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Possible mechanisms of Rigidity sensing
Implications: rigidity as a guidance cue

Tension :
— T Most models for substrate-based cell guidance have
Reinforcement No reinforcement relied on the biochemical nature of the cues delivered
v to the cell. We propose here that the physical character-
§Reversal ~ ¥ oo : :
L o istic, namely the resistance to displacement of the sub-
; ‘j‘*%"?—jm e strate, is an additional cue that cells can use to orient
Increase in links OF  Stiffening of links Weak links  OF  No Escape during migration_
and motors
& Integrin aggregation Integrin aggregation
Receptor occupancy or w/o receptor occupancy
(Inhibition by PAO)
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Hypothesis: rigidity as a guidance cue
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FIGURE 2

Orientation of traction forces in response to environmental cues. (a) When there are no external cues, traction forces (small arrows) in the front of the cell
are oriented rearward and traction forces in the back of the cell are oriented forward. For net forward movement to occur (large arrow), the forces in the
front of the cell must exceed the forces in the rear by an amount equal to the fluid drag, which is the force imposed on the cell by the surrounding media.
(b) When a migrating cell encounters an appropriate molecular cue in its environment [indicated as fibronectin (FN)], the receptors that recognize the cue
associate with force-generating components of the cytaskeleton. The increase in traction force generated at that side of the cell (smal! arrows) causes the
cell to turn (large arrow) towards the location of the ligand. () The stiffness of the extracellular matrix (ECM) in the cellular environment might also orient
the direction of cel! migration. The binding of integrins to pre-stressed ECM fibres (straight lines; relaxed ECM shown as wavy lines) would selectively
strengthen the linkage between those receptors and the force-generating cytoskeleton at that side of the celi. The localized increase in traction forces
{small arrows) causes the cell to turn (large arrow) towards the rigid substrate.

Sheetz, M. P,, D. P. Felsenfeld, and C. G. Galbraith. Trends Cell Biol. 8:51-54. (1998)
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Durotaxis: cell guidance by the rigidity of substrate

Traction index depends only on gradient strength, not on absolute stiffness

Gradient of ~ 0.5-4 kPa/cell length depending on cell type (L= 25um-100um) 1 kPa/100 um
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Structure and composition of Focal adhesions

M. Abercrombie Proc. Royal Society. 207:129-147 (1978)
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Clutch mechanism at Focal adhesions

"X 7
{4

Extracellular matrix

® (Clustering: Increased adhesion (effective
affinity), discretization and
compartmentation of mechanics

® Actin coupling and force transmission e

o Adhesive function and tension
transmission function

e Mechano-sensation and transduction:

o Force/y 55
clutch mechanism Nl

adhesion fibers

s Actin filament e a-Catenin

so 2% Myosinll .

= minifilament 6& Integrin
@ssse=— E-cadherin @=mTalin
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Rigidity sensing by mechanical tugging

proximal tip of FA distal tip of FA
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Rigidity sensing by mechanical tugging
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Dynamic range of rigidity sensing
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Rigidity sensing during Durotaxis
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Rigidity sensing during Durotaxis

FAK/Paxilin/vinculin are not required for chemotaxis along a diffusible PDGF gradient
® Or along an ECM based Fibronectin gradient (Haptotaxis)
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Durotaxis: mechanism

Focal adhesions experience mechanical tugging: fluctuating, asymmetric traction.
This is a local phenomenon suggesting that FA can probe the local stiffness
autonomously

Conditions that favor FA tugging reduce random migration (ie. induce more
directional motility) and support durotaxis.

FAK/Paxilin/Vinculin is required for tugging over a broad range of rigidities, most
likely by strengthening the « molecular clutch ».

