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Why should an embryologist work with hESC?

Embryo ⇒ pattern(time) ⇒ cell communication (≄ Gene Reg. Network)
     Genetics ⇒ ‘parts’, ... function?

Tool kit:
     Secreted activators (BMP, WNT, NODAL….)
     Secreted inhibitors
     Apical-Basal polarized epithelia  (⇔ mesenchymal .. EMT-MET ),

Understanding     ⇔    Build it! 
( ~ vitro reconstitution for the biochemist)

Particularly for human, synthetic systems essential
        ethical experimentation
        regenerative medicine needs engineering.



Human embryology?

Chapter:
‘Other Mammals’



Human vs mouse

Rossant Devel 2015

Carnegie Stage 6
early gastrulation

~ 14days

--> all cells fetus: an epithelium!

blastocyst implanted

250μ



The assay
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The late blastocyst stage embryo contains three distinct 
lineage-restricted subpopulations (FIG. 1). The TE medi-
ates implantation and then expands to form progenitors 
of the placenta — namely, the extraembryonic ectoderm 
(ExE) and the ectoplacental cone. The PE diversifies and 
gives rise to the parietal endoderm, which migrates from 
the surface of the ICM and directly contacts the maternal  
tissue, and the visceral endoderm (VE), which remains in 
contact with the embryo and expands along the surface of 
the ExE and epiblast, giving rise to the endoderm of the 
visceral yolk sac. Finally, the early epiblast retains pluri-
potency and gives rise to both the somatic tissues and the 
germ cell lineage of the embryo proper.

Early molecular asymmetries
Establishing the proximal–distal axis. Shortly after 
implantation, a cavity forms in the centre of the epi-
blast and the conceptus elongates along the proximal–
distal (P–D) axis to form the ‘egg cylinder’ stage embryo 

(FIG. 2). The ExE forms a discrete cup-shaped layer of 
epithelial cells at the proximal aspect of the embryo, 
directly juxtaposed to the distally positioned epiblast 
cells. The VE forms a continuous cell monolayer that 
overlies both the ExE and the epiblast. Reciprocal sig-
nalling between these three cell populations by secreted 
growth factors of the TGFB�family, including nodal 
(BOX 1) and bone morphogenetic protein (BMP), and 
the Wnt (BOX 2) and FGF families, leads to regionalized 
gene-expression patterns in the epiblast and the ExE and 
VE tissues. The first signs of tissue regionalization are 
seen as differences in marker gene expression along the 
P–D axis of the embryo. Soon afterwards, the radial sym-
metry is broken and marker genes indicate anterior and 
posterior tissue identities. Setting up the embryonic axes  
can be regarded as the starting point of embryonic pat-
tern formation and is required for all successive steps 
of embryogenesis, including cell lineage allocation and 
tissue differentiation.

Figure 2 | The proximo–distal axis of the pre-gastrulation embryo is established through reciprocal tissue 
interactions. a | In the embryonic day 5.5 (E5.5) embryo, a gradient of nodal signalling levels preconfigures the 
proximal–distal axis. Two independent feedback loops enhance the strength of nodal signalling at the proximal epiblast. 
Nodal becomes activated through prodomain cleavage by the secreted proprotein-convertases furin (also known as 
PCSK3) and SPC4 (also known as PCSK6 and PACE4) at the interface of the extraembryonic ectoderm (including 
trophoblast stem (TS) cells) and epiblast. Nodal produced by the epiblast also upregulates the levels of bone 
morphogenetic protein 4 (BMP4) in the extraembryonic ectoderm, which in turn signals back to the epiblast to enhance 
WNT3 expression. The nodal proximal epiblast enhancer (PEE) is a direct target of the canonical Wnt-B-catenin pathway. 
The visceral endoderm (VE) acquires a distinctive regional pattern that is dependent on local signals from the underlying 
extraembryonic ectoderm or the epiblast. b | A few cells at the distal tip of the pre-gastrula embryo become specified as 
distal VE cells (red) and initiate the expression of the extracellular nodal and Wnt-signalling inhibitors cerberus-like-1 
(CER1) and left–right determination factor 1 (LEFTY1), which attenuate nodal signalling in the adjacent epiblast to 
contribute to the formation of a proximal–distal gradient of nodal signalling.
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Properties:

• Colonies define fates by distance from boundary: loose center in smaller colonies

Cdx2/Sox2/Bra 
1, 0.5, 0.25 mm colonies

1mm

Warmflash, Nat Meth 2014, 
Etoc, Dev Cell 2016

0.5 mm 0.25 mm

Mechanism for localizing BMP signaling to edges:
•   Receptors baso-lateral, not accessible to apical ligands, except at boundaries
•   Secreted inhibitor Noggin high in center, low edges……

NB Zhang…Ramanathan experiment  7/22



Don’t forget cell biology when doing development!

