? Big questions

% posterior o . (
<

Vertebrates+: all 3 spatial axes determined anterior -

ventral \ ] dorsal

Li"‘:‘t’"“‘! DOSIE "‘.‘[

left

Anenome, Hydra, jellyfish: radial symmetry

posterior
Ced UL 1‘4!1'

PMID: 25140222



Today’s menu - 2 courses

* Front & Back, Head & Tall

e Fate maps, specification and committment
e Gastrulation and patterning of germ layers
e Nobel experiment - embryonic induction

e Integrating extracellular gradients



Head (Anterior) - Tail (Posterior) axis

Front (Ventral) - Back (Dorsal) axis

A




Il Independent gene systems & orthogonal spatial mapping from egg to embryo
for Anterior-Posterior and Dorsal-Ventral axes in fruit fly...

Eqq Dorsal
P ey
s D
Anterior (:( > Posteriar
Dorsal
\\\\ //'
= >
\ //
Ventral
Embryo amnioserosa p_araslt_eqn;ebnts | Iy
Visudllzea by regions
Sorsat elaery of specific gene activity
Abdomen * |
p |
| a
prospective posterior y
prospective - gut endoderm Ventral
anterior gut Thorax ventral ectoderm
endoderm s deris B amnioserosa (zerkniifh)
_v_ dorsal ectoderm (decapentaplegic, tofloid)
Fiict instar [airia <,7(\3 — ( neurectoderm (rhomboid)
Vﬁm\i\\fﬁ \L e mesoderm (twist, snaif)
-_ r i o I mesectoderm (single-minded)
/ : : ' - 7N - = L) Dorsal gradient
N T PR EA AT e l N Anterior-Posterior
: “ _ » 7 telson
- L o (Week 4) . Dorsal-Ventral
. Connecting (Week 10)
O the Doks
Head | | L | , Tail oy =
Thoracic segments Abdominal seqments



%  Howis symmetry broken? )

— O
P s Fertilization (Week 1)

Oocytes: spherical? : Zygote: radial

o P —

an Swinburne and Sean Megason. Dept. of Systems Biology, Harvard Medical School
_icensed under Creative Commons by Attribution 3.0




9  How is symmetry broken? )

Larva (adult body plan):

, = 9 | ] -
Oocytes: spherical? = Zygote: radial head/tail, front/back, left/right




1. Differentiation of three* germ layers;
2. Gastrulation moves cells inside embryo;
3. Germ layers are patterned along 3 axes

Blastoderm: compact mass of pluripotent cells

Dorsal

Anterior

d

Right

complicated shit happens

\ Left

Closed
Posterior

ventral Open (2 holes)

Mesoderm: muscle, bone, kidneys, vasculature, blood



Zebrafish early development: 2-cell to 18 somites, ~18 hours

Animal

1:r10391

Ventral

Vegital Muscle segments



Early symmetry-breaking

Oocytes:
spherical but patterned Dorsal
determinants Maternal
huluwa Huluwa
Animal Animal 1
MRNAS /' X
p_ Nuclear
B-catenin
Vegetal MTs 0 l .
MRNAS Vegetal Syntabulin rganizer

Animal-vegetal polarity Asymmetric allocation of dorsal determinants

'A‘ Concha ML. 2025
b L nr & aa o .
‘\ Annu. Rev. Cell Dev. Biol. 41:89-134



Zebrafish early development: cleavage

Ventral

1:r10391

Animal

Vegital

stage = sphere
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Fate map and lineage of the early zebrafish

Sphere-stage
Pre-gastrulation
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Zebrafish blastoderm well-patterned before gastrulation

Animal

Enveloping Layer Deep Cell Layer
(EVL) (DCL)

Yolk Syncitial Layer — S%
Dorsal (YSL)

Ventral

Yolk cell

Vegital



Fate maps, specfication and determination

Normal fate

Region B not determined

Region B determined

Region B specified

Region A
Fate map

Region B
Differentiated
tissue

transplanted region labeled

transplanted region labeled

Green/yellow: geographical location; Red: labelled cells; Shape: cell type




Zebrafish early development: sphere = sheild

Animal
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First morphological asymmetry,
onset of gastrulation

Vegital



The dorsal mesoderm moves up to the anterior

Animal

B A e

218:fr14860
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What starts out as Dorsal moves to Anterior!

Blastoderm sits on yolk

Spreading of blastoderm by epiboly

Gastrulation begins with involution

Convergence and extension

Animal pole

Vegetal pole

=, enveloping

layer

=P Epiboly

/ \-
/ \
. A
\ i 4
4
Ventral . /// Dorsal
= |nvolution

= (onvergence and extension

DV and AP axes are thightly coupled

Ec



Dorsal maps to Anterior! Sheild makes notochord!

