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Human embryology?

Humans in chapter on 
“Other Mammals”, 
equal billing with ....

2Friday, August 19, 16



Mouse embryo structured

Nature Reviews | Molecular Cell Biology

8-cell
E2.5

16-cell
E3.0

Blastocyst
E3.5

Early blastocyst
E3.5

Late blastocyst
E4.5

TE

CDX2 OCT3/4Overlap

GATA6 Nanog

Trophectoderm

Primitive 
endoderm

Epiblast

a

b

ICM

Inner cell mass
Pluripotent tissue inside the 
blastocyst that gives rise to  
the embryo proper and yolk 
sac tissue.

Trophectoderm
An extraembryonic, outside 
tissue layer of the early 
embryo that connects  
the embryo to the uterus and 
forms the placenta.

Pluripotency
The ability of a stem cell to give 
rise to many different cell 
types.

Primitive endoderm
Extraembryonic tissue that 
initially covers the epiblast 
surface and later gives rise to 
the yolk sac tissue.

Epiblast
The founding tissue of the 
embryo proper that gives rise 
to all fetal tissues.

Asymmetrical cell divisions at the morula stage along 
a basolateral cleavage plane generate two visibly dis-
tinct subpopulations2: the smaller inner cells that will 
comprise the so-called inner cell mass (ICM) and larger 
polarized outer cells that will become allocated to the 
trophectoderm (TE) lineage.

Two transcription factors, octamere-binding tran-
scription factor 3/4 (OCT3/4; also known as POU5F1) 
and caudal-type homeobox protein 2 (CDX2), mediate 
this binary cell fate decision3. OCT3/4 and CDX2 are ini-
tially co-expressed throughout all cells of the compacted 
morula3 and subsequently establish a mutually exclusive 
expression pattern (FIG. 1a). CDX2 expression is slightly 
enhanced in the outer cells by a mechanism that might 
depend on asymmetrical cell divisions of the morula4,5. 
Subsequently, levels of CDX2 increase through a posi-
tive autoregulatory feedback mechanism that leads 

directly to the termination of OCT3/4 expression in the  
same cells. Conversely, OCT3/4 that is expressed in  
the inner cells represses Cdx2 transcription3. CDX2 
expression is essential for the expansion of the TE line-
age, whereas OCT3/4 maintains pluripotency in the ICM3. 
A second transcription factor, TEA-domain family 
member 4 (TEAD4), is also required for specification of 
the TE lineage. Embryos of Tead4-mutants fail to initiate  
CDX2 expression, and all cells adopt an ICM fate6.

Coincident with segregation of the TE and the ICM, 
the embryo cavitates to form the blastocyst. Over the 
next few hours, the outermost layer of cells that overlies 
the ICM forms the primitive endoderm (PE). Gene expres-
sion and lineage-tracing experiments have shown that 
the early ICM already contains distinct subpopulations 
of cells. These selectively express the transcription fac-
tors nanog (a homeobox transcription factor) or GATA-
binding factor 6 (GATA6) in a position-independent, 
random and mosaic ‘salt and pepper’ pattern7, and are 
committed to become either epiblast or PE, respectively 
(FIG. 1b). Live-cell imaging experiments suggest that 
these lineage-restricted expression patterns are estab-
lished by the 64-cell stage8. Nanog9,10, together with 
Sal-like 4 (SALL4)11, maintains pluripotency in epiblast 
progenitors. GATA6 drives endoderm differentiation, 
and forced expression of GATA6 in cultured ES cells is 
sufficient to promote differentiation to the PE lineage12. 
GATA6 expression depends on growth-factor-receptor-
bound protein 2 (GRB2), a mediator of receptor Tyr 
kinase–Ras–mitogen-activated protein kinase (MAPK) 
signalling. Embryos that lack GRB2 (REFS 7,13), FGF4 or 
FGF receptor 2 (FGFR2) — the upstream components 
of the signalling pathway — fail to express GATA6 and 
cannot form PE14–16. It is unknown whether mutually 
exclusive expression of GATA6 and nanog is regulated 
by a reciprocal feedback mechanism, as is the case for 
CDX2 and OCT3/4.