Signaling in apical-basal polarized epithelia &

First Turing pair:  BMP —> Noggin —| BMP



High density colonies respond only to BMP from bottom

1hr BMP
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**Etoc et al Dev Cell 2016

BMP-->pSmad1 Nuc (1h). High density cells respond to basal but not apical BMP

Receptors baso-lateral  localized, not accessible to apical ligands, except at edges ** 



Cell polarity defines sensitivity to Noggin

F. Etoc, T. Phan

pSmad1 response to isolated BMP4 secreting cells. Noggin apical vs basal

( Editorial: Don’t assume morpho and inhibitors go where ‘needed’ )



Filter assay for inhibitor & activator

Noggin secreted apically via Westerns
for cells on filters

DOX: Noggin secreting cells
 ⎯| (BMP ⟶ pSmad1)

DAPI

BMP titrates range of inhibition

BMP4:   

localized Noggin secreting cells block basal BMP4



Noggin is a long range inhibitor, BMP short ranged activator

(DOX)BMP (pSMAD1—>Nucl) —> Noggin
(DOX)Noggin —| BMP

BMP4 cells, pSMAD1

4 hrs

8 hrs

12 hrs

24 hrs

(same scale)



A-B polarity of folding neural plate could affect Noggin access

Noggin basal
from notocord

Noggin
apical

BMP

Ybot-Gonzalez, Devel, 2007

Xenopus explants or chick to demonstrate Apical-Basal polarity??

Somites



Public outreach?

Fig 3

**

**
May 28, 2018



Extensions of signaling in epithelia

Are apically secreted inhibitors affected by flow??  (yes)

Is there a receptor for inhibitors, how are they internalized (no? dynamin dependent)

Trafficking to meet up with basolateral BMP (EM, markers for the endosome soup)



What about Wnt? (I. Martyn)

Primitive streak requires Wnt
and defines posterior

opposing BMP, Nodal gradients
define fates

E6.5

Epiblast movement towards streak
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Primitive streak

Definitive endoderm

Epiblast

in tumour cells83. The fibronectin Leu-rich repeat trans-
membrane protein Flrt3 and the small GTPase Rnd1 
were recently identified as nodal targets in X. laevis. 
Coexpression of Flrt3 and Rnd1 in the involuting cells of 
the marginal zone promotes localized E-cadherin down-
regulation, which causes cell internalization and migra-
tion along the inner surface of the blastocoel cavity104. In  
mouse, FLRT3 is predominantly localized to the VE and 
DE105. FLRT3 is non-essential for EMT during gastru-
lation, but is required for DE migration and the closure 
of the ventral midline105.

NE — the default state of epiblast differentiation? 
Epiblast cells that fail to migrate through the streak 
give rise to the NE and eventually the central nervous 
system61. Considerable evidence suggests that NE rep-
resents the default state of epiblast differentiation. Loss 
of either the BMPR1A receptor106 or nodal107 results 
in precocious neuronal differentiation and premature 
loss of pluripotency within the epiblast. The combined 
activities of the antagonists CER1 and LEFTY1 are 
required to maintain NE precursors on the anterior side 
of the epiblast. Loss of either CER1 or LEFTY1 fails to 
disrupt NE specification, but double-mutant embryos 
show expansion of the mesoderm at the expense of the 
NE22. Sustained expression of antagonists in the anterior 
DE tissue and the midline mesendoderm during gastru-
lation maintains the overlying neurectoderm. Embryos 
that lack APS progenitors develop characteristic anterior 
central nervous system truncations51,59. Similar pheno-
types are seen in mutant embryos that specifically lack 
the Wnt inhibitor DKK1 (REFS 108,109), or both of the 
known BMP inhibitors chordin and noggin110. Recent 
experiments suggest that additional retinoic acid signals 
activated by SMAD–FOXH1 complexes in the ante-
rior DE are equally required to maintain and pattern 
anterior NE111.