Conditions that caused symmetric, stable traction at focal adhesions, led to random
cell motility on stiffer substrates

® Cells can probe mechanically their environment and steer up stiffness gradient
by integrating the map of rigidity landscape at the cellular scale
N. Balaban et al. and S. Plotnikov et a and C.
B. Geiger. Nature Cell Waterman. Cell 151: 1513-1527
Biology. 3: 466-472 (2012)
(2001)
LLEGE
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Durotaxis: mechanisms

Polarized attachement of cells to substrate:

Feedback between Focal adhesions and ECM via
actomyosin contractility

Gradient of stiffness induces polarized positive
feedback, and greater adhesion at the front, and
movement towards higher stiffness despite
symmetric traction forces

Polarized substrate deformation:

Substrate displacement (indentations under FAs) is

larger on the soft edge than the stiff one despite
symmetric traction forces

¥y COLLEGE
¥ DE FRANCE Thomas LECUIT 2022-2023
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A. Shellard and R. Mayor. Developmental Cell 56: 227-239 (2021)
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A model of durotaxis: rigidity gradient sensing

® Cells can probe mechanically their environment and steer up stiffness gradient

by integrating the map of rigidity landscape at the cellular scale
PaZaEEN
® Model: Langevin equation dv(t) = —pv(t)dt+dB(t) I \jj k
®  Stochastic forces arise from sampling of environment b INEEINY CEEL
i ; . . . N, O% - !
® The local stiffness kx(0) is probed by cells as reciprocal of radial displacement component [ | [ 8
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Durotaxis: Rigidity-dependent persistence
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A. Shellard and R. Mayor. Developmental Cell 56: 227-239 (2021)

Thomas LECUIT 2022-2023




Persistence and substrate rigidity: evidence

The persistence of cell motility depends on rigidity of the substrate (« universal » property)
® Velocity can increase or decrease with rigidity in a cell type specific manner

1.0

.
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D. Missirlisand J.P. Spatz, Biomacromolecules 15, 195 (2014).

Directionality increases by ~3 as stiffness increases by ~10

D. House, —and M. Betke,
Computer Vision and Pattern Recognition Workshops, 2009 (IEEE, Berlin, Germany, 2009), pp. 186-193.

Thomas LECUIT 2022-2023
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Model of durotaxis: rigidity-dependent persistence

Persistent random walk (PRW) on a 2D substrate:
® Persistence time is a function of rigidity: PRW

Mean square displacement:

N t
(PD0) = 20253 (£ 4 e =),
Tp
Tp Persistence time 0
V. Linear velocity
At short times, ballistic motion (P))(1) » (v.1)?
At longer time, random walk  (?))(1) ~ 202,1.

—0.25

® A gradient of persistence induces a soft-to-stiff motility flux
At,/Ax

Ar,/Ax =90 h/mm
80. e 9 h/mm

o S S

Dimensionless number
characterizes durotactic motion

V = v, x(0r,/0x)

4.5 h/mm

(@)[pm]

1.8 h/mm

0 2 4 6 8 10 12
t[hrs]

E. Novikovaet a and C. Storm PRL 118, 078103 (2017)
Thomas LECUIT 2022-2023
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Model of durotaxis: rigidity-dependent persistence

¢ Asymmetric distribution increases over time

10 P(xy)
Probability
0.8 distribution

0.6

-02 -01 0 0.1 0\€
wave front drift velocity

Vg

Random
walk

constant
increases with persistence

decreases with persistence

® Durotactic index increases over time Ve

DI(r) = {DI,(z),Dl,(1)} =

DI(t) = 0. For RW and PRW

dr,/dz [hrs/mm]
8 10 12

LLEGE E. Novikovaet a and C. Storm PRL 118, 078103 (2017)
FRANCE Thomas LECUIT 2022-2023
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Analogies with bacterial chemotaxis?

y e S, i, ::'.;_. N Q &

'n_ ot
LB mﬁj tumble
-~ | ) (.,.-..-I {"-;:,
! tumble P
tumble “.. :
b . D

e Biased (persistant) random Log of fraction LS. up gradient
. o . 0.1} % Pa, s . ¢
walk in a spatial gradient of runs of length ~ =,
. . greater than < A’
® Temporal gradient sensing length x | “.. " down gradient
PY Memory . control . o -
0.01f7 5 % —10

