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Methods

Cell culture

MCF-10A cells were cultured in Dulbecco’s modified Eagle’s medium
(Thermo Fisher, F-12) supplemented with 5% horse serum (Thermo
Fisher), 20 ng ml™ epidermal growth factor (Peprotech), 0.5 mg ml™
hydrocortisone (Merck), 100 ng ml™ cholera toxin (Enzo Life Sciences),
10 pg mI™ insulin from bovine pancreas (Merck) and 0.1% penicillin/
streptomycin (Merck). Cells were passaged every 3-4 dayswhenreach-
ing confluence and plated at a1:4 dilution (-2 million cells per T75 flask).
For cell passaging, the culture media was aspirated, and cells were
washed with10 mlof x1 phosphate-buffered saline (PBS). After aspirating
the PBS, cells were incubated with 2 ml of 0.25% trypsin (Merck) at
37 °C for 10 min. Trypsinization was halted by adding 4 ml of media,
and cellswere spunat1.3 rpmfor 5 minina15-mlFalcon tube to obtain
a pellet. The old media was aspirated, and cells were resuspended in
1ml of fresh media before being plated. MCF-10A cells were used for
up toamaximum of 15 passages. To generate MCF-10A cells with endo-
genously tagged ARPC1B, we inserted the mScarlet fluorescent protein
to the N terminal of ARPCI1B using CRISPR genome editing. The donor
plasmid consisted of homology arms, a hygromycin resistance gene,
a self-cleaving T2A peptide and the mScarlet protein. Following elec-
troporation ofthe cellswiththe sgRNA, the donor plasmid and a plasmid
encoding Cas9 (Addgene 42230), cells were first selected with hygro-
mycin (20 pg ml™) for 7-10 days before sorting with flow cytometry.

Immunocytochemistry and live staining

MCF-10A epithelial cells were fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature after cell migration experiments.
Subsequently, cells were washed three times with PBS, with the last
wash lasting for 5 min, and permeabilized using 0.05% Triton X-100
in PBS for 15 min at room temperature. After another round of three
washes in PBS, permeabilized cells were blocked with a solution of
5v/v% fetal bovine serum (Gibco) and 1 w/v% bovine serum albumin
(Merck) in PBS for 30 min at room temperature. Actin filaments
were stained with AlexaFluor 488 phalloidin (Invitrogen, 1:200), the
nucleus with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen, 1:200)
and microtubules with an anti-tubulin antibody produced in mouse
(Sigma-Aldrich, 1:200). pMLC was stained using an anti-pMLC antibody
in rabbit (Cell Signaling 3674, 1:200). For live labelling of the Golgi
apparatus, cellswereincubated overnight at 37 °C, 5% CO, using a Cell-
Light Golgi-GFP BacMam 2.0 probe (Thermo Fisher C10592,1:1,000).
Followingincubation, the cells were washed with PBS and the nucleus
was stained with Hoechst (15 min at 1 ug ml™) before imaging.

Confocal microscopy

Images were collected in confocal mode with a motorized inverted
microscope (Nikon AIR HD25) equipped with x20, x40, x60 Plan Apo
(numerical aperture 1.45, oil immersion) and x100 Plan Apo silicone
objectives and lasers that spanned the violet (405 and 440 nm), blue
(457,477 and 488 nm), green (514 and 543 nm), yellow-orange (568
and 594 nm) and red (633 and 647 nm) spectral regions. Confocal
images were recorded with x100 Plan Apo silicone objective of high
numerical aperture (Plan Apochromat LambdaS x100 Silicone, Nikon)
in galvanometric mode with small Z-depthincrements (0.1 pm) and a
pinhole of 0.8 Airy unit (AU) to capture small cytoskeletal structures.
Confocal images were recorded and processed using NIS-Elements
(Nikon, Advanced Research v.4.5).

