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Mechanobiology of Cell Collectives + Mechanobiolooy ‘(

Leader Cell TCIS I.

To understand the dynamics of many cells as a cohesive
single group (‘Collective’) in a tissue or tissue-like system
from the point of view of forces (‘mechanobiology’) that act
on them.

Problem of length-scale: Larger than single cells but smaller
than a tissue!

Thiery and cular Cell

Biology, 7, 131
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Collective Migration in Nature
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Behavioral Rules

Introduction
Mechanobiology
Leader Cell

TCIS
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Simulating Swarm Intelligence

Reseachers created a medel of swarm behavior by programming
individuals to maintain personal space while turning and moving

in the same direclicn as others.

Sowees: fain 0. Couzin; Jownal of Theoralical Bology

Area of repulsion

A simulated animal (=)
tries to maintain a spherical
area of personal space by
avoiding collision with cther
animals entering the area.

- Area of orientation

The simulated animal will
try to orient itself and move
in the same directicn as
other animals in this region

- Area of attraction

The animal will try to move

toward other animals in this
region, encouraging group
formation and cohesion.

-

3 Rules: Repulsion, Orientation, Attraction

Swarm
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Collective Migration of Epithelial Cells

il

0.00 min

MDCK (Canine
Kidney
Epithelial)
Cells
expressing
LifeAct-GFP

20 ym
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Collective Migration of Cells + Mechanobiclogy ‘fd‘

= Leader Cell TC | S
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Nature Reviews | Molecular Cell Biology

[
[
& tlfr' TIFR Centre for Interdisciplinary Sciences (TCIS), Hyderabad, India



= Introduction
= Mechanobiology

Epithelial Sheet Migration ; Mechanoh

|7mm

18 hours later

I

Remove
confinement

Culture cells in confinement

Scale bars,
200 ym
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We are asking:

Can we find the rules or physical principles
of collective cell migration?

What would be the molecular mechanisms
that decide these rules?

nm: Reaction pm: Assembly mm: Rules

llllll

11111111

Answer can be found in how physical forces
interact with the biochemical signaling




Systematic Behavior?

0.00 min

Physical
Characterization

* Motion

* Force




Introduction

Motion: Particle Image Velocimetry (PIV): uesnoo

Leader Cell

\\
e Light Sheet Optic

Light source (Laser or LED)

Cross correlation

Tracer Particle Peak detection and

l displacement estimation

A

1. Frame 2. Frame

Correlation peak is the most probable location of
the destination of the particle displacerment

Image: Seika Digital Image Corp.
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PIV in Collective Migration + Nechenobiology gl

= Leader Cell TCI
dy - X2 — X1;
dy_Y2-VY1;

d? = (dy)? + (dy)?

l: 5
e
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RO R At =10 minutes
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Vy - (X2 — X1)/At:
Vy_ (Y2 = Y1)/At:
V2 = (Vy)? + (Vy)?
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TCIS

Mechanobiology

Introduction
Leader Cell

Velocity Field
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Force: Traction Force Microscopy + Mechanabilogy TC’S{J,
o

TRACTION FORCE
force measurement
cell elastic

: 3 : : 'mm

W

Image 1 ; bend
uorescent beads relaxed state
o : : ;'
mage 2
objective — i

(Image 1 - Image 2) =>
Bead displacement =>
Traction Force (or
Stress)

§ 0 I8 F] a ™
F = kx b
Das et al. (2008) Lab on a Chip (RSC), 8, 1308-1318
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TEM in Collective Migration + Mechanobiology ‘(

= Leader Cell TC | S

Traction force field

Phase contrast
image of collective

beads underneath
w.r.t. reference
image

Bead
displacement field
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Monolayer Stress Microscopy el "J‘

= Leader Cell TC | S

Monolayer

=

’w N

Substrate

free edge

® Tambe et al. (2011) Nature Materials, 10, 469-475
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Stresses in 2D + Mechanobiology ‘f(

= |eader Cell TCIS I.
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Stresses in given

coordinate system Principal stresses

Average normal stress = (0,+ 0,)/2 = (O 5+ Oin)/2
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Monolayer Stress Microscopy (MSM) « Cell motions ’Sl.

= Traction Force
= Monolayer stress_,rc

Omax = o_.min o.mz_;\x == o_min
Isotropic Anisotropic

Traction force field Average normal

L el ¢
[SENERCTE XY RS radl ~ = &S

Phase contrast 3
image of collective i

Bead
displacement field
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Systematic Behavior e W

= |eader Cell

TCIS g
Collective cell motiqn In a continuoqs tissue is guided by
coop&rativveve etl-elPplNdiegforces
‘Plithotaxis’

'‘Local
: velocity
..,/ vector
L OST N

Tambe et al. (2011) Nature Materials, 10, 469-475

w [deq] 0 Das et al. (2015) Nature Cell Biology, 17, 276-287
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A Tumor Suppressor Protein, Merlin ! Wechanabioloy TC’S’(,
o>

Scramble control Merlin siRNA1
90

Breakdown of Stress-Velocity Alignment in Merlin-depleted Cells

3D: Skin Tissue
_j Stﬁatu

m corneum

& Eermls Nk
it — |

Stationary homeg:

In collaboration with Niels Grabe’s group in Heidelberg Univ. Scale bars, 100 pm
Das et al. (2015) Nature Cell Biology, 17, 276-287
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Collective Polarization of Active Racl  : vehanobioog TC’SI
o>

Scale bars, 20 pm
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Das et al. (2015) Nature Cell Biology, 17, 276-287
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Molecular Model ‘l