Arkadia, a RING-domain E3 ubiquitin ligase, is 
essential for transducing maximal nodal signals that 
are required for APS progenitor specification in the 
mouse112 and mesoendoderm specification in the frog113.  
Arkadia ubiquitylates phosphorylated SMAD2–SMAD3 
complexes, and serves to couple activation of transcrip-
tion with subsequent SMAD2–SMAD3 degradation 
through the proteasome114. Similarly, the BMP receptor 
SMADs  1, 5 and 8 are also downregulated by ubiquityl-
ation115, and in X. laevis the Smad4 ubiquitin ligase ecto-
dermin regulates the cell fate switch between ectoderm 
and mesoderm116.

Segregation of the germ cell lineage
In lower organisms, segregation of the somatic cell line-
ages versus the germ cell lineages is controlled by the 
partitioning of maternal determinants that globally 
repress transcription117. By contrast, in the mammalian 
embryo, early epiblast cells are all competent to adopt 
either a somatic or a germ cell fate. Primordial germ cells 
(PGCs) are specified in response to extrinsic signalling 
cues coincident with axis patterning at gastrulation 
stages118.

Prospective germ cells are selected from their somatic 
neighbours by dose-dependent BMP signals that origi-
nate from the ExE119. Loss of BMP4 prevents the forma-
tion of PGCs119. Similarly, loss of BMP8B and BMP2 
expression in the ExE and VE lineages, respectively, also 
quantitatively affects PGC formation118. BMP ligands 
that signal through cell-surface receptors in proximal 
epiblast cells activate the SMAD1 and SMAD5 effectors. 
Both SMAD1 and SMAD5 homozygous null embryos 
fail to form germ cells63,120. PGC specification is also 
compromised in SMAD1 and SMAD5 double hetero-
zygotes121, which suggests that these transcriptional 
regulators act cooperatively. Conditional inactivation 

Figure 4 | Epithelial–mesenchymal transition in the primitive streak. Formation of 
nascent mesoderm during gastrulation is a result of an epithelial–mesenchymal transition 
(EMT) and tissue migration. Epithelial cells of the epiblast sheet converge towards the 
primitive streak, where increasing concentrations of signalling molecules, such as WNT3, 
fibroblast growth factor 8 (FGF8) and nodal, influence cell behaviour. Cells in the primitive 
streak detach from the basement membrane, lose their characteristic apical–basal cell 
polarity and undergo rapid and drastic cytoskeletal rearrangements that enable them to 
delaminate and migrate. A signalling cascade that involves FGF8 and the zinc-finger 
transcription factor snail causes the downregulation of the epithelial cell-adhesion 
molecule E-cadherin from adherens junctions, allowing mesodermal cells to migrate away 
from the streak. Additional activities of the transcription factors eomesodermin (EOMES), 
mesoderm posterior 1 (MESP1) and MESP2 are required for CDH1 downregulation and 
EMT, respectively. Nascent mesoderm cells migrate laterally and anteriorly between  
the epiblast and overlying visceral endoderm (VE). In lower vertebrates, chemoattractant–
receptor interactions, such as stromal-derived factor 1 (SDF1)–C-X-C-chemokine 
receptor 4 (CXCR4), cytoskeletal rearrangements regulated by RhoGTPases or conver-
gence–extension movements that are governed by the Wnt or planar cell polarity 
pathway orchestrate these complex cell movements. AVE, anterior VE.
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Integrating the signals for a human fate map

	 19	

	 20	

Photoactv: to see movement vs morpho

Germ layer markers (radius, z)…..

Edge                                                    Center
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to disk

SNA / N-CAD / DAPI

COL IV / DAPI



Micropatterns to embryo: morphogenesis?
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Summary of (other) Wnt data:

I. Martyn et al, Nature 2018,
Development 2019

Similar patterning phenomenology to BMP, very different molecules:
• Edge sensitive prepattern (E-cad + mechanics based, not receptors)
• Wnt —> Dkk1 secreted inhibitor, high center, low edges

Get edge localized primitive streak 
• for dkk1- EMT occurs as a wave from edge to center
• Wnt expression [geometry & forces ??]

Comparison with mouse (embryos vs human stem cell colonies)
• Same inhibitors different phenotypes 
• Mouse micropatterns… (Morgani etal eLIFE 2018)



Colonies without edges?

Can the epiblast alone make an Anterior-Posterior Axis??

Sozen etal Nature Cell Bio 2018: Epi + PE + TE —> gastrulation
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in tumour cells83. The fibronectin Leu-rich repeat trans-
membrane protein Flrt3 and the small GTPase Rnd1 
were recently identified as nodal targets in X. laevis. 
Coexpression of Flrt3 and Rnd1 in the involuting cells of 
the marginal zone promotes localized E-cadherin down-
regulation, which causes cell internalization and migra-
tion along the inner surface of the blastocoel cavity104. In  
mouse, FLRT3 is predominantly localized to the VE and 
DE105. FLRT3 is non-essential for EMT during gastru-
lation, but is required for DE migration and the closure 
of the ventral midline105.