Dorsal Ventral pathway
determinants Maternal
huluwa Huluwa - -
l Early involuting cells
/ X
y Nuclear
(M B-catenin
s MTs l .
Syntabulin Organizer
Asymmetric allocation of dorsal determinants
Spreading of blastoderm by epiboly Gastrulation begins with involution Convergence and extension

// \\
/ \
J\ ;
> /
shield T
region—
‘\‘ // \
\_\ . y y X '
. Germring y 4
R y 4 Ventral . < " Dorsal
N 5 B > ‘
== Epiboly == |nvolution =P (onvergence and extension




Embryonic Induction: Spemann and Mangold, 1924

LIGMT - COLORED DAR- COLORED
EHRRYO (dowmor) EMBANO (reciphent)

f'—\

rec\previr's oun
dovsa v/ dovsa\ blestopore
\lostopove lip
hvp
‘/ (novmaol)
—— —
A «n/o'nd e
plate
Neaots jowned
at M):‘z\\y

A signal from the light-coloured embryo
instructed the dark-coloured embryo’s cells
to change their behaviour:
“organizer” of a new blastopore




Organizer signaling in the zebrafish

Ventral pathway Huluwa (dorsal) —)

e 1 ‘
Transcriptional repressors EEEELE: Dharma ndri
— / . _ Q I
.-==~Vox, Vent,Ved  -————-Z-——------------ ' Goosecoid <« \_dorsal
"R / R\
N Modulators NNV ZARRRREEEEE TP RREEE ul| ChordinJ<—-
A\  —_--- .IL . ‘s 'll .
: . P Noggin ' margin
3 el AR st Sfrp3/Frzb, Sfrp1, Dkk1b <[} : —!
. Sizzled — —= ;| ndrt
\\ L7 /l 7 — Direct
“=-2> BMP 2b/I/4 FGF (—<Fgf8a - - - Indirect
Wnt8a ‘:‘ T —> Actlvaltlon |
Spry2/4, SEF —1 Inhibition expression
Morphogens & signalling —< Inhibition extracellular

Organizer



Organizer signaling: dorsal Chordin blocks BMPs

v Chd E pr—
BMP2/7L,gands o Ubiquitous Dorsal
© BMP ligand Chordin
TGFB
A . V - > d
_ > -
Smads : -8 é
psmad din/din & .
B BMP- Chordm 2 Low .
& - o’ %°%e ® \ sizzled wm—
g T [.][O](O][O] ->»>» | Sink foxi1 n— .
-swr/+, Srhi Diffusion bambia
IISOIIS Long-range Threshold-based
- BMP gradient gradient interpretation
(pSmadS) (DV pattern)
vV «—> d
TGFB |
receptors -
Activate Smad Ventral fates Required for

transcription factors in the
cytosol by phosphorylation

A-P patterning




Organizer signaling in the zebrafish: Nodal gradients

Nodal-related 1/2

ngands

YSL Dorsal
Ndr1/2 ligand Ndr1 ligand

A

@
Smads
pSmad2 l
o D | — Hindered diffusion
y \f ® (+) feedback-driven relay
a0,

or?
‘ Short-range

F ’ cyc;sqt Nodal gradient
receptors 4

Activate Smad
transcription factors in the
cytosol by phosphorylation

pSmad2 levels

High -
g N~
vg an

Low

Dose-, time-, target level-,
cross-signaling-based
gradient interpretation

(mesendoderm/AP pattern)

Nodals reqgired for
Mesoderm and Endoderm,
& Chordin induction



Nodal / BMP ratio sets Anterior-Posterior position

O - Ventral skin
O - Neural ectoderm

v d  Nodal-to-BMP ratio
A BMP Nodal 4 blastoderm margin

o -» Axial tissues

@ -» Posterior head




Wnt8a and FGF8 pattern posterior body fates

Wnt8a
Dkk1 b WNT

i

Fr zzled

T
ges

T O

kﬂ-catenin

O
!

PR .

Dishevelled (

Wnt
receptors

Release an activated
transcription factor from a
multiprotein complex in
the cytosol

Zygotic Dorsal Wnt
Wnt8a ligand antagonists

;O J.o, Whnt-receptor
O [g blockage
2Ol A Cytoneme

@ 0 transport

Zygotic
FGF8 ligand

-
\_/

‘O] Endocytosis

"o} (sink)
"0y , = ECM
@ * Diffusion

O

Long-range Long-range
Wnt FGF
gradlent gradient

Postenor fates

Receptor
tyrosine kinases

Activate cytosolic
kinases that translocate
to the nucleus and
activate transcription
factors by
phosphorylation



Nodal gradient interpretation - short versus long range

® > &>
> \&

o —> 00—

) 1
¢ - 0)-—>C2}\'/

Nodal Receptor Smad?2
[c] + time occupancy activation

Target affinity

Transcriptional rate

- Onset of induction/prepattern

Interactions between pathways

Chromatin modifications

Gradient interpretation

pSmad?2

—— Distance —

L

— ! Transcription |

Target genes

T Affinity |

Early Onset Late

Long range Short range
(ta, foxa3) (gsc, efnb2a)



Nodal and Fgf gradient interpretation - mesoderm versus endoderm

5.3 hpf

Q.