The cell-sorting process that controls segregation of 
the endoderm to the free surface of the ICM remains 
poorly understood, but differences in cell movements 
and adhesion properties between ICM and PE cells, 
in combination with selective apoptosis, are thought 
to be involved8. Live embryo imaging using lineage-
specific markers suggests that the bias of cells in the 
ICM towards epiblast or PE fates, which are initiated 
by nanog and GATA6, respectively, requires additional 
reinforcement by position-dependent mechanisms to 
manifest cell lineage choices. When cells that are com-
mitted to the PE do not reach their appropriate des-
tination at the surface of the ICM, they are forced to 
undergo apoptosis8. Low-density lipoprotein receptor-
related protein 2 (LRP2; also known as megalin and 
GP330), LRP-associated protein 1 (LRPAP1; a LRP2 
chaperone) and disabled homologue 2 (DAB2;  a LRP 
adaptor protein) are selectively activated in the early 
PE and also have essential roles in this tissue. However, 
their mode of action needs further clarification17. Gene 
targeting experiments have also identified numer-
ous molecules (such as hepatocyte nuclear factor 4A 
(HNF4A), laminin C1, 1 integrin and maspin) that 
are required in the PE at later stages7.

Figure 1 | Lineage segregation in the blastocyst.  

The primary tissue types of the mouse embryo — 

trophectoderm, epiblast and primitive endoderm — are 

established before implantation at around embryonic 

day 4.5 (E4.5). a | At E2.5, the eight blastomeres initially 

show overlapping expression of two transcription factors, 

caudal-type homeobox protein 2 (CDX2) and octamer- 

binding transcription factor 3/4 (OCT3/4; also known as 

POU5F1), both of which are instructive for the first binary 

cell fate decision to form trophectoderm (TE) or inner cell 

mass (ICM), respectively. The next round of cell divisions 

generates larger outer and smaller inner cells. Reciprocal 

negative regulation leads to the exclusive expression of 

CDX2 in outer blastomeres and OCT3/4 in inner 

blastomeres, thereby specifying the cells as TE and ICM, 

respectively. b | The primitive endoderm and the epiblast 

lineages segregate from the ICM at the blastocyst stage.  

At E3.5, the ICM shows mosaic and random ‘salt and 

pepper’ expression of the transcription factors nanog and 

GATA-binding factor 6 (GATA6). GATA6-positive cells are 

subsequently sorted to the distal surface of the ICM, where 

they give rise to the primitive endoderm. Nanog-positive 

cells exclusively give rise to the pluripotent epiblast, the 

founder tissue of the embryo proper.
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“Understanding the molecular 
mechanisms of early patterning and 
cell fate allocation will be of key 
importance in efforts towards 
inducing the directed differentiation of 
(ES)cells in research and medicine. “

Blastocyst ≄ embryoid body

Structure from 8 cell state..
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Mouse embryo at implantation (hESC ~ epiblast)
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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 TGF 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- -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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E 5.5 Proximal-Distal axis defined, ~ implantation BMP

WNT
Nodal

How do signals propagate in the embryo?
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Embryo : Two opposed epithelia

Early streak (E6.5): 
laminin ~ Col-IV basal
(PKA apical, E-cad breakdown)
Williams etal Dev Dyn 2012

E5.5 Laminin membrane surrounds both ExE & epiblast 
(Oct4 stain White, DAPI),   Bedzhov, Cell, 2014

a single lumen formed in the center of these ES cell spheres
(Figure 6A, arrow, and Movie S4). The organization of the cells
within the sphere thus strongly resembled the EPI rosettes of
the peri-implantation embryos (Figure 6B). Some cleaved ca-
pase-3-positive cells were detected; however, their amount
was not elevated in comparison to a standard 2D ES cell culture
on gelatin-coated plates (Figure S4A).

