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Morphogenesis:
Gastrulation and folding
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LEGO embryo - where are we?

Fertilisation

Symmetry breaking
Zygote

Maternal-to-Zygotic
transition

/ D-V and L-R axes

Early patterning
A-P axis




Today’s menu

* Morphogenesis

e Basic mechanisms
e Cell-cell Adhesion
e Actin and myosin

* Oriented cleavage and blastula

e Gastrulation and folding

e EMT, migration

 Bending the sheet

* Cell rearrangement in the sheet - convergent extension

e Other folding - brains and guts
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Cell-cell and cell-matrix adhesion systems

Cell-cell adhesion Cell-matrix adhesion
Calcium-independent
Desmosome o
: a immunoglobulin superfamily
ﬁ integrin
(a2+ Ca2+
cadherin G @ b
laminin
1 : 72 = | , % Extracellular matrix
: bu:éltg; 0 § plakoglobin
g @ Y desmoplakin 2 2 N
] . . L ; immunoglobulin superfamily
intermediate filaments e..N-CAM




Tissues taken from amphibian early gastrulas

\R¥ = \*¥ -
Cr
% mesoderm @ ectoderm

— -

Tissues disaggregated into single cells

Spontaneous reaggregation. Cells sort
out with mesodermal cells outermost

Cell sorting driven by

differential surface tension
and differential adhesion

N-cadherin

E-cadherin

e Surface tension: oil-water

e Surface tension modified by
adhesion

e Cells with strongest
interactions form inner layer



Balance of forces at contact point

W e TJension from cortex contact with
ch ch
medium (Ycm)

2Y * Tension from cortex contact with
cell (yec)

e Tension from adhesion between
2Vcc - W

cos 6 = cells (w)
27 om
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Cadherin type and level can drive cell sorting

N-Cadherin



Cellular “building blocks” of morphogenesis

Oriented division Change in cell shape Cell migration
Death
Cleaving cell Apical constriction Migrating cell

focal contact

contractile network \ actin bundles%
.\ :
\i

actomyosin I |

contractile ring

lamellipodium
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@ Three principal cytoskeletal polymers
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The actin polymer

plus end actin molecule

plus
end
ATP
(ADP when
in filament)
minus end e

end

» (B) (C)

Figure 10.29 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Actin filaments are floppier than microtubules

N |99
i | i 'S

fluorescently labeled

actin filament
7

beads held
in optical
traps
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Myosin motors walk along actin filaments

(A)
myosin V
motor head o
domains cargo-binding
tail domains
kinesin 1
(B)
cargo-binding
o head tail domains
domains
(@)

motor head

domains cargo-binding

tail domains

20 nm

Figure 16.2 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Myosin I

100 nm

Figure 16.6b Physical Biology of the Cell, 2ed. (© Garland Science 2013)

Myosin Il - Fluorescent bead



Myosin Il multimers act to contract actin fibres

(A)

N-terminus

coiled coil of two a-helicest light chains

Figure 16.6ac Physical Biology of the Cell, 2ed. (© Garland Science 2013)

mus\cle cell Z}pm - sarcomere o
- ] actin
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Figure 16.8 Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Myosin |l activity regulated by
phosphorylation cycle

RhoA ROCK = RhoA-associated Kinase
GTP \
ROCK
Myosin Myosin
inactive\_/ active
Myosin
Phosphatase
(MBS)
(A)
N-terminus
coiled coil of two o-helicest light chains
2 nmC ’
C-terminus neck region/
: S~ 150 nm !
= ”’—/‘rr;;/osin heads

Figure 16.6ac Physical Biology of the Cell, 2ed. (© Garland Science 2013)
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Architecture of actomyosin shapes

contractility

(@) Muscle cells

Fin-GFP *5

~
S

Myosin filaments

(thick filaments)
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Actin filaments Z line

(thin filaments)

Sarcomere

(b) Non-muscle cells

Interphase cell

Stress fiber

Mitotic cell

Actomyosin cortex
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Cellular “building blocks” of morphogenesis

