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Abstract

Understanding cell fate patterning and morphogenesis in the mammalian embryo
remains a formidable challenge. Recently, in vivo models based on embryonic stem cells
(ESCs) have emerged as complementary methods to quantitatively dissect the physical
and molecular processes that shape the embryo. Here we review recent developments
in using ESCs to create both two- and three-dimensional culture models that shed light
on mammalian gastrulation.

1. INTRODUCTION

During embryogenesis, the processes of cell differentiation, growth,
division, and movement all occur simultaneously in a three-dimensional
environment. For the mammalian embryo, this occurs in utero. The com-
plexity of studying this process makes it crucial to develop simplified
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systems where these processes can be separated, readily observed, and studied
in a controlled manner. Further, when considering human embryogenesis,
the nearly completely lack of access to actual embryos means that developing
synthetic systems may be the best route to understanding uniquely human
teatures of early development. In this review, we focus on modeling mam-
malian development at gastrulation stages with systems derived from embry-
onic stem cells (ESCs). We will consider both two- and three-dimensional
culture systems and will focus on the most recent developments. The reader
is referred to other reviews for further discussion of earlier work (Heemskerk
& Warmflash, 2016; Sasai, 2013; Simunovic & Brivanlou, 2017; Turner,
Baillie-Johnson, & Martinez Arias, 2016).

Gastrulation occurs in the posterior region of the embryo under the
control of signals emanating from two extraembryonic tissues, the visceral
endoderm and the trophectoderm (Arnold & Robertson, 2009). BMP sig-
nals from the trophectoderm initiate gastrulation at the proximal end of the
embryo, while inhibitors to BMP, Nodal, and Wnt are secreted from the
anterior visceral endoderm and ensure that the site of gastrulation, known
as the primitive streak, is confined to the posterior side of the embryo
(Arnold & Robertson, 2009; Perea-Gomez et al., 2002). The BMP signals
are triggered by Nodal signals initiating from the epiblast, and in turn acti-
vate Wnt signals in the epiblast which further activate Nodal (Ben-Haim
et al., 2006). These high levels of Wnt and Nodal in the primitive streak
are essential for gastrulation, and Nodal is thought to pattern the resulting
mesendoderm in a dose-dependent manner with the highest levels of
Nodal being required for endoderm and axial mesoderm and lower levels
giving rise to paraxial and lateral mesoderm (Dunn, Vincent, Oxburgh,
Robertson, & Bikoft, 2004). These facts have largely been inferred from
the patterns of expression and knockout phenotypes of pathway compo-
nents, and understanding the relationship between BMP, Wnt, and Nodal
signals and the resulting cell fates remains a challenge. Further, how the
potential gradients of Wnt and Nodal activity are established and interpreted
remains largely obscure.

ESCs offer an exciting window into mammalian development and have
been used to model a wide variety of cell fate decisions and differentiation
programs that take place in early embryogenesis (e.g., Chambers et al., 2009;
Lippmann et al., 2015; Loh et al., 2016; Teo et al., 2011). Until recently,
there were no methods to generate reproducible patterns from ESCs, and
most protocols have either been highly optimized to produce a single cell
type (e.g., Chambers et al., 2009; Loh et al., 2016; Pagliuca et al., 2014)
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or else yield a unpatterned mixture of different derivatives (Bernardo et al.,
2011; Tang et al., 2012; Xu et al., 2002; Yu, Pan, Yu, & Thomson, 2011).

Typically, stem cells are grown in colonies of variable size and shapes, and
the position of a cell within the colony as well as the local cell density has a
profound eftect on the outcomes of differentiation. Recently, these chal-
lenges have been overcome by adopting techniques which control the size
and shape of stem cell colonies. In these methods, complimentary patterns of
extracellular matrix (ECM) proteins such as laminin and passivating materials
that prevent cell and protein adhesion such as poly-L-lysine-grafted-
polyethylene glycol (PLL-PEG) (Azioune, Storch, Bornens, Théry, &
Piel, 2009) are deposited on the culture surface. Features on the scale of
hundreds of microns can be imposed by microcontact printing where shapes
are cast in polydimethylsiloxane (PDMS) elastomer, which are then used as
stamps to transfer a pattern onto a slide (Qin, Xia, & Whitesides, 2010;
Théry & Piel, 2009). Alternatives use photolithography, which allows for
creating features on the micron scale. The slide is first coated with either
the cell attractive or repellant coating, and ultraviolet light shined through
a mask is used to burn away the coating in selected regions (Aziou et al.,
2009). When the cells are seeded onto such coverslips, they adhere only
where the surface has been coated with ECM proteins and then remain
confined to those areas.