To determine whether apical-basal polarity is properly estab-
lished in ES cell-derived rosette structures, we cultured wild-
type ES cells in matrigel and then stained them to reveal aPKC
or Par6 as apical polarity markers. After 24 hr of culture, we
were able to detect puncta of aPKC in the center of the rosette-
like structures colocalized with F-actin (Figure 6C, arrow). By
36–48 hr of culture, ES cells were radially arranged in the spheres

with their apical domains facing the lumen (Figures 6C, top, 6D,
and 6E, left). We could also detect phosphorylated myosin II reg-
ulatory chain at the tip of thewedge-shapedcells colocalizedwith
apical F-actin, as in embryo-derived EPI rosettes. Podocalyxin
was also present on the apical surface of the cells surrounding
the lumen just as in rosettes formed by the EPI (Figure 6E, left).
Thus, apical-basal polarity is established in ES cells cultured in
matrigel as the cells undergo apical constriction, and a lumen
emerges between the podocalyxin-coated cell surfaces.

ES Cells Sense the ECM and Incorporate Polarity Cues
through Integrin Receptors
This newly discovered ability of ES cells to form rosettes when
cultured in the ECM led us to test whether ECM provides

Figure 5. The Basal Membrane Creates a Niche for the Polarizing EPI
(A) TE (arrow) and PE (arrowhead) basal membranes stained for laminin (red) wrap the EPI, labeled by Oct4 or Nanog (white). As the egg cylinder emerges, the

basal membrane between the ExE and the EPI is no longer maintained (star), but a common VE basal membrane surrounds both EPI and ExE (arrowheads).

(B) Expression of b1-integrin in early embryos (green); EPI is stained for Sox2 (white).

(C) Colocalization of b1-integrin (green) and laminin (red) at the basal site of the EPI.

(D) E3.5 ICMs were isolated by immunosurgery and embedded in matrigel. The majority of the EPI structures contained VE layer (72.8% in average, total ICMs

n = 65), but some of the EPIs were in direct contact with the matrigel (27.1% of total ICMs n = 65); four independent experiments. Error bars represent SEM.

(E) Schematic representation of the experimental procedure.

(F) ICMs isolated by immunosurgery gave rise to polarized EPI structures surrounded by VE or directly contacting the ECM. Apical domains are marked by aPKC

(green), VE is stained for Sox17 (white), and EPI is stained for Sox2 (white); phalloidin (red), DAPI (blue). Scale bars, 10 mm.