Enhanced-resolution confocal microscopy

The actin cytoskeleton and microtubule networks of MCF-10A cells
were observed using confocal microscopy in enhanced-resolution
mode. Images were captured using a confocal microscope (AX Ti2,
Nikon) combined with the Nikon Spatial Array Confocal detector.
Z-stackimages were collected with agalvano scanner using a x60/1.42
Plan Apo oil immersion objective and a step size of 0.17 um for three

channels (DAPI, TRITC and FITC). Confocal images were processed
using the NIS-Elements software (Nikon, Advanced Research v.4.5),
with a Richardson-Lucy deconvolution method applied to remove
unfocused signals.

Time-lapse imaging

Back-and-forth motions on dumbbell micropatterns were recorded
at x40 magpnification with a photometrics camera (Prime 95B, Photo-
metrics Tucson) mounted on a motorized inverted microscope
(AIR HD25 Ti2, Nikon). An incubation chamber (Okolab) was used to
maintain CO, levels at 5% and the temperature at 37 °C throughout the
imaging session. Time-lapse images were recorded for at least 20 hin
differential interference contrast (DIC) and fluorescent modes with
atime interval of 3 min and processed using NIS-Elements (Nikon,
Advanced Researchv.5.4).

F-Actin flow experiments

MCF-10A cells were incubated with SPY555-FastAct (Spirochrome) for
2 h at 37 °C following the manufacturer’s protocol (dilution 1:1,000 in
culturemedium). Live actinimaging was performedin confocalmode on
amotorized inverted microscope (AIRHD25Ti2, Nikon) equipped witha
Plan Apo x100/1.35 silicone objective. Anincubation chamber (Okolab)
was used tomaintain CO, levels at 5% and temperature at 37 °C through-
outtheimaging session. Images were acquired atarate ofoneper1.25s
foratotal duration of 5 min. High-speed confocal images were recorded
and processed using NIS-Elements (Nikon, Advanced Research v.5.4).

Determination of retrograde actin flow

To determine the retrograde actin flow at the cell leading edge
(lamellipodium), time-lapse images were initially converted to 8-bit
format, underwent background subtraction and contrast enhance-
ment, and were subjected to a Gaussian blur filter (sigma = 1.5). Subse-
quently, kymographs were generated using the reslice command tool
inFiji. Kymographs were obtained from1-pixel-wide lines drawn at the
centre of the lamellipodia. Three lines were drawn per lamellipodia
and the xy coordinates of each line was saved to calculate the slope
corresponding to the flow speed in units of micrometres per second,
whichwas subsequently converted to nanometres per second:

X2 — X1
RN

Actin fluorescence analysis

To quantify the intensity of actin filaments in migrating cells, we pro-
ceeded as follows. Time-lapse images of MCF-10A cells stained with
SPY555-FastAct were first converted to 8-bit format, then thresholded,
binarized, and analysed using the Particle analysis tool in Fiji. The
background intensity was measured outside threshold areas using
the same approach and subtracted from the raw cell intensity. For a
cell entirely located on the bridge—whether in an elongated or com-
pacted state—the fluorescence intensity was normalized to the average
fluorescence intensity of the same cellin the square areas at each end
of the dumbbells. This normalization allowed us to account for signal
variability between the different cells analysed.