Run length (s)

— up the gradient: runs are longer than is
expected from the concentration dependence of
the runs (ie. tumbles are postponed)

Howard Berg and Douglas Brown. Nature 239, 500-504 (1972)
19 R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972)
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Analogies with bacterial chemotaxis

STRATEGIES FOR CHEMOTAXIS

M. J. SCHNITZER*, S. M. BLOCK}#, H. C. BERGt,
E.M. PURCELL*

Departments of Physics*, and Cellular and Developmental Biologyt,
Harvard University, Cambridge MA 02138, and
The Rowland Institute for Sciencet, Cambridge MA 02142, USA

CONCLUSIONS

We re-examined the problem of migration of motile organisms in spatial
gradients of chemical attractants. We showed analytically and by Monte-
carlo simulation that organisms whose turning frequencies (tumble probabi-
lities) depend solely on the local concentration of an attractant, but whose
speeds remain constant, do not accumulate at the top of such a gradient:
once uniformly distributed, they remain uniformly distributed. On the other
hand, organisms whose swimming speeds depend on the local concentration
of an attractant do accumulate in regions where the speeds are low.

We
extended the Montecarlo simulation to non-local strategies and found that
cells that respond (by suppressing tumbles) to concentrations of an attrac-
tant sensed over the recent past, but do not make temporal comparisons,
drift down rather than up the gradient. Cells that compare concentrations
sensed over the recent past with those sensed earlier are able to drift up
the gradient. This is the strategy used by E. coli for chemotaxis.

I?RLAI%\I%E Thomas LECUIT 2021-2022 Schnitzer M, Block S, Berg HC, Purcell E. Symp. Soc. Gen. Microbiol. 46:15-34 (1990)
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Analogies with bacterial chemotaxis

Visits (thousands)

I D theoretical model of stochastic motion: : Cx(Xl) I ngz) :
Semipermeable barriers that reflect /2 of particles (eg. --4 | H | - | —
bacteria), and let /> pass through :< N >:< 5, >:

This models the idea that particles change randomly their n T

trajectory every time 7 and distance 8 7 travel time between barriers

Their motion is defined locally in space and time (no memory) o distance between barriers
Flux: J=—(1/4)[C(x,)(8:/72) — C(x1)(8:/7)]. /7, velocity

e Case 0:  and 7 are constant. Fick’s law J=—D(3C/ax), with diffusion coefficient D = §%/4r
At equilibrium C is uniform

Let us consider cases where D changes in space ( 0 and/or 7 vary in space):
e Case |:velocity 0/7.is constant,but & and T vary in space

we still have  J=-D(3C/3x), D = &(x)/4m(x) is not constant in space

30 T T | T
Thus, whatever the distribution of barriers, provided that velocity is constant

20 7 the distribution of particles at equilibrium will always be uniform
o If bacteria have a uniform velocity, changing in space the probability of changing
o direction (tumbling) will not lead to spatial accumulation of cells. So if an attractant
% 20 40 80 8 100 were to simply change the tumbling frequency (ie. the duration of run, or the
Monte Carlo simulations persistence) there would be no chemotaxis.
COLLEGE . —
> DE FRANCE Thomas LECUIT 2022-2023 Schnitzer M, Block S, Berg HC, Purcell E. Symp. Soc. Gen. Microbiol. 46:15-34 (1990)
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Analogies with bacterial chemotaxis

Let us consider cases where D changes in space:
e Case 2:distance Ois constant J= —D(3C/3x) — C(3D/ax) = —3(DC)/ax, D = 8*/47(x)

At equilibrium DC is uniform, and C is inversely proportional to D
Therefore, particles accumulate where their velocity is lowest

e Case 3:time T is constant J=—D(3C/ax)— C(3D/3x)/2. D = &%(x)/4t

At equilibrium D"?C is uniform, and Cis inversely proportional to D'/

Therefore, particles accumulate where their velocity is lowest

* Case 4: all parameters vary in space  J= —(8/4)[v(3C/ox) + C(3v/dx)],

ks
At equilibrium, the density of particles is still inversely proportional to velocity

® When speed is not constant, cells accumulate in regions of low speed
When speed is constant, cells remain uniformly distributed whatever the frequency of
tumbling as a function of stimulus.