8 Cell 156, 1–13, February 27, 2014 ª2014 Elsevier Inc.

Please cite this article in press as: Bedzhov and Zernicka-Goetz, Self-Organizing Properties of Mouse Pluripotent Cells Initiate Morphogenesis
upon Implantation, Cell (2014), http://dx.doi.org/10.1016/j.cell.2014.01.023
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Fig. 2. Primitive streak elongation involves progressive breakdown of basal lamina (BL). A–J: Serial 12-mm transverse sections of mid- to late-
streak stage mouse embryos immuno-stained for Laminin (green A,B), Collagen IV (red C–F, green I–K0), and Brachyury (T) (red, I0–K0). Blue is DAPI
(40,6-diamidine-2-phenylidole-dihydrochloride) staining. Posterior is to the right. A–D: Mesodermal cells (red asterisks) are evident in proximal sec-
tions of mid-streak stage embryos (A,C), as is a break in the posterior basal lamina (arrows); more distal sections in the same embryos (B,D,
respectively) display neither mesoderm nor loss of BL. E,F: In a late-streak stage embryo, loss of basal lamina (arrows) and mesoderm (red aster-
isks) are evident in proximal (E) and distal (F) sections. G,H: Embryos at early- (G) and late- (H) streak stage. Black lines indicate the approximate
level of the indicated transverse sections. Arrowheads indicate distal extent of primitive streak. I,J: Immuno-staining for T confirms the presence of
mesoderm (arrows) in proximal sections (I,I0) and absence of mesoderm in distal sections (J,J0). K: Optical sagittal section of a mid-streak stage
embryo whole-mount immuno-stained for Collagen IV (green) and T (red). Arrows indicate mesoderm cells as confirmed by T staining (K0), arrow-
head indicates the distal extent of BL loss.
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Fig. 2. Primitive streak elongation involves progressive breakdown of basal lamina (BL). A–J: Serial 12-mm transverse sections of mid- to late-
streak stage mouse embryos immuno-stained for Laminin (green A,B), Collagen IV (red C–F, green I–K0), and Brachyury (T) (red, I0–K0). Blue is DAPI
(40,6-diamidine-2-phenylidole-dihydrochloride) staining. Posterior is to the right. A–D: Mesodermal cells (red asterisks) are evident in proximal sec-
tions of mid-streak stage embryos (A,C), as is a break in the posterior basal lamina (arrows); more distal sections in the same embryos (B,D,
respectively) display neither mesoderm nor loss of BL. E,F: In a late-streak stage embryo, loss of basal lamina (arrows) and mesoderm (red aster-
isks) are evident in proximal (E) and distal (F) sections. G,H: Embryos at early- (G) and late- (H) streak stage. Black lines indicate the approximate
level of the indicated transverse sections. Arrowheads indicate distal extent of primitive streak. I,J: Immuno-staining for T confirms the presence of
mesoderm (arrows) in proximal sections (I,I0) and absence of mesoderm in distal sections (J,J0). K: Optical sagittal section of a mid-streak stage
embryo whole-mount immuno-stained for Collagen IV (green) and T (red). Arrows indicate mesoderm cells as confirmed by T staining (K0), arrow-
head indicates the distal extent of BL loss.
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Fig. 2. Primitive streak elongation involves progressive breakdown of basal lamina (BL). A–J: Serial 12-mm transverse sections of mid- to late-
streak stage mouse embryos immuno-stained for Laminin (green A,B), Collagen IV (red C–F, green I–K0), and Brachyury (T) (red, I0–K0). Blue is DAPI
(40,6-diamidine-2-phenylidole-dihydrochloride) staining. Posterior is to the right. A–D: Mesodermal cells (red asterisks) are evident in proximal sec-
tions of mid-streak stage embryos (A,C), as is a break in the posterior basal lamina (arrows); more distal sections in the same embryos (B,D,
respectively) display neither mesoderm nor loss of BL. E,F: In a late-streak stage embryo, loss of basal lamina (arrows) and mesoderm (red aster-
isks) are evident in proximal (E) and distal (F) sections. G,H: Embryos at early- (G) and late- (H) streak stage. Black lines indicate the approximate
level of the indicated transverse sections. Arrowheads indicate distal extent of primitive streak. I,J: Immuno-staining for T confirms the presence of
mesoderm (arrows) in proximal sections (I,I0) and absence of mesoderm in distal sections (J,J0). K: Optical sagittal section of a mid-streak stage
embryo whole-mount immuno-stained for Collagen IV (green) and T (red). Arrows indicate mesoderm cells as confirmed by T staining (K0), arrow-
head indicates the distal extent of BL loss.
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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 TGF 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- -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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Differentiate hESC with BMP4
A. Warmflash, et al. Nat. Methods 2014

BMP4

Epiblast (epithelium) 
--> embryo
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Work on micropatterned substrates

DAPI stained hESC
each chip 2x2 this area IF:  Cdx2, Bra, Sox2

1mm

or Movies..

+BMP
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Seed, grow 1 day: pluripotency markers (1mm diam.)

Normalize (nuclear) markers to DAPI to control for imaging, histogram
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42 hrs BMP4: Germ layers 

mesoderm, bra~eomes..Sox2 --> ectoderm, 

Cdx2/ Bra/ Sox2
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Properties:

• Colonies define fates by distance from boundary: loose center in smaller coloniesA
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• BMP4 --> [ Wnt, Nodal] signaling,...

• Primitive streak markers + layering

• BMP, Nodal secreted inhibitors, exclude signal from center
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How uniform is cell division on colonies?
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Cell cycle uniform over colony
FUCCI stably 
integrated RUES2

H2B nuclear marker + Gem + Cdt1
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Pluri cells grow ~ BMP4
Pl

ur
i

BM
P

0 hr                        10 hrs                        24 hrs                       34 hrs

Quantified: proliferation uniform in radius, slows down with density.
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Density effects in pluripotent colonies--> prepattern
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Immediate (1hr) response to BMP depends on density