Oriented division Change in cell shape Cell migration
Death
Cleaving cell Apical constriction Migrating cell

focal contact

contractile network \ actin bundles%
.\ :
\i

actomyosin I |
contractile ring

lamellipodium
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Epithelial structure and actomyosin activity

B
wesn E-cadherin
s F-actin
- NMI| :

—— catenins
cadherin

Epithelium often modelled as 2D network

Adherens junction

Liang, Gomez, Yap 2014
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Oriented cleavage and formation of the blastula

Blastula, stage 8

marginal Animal pole blastocoel

B e

- b 4 Y »
blastocoel

Vegetal pole vegetal cells

Xenopus embryo Sea-urchin embryo Mouse embryo

50 microns
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Reminder - Spindle position controls
orientation of division

Division of zygote

Centrosomes divide and
migrate so that in the AB cell
the new spindle is at 90°
to the previous one

In the P, cell, the
centrosome—nucleus complex
subsequently undergoes a
rotation

The spindle of the P, cell
is aligned along the same
axis as in the zygote

The P, cell, but not the AB
cell, divides in the same
plane as the first cell division
of the zygote

Anterior Posterior

AB P,

AB P,

Signals for spindle positioning - interaction of cortex and spindle MT asters, +?7??
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Version 1. Sea urchin

Septate junctions / Tight junctions

Cleavage of fertilized eqgg

Change in cell shape

Radial cleavage

2

extracellular fluid

interacting
plasma membranes

8
. blastocoel .
o

(leavage of fertilized eqqg

Same number of cells and total cell
volume, larger blastocoel volume

More cells, with the same total cell
volume but larger blastocoel volume

We will return to the sea urchin in part 2
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intercellular
space

sealing strands
of tight-junction
proteins

i ’ ytoplasmic
half of lipid bilayer

membrane-spanning:
E-cadherin
+ Claudin, Occludin



Version 2. Mouse

cadherin

—— catenins

Adherens junction

Compaction

23

Eight-cell stage




Consequence of changing cleavage orientation

Two cells : Eight cells
(plus polar bodies) Four cells Eight cells (compacted)
Cell division Cell division Compaction
and polarization polarized cell
Radial cleavage Tangential cleavage

plane of

( > = Polarized
ceavage | -
| Polarized
|

microvilli

> Polarized Nonpolarized
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E-cadherin required for compaction
and blastula formation

Normal mouse Mutant mouse embryo
blastocyst lacking E-cadherin
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Tight junctions and Na+ pumps swell blastocoel

Freeze fractgrra‘ recil%gaP(B) Protein model  Lipid model Pro;e;r;;:pid
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Tight junction between mouse blastocyst cells Mouse blastocyst with tight junctions stained green
Hzo Na*
Isotonic
— tight junction
Claudin
o
Cytoplasm
@
Z0O proteins
- JAM
g blastocoel
1 . cavity
I j ! ! Pumped Na* movement { ! Passive H,0 movement

’.’ Actin filament
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Generation of inner and outer cell layers
(and an embryonic axis... D-V)

Trophectoderm

DorszlE 4———5——‘—> Ventral

\
s i f
PRt
» oy L

- 7 .

Inner cell mass (ICM)
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Summary

e Morphogenesis
e (Cell adhesion - Cadherins
e Cell division - orientation

 Actin and myosin provide tissue-level forces
through surface complexes

 QOriented cleavage and blastula in sea urchin and
mouse
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Questions?

0-0-Q-Q




Take a break
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Sea urchin blastula

basal IS blastocoel
lamina oW T
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Epithelial - Mesenchymal Transition (EMT)

Epithelium

Transition

Mesenchyme

adherens junction

G LT (G
\ 4

basement membrane

= y fummﬁmmmm P WWMJMNW

Neural crest, Metastasis

somites,
blood vessels,
kidney tubules

Snail 1

Cadherins, catenins ¥
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Delamination - cells leave an intact epithelium

® E-cadherin
Apical — F-actin
s NMI|

>4 >¢

Basal

Seen also during neurogenesis (week 8 fine-grain patterns)