Pronephros

Somitic muscle Notochord

50% epiboly (5.2 hpf)

Delay

|—> Mix|1T =——> Dusp4 _.I.

Nodal/pSmad2 —— FgF/p-Erk

Cell tier

10

o) (o] (o]
p— ) h 4
— = Nodal relay
O] .|l© . e
S (e High Nodal sensitivity
S .;4 PN
0] °(e] T
o) ‘(e pSmad2 + 1 p-Erk
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& .(e
0 :(e

1 pSmad2 + | p-Erk —>

Ndr Fgf8a

. Dimeric
Ligands ligand

®
(?J T G.) MixI1
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AT O 70\,

0
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Mesoderm

"

Bipotential 4@\0—’ Mesoderm
progenitors ,/ O— Endoderm



Organizer signaling in the zebrafish

Ventral pathway Huluwa (dorsal) — | EVC IR 110110

Transcriptional repressors Dharma - k_\‘ ndri
‘/ / | I
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. i— ) ] / v —— Direct
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1
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Spry2/4, SEF — Inhibition expression
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phog 9 ing — |nhibition extracellular

Organizer




Why does loss of Hh cause cyclopia?

@ Blocking Hh signaling in mammals Early involuting cells

Later involuting cells

corn lily cyclopamine

Works also in
other species

.....
.....
t®
.
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e -
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Are these gradients sufficiently precise to account for tissue distributions?
What mechanisms are involved?
How do the gradients scale to regulate smaller or bigger embryos?

Is there a tail organizer?
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Questions?




Take a break



Big questions

anterior
dorsal rostral

% posterior right

1
'_\

T

ventral

2/ -y y
anterior posterior

posterior

cauoal

PMID: 25140222




Today’s menu - 2 courses

® [ eft and Right
e Situs inversus
e Cilia in the node - directed flow
e Planar polarity

* Nodal and calcium signals to the lateral plate



Body plans across the animal kingdom

No symmetry?
Ancestral y Yy

colonial
flagellate

Ctenophora @
Cnidaria -’.

Plathyhelminthes
Rotifera ﬁ
Ectoprocta ?
Mollusca ﬁ
Annelida Y

Brachiopoda
Nematoda

Arthropoda A

I
I
I
I
I
I
I
I
I
I
: Bilateral symmetry
I
I
I
I
I
I
I
I
I
I







Medical Quiz: Spot the difference?




Internal organs are asymmetric

Right Left



Left-Right axis




Variant internal symmetries in mammals

Heterotaxy

situs solitus situs inversus totalis

left isomerism (polysplenia)

right isomerism (asplenia)

Mouse inversus viscerum (iv) mutant:
heart looping left-right 50%




Early mouse development

Blastocyst at time of implantation Implanted embryo Egg cylinder Onset of gastrulation
(E4.5) (E5.0) (E5.5) (E6.5)
polar ectoplacental \
trophectoderm \ (one ‘ Anterior Posterior
; extra- extra-
= : embryonic \  embryonic
ﬂ’ epiblast , A\ ectoderm \\ ectoderm gﬁg’w i
inner | . :
RCIT), ¢ I }cell —visceral — visceral ectoderm
g «?;3','%'2" foderm | mass LM c‘ enfit::detrm _[~> endoderm N —
b epiblas visceral :
\ _f,L 3 streak
N\ / PlasCEos V : parietal L epiblast Iz endoderm ‘
W ' ., endoderm ; epiblast
y ietal (embryonic
mural —= trophoblast ggg:daem Dgrsafl ectoderm)
trophectoderm giant cell :'m%? 0 proamniotic
4 cavit
A y
E7.5 (section) E7.75 (lateral cut-away view) Embryo before turning E8.5 E10.5 (lateral view, after turning)
cranial neural folds ~ stemzone A
A P A P A £ v fore / mid
. J(,’ brain ' brain
allantois f\i\i'{allantois optic ><\ \\
amniotic | - remains of vesicle l—. otic |
cavity N heart . pnimitive N - vesicle
neurectoderm — > . > bulge He > branchial S
mesoderm -amnion ], i’ arches |
( /