¢ |f the chemoattractant increases the persistence time (reduces the frequency of tumbling,
there is no chemotaxis)

e This is a generic result which should also apply to durotaxis.

LLEGE

1530
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Durotaxis: Rigidity-dependent persistence ??

Clarifications needed: data and model:
— without memory, no durotaxis is possible (Schnitzer et al)
— with memory, may be possible...

A. Shellard and R. Mayor. Developmental Cell 56: 227-239 (2021)

M, COLLEGE
¥, DE FRANCE Thomas LECUIT 2022-2023
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Collective durotaxis

Asymmetric expansion of a population of epithelial cells on a gradient of gel stiffness

Uniform gel
6.6 kPa

Uniform gel
t=10h

Uniform gel Gradient gel
90 y 90
SNV
i ?10 min
180 0 180
270
0 ;
2 |
2 g
i
8
’ e Distani:(:pm) e ’ 2ISJ(:stance :‘(::) e
6 kPa 12 kPa
~22kPa / 450um
COLLEGE Sunyer, R., et al and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
DE FRANCE Thomas LECUIT 2022-2023
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Collective durotaxis

Single cells do not exhibit durotaxis on the same stiffness gradient

E<20 kPa 20kPa <E<50 kPa

0.6 - 15- E<20 kPa 20kPa <E<50 kPa

0.4 = = Stiffness range 90 90
Cell speed 5 02 £ 0]
increases with PR R e S S S 3
stiffness 8 021 $ 0.51 0

-0.4 1 o

-0.6 Ly , , 0.0 L , ,

1 10 100 1 10 100
Stiffness (kPa) Stiffness (kPa) 270
COLLEGE Sunyer, R., et al and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)

DE FRANCE Thomas LECUIT 2022-2023
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Collective durotaxis

® Supracellular organisation via cell-cell mechanical coupling within cluster:
® |Increase the length scale to sample the stiffness gradient

e Collective durotaxis

® Single cell durotaxis

A. Shellard and R. Mayor. Developmental Cell 56: 227-239 (2021)

LLEGE
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Mechanical coupling at Junctions in a cell layer

F
<

Homeostasis

Cytoplasm

Mechanosensitivity and *
strengthening of actin coupling
at E-cadherin based adhesion

junctions <
(See also course 14 Nov 2017)

F-actin
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Thomas LECUIT 2022-2023
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Collective durotaxis

Collective durotaxis requires integrity of cell cell contacts

This is not based on a local gradient sensing but on a long range collective sensing
Emergent property of the cell collective (ie. supracell) that requires cell-cell adhesion

45 CONGEl 5 16

|
9 —

1012 N STIFF

kPa 4 7 45 94
1

e { '

siCT siRNA o-Cat siRNA alpha-Cat
90 90

180

270 270

COLLEGE Sunyer, R., et a and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
DE FRANCE Thomas LECUIT 2022-2023
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Collective durotaxis

Probing the distribution and transmission of forces

Traction forces are exerted at the edge and propagate within the bulk of the cell layer

Uniform gel Gradient gel
SOFT

Kymographs

Uniform gel Gradient stiffness

‘
| ‘

-
7]
©
=
=
c
Q
o
o
]
<
<
o

® Traction forces on ECM are
concentrated at the edge of the
cell cluster and are symmetrically
distributed

® Substrate deformation is
asymmetric in the gradient (lower

Time (h)

.
=
Y
O
—
D ® O 2N OD @ P b Y P

Tractions T,

space

in stiffer regions): given symmetric 2 1 F = ,
. . . [ ~ +,
actin polymerization at the edge, § Ly yo 2 .
expansion is asymmetric g A ”i m pm
8 [ 1 -2

e Tensile forces in the bulk

I+35

10°N/m

1

Tensionc,.