NE — the default state of epiblast differentiation? 
Epiblast cells that fail to migrate through the streak 
give rise to the NE and eventually the central nervous 
system61. Considerable evidence suggests that NE rep-
resents the default state of epiblast differentiation. Loss 
of either the BMPR1A receptor106 or nodal107 results 
in precocious neuronal differentiation and premature 
loss of pluripotency within the epiblast. The combined 
activities of the antagonists CER1 and LEFTY1 are 
required to maintain NE precursors on the anterior side 
of the epiblast. Loss of either CER1 or LEFTY1 fails to 
disrupt NE specification, but double-mutant embryos 
show expansion of the mesoderm at the expense of the 
NE22. Sustained expression of antagonists in the anterior 
DE tissue and the midline mesendoderm during gastru-
lation maintains the overlying neurectoderm. Embryos 
that lack APS progenitors develop characteristic anterior 
central nervous system truncations51,59. Similar pheno-
types are seen in mutant embryos that specifically lack 
the Wnt inhibitor DKK1 (REFS 108,109), or both of the 
known BMP inhibitors chordin and noggin110. Recent 
experiments suggest that additional retinoic acid signals 
activated by SMAD–FOXH1 complexes in the ante-
rior DE are equally required to maintain and pattern 
anterior NE111.

Arkadia, a RING-domain E3 ubiquitin ligase, is 
essential for transducing maximal nodal signals that 
are required for APS progenitor specification in the 
mouse112 and mesoendoderm specification in the frog113.  
Arkadia ubiquitylates phosphorylated SMAD2–SMAD3 
complexes, and serves to couple activation of transcrip-
tion with subsequent SMAD2–SMAD3 degradation 
through the proteasome114. Similarly, the BMP receptor 
SMADs  1, 5 and 8 are also downregulated by ubiquityl-
ation115, and in X. laevis the Smad4 ubiquitin ligase ecto-
dermin regulates the cell fate switch between ectoderm 
and mesoderm116.

Segregation of the germ cell lineage
In lower organisms, segregation of the somatic cell line-
ages versus the germ cell lineages is controlled by the 
partitioning of maternal determinants that globally 
repress transcription117. By contrast, in the mammalian 
embryo, early epiblast cells are all competent to adopt 
either a somatic or a germ cell fate. Primordial germ cells 
(PGCs) are specified in response to extrinsic signalling 
cues coincident with axis patterning at gastrulation 
stages118.

Prospective germ cells are selected from their somatic 
neighbours by dose-dependent BMP signals that origi-
nate from the ExE119. Loss of BMP4 prevents the forma-
tion of PGCs119. Similarly, loss of BMP8B and BMP2 
expression in the ExE and VE lineages, respectively, also 
quantitatively affects PGC formation118. BMP ligands 
that signal through cell-surface receptors in proximal 
epiblast cells activate the SMAD1 and SMAD5 effectors. 
Both SMAD1 and SMAD5 homozygous null embryos 
fail to form germ cells63,120. PGC specification is also 
compromised in SMAD1 and SMAD5 double hetero-
zygotes121, which suggests that these transcriptional 
regulators act cooperatively. Conditional inactivation 