- . head — mesoderm tailbud/ /
[ammietE pnmllfwe fold ' B gg}ioderm notochord l/ . /
oy SR definitive (

visceral endoderm " hindlimb = forelimb
node endoderm notochord node ol bud P bud
| S—] [semme——] = [rimm—




Embryonic origin of the mouse heart

Fate map of a mouse at the late gastrula stage

Anterior

ectoderm neural
(epidermis) ectoderm

/

’ node
(notochord)

s
O

endoderm mesoderm

(somites and
extra-embryonic primitive  lateral plate)
mesoderm streak

Posterior

Node | -
o : ‘,‘:(" ‘ ' : z ”

Nodal
Lefty

_________
L "," '''''''




Inversus viscerum encodes a
Dynein outer arm heavy chain Lrd/Dnah11

(a)

outer dynein arm

central singlet
microtubule

How is axonemal motion generated?

(b) / ahinam \
‘ .Ii @ |
. S

Dnah5 encodes another
dynein outer arm heavy chain



The mouse node Is covered In cilia
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Sensory cilium (9+0)

Signaling
Kinocilia
Photoreceptor
Olfactory
Primary

Nonmotile

Monociluim
Immotile

Nodal cilium (9+0)

LRy -
-
& : T
’
i Al
- -
B : &~ p™
’

e : Cilium
i , Axoneme
~ /(doublet MTs) |
Embryonic node
Monociluim
Motile Rotatory motion
Motor cilium (9+2)
Transport
Lungs
Fallopian tubes
Testes
CNS ventricles
Basal body looks like a ...?
Sperm
Horani et al. Multiple cilia

Planar motion






What motion could a node cilium
use to drive persistent fluid flow?

oooooooooo

?

~

9+2 motile cilia 9+0 motile cilia



Cilia-induced fluid flow across node

Rottom

Beads in flow

Cilia rotate clockwise,
Fast and slow

Elevated power stroke,
Low recovery stroke,

: : _ @ _ _ _ _ _ _ _____ oL . Top
Point posteriorly o= \}*g |
e 5~ - Middle
Ny
R

+0—
ATy
Okada et al, 2005 ~Aleloleolo)el @)=

Bottom



Planar polarity in a 2D epithelial sheet

A Drosophila wing blade g R RS aR SR aiis
Proximal «—— Distal + C Core PCP components

B Mouse hair follicles

Anterior «——> Posterior

)888080880000880
Proximal/anterior Distal/posterior
Van Gogh/Strabismus Frizzled
Prickle Dishevelled
Diego

Flamingo/Starry night/Celsr

+ many other examples...

Devenport, 2014



The node epithelium is polarised early
along the A-P axis

Ventral
Lo, L.
Chirality Ny 1Ny
/ ., 4 / 3 4
/ . / N,
/ T, 8 / ., %
/ ‘:.’” - / :.79 -
/ s” / s’
® Basal body / P ! e
| ty .- | | 1y .--
I Prickle2 : "' V4 "
I ) I I I
r ' N
Anterior L . : Posterior
A J

Dorsal



Membrane particles move across node

Dil labelled membrane

Disruption on wall?

Tanaka et al, 2005



)~ -~ Signaling
\ | I Kinocilia

IM)— - >, Phatareceptor
O N A Clfactery
. I J Y .y

Two types of cilia inhabit the node

Immubie

m Crown cells n e

Q Polycystin-2 (Pkd2,TRPP2),
v - Ca2*-permeable cation channel
b - polycystic kidney disease in humans

- laterality defects in mouse

aaaa ©10 gaag - defects rescued by Pkd2 in crown cells
R

Pit cells Calcium

- thapsigargin randomises laterality
- Ca?* oscillations observed

Nodal

Lefty
Yoshiba et al. 2012






What is the signal to the cilia in the crown cells?

Morphogen gradient %%

Nodal vesicular parcel (NVP) :*::} @ .

Mechanosensation }.‘* o *



Right

AN
‘N

Signal processing to release
asymmetric Nodal

—>
Nodal Nodal

- .
Late 000000 C 3,

Cerl2 / Dand5
Earliest asymmetric mRNA
symmetric in /v mice
Nodal inhibitor(!)
blocks Nodal on RHS
Nodal release on LHS

Left

Nakamura et al., 2012



Nodal signals induce the transcription factor Pitx2,
which activates morphogenetic genes in the LPM

Lateral plate
mesoderm

Right Posterior Left
LRO




How do node cilia rotate in the clockwise direction?
What is the positional cue that polarizes node cells along AP axis?
Do cilia act as mechano-sensors or chemo-sensors?

How is Cerl2 mRNA stability controlled?

How is a small Nodal signal amplified along the LPM?




Summary
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Symmetry breaking IR L (0 35S
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Patterning .
Nodal
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Organogenesis
i S A Yy - - Pitx2




Questions?
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