0 500 1000 0 500 1000
Distance (pm) Distance (pm)

COLLEGE Sunyer, R., et a and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
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Collective durotaxis- Supracellular durotaxis

e Similar to cellular model
® The tissue bulk is an elastic material

® [f viscous behavior in the bulk (ie. cell e\ D U R & e S NG
adaptation to strain), the asymmetry in T | W

not necessarily give rise to net cluster

displacement. o
15550 SLEEE
Model: _>Force Forcg_

® clutchlike cell-ECM dy-
namics at focal adhesions

1 i1 !
® |ong-range force m IRig l
transmission through cell- 3
— -_’Cémn e—)cé >

substrate deformations at the edge does SOFT e
P

cell junctions
1

: . X
® actin polymerization at

monolayer edges Integrins and
yer ece e | —{} Cell-cell junctions  § | o brotoins

Sy | S— Myosinll —AAA Fibronectin
s | = Actin filaments W Substrate stiffness
LLEGE Sunyer, R., et a and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
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Collective durotaxis

* Model ® Experiments
o icti . C Durotaxis — Steep gradients D e Steep gradients
Prediction and Tests: 5 — Shallow gradients .s e Shallow gradients
® durotaxis increases with T 60 — Uniform gels § 100 o Uniform gels
0w = n
difference in substrate §E ., EE
deformation of both sides of §5 | 851 +
cluster (ie. stiffness gradient gé g% +
. & od......1.1 e et O = ] [ e R
steepness, mean stiffness) 5 ° [’ 1 g ° E }
C
g 20 T —— 8 : —— -
10

10
Durotaxis is quantiﬁed b)’ the Initial cluster offset (kPa) Initial cluster offset (kPa)

cluster center of mass
translation after 10 hours
This is assessed as a function
of the initial stiffness of the
center of mass of cell cluster

myosinll inhibitor
|

CcT 9 Blebb. %

180 See=——1]0 180

® Durotaxis requires cell
contractility and mechanical
transmission

270 270

Laser ablation in gel

Before g, After %0
180 % 0 180 %] 0
270 270

Sunyer, R., et al and Roca-Cusachs, P, and X. Trepat. Science 353, 1157-1161 (2016)
Thomas LECUIT 2022-2023
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Collective durotaxis

e Supracellular guidance:
¢ Increased length scale, increased sensitivity, global ordering from edges of cell cluster

® Collective durotaxis: shallow gradient sensing

® Single cell durotaxis: steep gradient sensing

A. Shellard and R. Mayor. Developmental Cell 56: 227-239 (2021)
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Case Studies of collective cell migration

® Collective migration with leaders:

Case Study 1: Neural crest cell migration (Xenopus)

Case Study 2: Sensory organ primordium migration
in fish lateral line (Zebrafish)

> > > >

® Collective migration without leaders:
Case Study 3: Egg chamber rotation (Drosophila)

> > > >
> > > > >
> > > > > >
> > > > >
> > > > > >
> > > > >

LLEGE
FRANCE Thomas LECUIT 2022-2023 > > >
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Case Studies of collective cell migration

® Collective migration with leaders:

Case Study 1: Neural crest cell migration (Xenopus)

> > > >

> > > > >
> > > > > >
fadaaladt ~ q
> > > > > >
> > > > >

> > > >
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Possible mechanisms of collective motility

® Motility guided by chemoattractant
® Motility guided mechanically

Thomas LECUIT 2022-2023
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Case Study 1: Neural crest cell migration