34



Sea-urchin gastrulation
EMT / delamination, then migration and invagination

Gastrula

secondary mesenchyme

Wy, filopodia

Blastula
Wit ‘ “ | | ”1 “;"‘,';J,v 7

"*..}l'\,l\'-.“\.v \\\ T “‘» \".""\."\.\.\:\\
tion of endoderm archenteron
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Apical constriction drives invagination
Secondary mesenchyme EMT




Apical constriction drives invagination

B

apical face

Actomyosin contractility

cells undergoing apical constriction
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Odel et al., 1981



Drosophila gastrulation
nvagination, then EMT and migration

Posterior

Anterior




Genetic control of Drosophila gastrulation

amnioserosa parasegments

dorsal ectoderm visualized by regions
Z of specific gene activity

Abdomen

prospective posterior
gut endoderm

prospective
anterior gut
endoderm

Thorax ventral ectoderm

mesoderm

Toll receptor = human innate immunity receptor

Nobel prize in Physiology and Medicine 2011
Bruce A. Beutler & Jules A. Hoffmann

Lemaitre B, Nicolas E, Michaut L, Reichhart JM, Hoffmann JA.
The dorsoventral regulatory gene cassette spdtzle/Toll/cactus controls
the potent antifungal response in Drosophila adults.

Cell 1996;86:973-983.
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Toll signaling pathway
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Genetic control of Drosophila gastrulation

amnioserosa pgraslt?grgebnts '
visualized by regions
Sosafedodemm of specific gene activity
Abdomen
- N » prospective posterior
S T gut endoderm
prospective
anterior gut Thorax ventral ectoderm

endoderm
mesoderm

Toll activated ventrally

Cross-section of syncytial

blastoderm
Dorsal vitelline
protein in membrane
cytoplasm

cytoplasm v
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Genetic control of Drosophila gastrulation

Decapentaplegic is expressed in the dorsal region
where Dorsal is not present in the nuclei

Dpp activity is prevented from spreading

ventrally by Sog

Dpp, Sog and Tld interact, resulting in a sharp peak
of Dpp activity in the dorsal-most cells

S0q protein

Dpp activity

Soq binds
Dpp and Tld
at gradient
overlap

dorsal ectoderm

neurectoderm

mesoderm

B Dorsal protein decapentaplegic, tolloid

s0g

Decapentaplegic = BMP, Short gastrulation (sog) = Chordin

41




Actomyosin has pulsatile contractile cycles

00:00
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Apical area (Lm?)

o

“Ratcheting” of apical area, gastrulation at 6 min
42 Mason et al., 2016




Timing and coordination of gastrulation?

Spatzle gradient

Coherent
feed-forward

----------------- loop

1

NCY o

Snail —— Cadherin

How could this pathway control the observed rapid change in cell shape?
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Extension of the body by “convergent extension”

00:06




Convergent extension regulated by
planar cell polarity and actomysion pulses

Myosin Il

Par3



Convergent extension is regulated by
planar cell polarity (PCP) pathway

Radial
intercalation

Medio-lateral
intercalation
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Animal cap

Notochord

Xenopus and zebrafish
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Neural tube formation

18-19 h after laying

19-22h

23-26 h

neural plate

neural fold

R

neural furrow
|

medial hinge

surface ectoderm

neural fold

Neural furrow

Neural groove

Neural folds in contact




Neural tube defects

Sites of neural tube closure Neural tube defects in Neural tube defects in
in mouse embryo mouse fetus human fetus
anencephaly anencephaly
closure 2 hindbrain
J neuropore
anterior
neuropore \
A closure 1 s i
closure 3 = =
posterior ',5_5 '§
neuropore - w5
, spina
Spind bifida

bifida

EphA7 splicing mutation

Vitamin B12, folic acid (Dorothy Hodgkin, Nobel Prize in Chemistry 1964)
Crispr (Doudna, Charpentier)
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Summary

» Gastrulation: folding and shear

e (astrulation occurs in a variety of ways involving
EMT, invagination and migration

 Epithelia are bent by localised contractility
 (Convergent extension involves cell intercalations
* (Genetic regulation of both adhesion and contractility

e Other folding - neural tube, brains and guts
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Questions?

0-0-Q-Q