The first papers to examine hESC differentiation in micropatterned col-
onies relied in general on spontaneous rather than morphogen-induced
differentiation and did not observe spatial patterning (Bauwens et al.,
2008; Peerani et al., 2007). Warmflash et al. were the first to consider micro-
patterns as surrogates for embryonic patterning (Warmtlash, Sorre, Etoc,
Siggia, & Brivanlou, 2014), and it is useful to recapitulate their reasoning
and principle results. The mammalian embryo derives from the epiblast,
which prior to gastrulation is an apical-basal polarized pseudostratified epi-
thelium, sharing a basement membrane with the visceral endoderm. Stem
cells grown in microcolonies easily reach densities of 2-6 x 10° cells/mm?>
similar to the epiblast (Etoc et al., 2016), remain uniform, pluripotent,
and display a similar epithelial morphology. The coated surface on which
they are grown supplies the basement membrane. Colonies of 0.5-1 mm
have cell numbers comparable to the mammalian epiblast just prior to gas-
trulation. Thus, microcolonies are a reasonable platform on which to
assay the signals that lead to gastrulation and axis formation in the embryo.
When cells are treated with BMP4 ligand, which mimics the gastrulation
initiating signal from trophoblast, they initiate a patterning process that
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allocates cells to all three germ layers along the radial axis of the colony
(Fig. 1A) (Warmflash et al., 2014). The outermost cells become trophoblast-
like (see discussion of their fate below), the innermost cells differentiate to
ectoderm, and rings of mesoderm and endoderm form in between.

‘While these micropatterned systems represent good models for the epi-
blastic disk, they do not recapitulate the morphogenesis that occurs in the
embryo beginning at gastrulation. They also do not break the radial symme-
try of the colony geometry, and the region corresponding to the primitive
streak occupies a ring around the colony. Three-dimensional culture systems
allow for more complex morphogenesis and symmetry breaking, including
the formation of apical-basal polarized cysts (Bedzhov & Zernicka-Goetz,
2014; Harrison, Sozen, Christodoulou, Kyprianou, & Zernicka-Goetz,
2017; Shao et al., 2016), the elongation of the aggregate (van den Brink
et al., 2014), and the emergence of primitive streak like regions with more
natural geometries (Harrison et al., 2017; Shao et al., 2017). This more
complex morphogenesis comes at a price, as these systems are not quantita-
tively reproducible in the sense that micropatterned two-dimensional
colonies are. All synthetic systems have the potential to break the rigid con-
nections between gastrulation, primitive streaks, and germ layers that we
know from embryos. Here we review recent progress on both two- and
three-dimensional systems that model gastrulation events and their fidelity
to the embryo, with a focus on the emergence of both physical structure
and cell fate patterns.

CDX2/BRA/SOX2 Smad2/BRA/pSmad2

Fig. 1 Self-organized patterning in 2D micropatterning colonies. (A) A micropatterned
two-dimensional colony of hESCs differentiates to trophoblast-like (CDX2 expressing;
green), mesoderm (BRA expressing; blue), and ectoderm (SOX2 expressing; red).
(B) Self-organized signaling in a micropatterned colony. Shown are pSmad1 (red),
Smad2 (green), and BRA (blue) (Heemskerk et al., 2017).
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2. MATHEMATICAL PRELIMINARIES

Subsequent discussion will be enhanced if we impose sharp
definitions on terms whose meaning sometimes drifts in biological reviews.
Any set of equations, describing systems where species can spread by diffu-
sion and undergo a chemical reaction, will fall into the general category of
reaction—diffusion. It is understood that diffusion in this context is merely a
phenomenological approximation to some form of local transfer between
cells, and the molecular mechanisms are debated and variable. Diffusion does
preserve the material being transported, and when this is not the case, say due
to molecular traps, one adds an effective decay rate to the system.