Protein micropatterning

To ensure precise control over protein density, micropatterns were not
fabricated using the conventional microcontact printing method*°
butinstead by light-induced molecular adsorption of protein using the
Primo system (Alvéole) on glass substrates, as previously described**.
Briefly, glass-bottomed dishes (Cellvis) and polydimethylsiloxane
stencils were plasma-activated for 3 min (Harrick Pasma) before their
assembly. The stencils allowed to minimize the volume of the solution
and avoid fast dewetting of the surface. The glass surface was coated
using a 0.1% (m/v) poly-L-lysin for 30 min at room temperature and
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incubated for 1 h at room temperature with a100 mg ml™ passivation
solution of polyethylene glycol-succinimidyl valerate. After drying,
the surface was covered with a mixture of PLLP-gel photo-initiator
solution (Alvéole), surfactant and 70% ethanol and left to dry for 30 min
before being transferred to the microscope stage. Designed motifs
were projected onto glass through a Primo Digital Micromirror Device
using Leonardo software (Alvéole). A dose of 100 m) mm™at 375-nm
ultraviolet light illumination (100% laser power) focused through a x20
objective (Nikon, Plan Fluor) was used to activate the photo-initiator
and remove the passivation layer at desired locations. The surface
waswashed and coated with 15 pg mI human plasmaFN (Sigma) con-
taining 5 pg ml™ of fluorescent human plasma FN for 5 min at room
temperature. Patterned surfaces were either used directly or stored at
4°Cin0.1 MNaHCO;buffer (pH = 8.3) for up to 24 h after preparation.

Drug treatments

Actin depolymerization, ROCK inhibition and microtubule depoly-
merization treatment were achieved upon addition of 20 nM LatB,
10 uM Y27632 or 2.5 uM nocodazole, respectively, to samples after
4 h of time-lapse imaging. Then imaging was resumed for another
20 hiin the presence of the drug. Actin stabilization treatments were
performed by incubating samples with 1 nM of Jas 30 min before the
beginning of the time-lapse experiments. LatB, nocodazole and Jas were
diluted in DMSO, whereas Y27632 was diluted in water.

Celltracking

Time-lapse sequences were recorded for 20 hin DIC mode with atime
interval of 3 min, leading to approximately 400 frames per experiment.
Cell trajectories were tracked using time-lapse imaging for different
bridge lengths. Cell segmentation was performed using Cellpose 2.0
(ref.55),adeeplearning-based tool, integrated into TrackMate (Fiji) for
automated tracking. The full cell contour was segmented from DIC
sequences, manually verified and analysed to extract cell spreading
area, perimeter and the coordinates of the cell front, rear and centre
of mass. A passage was classified as failed if the cell changed direc-
tion before its centre of mass had reached the opposite square area.
Asuccessful passage was defined as a complete traversal of the bridge,
with the centre of mass reaching the opposite square area.

Cell shape index

Areas (A) and perimeters (P) of migrating cells were measured for DIC
images with Image]J using CellPose 2.0. Both geometrical parameters
were used to calculate the CSIfrom the relation:

4mA
= —.
CS P

The CSl assumes values between 1 (circular shape) and O (elon-
gated, linear morphology).

Physicochemical footprints

Given that the physicochemical footprints left by migrating cells
over an extended period can influence their migration speed and
trajectory”, we analysed the biochemical composition of the FN
micropatternafter 5 h of cellincubation and at the end of the 20-himag-
ing period. Samples were fixed at two time points—early (¢=5h) and
late (t =24 h)—and immunostained for pre-coated and cell-produced
laminins (anti-laminin produced inrabbit, Sigma-Aldrich L9393) as well
as FNs, withaspecific antibody recognizing cell-derived FN (anti-IST9
fibronectin, Santa Cruz Biotechnology). We strictly followed the pro-
tocol for immunostaining and analysis of the immunostained condi-
tioned substrates previously described”, without any modifications.

Statistical analysis
Each experiment was repeated at least three times. Each dataset was
tested for normality test using the d’Agostino-Pearsontest in Prismv.10