Figure 4 | Epithelial–mesenchymal transition in the primitive streak. Formation of 
nascent mesoderm during gastrulation is a result of an epithelial–mesenchymal transition 
(EMT) and tissue migration. Epithelial cells of the epiblast sheet converge towards the 
primitive streak, where increasing concentrations of signalling molecules, such as WNT3, 
fibroblast growth factor 8 (FGF8) and nodal, influence cell behaviour. Cells in the primitive 
streak detach from the basement membrane, lose their characteristic apical–basal cell 
polarity and undergo rapid and drastic cytoskeletal rearrangements that enable them to 
delaminate and migrate. A signalling cascade that involves FGF8 and the zinc-finger 
transcription factor snail causes the downregulation of the epithelial cell-adhesion 
molecule E-cadherin from adherens junctions, allowing mesodermal cells to migrate away 
from the streak. Additional activities of the transcription factors eomesodermin (EOMES), 
mesoderm posterior 1 (MESP1) and MESP2 are required for CDH1 downregulation and 
EMT, respectively. Nascent mesoderm cells migrate laterally and anteriorly between  
the epiblast and overlying visceral endoderm (VE). In lower vertebrates, chemoattractant–
receptor interactions, such as stromal-derived factor 1 (SDF1)–C-X-C-chemokine 
receptor 4 (CXCR4), cytoskeletal rearrangements regulated by RhoGTPases or conver-
gence–extension movements that are governed by the Wnt or planar cell polarity 
pathway orchestrate these complex cell movements. AVE, anterior VE.
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The late blastocyst stage embryo contains three distinct 
lineage-restricted subpopulations (FIG. 1). The TE medi-
ates implantation and then expands to form progenitors 
of the placenta — namely, the extraembryonic ectoderm 
(ExE) and the ectoplacental cone. The PE diversifies and 
gives rise to the parietal endoderm, which migrates from 
the surface of the ICM and directly contacts the maternal  
tissue, and the visceral endoderm (VE), which remains in 
contact with the embryo and expands along the surface of 
the ExE and epiblast, giving rise to the endoderm of the 
visceral yolk sac. Finally, the early epiblast retains pluri-
potency and gives rise to both the somatic tissues and the 
germ cell lineage of the embryo proper.

Early molecular asymmetries
Establishing the proximal–distal axis. Shortly after 
implantation, a cavity forms in the centre of the epi-
blast and the conceptus elongates along the proximal–
distal (P–D) axis to form the ‘egg cylinder’ stage embryo 

(FIG. 2). The ExE forms a discrete cup-shaped layer of 
epithelial cells at the proximal aspect of the embryo, 
directly juxtaposed to the distally positioned epiblast 
cells. The VE forms a continuous cell monolayer that 
overlies both the ExE and the epiblast. Reciprocal sig-
nalling between these three cell populations by secreted 
growth factors of the TGFB�family, including nodal 
(BOX 1) and bone morphogenetic protein (BMP), and 
the Wnt (BOX 2) and FGF families, leads to regionalized 
gene-expression patterns in the epiblast and the ExE and 
VE tissues. The first signs of tissue regionalization are 
seen as differences in marker gene expression along the 
P–D axis of the embryo. Soon afterwards, the radial sym-
metry is broken and marker genes indicate anterior and 
posterior tissue identities. Setting up the embryonic axes  
can be regarded as the starting point of embryonic pat-
tern formation and is required for all successive steps 
of embryogenesis, including cell lineage allocation and 
tissue differentiation.

Figure 2 | The proximo–distal axis of the pre-gastrulation embryo is established through reciprocal tissue 
interactions. a | In the embryonic day 5.5 (E5.5) embryo, a gradient of nodal signalling levels preconfigures the 
proximal–distal axis. Two independent feedback loops enhance the strength of nodal signalling at the proximal epiblast. 
Nodal becomes activated through prodomain cleavage by the secreted proprotein-convertases furin (also known as 
PCSK3) and SPC4 (also known as PCSK6 and PACE4) at the interface of the extraembryonic ectoderm (including 
trophoblast stem (TS) cells) and epiblast. Nodal produced by the epiblast also upregulates the levels of bone 
morphogenetic protein 4 (BMP4) in the extraembryonic ectoderm, which in turn signals back to the epiblast to enhance 
WNT3 expression. The nodal proximal epiblast enhancer (PEE) is a direct target of the canonical Wnt-B-catenin pathway. 
The visceral endoderm (VE) acquires a distinctive regional pattern that is dependent on local signals from the underlying 
extraembryonic ectoderm or the epiblast. b | A few cells at the distal tip of the pre-gastrula embryo become specified as 
distal VE cells (red) and initiate the expression of the extracellular nodal and Wnt-signalling inhibitors cerberus-like-1 
(CER1) and left–right determination factor 1 (LEFTY1), which attenuate nodal signalling in the adjacent epiblast to 
contribute to the formation of a proximal–distal gradient of nodal signalling.
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Colonies without edges?

Grow cells in 3D gel matrix: they cavitate and grow as closed shell, basal out

Simunovic et al Nature Cell 
Biology 2019



Cyst polarized, Size ~ post-implantation pre-gastrulation embryo
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post-fertilization (d.p.f.) 6, and counterstained with 4′,6-diamidino- 
2-phenylindole (DAPI) to detect and count nuclei and phalloidin to 
delineate cell boundaries (Supplementary Video 1).