We reserve the term Turing system to a particular reaction—diffusion sys-
tem for which the spatially uniform state is unstable and the system evolves
toward a periodic pattern, whose wavelength scales as the square root of the
diffusion constant divided by a rate (Turing, 1952). This definition excludes
the case where there is a localized source of some activator or preferential
signaling at the boundary of a tissue, which then propagates away from
the source. The Bicoid gradient in Drosophila is not a Turing system, but
does qualify as reaction—diffusion. The pair rule stripes once suggested a
Turing mechanism but the reality is the antithesis. A Turing system is capa-
ble of spontaneous symmetry breaking, though in development there is
almost always some bias that locks the pattern into a particular orientation
so that the symmetry is always broken the same way with respect to the body
axes. Thus, it is difficult to prove a Turing mechanism for pattern formation
purely on the basis of experiments, and arguments in favor typically show the
mathematical prerequisites are met and the phenomena resemble what is
expected from a Turing model. The so-called activator—inhibitor systems
are a particular type of reaction—diffusion model in which a diftusible
species activates both its own production and that of a diftusible inhibitor.
Under certain conditions, most notably that the inhibitor diffuses faster
than the activator, activator—inhibitor systems display Turing properties
(Meinhardt, 2008).

A morphogen is a signal whose levels can define more than two fates, i.e.,
we exclude bistable systems from the category of morphogens. Classic
examples are Bicoid in Drosophila and Activin/Nodal and BMP in the con-
text of isolated Xenopus animal cap cells (Green, New, & Smith, 1992;
Wilson, Lagna, Suzuki, & Hemmati-Brivanlou, 1997). Note that the
demonstration that a molecule can function as a morphogen in isolated cells
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does not mean that it necessarily does so in vivo. Putative morphogens
including Activin/Nodal, BMP, and Wnt are not static in the vertebrate
embryo in contrast to Bicoid (Schohl & Fagotto, 2002), and so the interpre-
tation of these signals can be complex. Nonetheless, they can still convey
positional information, i.e., distance from a defined source. For example,
if the signal transduction pathway is adaptive, that is returns to its prestimulus
baseline after a step increase in morphogen concentration, then its quanti-
tative response is proportional to the time rate of change of the morphogen.
Ifa morphogen turns on at a defined time and spreads, points near the source
will experience a more abrupt change than points further away. Thus, a
dynamic signal can convey positional information to an adaptive receiver.
This is all easy to demonstrate mathematically, and the sensitivity of signaling
outputs to the rate of change of TGFb ligands has been shown in a cell
culture system (Sorre, Warmflash, Brivanlou, & Siggia, 2014).

Some signals, notably Wnt (Farin et al., 2016), operate at short distances
or only by cell contacts and alone cannot coordinately pattern an embryo
with a diameter of hundreds of microns. Nonetheless, the inhibitors are
often longer range (as required for an activator—inhibitor Turing system)
and can impose a pattern on a background of constant activator production
(Meinhardt, 2008). Thus, it is of interest to study the movement of the
inhibitors and micropatterned colonies could serve as an attractive platform
tor evaluating their range and mechanisms of action. One potential objec-
tion is that in cell culture secreted signals may escape into the bulk media and
therefore not be relevant to patterning. Experimentally, this appears not to
be the case, as knockdown or knockout of secreted inhibitors has clear
patterning phenotypes in micropatterned colonies (Etoc et al., 2016;
Warmtflash et al., 2014). In cell culture, it is generally true that some secreted
signals escape into the media and are homogeneous; nevertheless, autocrine
signaling can occur even when the conditioned media transferred to naive
cells do not elicit paracrine signaling arguing that local signaling is still
possible in cell culture.

To understand the distribution of inhibitors on micropatterns, a related
effect should be noted. Assume an inhibitor is made uniformly, secreted, and
adsorbed back onto the cell layer (perhaps to be endocytosed, but for what-
ever reason remains attached). If the inhibitor is released a distance z, above
the disk away from the edges, then in a time of order of 2, /D all the inhib-
itor will be readsorbed on the surface, where D is the diffusion constant in
the media. At the edge of the colony the inhibitor can mix into the volume.
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The net result is that the profile of inhibitor can be described by two-
dimensional diftusion within the layer (either directly cell to cell, or via
secretion and local uptake from the media) and fixed at a low value at the
edge (Etoc et al., 2016). This will restrict the activity of the activator to
the colony edge with a range depending on the concentration of supplied
activator.

3. COLONY ARCHITECTURE

In both the embryo and synthetic systems, the morphology of cells and
tissues has a large impact on how signals are transmitted and ultimately how
fates are acquired. We thus consider common physical aspects of stem cell
systems before turning to fate determination.