(GraphPad Software), which combines skewness and kurtosis tests to
determine whether the shape of the data distribution resembled the
shape of anormal distribution. For paired comparisons, significances
were calculated in Prism v.10 (GraphPad Software) with Student’s
t-test (two-tailed, unequal variances) when the distributions proved
to be normal. If a dataset did not pass the normality tests, the signifi-
cances were calculated with aMann-Whitney test (two-tailed, unequal
variances). For multiple comparisons with non-normal distribution,
datasets were analysed with a Kruskal-Wallis test in Prism v.10 (Graph-
Pad Software), which is a suitable non-parametric test for comparing
several independent groups when the data are skewed. When the null
hypothesis was not retained (P < 0.05), the Kruskal-Wallis test was
corrected with Dunn’s test, which is a non-parametric test with no
pairing and multiple comparisons that can be used for bothequal and
unequal sample sizes. Unless otherwise stated, all data are presented
as mean + s.d. Box plots were generated using Prism v.10 (GraphPad
Software). In all box plots, the central line represents the median, the
box boundaries indicate the 25th and 75th percentiles (interquartile
range), and whiskers extend to the minimum and maximum values
excluding outliers. The confidence intervalin all experiments was 95%,
andasadetailed description of statistical parameters, itisincludedinall
figure captions with*P< 0.05,**P < 0.01,**P< 0.001and ***P < 0.0001.

Error analysis of conditional morphological state probabilities
To calculate error bars on the transition probabilities between
morphological states, we employed a bootstrapping procedure®.
Briefly, from our dataset of Ncell trajectories {x,}, wherek=1, ..., N,we
generated M =1,000 bootstrap realizations by randomly sampling N
cell pair trajectories with replacement for each realization. To obtain
the error in a transition probability measured from the experimental
dataset, we estimated the value of this probability for each bootstrap
realizationand took the s.d. of all obtained probabilities as our estimate
for the errorin the estimate of this probability.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data are available upon request to the corresponding authors.
Source data are provided with this paper.

Code availability

Codes are available uponrequest to D.B.B.
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Extended Data Fig. 1| Examples of morphological switch onglass fiber and in
3D collagen fiber matrix. (a) Time-lapse sequence of a single MDCK epithelial
cell migrating on asmooth glass wire (diameter = 5.3 pm). After detaching

from the tissue, the epithelial cell rounds up and migrate on the glass fiber. The
temporal evolution of the long cell axis and the migration speed indicates that
the cell morphological switch from an elongated to acompacted morphology is
associated with anincrease in migration speed. Scale bar, 50 um. Adapted with
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permission from17. (b) Time-lapse sequence of asingle fibroblast (NIH3T3)
migrating in a 3D matrix composed of aligned collagen fibers. Scale bar,

50 um. The temporal evolution of the long cell axis and the migration speed
indicates that the cell morphological switch from an elongated to acompacted
morphology is associated with an increase in migration speed with a maximum
speed around 80 pm/min. Adapted with permission from18.
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Extended Data Fig. 2 | Semi-infinite narrow segments. (a) Theoretical W =6 pmandL =500 pm. Scale bar, 20 um. (c) Representative color-coded
expectation of the percentage of compacted cell on the bridge of dumbbells trajectories with elongated (CSI < 0.4) and compacted (CSI > 0.4) morphologies.
(W=6pmand L =160 pm) with square area of 1600 pm? versus 1D semi-infinite (d) Percentage of compacted cells on the bridge of dumbbells (W = 6 pm and
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expressed as the percentage of time spent under the compacted morphology lineof W=6 pmandL=500 pm (n=10,N =2). On 6 pm line, percentage
over a20-hour time-lapse. (b) Time-lapse sequence of acompacted cell of compacted cell is expressed as the percentage of time spent under the
morphology migrating onaone-dimensional (1D) micropatterned line of compacted morphology over a20-hour time-lapse.
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bridge are color-coded by state: elongated (CSI < 0.4) and compacted (CSI > 0.4)
morphologies. (b) State trajectories computed from position trajectoriesin
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(c) Memory analysis tree diagram for events C (compacted transition) and E