#cells:        700                      835                       925                      1162
%Smad1:        90%                     73%                      64%                     20%

no change with CHX  --> immediate early response --> pluri colonies 

D
A

PI
pS

m
ad

1

(Same for Activin / Smad2)
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Smad1(radius, BMP, cell density)
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Edge Sensitivity: Signal transduction in epithelium?

deplete Ca:  uniform response all densities

Where are the receptors? (Nallet-Staub Dev Cell 2015)

RNA-seq on microcolony cells (A. Ruzo)

DOX induce tagged... BMPr1a, BMPr2,  Actr1b,  Actr2b

( Minimal involvement of Hippo in linking density --> signaling )
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Where are the receptors?
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Receptor localization eg Acr2b (high density)
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Receptors exposed at edge vs center
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Grow cells on filters:
High density colonies respond only to BMP from bottom

immediate response 1hr BMP

M
er
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  p
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1 

   
  D

A
PI
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Asymmetry in signaling: filters(1hr) --> fates (48 hr)

(tech: stimulate cells on filters from below to generate pure populations )

Cdx2   Bra   Sox2
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Embryonic signaling via basal surface

Epiblast movement towards streak
Incr

Breakdown of basement membrane
ce y

Cy rearrangements

Cell migration
CX

ce

Loosening of cell–cell contacts

2

Embryonic VE

Extraembryonic
ectoderm

Extraembryonic VE

AVE

Nature Reviews | Molecular Cell Biology

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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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 TGF 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- -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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Fates:  48hrs BMP vs density (2)

Cdx2    Bra  vs radius

Published work here
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Role of Inhibitors on microcolonies (long times)?

Early times:  (high density) receptor accessibility

Late times (lo/hi densities) do inhibitors explain the fate pattern??
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BMP inhibitors ?

•  Low density long time: noggin-/-  pSmad1 uniform --> Noggin necessary
      
•  Force expression of Noggin --> restrict pattern to edges --> Noggin sufficient

RNA-seq:   BMP stimulated colonies 0-24hrs  +  phenotypes of KO in mice --> 
Noggin
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qPCR + inhibitors of Wnt, Nodal
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Low density colonies, long time: Noggin necessary

Uniform response without Noggin         
Quantify many colonies
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Dilute Noggin secreting cells in parent

Turn on Noggin with Dox, apply BMP
100% Noggin Secreting Cells

Figure 5
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Model (radius, time, density, [BMP])

1. Time = 0:    Cell Density --> Receptor(radius) --> BMP reception(level)

2. Cells grow (0-48hrs) 3x

3. Induce inhibitors, diffuse

4. Transcribe fate markers

0.4
0.6
1
1.5
2.5
4.0
6.3
10
16
25
40

12001000800600400250
200

150
100

50

 0.4

1

2.5

6.3

16

40

0

total cell number

distance to center (µm)

K
1/

2 
(n

g/
m

l)

K
1/

2 
(n

g/
m

l)

-5 0 5 15 20 25 30 35
0

500

1000

1500

2000

2500

10
ƟŵĞ�ĂŌĞƌ��DWϰ�ĂĚĚŝƟŽŶ�;ŚƌƐͿ

ƚŽ
ƚĂ
ů�E

Ƶŵ
ďĞ

ƌ�Ž
Ĩ�Đ
Ğů
ů�

ƉĞ
ƌ�ϱ

ϬϬ
Ƶŵ

�Đ
Žů
ŽŶ

Ǉ

@tN = Dr2
N + prod

BMP(r,t) --> Nog

1                       +                             2                   +               3

(Both receptors and inhibitors restrict response to edge)
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Fit 200x range [Noggin]

! 26!

'
' '

Model    Data

1 free parameter merges receptor prepattern 
to reaction diffusion
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Localized expression of activators & inhibitors

DOX --> MYC tagged BMP4 
-->  pSmad1 response in naive 
isogenic cells

BMP4 pSmad1  DAPI

DOX -> Noggin (+GFP-H2B) --| 
[BMP --> pSmad1]

Dish culture: pSmad1  DAPI
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Cell biology of signaling in epithelial layer
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Filter assay:Polarity defines sensitivity to inhibitors

(NB for these densities sensitive to BMP4 from Bottom only!)