The pre-implantation human blastocyst (d.p.f. 6–7) is a hollow 
ball of cells composed of tightly packed, small nuclei in the ICM 

and larger cells in the TE (n = 8; Fig. 1a–c, Extended Data Figs 1a–c 
and 2a, Supplementary Table and Supplementary Videos 2 and 3). 
All ICM cells showed high intensity OCT4 staining (OCT4HI), with 
a subset having high GATA6 (GATA6HI) in a salt-and-pepper man-
ner (Fig. 1d–f and Extended Data Fig. 2b–d). NANOG was observed 
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Figure 2 | Attached d.p.f. 8 human embryos 
begin transcriptional and morphological 
self-organization. a, b, DIC images of (a) 
attaching d.p.f. 7.5 embryos with the TE 
(top left) collapsing onto the embryo and 
(b) attached and compacted d.p.f. 8. Scale 
bar, 50 µm. c–e, Cartoons of blastocyst (c) 
floating, (d) orienting to attach on the side of 
the polar TE, and (e) attached; Epi (green), 
PE (red), TE (blue). f–p, Optical sections of 
d.p.f. 8 embryos stained with the indicated 
markers (n = 4). Scale bar, 20 µm. q, Three-
dimensional rendering of the embryo in f–p 
with OCT4 (green), GATA6 (red), and GATA3 
(blue), flanked by xz (top) and yz (side) views 
at coordinates indicated by yellow lines. Scale 
bar, 50 µm. r, s, Optical sections of d.p.f. 8 
embryo stained with the indicated markers. 
Scale bar, 20 µm. t, u, Carnegie stage 5a section 
(t) and cartoon (u); Epi (green), PE (red).
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Figure 3 | D.p.f. 10 embryo cell lineages diversify and self-organize 
amniotic and yolk sac cavities. a, b, DIC image of a d.p.f. 10 embryo 
(scale bar, 50 µm) (a) and cartoon of a section through the embryo  
(b); Epi (green), amniotic cavity (arrow), PE (red), yolk sac cavity 
(arrowhead), ysTE (orange), TE (blue). c, Three-dimensional rendering of 
a d.p.f. 10 embryo stained with OCT4 (green), GATA6 (red), and GATA3 
(blue) (n = 4), flanked by xz (top) and yz (side) views at coordinates 
indicated by the yellow lines, with amniotic (arrow) and yolk sac cavities 
(arrowhead). Scale bar, 50 µm. d, Optical section of the central region from 
c; OCT4 (green), GATA6–phalloidin (red), and CDX2 (cyan) (n = 4). Scale 
bar, 20 µm. e–h, Optical section of the dashed box in d, but on a z-plane 

6 µm higher, with the amniotic cavity at the centre (arrow) lined by PE 
(arrowhead). Scale bar, 20 µm. i–p, Optical section of the box in d, but on a 
z-plane 4 µm below with the yolk sac cavity at the centre lined by PE (white 
arrowhead) and ysTE (yellow arrowhead). Scale bar, 20 µm; q–u, Optical 
section of a d.p.f. 10 embryo stained with the indicated markers (n = 4). 
Scale bar, 100 µm. v, w, Optical section of the Epi/PE area of a d.p.f. 10 
embryo stained with OCT4 (green) and GATA6–CD24 (red) (n = 4).  
Scale bar, 20 µm. x, y, Carnegie stage 5b section (x) and cartoon (y) with 
Epi (green), amniotic cavity, PE (red), yolk sac cavity, and ysTE (orange). 
ph, phalloidin.
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2 Day  BMP causes differentiation

n=180

n=36

∼1ng/ml BMP > 5ng/ml BMP

/Bra+

BRA

SOX2

100% SOX2 - /GATA3 +
‘extra embryonic’

‘Spontaneous’
symmetry breaking
from uniform signal

Simunovic et al bioRxiv 330704



Polarization occurs independent of radius

‘dipole moment’     μ = Sum( charge * position)
Bra(normalized) ~ + ,  Sox2(normalized) ~ -

Normalize  μ / R3   ( normalize:  charge ~ area, position ~ radius)
Rotate sphere to place μ up

μ 
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Symmetry breaking colony-level signal (not cell sorting)

Sox2 Bra

Start: 5 hrs after BMP addition, total time ~40 hrs
Some of Bra+ cells escape into gel, also see Sox17



‘Gastrulation’ in 3D cysts.

Simunovic et al  Nat Cell Bio

Break down of basement membrane (Col IV)

Change in cell contacts (E-CAD to N-CAD)

Epithelial to mesenchymal (Sna, T, ..)