(elongated transition) obtained from state trajectories in (b). Numbers of the
branchesindicate probabilities. (d) Trajectories of successful and unsuccessful
transitions, defined as follows: in successful transitions, the cell (nucleus) enters
the bridge and transmigrates to the other island. In unsuccessful transitions,
the nucleus enters the bridge and returns to the same island. Fraction of
unsuccessful, successful and total transition, which are repartitioned into two
categories, elongated and compacted.
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Extended Data Fig. 4| Morphological switching dynamics and mechanical
memory on 320 pm-long bridges. (a) Representative sequence of a back-
and-forth motion of an individual MCF-10A cell migrating on an FN dumbbell
micropattern witha 320 pum-long bridge. (b) Selection of n = 50 color-coded cell
trajectories of individual MCF-10A cells migrating on FN dumbbell micropatterns
for 30 hours. Trajectories on the bridge are color-coded with elongated (CSI < 0.4)
and compacted (CSI > 0.4) morphologies, and square zones. (c) Statistical tree

representation ofthe expenmental probabilities for elongated and compacted
states over three generation of successive crossings (N > 3 replicates for each
condition). (d) Histogram representation of the probabilities for elongated,
P(E), and compacted, P(C), states for various combinations of morphological
switches: elongated to elongated P(E | E), compacted to compacted P(C| C),
elongated to compacted P(E | C) and compacted to elongated P(C | E). Data are
presented as mean values + SD.
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Extended Data Fig. 5| Physico-chemical footprints. (a) Schematic
representation of the two experimental procedures used to assess pattern
conditioning by migrating cells. Cells were seeded on human plasma (hp)
fibronectin (FN) micropattern, then detached and fixed either (i) after 5 hours
(before the time-lapse) or (ii) 24 hours (after the time-lapse) of culture on
micropatterns. (b) Epifluorescence images showing human plasma fibronectin,
cellular laminin and cellular FN in control conditions aftert =5hand t = 24 h of
cell culture (top to bottom). Scale bar, 50 pm. (c) Normalized laminin intensity
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for control (n = 62 patterns, N = 3), 5-hour conditioning (n = 67 patterns, N=3),
and 24-hour conditioning (n =46 patterns, N = 3). (d) Normalized fibronectin
intensity from control (n = 73 patterns, N = 3), 5-hour conditioning (n =125
patterns, N = 3), and 24 hour-conditioning (n = 74 patterns, N = 3). Boxplots

range from the first quartile (Q1) to the third quartile (Q3), with the median (50th
percentile) indicated by a line. Whiskers extend from the box to the minimum and
maximum data points within 1.5 times the interquartile range.**p < 0.01, ns=not
significant (Kruskal-Wallis test).

Nature Physics


http://www.nature.com/naturephysics

Article https://doi.org/10.1038/s41567-025-02980-z

a b c
B-tubulin B-tuburllin\ 5
I .~ N %
\ H
y N 2
z X d
90°
S
£
y s T :
-S;O »4‘5 ‘D 45 90
-90° Orientation angle (°)
Z X
e kKoK
90° £ 54
=
G 4
IS
=
0° = 3
2
2 21
z 8
-90° o 11 3
€ s
gol —
y X E c
Extended Data Fig. 6 | Spatial distribution of microtubule filaments. Confocal frontand (d) at the rear of elongated (n =3, N = 2) and compacted (n =2, N =2) cell
microscopy images in enhanced-resolution mode of the basal planes of (a) morphologies. (e) Front-to-rear tubulin intensity ratio of elongated (n =48, N =3)
elongated (left) and (b) compacted (right) cell morphologies. 3-tubulin staining and compacted (n =54, N = 3) morphologies during crossing events. Boxplots
(inverted image) and the cell body outline is represented with a black dashed range from the first quartile (Q1) to the third quartile (Q3), with the median (50th
line. Scale bar, 20 pm. In bottom images, B-tubulin filaments in elongated and percentile) indicated by a line. Whiskers extend from the box to the minimum
compacted cells were color-coded according to their spatial orientation. Scale and maximum data points within 1.5 times the interquartile range. ****p < 0.0001
bar, 20 pm. Distribution of the normalized intensity of microtubules (c) at the (Student’s t test).
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Extended Data Fig. 7| Myosin cortexin elongated and compacted cells. Typical ~ inelongated (orange, n =29) and compacted (purple, n =29) cells. Boxplots