3.1 Growth in Two-Dimensional Micropatterns

The apical-basal structure of micropatterned colonies in the pluripotent
state was investigated in Etoc et al. (2016). They show that the apical tight
junction marker ZO-1 and the centrioles were positioned on the apical side
of the nucleus. In common with other polarized epithelia (Nallet-Staub
et al., 2015), both the Activin/Nodal and BMP receptors are localized to
the basolateral sides of the cells. This is more pronounced at high cell
densities with the result that colonies become insensitive to apically applied
morphogens. At the colony boundaries, however, the apical-basal axis
becomes more radial perhaps associated with the stress fibers one finds there
(Rosowski, Mertz, Norcross, Dufresne, & Horsley, 2015), with the result
that the receptors remain apically exposed. The most compelling data for
the receptor polarization arise from confluent cell colonies grown on filters.
These are ~10 pm thick transparent membranes with 10-200 ~0.4 pm
pores per cell. They are sealed into wells so that different media can be placed
on the two sides. The strong asymmetry in response between apically and
basally applied BMP or Activin ligands argues for basolateral receptor
localization. There are anecdotal observations that colony edges tended to
differentiate before the bulk, but that was not connected with receptor
occlusion. Growth on filters with TGFp ligands supplied from below is a
simple technique to insure uniform application of cytokines when uniform
signaling is desired. It is yet to be widely adapted in the stem cell field.
Any of the technologies used to make micropatterns can also make arbi-
trary shapes. This fact was exploited by Blin et al. to make lozenge-shaped
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domains and examine the effect of the corners on cell fate (Blin, Picart,
Théry, & Puceat, 2017). Growing mouse ESCs under pluripotent condi-
tions, they observed some spontaneous differentiation to Bra+ cells and
controlled the fraction of such cells by adjusting colony density prior to
replating. They observed the Bra+ cells preferentially moved to the corners.
This is consistent with old ideas that tissues behave as if endowed with a
surface tension, so in this case we would infer that the Bra+ cells optimize
their contact with media in preference to the undifferentiated cells by occu-
pying the corners. Since there are no supplied morphogens or patterns of
signaling, and the colonies appear to be somewhat layered from the start,
the embryological relevance is unclear.

3.2 Three-Dimensional Culture Systems

There is a long history of papers tracing the influence of extracellular matrix
on cancer as regards its chemical composition, mechanical properties, and
dimensionality. The reconstitution of breast acinar networks from normal
and cancerous endothelial cells is particularly revealing about the importance
of the 3D physical environment of the cells (Lee, Kenny, Lee, & Bissell,
2007). These methods have slowly found their way to the stem cell field.

An interesting illustration of their potential is described in Shao et al.
(2016). Cells are first seeded on a soft matrigel layer, allowed to form
colonies for a day, and then embedded in a dilute matrigel solution, that
favors the formation of closed epithelial cysts. Presumably the matrigel solu-
tion encourages cells to place their basal sides out, but nothing is known
about the transition intermediate between the layer and the cyst, perhaps
it resembles a neural rosette with the apical surfaces grouped into a circle
and the basal sides radially extended. A combination of matrigel in the media
and soft substrate for growth is required for the colony to spontaneously
differentiate to squamous epithelial morphology and display a gene signa-
ture indicative of human amnion. Three-dimensional cysts form with either
a soft culture substrate and standard growth media or on a hard surface with
matrigel added to the culture media, but they remain columnar and plurip-
otent. Thus, cell contacts and the physical environment of the colony can
have a profound effect on cell fates in the absence of supplied morphogens.
We still know very little about outcomes when morphogens and the physical
environment compete, or the extent to which cells in a cyst will reconstruct
their own basal membrane de novo once some global cue establishes their
collective polarity.
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For the purposes of massively expanding human stem cell numbers Lei
et al. used a PEG-based hydrogel that solidified when the temperature was
raised to 37°C, that together with a chemically defined growth media,
allowed single cells to expand to ~ 350 pm diameter balls that remained fully
pluripotent (Lei & Schaffer, 2013). This should be contrasted with large 3D
aggregates, called embryoid bodies, made from cells first grown on surfaces
and then placed in suspension in differentiation media which differentiate in
a mostly disorganized fashion and sometimes show apoptosis in the center
(Coucouvanis & Martin, 1995).

For 3D stem cell culture with outcomes more relevant to the embryo,
we have mostly data from mouse. In conjunction with their study of
how the inner cell mass reorganizes to form the epiblast and amniotic cavity,
the Zernicka-Goetz lab put mouse ESCs directly into matrigel (Bedzhov &
Zernicka-Goetz, 2014). They formed a polarized epithelial cyst once more
than a few cells were present, whose formation required the ECM compo-
nents of matrigel. It is not yet clear how long the cysts remain pluripotent
under these conditions, and whether by measures of gene expression the
cells successively transit from their inner cell mass state to the pluripotent
epiblast state.