Mesenchymal cells unconfined

Wnt, Dkk1, Nodal… expressed in the ‘streak’ cells



Remember signaling hierarchy

We supply BMP4 to cells, 
which pathway responsible for 
symmetry breaking.??

Initial response to BMP4 uniform 
(nuclear Smad1 live)

Nature Reviews | Molecular Cell Biology

Proximal

Distal

Anterior Posterior

Nodal

Pro-nodal

Nodal

Nodal

CER1, LEFTY1

WNT3
PEE

BMP4TSFurin or PACE4
Extraembryonic

VE

Embryonic
VE

Distal VE A

D

P

P

Wnt

Nodal

A P
Epiblast

Distal VE

Trophoblast giant cells

Embryonic VE

Ectoplacental cone

Extraembryonic
ectoderm
Extraembryonic VE

Parietal 
endoderm

a

b

The late blastocyst stage embryo contains three distinct 
lineage-restricted subpopulations (FIG. 1). The TE medi-
ates implantation and then expands to form progenitors 
of the placenta — namely, the extraembryonic ectoderm 
(ExE) and the ectoplacental cone. The PE diversifies and 
gives rise to the parietal endoderm, which migrates from 
the surface of the ICM and directly contacts the maternal  
tissue, and the visceral endoderm (VE), which remains in 
contact with the embryo and expands along the surface of 
the ExE and epiblast, giving rise to the endoderm of the 
visceral yolk sac. Finally, the early epiblast retains pluri-
potency and gives rise to both the somatic tissues and the 
germ cell lineage of the embryo proper.

Early molecular asymmetries
Establishing the proximal–distal axis. Shortly after 
implantation, a cavity forms in the centre of the epi-
blast and the conceptus elongates along the proximal–
distal (P–D) axis to form the ‘egg cylinder’ stage embryo 

(FIG. 2). The ExE forms a discrete cup-shaped layer of 
epithelial cells at the proximal aspect of the embryo, 
directly juxtaposed to the distally positioned epiblast 
cells. The VE forms a continuous cell monolayer that 
overlies both the ExE and the epiblast. Reciprocal sig-
nalling between these three cell populations by secreted 
growth factors of the TGFB�family, including nodal 
(BOX 1) and bone morphogenetic protein (BMP), and 
the Wnt (BOX 2) and FGF families, leads to regionalized 
gene-expression patterns in the epiblast and the ExE and 
VE tissues. The first signs of tissue regionalization are 
seen as differences in marker gene expression along the 
P–D axis of the embryo. Soon afterwards, the radial sym-
metry is broken and marker genes indicate anterior and 
posterior tissue identities. Setting up the embryonic axes  
can be regarded as the starting point of embryonic pat-
tern formation and is required for all successive steps 
of embryogenesis, including cell lineage allocation and 
tissue differentiation.

Figure 2 | The proximo–distal axis of the pre-gastrulation embryo is established through reciprocal tissue 
interactions. a | In the embryonic day 5.5 (E5.5) embryo, a gradient of nodal signalling levels preconfigures the 
proximal–distal axis. Two independent feedback loops enhance the strength of nodal signalling at the proximal epiblast. 
Nodal becomes activated through prodomain cleavage by the secreted proprotein-convertases furin (also known as 
PCSK3) and SPC4 (also known as PCSK6 and PACE4) at the interface of the extraembryonic ectoderm (including 
trophoblast stem (TS) cells) and epiblast. Nodal produced by the epiblast also upregulates the levels of bone 
morphogenetic protein 4 (BMP4) in the extraembryonic ectoderm, which in turn signals back to the epiblast to enhance 
WNT3 expression. The nodal proximal epiblast enhancer (PEE) is a direct target of the canonical Wnt-B-catenin pathway. 
The visceral endoderm (VE) acquires a distinctive regional pattern that is dependent on local signals from the underlying 
extraembryonic ectoderm or the epiblast. b | A few cells at the distal tip of the pre-gastrula embryo become specified as 
distal VE cells (red) and initiate the expression of the extracellular nodal and Wnt-signalling inhibitors cerberus-like-1 
(CER1) and left–right determination factor 1 (LEFTY1), which attenuate nodal signalling in the adjacent epiblast to 
contribute to the formation of a proximal–distal gradient of nodal signalling.
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Mechanism of symmetry breaking

NB:  DKK1 (Wnt inhibitor) high where WNT is high!