D
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BM
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pS

m
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1 Induce BMP4 in layer 
probe pSmad1

Noggin TOP
inhibits BMP4

Noggin BOTTOM
no effect on pSmad1

(NB Autocrine survives,
LDN kills it.)

BMP secreting cell 

NOGGIN
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Filter assay for inhibitor & activator

BMP4

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

DAPI

BMP titrates range of inhibition

BMP4:   
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Summary:

Mechanism?
    Noggin inhibits BMP+receptors in endosomes
    basolateral BMP traffics to apical side
    Noggin gets around Z0-1 junctions

apical Noggin interferes with BMP endocytosis on basolateral surface

0.  Solution: morphogen (BMP) + inhibitor (Noggin) --> dead

1. Noggin only active from apical side (internalized & dynamin dependent)
    (Noggin penetrates filter, laminin coat?)

2. BMP only active from basal side
    (when made in layer, secreted to both sides)
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What about Wnt?

• Signaling restricted to edge at hi density in pluri state  by E-cad
      (but no apical-basal polarity in signaling on filters... contrary to BMP)

• RNA-seq + KO:   Dkk1 restricts pattern at later times

Vary Wnt +- Nodal get axial vs more lateral primitive streak fates
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CHIR ≉ Wnt3a  (48 hrs)

CHIR 6 μM

CHIR 3 μM 

Wnt

Wnt sensitive to secreted inhibitor

CHIR (--| GSK3b) circumvents 
receptors

Bra DAPI 
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Wnt signaling density dependent

Wnt --> LEF1(direct)

Wnt (--> Nodal) Bra
Low 

Density

High 
Density
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Early Wnt restriction due to E-cadherin

E-cad --| Wnt signaling

Drosophila 1990’s & 
Ciruna-Rossant 2001

(or KO)
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Canonical Inhibitors:

RNA-seq, BMP4 on Colonies 0 - 24 hrs

homozygous CRISPR KO lines (and in progress):

E-cad ( + Dkk1)        ✓  (~ RNAi)

Dkk1, 3 (dbl)             ✓

SFRP1+2              (minimal phenotype)

Cer1  (+ Lefty1,2)  (minimal phenotype)

42Friday, August 19, 16



Dkk1-/- expands band of Wnt expression

Dkk1 (TIME)  here 48 hrs
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TIME:: Dkk1-/-  &  Ecad (aka CDH1) -/-

Wnt 48 hrs
WT

E-cad dominant at 12 hrs Dkk1 dominant inhibitor 48 hrs.
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Anterior Posterior axis?

Epiblast movement towards streak
Incr

Breakdown of basement membrane
ce y

Cy rearrangements

Cell migration
CX

ce

Loosening of cell–cell contacts

2

Embryonic VE

Extraembryonic
ectoderm

Extraembryonic VE

AVE
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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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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 TGF 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- -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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Anterior

Posterior

Geometric asymmetry does not induce AP:  edges rule

Are two epithelial layers needed?

One layer:  (force expression of Wnt (P) or inhibitors (A), Turing?)

Morphogenic Symmetry breaking ?

E5.5 E6.5

Wnt,Nodal inhibitors
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Minimal reaction diffusion model:
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Galerie de paléontologie et d'anatomie comparée
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Our Zoo in DAPI
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Cells compute fate relative to nearest boundary

Sox2/Bra/Cdx2
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Do disks explain other shapes?

Sox2/Bra/Cdx2

1.5mm
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Predictions for other patterns
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Shapes of patterns are roughly correct but are fates right? Need to 
look at signaling on shapes...

Smad1 Smad2 Inhibitor

51Friday, August 19, 16



Experiments of M. Zernicka-Goetz (Cambridge)

a single lumen formed in the center of these ES cell spheres
(Figure 6A, arrow, and Movie S4). The organization of the cells
within the sphere thus strongly resembled the EPI rosettes of
the peri-implantation embryos (Figure 6B). Some cleaved ca-
pase-3-positive cells were detected; however, their amount
was not elevated in comparison to a standard 2D ES cell culture
on gelatin-coated plates (Figure S4A).