Much larger cysts, again starting from mouse ESC, were induced by a
neural differentiation protocol to form a dense polarized epithelium resem-
bling the neural plate (Meinhardt et al., 2014). They respond to signals
that regulated their fates along the anterior—posterior axis. In common
with a neural epithelium, cells move to the apical surface prior to division.
A similar culture has not yet been reported for human cells, but if the
patterning mechanism follows that in vivo, it could prove to be a useful assay
for the interaction of SHH and BMP signaling.

The extracellular matrix is generally consigned to a supporting role in
morphogenesis, necessary but otherwise ignored. In a follow up to
Meinhardt et al. (2014), Ranga et al. used synthetic hydrogels where they
could control the ECM components (as well as mechanics) and systemati-
cally screened for the properties of the neural cysts and their propensity
for spontaneous DV axis formation (Ranga et al., 2016). Their system
revealed the generation of ECM by the cyst itself and how the basement
membrane remodeled as the cyst grows. This may prove to be a feasible
route to resolving how the specific components of the ECM contribute
to morphogenesis.

Mouse is an appealing system in which to explore coculture of different
cell types since stable cell lines exist for the lineages that derive from the
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blastocyst: primitive endoderm, trophoblast, and the standard ICM-derived
ESC. In Harrison et al., trophoblast cell colonies were mixed with the
cultures that generated the epiblast cysts and led to the formation of struc-
tures resembling the egg cylinder with the trophoblast ball capping the
epiblast epithelial shell. The two cell populations established a common
luminal compartment as in the embryo and then showed asymmetric expres-
sion of Bra and Wnt activity (Harrison et al., 2017). Cell fate patterning in
this system is discussed later.

There is a considerable literature on the influence of substrate stiftness on
the fate of stem cell colonies undergoing spontaneous differentiation
(Engler, Sen, Sweeney, & Discher, 2006). A recent paper using hESC shows
that a soft substrate can enhance a mesoderm induction (Przybyla, Lakins, &
Weaver, 2016). In this case, cells on soft substrates preferred E-Cadherin-
dependent cell—cell contacts to integrin-dependent contacts with the culture
surface. This led to upregulation of p-Catenin and greater sensitivity to a
mesoderm induction protocol. However, this protocol did not include
Wnt, and they showed that cells cultured on stiff surfaces and supplemented
with Wnt gave results similar to soft surfaces. Since multiple papers produce
various mesoderm-derived fates on glass with good efficiency (Loh et al.,
2016; Mendjan et al., 2014), we conclude that substantial doses of morpho-
gens can override the effects of mechanics. An earlier paper however
demonstrated enhanced yields of neural progenitors when subject to dual
smad inhibition on soft substrates as compared to stiff ones (Sun et al.,
2014). More generally, even if supplied morphogens can override the effects
of mechanics in culture, mechanics may still play an important role in
influencing differentiation outcomes at physiological concentrations in vivo.

4. SPATIAL PATTERNING OF CELL FATES

As embryogenesis proceeds, the cells of the embryo differentiate to
appropriate fates depending on their spatial position. A complex network
of ligands and their inhibitors is used to instruct these fate decisions. In vivo,
these decisions are entwined with the processes of growth, cell division,
and morphogenesis making quantitative study difficult. Moreover, while
it is relatively straightforward to determine the patterns of gene expression
for the mRNAs encoding the ligands and inhibitors, determining the spatial
distributions of the proteins themselves as well as the signaling responses has
proved much more difficult. Studying these processes in stem cells offers a
potential alternative as imaging is considerably more straightforward in stem
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cell cultures than in mammalian embryos, and ligands can be applied in a
controlled fashion making it possible to determine quantitative dynamic
input—output relationships for each signaling pathway. In this section, we
focus on recent progress studying cell fate patterning associated with gastru-
lation in 2D and 3D cultures of mouse and human ESCs.

4.1 Micropatterned Two-Dimensional Culture Systems

The signals governing patterning within micropatterned colonies treated
with BMP4 are the same as those governing gastrulation in the mouse
embryo (Arnold & Robertson, 2009). The externally supplied BMP4 acti-
vates transcription of Wnt ligands which in turn activate Nodal. Both Wnt
and Nodal signals are required for the differentiation of the mesendoderm.
The ligands themselves are not sufficient to generate the spatial pattern, and
the Nodal inhibitors Lefty and Cerberus restrict the mesoderm to the rings.
Without these inhibitors, the mesoderm will spread to fill the colony. In the
absence of either Nodal or Wnt signals, mesendodermal fates are lost and the
colony is divided between trophectodermal fates at the colony border and
ectodermal fates at the center (Warmflash et al., 2014).