Cells on filters, moderate BMP4 from below, uniform stimulation
Same symmetry breaking as in 3D

0.5mm



Mouse ss-RNA-seq: Dkk1 high where Wnt3 is hi.
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Spatial Transcriptome for the Molecular Annotation of Lineage Fates and Cell Identity in Mid-gastrula Mouse Embryo.
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Mechanism of symmetry breaking

WNT required:   (BMP4 + IWP2 (⊣ WNT secretion) ⇒ symmetric )

KO inhibitors of BMP & Activin/Nodal pathways: no effect
      (NOGGIN -/- , CER -/- & LEFTY1 -/-  )

DKK1 -/-  cysts entirely BRA+   & transform early. —> Turing system

Sox2 Bra



Cysts in 3D gel — conclusions

Symmetric BMP4 induces spontaneous sym breaking:  localized gastrulation
       (Break down of Col IV,  E-CAD—> N-CAD,  EMT Sna, T….)

Symmetry breaking a colony property,  not spatial sorting of 2 populations

System level signaling feedbacks .... closed compartment, 



Life is all down hill: a theorem

Waddington landscape  == Morse-Smale system

With David Rand,     Francis Corson, Archishman Raju

Morphogens ‘tilt’ landscape, cells ‘make decisions’

Impose by hand: 
• competence - at given time cells see signal
• commitment - at given time cells are stuck at fixed points (and can’t tilt out)

(Ignore periodic orbits.. technical) M-S —> run dynamics forward and backward in 
time and all points tend to finite set of non degenerate critical points: 
sources, saddles (# stable, unstable directions), sinks + technical stuff



Flows become landscapes

the glove!

xsaddle
sink

source

Potential ↓   ● ● ● ●



Is this useful?

Critical points & signature  <—> potential + linearization

Connections  ~ metric (very redundant )

vector field i = - g i,j Grad j Potential



Poincare conjecture and evolution

Machinery of Smale proof + Morse —> 
D ≥ 6   the deformation of manifold into sphere can be done by inverse saddle-node 
bifurcations (Rand). 
Thus all Morse-Smale dynamics can be realized by saddle-node bifurcations!  
D<6??

Any closed N-diml manifold with topology of a sphere (loops ->trivial) can be 
smoothly deformed into a sphere.

D ≥ 5    Smale 1961
D = 4    Freedman 1982
D = 3    Perelman 2002



Is any of this useful?

8 cells on ring, start at 0 + noise, only ~opposite cells on ring are stable ~1

s i sides sigmoid along u,  large s i 
only u=0 stable

Corson et al Science 2017:  Sparse hexagonal pattern of bristles on fly notum due to 
intermediate range N-Dl signaling. 

sigmoid(u - s)

- u term

u̇i = �(ui � si)� ui

si =
X

j 6=i

e�(i�j)2fn(uj)
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Geometry of flows
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2 cells;                                                                   3 cells: u1 == u2 , u3  

Saddle on diagonal: 1 stable, N-1 unstable directions
u3 = 0,  saddle: 2 stable, 1 (N-2) directions.



Potential model

V =
X

i

h(ui) +
1

2

X

i 6=j

e�(i�j)2fn(ui)fn(uj)

Fit  g, h such that saddle on diagonal
 and Jacobian agree with exact model

u̇i = �gi,i(ui)riV
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Correct metric around the origin:
problems around [0,1]

parent model



Potential model off, but good enough for the data

fix potential at origin
mess up flows at [0,1]
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Why do synthetic embryology?

Analogy with mammalian cell culture ~50’s (Eagle, Dulbecco, Puck 

Unpack interactions in embryo:
      Potential of epiblast alone to pattern, (vs + ExEmbryonic in embryo…

Quant assays for signaling and self-organization
      Implications for embryo:   receptors,   polarity of signaling,  cell biology
      ( Reagents: labeled Smads 1,2,4   β-Cat , 10’s KO lines….  )

Human!

Problems:
      Extra Embryonic cell lines for human ??
      Bypassing the blastocyst? assembly of 2 layer systems
      Morphogenesis & mechanics



Embryos

“To anyone with his normal quota of curiosity, developing embryos are 
perhaps the most intriguing objects that nature has to offer. If you look at one 
quite simply .... and without preconceptions .... what you see is a simple lump 
of jelly that .... begins changing in shape and texture, developing new parts, 
sticking out processes, folding up in some regions and spreading out in others, 
until it eventually turns into a recognizable small plant or worm or insect...

Nothing else that one can see puts on a performance which is both so 
apparently simple and spontaneous and yet, when you think about it, so 
mysterious.”

C.H.Waddington 1966 Principles of Devel. Differentiation
(Current Concepts in Bio. Series)