To determine whether apical-basal polarity is properly estab-
lished in ES cell-derived rosette structures, we cultured wild-
type ES cells in matrigel and then stained them to reveal aPKC
or Par6 as apical polarity markers. After 24 hr of culture, we
were able to detect puncta of aPKC in the center of the rosette-
like structures colocalized with F-actin (Figure 6C, arrow). By
36–48 hr of culture, ES cells were radially arranged in the spheres

with their apical domains facing the lumen (Figures 6C, top, 6D,
and 6E, left). We could also detect phosphorylated myosin II reg-
ulatory chain at the tip of thewedge-shapedcells colocalizedwith
apical F-actin, as in embryo-derived EPI rosettes. Podocalyxin
was also present on the apical surface of the cells surrounding
the lumen just as in rosettes formed by the EPI (Figure 6E, left).
Thus, apical-basal polarity is established in ES cells cultured in
matrigel as the cells undergo apical constriction, and a lumen
emerges between the podocalyxin-coated cell surfaces.

ES Cells Sense the ECM and Incorporate Polarity Cues
through Integrin Receptors
This newly discovered ability of ES cells to form rosettes when
cultured in the ECM led us to test whether ECM provides

Figure 5. The Basal Membrane Creates a Niche for the Polarizing EPI
(A) TE (arrow) and PE (arrowhead) basal membranes stained for laminin (red) wrap the EPI, labeled by Oct4 or Nanog (white). As the egg cylinder emerges, the

basal membrane between the ExE and the EPI is no longer maintained (star), but a common VE basal membrane surrounds both EPI and ExE (arrowheads).

(B) Expression of b1-integrin in early embryos (green); EPI is stained for Sox2 (white).

(C) Colocalization of b1-integrin (green) and laminin (red) at the basal site of the EPI.

(D) E3.5 ICMs were isolated by immunosurgery and embedded in matrigel. The majority of the EPI structures contained VE layer (72.8% in average, total ICMs

n = 65), but some of the EPIs were in direct contact with the matrigel (27.1% of total ICMs n = 65); four independent experiments. Error bars represent SEM.

(E) Schematic representation of the experimental procedure.

(F) ICMs isolated by immunosurgery gave rise to polarized EPI structures surrounded by VE or directly contacting the ECM. Apical domains are marked by aPKC

(green), VE is stained for Sox17 (white), and EPI is stained for Sox2 (white); phalloidin (red), DAPI (blue). Scale bars, 10 mm.

8 Cell 156, 1–13, February 27, 2014 ª2014 Elsevier Inc.

Please cite this article in press as: Bedzhov and Zernicka-Goetz, Self-Organizing Properties of Mouse Pluripotent Cells Initiate Morphogenesis
upon Implantation, Cell (2014), http://dx.doi.org/10.1016/j.cell.2014.01.023

E5.5 Laminin membrane surrounds both ExE & epiblast 
(Oct4 stain White, DAPI),   Bedzhov, Cell, 2014
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How to make an AP axis?

Geometric asymmetry does not induce AP:  

Are two epithelial layers needed?  NO

One layer:  (force expression of Wnt (P) or inhibitors (A), Turing?)

Morphogenic Symmetry breaking ?
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Turing patterns when remove boundaries?....

Sox2, Bra 42hrs, 
filters, moderate BMP from bottom

Inhibitor Noggin? 
     repeat Noggin-/- line
One Bra patch in finite size colony?
      microcontact print on filters
Subsequent development?

[Wnt , dkk1] patterns?
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Xenopus gastrulation

1.2mm egg

17hrs @23C  Movie

Anterior

Posterior

Dorsal  view
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Why work with hESC on micropatterns?

Minimal spatial confinement, open system --> flattened embryo
      Assay for paracrine signaling.. vs genetics
      Genome encodes r-t structure,.. how?  (build it-->understand)

Gastrulation/Primitive Streak
       Builds 3D structure

   Epithelial to mesenchymal transition: access to signaling (cooperative?

Cell biology of patterning
       Polarized epithelia: receptors.
       Production and movement of inhibitors.
      --> Questions to check in mouse embryo
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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)
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