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Morphogenesis: Space, Time, Information

Sea Urchin Zebrafish



Mechanochemistry of development

* |nformation:
Where,When, Vector!?

e Mechanics:

Forces, material response!?

— define Length and
Time scales
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POLARITY AND ~
PATTERNING F CELL MECHANICS + GEOMETRY = MORPHOGENESIS
INFORMATION

* hierarchy
* modularity
* long and short range interactions

e deterministic rules



SELF-ORGANIZATION

Information

POLARITY AND
PATTERNING T CELL MECHANICS +  GEOMETRY

]
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MORPHOGENESIS

* no hierarchy
* local interactions
* many feedbacks

e statistical rules



Morphogenesis as a Program:
* positional information

Aux editions lénat : \
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Morphogenesis as a Program

Genetically programmed positional information

Cortical mechanics
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Cell behaviour
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Tissue morphogenesis

Anterior Posterior
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Mesoderm invagination Germ-band extension
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Tissue invagination
requires cell apical constriction

(A) tissue invagination

actomyosin
contraction

(B) apical constriction

Myosin-II:RLC::GFP
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tensile forces
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The genetic program of tissue invagination
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>
POLARITY AND ~
PATTERNING F CELL MECHANICS + GEOMETRY = MORPHOGENESIS
INFORMATION

* hierarchy
* modularity
* long and short range interactions

e deterministic rules



Endoderm morphogenesis comprises
Rotation - Invagination - Progression

Anais Bailles Claudio Collinet



A tissue scale wave of Myosin-ll accumulation
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An anterior wave of Myosin-ll contraction

E-cad::GFP MRLC::mCherry
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Subcellular and tissue waves of Myosin-ll activation

E-cadherin

Myoll

F-Actin



An anterior wave of Myosin-ll & Rho|-GTP

Rho1GTP Biosensor-GFP Myoll-Cherry
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Spatial control of Myosinll activation
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Model |:Transcriptional wave of Fog expression
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~gy-Myol|
 Fog expression/secretion
* Secreted molecule Fog



Live Fog transcription dynamics
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Fog-MS2

XZ view

Fog-MS2 His::RFP

Fog is not transcribed in propagation zone

XY view

XY view

XZ view

End cellularization (t=-4min)

Propagation (t=21min)




Transcription controls Initiation but NOT
propagation of wave

> a-amanitin is potent inhibitor of RNA Pol-Il m

WT a-amanitin
10

3 WM
§s 8 ““Ill W
o)) /
C
'c"_-U' 6 H‘H
2 Il
(&)
S
g 4 MH / HW
()]
(&)
5 L
zZ 2 g I

0 5 10 15 20 25

Time (min)



Model 2: Diffusion-based wave:
Is Fog a morphogen?




Model 2: Diffusion-based wave:
Is Fog a morphogen?

Diffusion and deformation model:
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D = 30 ym2s-1
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Diffusion-based wave: Is Fog a morphogen?

simulation simulation
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Myoll activation does not spatially decay

Propagation domain
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Increasing Fog expression has no effect
on wave dynamics
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Increasing Fog expression has no effect
on wave dynamics




Model 3: Self-organised mechanical propagation




Model 3: Self-organised mechanical propagation

e Myoll intensity
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Speed and range of Rho| GTP wave
requires Myoll activation

MyollCherry = Rhol biosensor (GFP)
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Rho | GTP stabilisation
requires Myoll activation

Rock
inhibitor



Mechanical trigger wave:
Positive feedback and spatial coupling

1) with mechanical feedback

position

with Fog diffusion only




3D cell deformations associated with Myoll wave

Cells are compressed and lifted
against the vitellin membrane

Vitelline m_embrane

- shing forces
contractility



Apical surface spreading against the vitelline
membrane

Sequential immobilisation of adherens junctions from posterior to anterior
against the vitelline membrane
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A mechanical travelling cycle
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A mechanically driven travelling cycle

Rok Inhibition blocks cycle

Rok
inhibitor




Adhesion to the vitelline membrane

* cells just anterior to the furrow are in direct contact
with the vitelline membrane

Dextran (15kD)

Posterior




Adhesion to the vitelline membrane

Top view Side view




Adhesion to the vitelline membrane
requires Integrins

alpha PS3 Integrin (Scab) is expressed in the dorsal posterior ectoderm
(ie. the propagation zone)

BPS scb

<

[

s

ligand
binding

a

B
signaling BPS




Adhesion to the vitelline membrane
requires Integrins

Travelling mechanical cycle is blocked in aPS3 integrin RNA.:
Biphasic extension: fast then blocked
Delayed invagination
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Integrin signalling is required for
Myoll activation wave

* Myosin-ll activation is
reduced

* wave propagation of hiih
Myoll activation is blocked
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Talin is recruited at the apical cell surface
contacting the vitelline membrane

Time

endO Talin . :YFP ==L M?/r:)i%ilgrl*:went Integrin




Vinculin is recruited at the apical cell surface
in contact to the vitelline membrane

Vinculin::mCherry Ecad::GFP

Vinculin is normally recruited at focal adhesion under s Acinlament ) o Cotei
mechanical load kO U




Working model for Myoll activation wave
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Genetic induction and mechanochemical propagation of
a morphogenetic wave

—

Mechanochemical Genetic
feedback induction

Anais Bailles, Claudio Collinet, Jean-Marc Philippe, Pierre-Francois Lenne, Edwin Munro, Thomas Lecuit
Nature AOP 2019:  https://doi.org/10.1038/s41586-019-1492-9



Self-organisation with mechano-

Information
(genetics/biochemistry)
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General conclusion

POLARITY + CELL MECHANICS + GEOMETRY = MORPHOGENESIS
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General conclusion

POLARITY AND
PATTERNING  * CELL MECHANICS +  GEOMETRY
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