equatorial focal plane obtained in enhanced-resolution microscopy showing the range from the first quartile (Q1) to the third quartile (Q3), with the median (50th

spatial distribution of phosphorylated myosin light chain (p-MLC) at the actin
cortexin (a-b) elongated and (c-d) compacted cells. Plot profiles in (b) and (c)
shows the normalized intensity of actin and p-MLC as a function of the distance
from the membrane. (e) Full width at half maximum (FWHM) for myosin cortex

percentile) indicated by aline. Whiskers extend from the box to the minimum
and maximum data points within 1.5 times the interquartile range. ***p < 0.0001
(Student’s t test). Scale bars, 10 pm.
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Extended Data Fig. 8 | Effect of anocodazole treatment on confined

migration. (a) Time-lapse sequence of acompacted cell entering abridge
before (control, CTRL) and after treatment with nocodazole (orange). CTRL is
DMSO for nocodazole experiments. Scale bar, 10 pm. White arrows show the
direction of migration. (b) Cell shapeindex onbridge for CTRL (n=21,N=5)

and nocodazole-treated cells (n =23, N =6). (c) Cell area on square for CTRL
(n=18,N = 6) and nocodazole-treated cells (n =22, N = 7). (d) Successful crossing
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percentage for CTRL (n =146, N =18) and nocodazole-treated cells (n =33,N =8)
and (e) dwell time on square for CTRL (n =22, grey) and nocodazole-treated
cells (n=12, light orange). Boxplots range from the first quartile (Q1) to the third
quartile (Q3), with the median (50th percentile) indicated by a line. Whiskers
extend from the box to the minimum and maximum data points within 1.5 times
theinterquartile range.****p < 0.0001and n.s. = not significant (Student’s t test).
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Extended Data Fig. 9| Thickness of the actin cortexin cells spread onsquares. (b). Scale bars, 20 pm. (c) Full width at half maximum (FWHM) represents the

Enhanced-resolution confocal images of (a) a partial spreading and (b) a full actin cortex thickness for partial (n =14, N = 4) and full (n =18, N = 4) spreading
spreading of epithelial cells on FN square of 1600 pm?. Cells are immunostained conditions. Boxplots range from the first quartile (Q1) to the third quartile (Q3),
for F-actin with phalloidin (in green) and DNA with DAPI (in bue). Inverted with the median (50th percentile) indicated by a line. Whiskers extend from the
images show normal and side views of the actin cytoskeleton at the apical side. box to the minimum and maximum data points within 1.5 times the interquartile

The spreadingrate is 50.1% for partial spreading (a) and 87.2% for full spreading range. ***p < 0.0001 (Student’s t test).
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Extended DataFig. 10 | Experimentally measured and simulated percentages model-estimated percentages of repolarization during successful crossing on
of successful crossing on interconnected dumbbell micropattern. Percentages  interconnected dumbbell micropattern with (c) 900 pm?squares for elongated
of successful crossing with (a) 900 pm?squares for elongated (E,n=34,N=3) (E,n=21,N=3)and compacted (C, n =30 cells, N = 3)cells and (d) 2500 pm?
and compacted (C, n=34,N =3)and (b) 2500 pm? squares for elongated squares for elongated (E, n =41, N = 3) and compacted (C, n = 27 cells, N =3) cells.
(E,n=50,N=3)and compacted (C,n=50, N = 3). Experimentally measured and Data are presented as mean values + SD. ***p < 0.0001 (Student’s t test).
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blocked with a solution of 5 v/v% Fetal Bovine Serum (FBS, Gibco) and 1 w/v % Bovine Serum Albumin (BSA, Merck) in PBS for 30
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