Epidermis

Neural fold

Neural tube |
Notochord

Nature Reviews | Neuroscience
Laura S. Gammill & Marianne Bronner-Fraser, 2003

Neural plate

®ly COLLEGE
¥, DE FRANCE Thomas LECUIT 2022-2023
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Case Study 1: Neural crest cell migration (chick, Xenopus)

® Neural crest cells give rise to different important cell lineages in vertebrates:
® melanocytes, craniofacial cartilage and bone, smooth muscle, peripheral and enteric neurons and glia

Induction Delamination

Anterior

Ventral

Ke
yE tod Neural NG
|] ctoderm Dplate/tube -

4y COLLEGE
’ DE FRANCE Thomas LECUIT 2022-2023 R. Mayor and E. Theveneau. Development (2013) 140 (11): 2247-2251.
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Case Study 1: Neural crest cell migration

® Dorsal view of Xenopus embryo ¢ Lateral view of Xenopus embryo

S 2 A AT, ST LE
e RN e
ansiag 1o stufiten mg VWisiig e % \ .
- . X <A e & {
e '(,_. ol . o R0~ Ty

#£% Sy
T F A w3
T ‘

Anterior Anterior

G. Abbruzzese. J Cell Sci (2015) 128 (6): 1139-1149.
https://doi.org/10.1242/jcs.163063

Thomas LECUIT 2022-2023
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Case Study 1: Neural crest cell migration

—Chase and run interactions between two co-migratory cell populations

Chase-and-run assay Displacement
0> 300

® In vivo displacement of two adjacent tissues in Xenopus:
® Neural crests (NC) and placode cells, epithelial cells that
contribute to sensory organs

v .Y

c,d, h e f,i

Displacements

0> 300

Placodes

® In vitro culture system 0> 300 0 > 300
® |n isolation NC cells are motile but not placode cells S
+
-
® When in contact with NC, placode is motile as a whole o
® This requires sensing of SDFI chemokine by the GPCR o
CXCR4 - 0 > 300
2
o ”
@)
bz
+
-
o
LLEGE
FRANCE Thomas LECUIT 2022-2023 E. Theveneau et a, and R. Mayor. Nature Cell Biol. 15: 763-772 (2013)
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Case Study 1: Neural crest cell migration

—Mechanical interactions between cell populations induce symmetry breaking

Traction force
Maps c orlentazlon e Summary
PR

P %) Placodes

O

Placodes + NC

® Neural crest cells induce a
symmetry breaking of traction
forces exerted by placode cells

Placodes

Direction
of migration
—_—

Direction
,of migration

o
. reary 4 N
. » P / \
ke > / \
N - -ty { \
- 4 v kY | - \
1 A v Y o
/ NC
' \ /
N . . - \ /
. [ - \ .1 /
o < ——— /
’ N +3 ¢
o

PL + NC cells

e Contacts between NC and Placode cells

e Adhesion between NC and Placode cells cause collapse of cell protrusions
® Mediated by N-cadherin ¢ This requires N-cadherin

Duration of protrusions

40
20 ; s
kk
0 i B
1 2 3 4 5 6

CTL Chase +PL CTL Run +NC
NC Placodes

N-cadh-GFP

p120-catenin

o-catenin

LLEGE
FRANCE Thomas LECUIT 2022-2023 E. Theveneau et a, and R. Mayor. Nature Cell Biol. 15: 763-772 (2013)
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Case Study 1: Neural crest cell migration