= |eader Cell

TCIS-
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Problem of length-scale: Some of the molecular events do
not make sense if you don’t have the physical view of the
phenomenon.
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Leader Cells

131.40 min

Leader
Cell

Leader

Cell

20 pm
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Importance of Leader Cells + Mechanobilogy

= | eader Cell

Wound Branching Metastatic
healing morphogenesis Invasion
Rear
cells
Leader Cell
Leader
cells

Reffay et al. (2014) Nature Cell Atsuta et al. (2015) Development, 142, Cheung et al. (2013) Cell, 155, 1639
Biology, 16, 217 2329
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Leader Cell Biology : Mechanobiolagy Tc’fl

S

Why do only some cells become leaders?
Non-Leader
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Reffay et al. (2014) Nature Cell Biology, 16, 217
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Prevailing Concepts + Mechanobiclogy ‘Sf(,
o>

Leader Cell
TCI

Reffay et al. (2014) Nature Cell Biology, 16, 217

(Review | Cell

Collective cell migration: guidance

. - . . Haeger et al. (2015) Trends in Cell Biology, 25, 556
principles and hierarchies ) (2015) v

Concepts: We asked:
1. Leader-Follower Hierarchy Correct?
2. Cell Autonomous Non-Cell Autonomous?

Nobody has followed them from the origin!!
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Forces Influence Leader Cell Formation ; petardios

Leader Cell

High Fogge ‘ High EQrce
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Capturing Preparatory Rearrangement ;e ‘fd‘

= |eader Cell

TCIS g
Traction Force Landscape
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Vishwakarma et al., under Review Scale bars, 50 ym
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Dynamic Heterogeneity ! Loacer coll C’;lé

Phase contrast Average Normal
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Length of Dynamic Fluctuations L Vechanobio A
TCIS g
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d, : Leader-to-leader distance
dpp: Peak-to-peak distance

Vishwakarma et al., under Review
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Interface versus System - Mechanabiology

Leader Cell

50 um 50 um

75 um

LifeAct MDCK cells

Vishwakarma et al., under Review
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Interface versus System - Mechanabiology

= |eader Cell

ST =+80min

Unbiased 75 pm 300 um

Vishwakarma et al., under Review
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What does the stress build-up mean?  : eenotionog TC’S{I‘

Vishwakarma et al., under Review
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Jamming in Monolayer ! Leader calr” TC’S’lé
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Bi et al. (2015) Nature Physics, 11, 1074
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Cell Shape in Motility Transition + Mechanobiology

= |eader Cell

Bronchial epithelium Veocit

i
Healthy Asthma Asthma "

Healthy

4

4.1

p4.o-

o " 39"

g 3.8
. 3.7 . - -
2 6 10 14

0 Day

° Park et al. (2015) Nature Materials, 14, 1040
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Geometry of the Follower + Mechanabiology ‘Sf(,
|

Leader Cell
TCI

3.0

Leader

AN O"‘

‘Non-leader

p; = Mean shape-index (distance
corrected) of followers

-—

Vishwakarma et al., under Review
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Does Introducing Fluid Followers Help? - ueaneboos ‘l
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Leader Cell
TCI

S

(L tifr

Control Merlin-depleted

Scale bar, MiO pfﬁ

Low motility High motility
Low traction High traction
Low p, High p,
| . ! .

400 T (Pa) 0

Vishwakarma et al., under Review

TIFR Centre for Interdisciplinary Sciences (TCIS), Hyderabad, India



Perpetually Unjammed Monolayer
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Introducing Fluid Followers Helps ‘l

= Leader Cell TCIS II
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Vishwakarma et al., under Review
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i = Mechanobiology ’
Prevailing Concepts . TC’S’&

Leader Cell

Reffay et al. (2014) Nature Cell Biology, 16, 217

Concepts: Q&A:
1. Leader-Follower Hierarchyms=p Correct? Not Really
2. Cell Autonomous Non-Cell Autonomous? Yes

‘Democratic’ or System-driven process, which calls for novel
ways of treating leader cells in pathological situations!
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Dynamic Democracy Prevails in Nature ; weanbios TC’SU
o

Chaakes an Iu I_1||:| 1'|u.|||||.|:i-.-r|- for mewral & Mddle Fasi free of
{ejecion rales nisflear weapons

Sc1ence =

F ﬂﬂﬂw

the Iemiﬂr? HONEYBEE 2{

' by

DEMOCRACY#

THOMAS D. SEELEY

“A wondcrful book about
humanity’s greatest friend
among the insects .. ”
—FEdward O.Wilson %

T 18 o e 2
“Shared deC|S|on making drlves

collective movement in wild baboons”
Strandburg-Peshkin et al. (2015) Science, 348, 1358
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Phase O

0 min

Temporal phases mark wound
healing
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Multicellular Mechanical Entity + Mechanobiology

= |eader Cell
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Exploring Molecular Mechanism ‘fd‘

Leader Cell TCIS
Event 1b:
RhoA activation
Depletion of \z

Racl GAP
Event 1c: Recrunment and

Racl activation Polarization of a

T 4“ Racl GAP i junctional tension

Event 2:
Lamellipodium

Racl GEFs:
FGD5
Tuba

Arhgefl5
Arhgef7
Vav?2
Tiaml

Racl GAPs: Racl

Arhgap24 (FilGAP)
Arhgap22
Arhgapl7 (Nadrin)

A
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P r tIV = Mechanobiology "
erspective : ms’é

Leader Cell

It’s important to look at biological problems from a
physicist’s point of view to make sense of ‘noisy’ molecular
data!!!
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