— Contact Inhibition of Locomotion underlies coordinated migration

100} Single cell analysis C  Angles after NC-PL
OBSERVATIONS ON THE SOCIAL BEHAVIOUR OF CELLS . ..
IN TISSUE CULTURE a { @ DIStance adh\ CO”|3|onS
I. SPEED OF MOVEMENT OF CHICK HEART FIBROBLASTS ‘u Contro' NC ContrOI PL
IN RELATION TO THEIR MUTUAL CONTACGTS o o e o +Control PL +Control NC
g M. ABERCROMBIE and JOAN E. M. HEAYSMAN <9 900 90
* Department of Anatomy and Embryology, University College, London, England
3\ Received August 25, 1952 b K2 :\ ‘ 7
£ o l—* 180° N— 180°
= =
2 o NMO PL NMO PL
3 (@) + Control NC NMO NC
z§ ‘0° 9g°
O
= 180° Jz 1500
Z
N-cad morpholino (NMO)
............ . Cell populations
0054452 253354455556 Controls +NCD2 +E-cadh Ab

Contact number

¢ Induced upon collision of NC and PL cells
e Requires N-cadherin

Displacement

Control NC cells

OLLEGE
E FRANCE Thomas LECUIT 2022-2023 E. Theveneau et a, and R. Mayor. Nature Cell Biol. 15: 763-772 (2013)

1930 41

C
D




Case Study 1: Neural crest cell migration

— Placode cells attract a cell population (Neural crest)
that breaks the symmetry via adhesive contacts.

Contact-inhibition of locomotion

(N-cadh, Wnt/PCP)
<«

Placodes

NC Sdf1
ttraction . :
m ’ Cxcrds Sdft "« = ° .
® NC cells are attracted to placodal cells via o PL
Sdfl-dependent chemotaxis y———) _ e 3 3-3)
Focal adhesion  Focal adhesion

. el . . Coll .
CIL: Contact inhibition of locomotion ofapse .,

OO 5 b,

e Contact between NC and placodal cells induces CIL : — 399
Foczﬂ)@hesmn

Cxcr4. N—.ca.dherin: Sdf1°

® This breaks the symmetry of the placodal tissue, and
induces movement.

Coordinated migration oy S L,
OO YOO (OF > @ |
—> ¥oON N
R

® The system self-sustains owing to chemotaxis and CIL

LLEGE
FRANCE Thomas LECUIT 2022-2023 E. Theveneau et a, and R. Mayor. Nature Cell Biol. 15: 763-772 (2013)
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Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration

10 h post graft

L@

Donor NC 1 h post graft

® Neural crest cell migration is induced by SDFI dependent

chemotaxis, but is also dependent on some environmental ﬁgc '
factors: the nature/stage of the host dictates NC migration %
donor W

Pre-migratory Non-migratory

No-migration

Stage 20
pre-migratory

Stage 13

Non-migratory Stage 17

Donor NC 1 h post graft 10 h post graft

3
donor

W Head mesoderm " Epidermis [ Neural Crest [ Neural Plate Non-migratory Pre-migratory

12 hours, 18 °C o

Migration i

>
]
©
H 2 ‘?\ P=0.2
¢ Explants from different stages are £ £18 02568
. < 1.6
equally attractif by an SDF| source 2 E 4
513 +
“&s‘ .
g 508
B = N <&
5 SRR
g 'Q(b. (§b‘
& &

E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)
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Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration: stiffness

*kkk

*kkk

350
€ 300-
S & 250-
® The stiffness of the mesoderm gl / \'\ B 200-
increases over time from the 2 150
non-migratory to the pre- % 100+
migratory stage & °07
0 : : :
nor?—tri?ger;%ry Stage 17 p?et-ar%iegggtory
n=28 n=7 n=9
0= 8.09+1.9um
® Chemotaxis towards SDF| does = hn
not operate on a soft matrix in £ 14
vitro. E 13
T:’ 0.8
® Matrix stiffness potentiates 2 04 ;
chemotaxis in vitro g 06
S

E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)
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Case Study 1: Neural crest cell migration

e Mechanical relaxation of tissue stiffness in vivo

— Role of the mechanical environment in migration: stiffness

Strain dependent stiffening of matrix and tissues

Stress relaxation following tissue ablation softens the

mesoderm

This affects NC migration in vivo

e Genetic relaxation of tissue stiffness in vivo:

Tissue softening via genetic inhibition of Myosin2  \

This reduces NC migration

® |ncrease of tissue stiffness in vivo:

Atomic Force Microscopy (AFM) increases
tissue stiffness and promotes cell motility

LLEGE

FRANCE
1530
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Case Study 1: Neural crest cell migration

— Role of the mechanical environment in migration: stiffness

Non-migratory Stage 17 Pre-migratory

*kkk

e Convergence-Extension (C/E)

*kkk
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€
. g o
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Case Study 1: Neural crest cell migration

— Tissue stiffening promotes migration of neural crest cells
Q; permissive or instructive (ie. stiffness gradient and durotaxis?)

High E-cadherin EMT Low E-cadherin
non-migratory NC collective NC migration

Non-migratory SELE Stage 17

Pre-migratory

DV
[ Head mesoderm
[ Neural crest

Epidermis
I Neural plate AN
- E{_ii‘;ﬁi?i?] Mesoderm convergent extension
E. Barriga, K Franze, G. Charras and R. Mayor Nature, 554:523-527 (2018)
COLLEGE

S DE FRANCE  Thomas LECUIT 2022-2023
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Case Study 1: Neural crest cell migration

AFM is used to measure tissue
stiffness in vivo

A gradient of stiffness appears

The gradient moves ventrally as
cells migrate

The placode and NC are

—Collective durotaxis along a self-generated stiffness gradient in vivo

required for stiffness gradient
formation.

An ectopic graft of NC induces

a new gradient of stiffness

This requires N-cadherin
dependent softening.
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Case Study 1: Neural crest cell migration

—Collective durotaxis along a self-generated stiffness gradient in vivo

o

Control Cc

a AbI-Ect Control Abl-Ect
) ) = 400 ;
e Relaxation of tissue stress by T\ .
>
ablation of the ectoderm S N
i L iATl
leads to disappearance of the Control | Abl-Ect @ 150 ® ¥ -
. . o °
stiffness gradient o o2,
B Ectoderm 0 100 200 300
m Ablation Distance (um)

Graft of fluorescently labelled neural crest

e A NC graft is no longer able
to migrate ventrally when the
ectoderm is ablated,
suggesting that the stiffness
gradient is required for NC
migration

Tactic index
8

A. Shellard and R. Mayor. Nature, 600:690-694 (2021)
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Case Study 1: Neural crest cell migration

—Collective durotaxis along a self-generated stiffness gradient in vivo

e NC clusters exhibit global
polarity (Myosin2 at the rear
and Rac| GTP at the front)
along a chemical of stiffness
gradient

Control Durotaxis Chemotaxis

i* %

DAPI Rac-GTP

|

Contractility at the back:
Myosin 2 polarity

Actomyosin
contraction
Sdf1

(oo}
|

*kkk

Stiffness

Actin nucleation at the front:

RaclI GTP polarity E
LLEGE

FRANCE Thomas LECUIT 2022-2023
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A. Shellard and R. Mayor. Nature, 600:690-694 (2021)

50




Case Study 1: Neural crest cell migration

— Synergy between chemotaxis and durotaxis in vivo

O Control  © MO-Sdf1
@ MO-Sdf1 + Sdf1
@ MO-Sdf1 + Sdf + Abl-Ect
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Case Study 1: Neural crest cell migration

Chemotaxis | | Sdf1

\ Fibronectin
E Actomyosin
contraction

Stiffness gradient
formation

“l N-cadherin

- Stiffness

A. Shellard and R. Mayor. Nature, 600:690-694 (2021)
Thomas LECUIT 2022-2023
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Summary

® Durotaxis (stiffness gradient sensing) operates in vitro
and in vivo in cell populations

® Collective migration with leaders:

Case Study 1: Neural crest cell migration (Xenopus)

> > > >
> > > > >
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> > > > >
> > > >

® Guidance and Symmetry breaking requires a combination of
chemical and mechanical interactions/cues
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