While the patterning of the germ layers is similar to the embryo, the dif-
ferentiation of the outer cells from epiblast-like hESCs to trophoectoderm is
quite different from the situation in vivo where the epiblast derives from the
ICM only after it has split from the trophectodermal lineages. As a conse-
quence, the identity of these cells has remained controversial, with some
suggesting that they represent extraembryonic mesoderm rather than tro-
phoblast (Bernardo etal., 2011). More recently, a substantial amount of data
has been obtained showing similar transcriptional profiles, hormone secre-
tion, and physiological responses between BMP4 differentiated hESCs
and trophoblast (Amita et al., 2013; Horii et al., 2016; Li et al., 2013;
Yang et al., 2015). Nonetheless, data showing that these cells can actually
function in vivo are lacking. Thus, it remains unclear whether these cells
represent true trophoblast that are differentiated by a different path than
their in vivo counterparts, a different but molecularly similar cell type, or
possibly a culture artifact which bears a resemblance to trophoblast, but does
not correspond to any cell occurring in the embryo.

Whatever the precise identity of these cells, it is clear that their differen-
tiation is dependent on BMP signaling. In micropatterns, an initially broad
response to the added BMP ligand is refined over time so that only the
trophectoderm-like cells at the border show sustained BMP signaling
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(Warmflash et al., 2014) (Fig. 1A). In experiments with sparsely seeded cells
in standard culture, it was shown that this sustained BMP response is
required for cells to adopt this fate (Nemashkalo, Ruzo, Heemskerk, &
‘Warmflash, 2017b), and terminating signaling early also prevented differ-
entiation. During patterning in larger colonies, the restriction of these signals
to the colony border is dependent on two factors, the prepattern in apical—
basal receptor localization discussed earlier (Etoc et al., 2016), and inhibition
by the secreted inhibitor Noggin. As discussed earlier, uniform production
of Noggin within the colony together with diffusion is sufficient to create a
gradient with the highest levels of Noggin at the colony center and the
lowest levels at the edge. As Noggin is a direct BMP target in hESCs, as well
as a Nodal target, it is likely that the patterns of BMP and Nodal signaling
induce patterns of Noggin expression and that these play a role in shaping the
resulting cell fate patterns.

As noted earlier, a cascade of signaling events is responsible for initiating
the gastrulation-like processes in micropatterned colonies. The exogenously
supplied BMP activates Wnt signaling which in turn activates Nodal
(Fig. 1A). Both extracellular Nodal and Wnt inhibitors are required for lim-
iting the spread of these signaling activities and the resulting mesendoderm
differentiation. The architecture of these signaling circuits is reminiscent of
the theoretically well-studied activator—inhibitor systems originally pro-
posed by Meinhardt (2008) which are examples of Turing systems (see dis-
cussion earlier). Nodal activates both itself and its extracellular inhibitors
Lefty1/2 and Cerberus. Similarly, Wnt signaling activates both the Wnt3
ligand and its extracellular inhibitor Dkk1. Nodal and its inhibitors lefty have
also been proposed to act as these type of Turing systems in other contexts
(Muller et al., 2012; Nakamura et al., 2006).

If Wnt and Nodal do indeed function as Turing systems in this context,
they would be capable of generating similar patterns even in the absence
of induction by BMP at the edge but these would be variable within the
colony. That is, a stripe or patch of high-signaling cells would form stochas-
tically at a particular position and inhibit further signaling and mesendoderm
differentiation in the region around it. The function of the upstream BMP
signaling is to bias this process so that the pattern is always the same from
the edge of the colony inward. Similar mechanisms have been suggested
to take place in other patterning systems. For example, the ventral neural
tube is patterned under the control of the morphogen Sonic hedgehog
(Shh). Shh expressed from the neural tube itself could create patterns in a
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self-organized fashion, but which side of the neural tube adopted a ventral
fate would be random. Shh from the notochord, which lies ventral to the
neural tube can bias the patterning process so that the ventral side of the
neural patterning always aligns with the ventral side of the embryo
(Turner et al., 2016).

Taken together, these results suggest a two-step patterning process. First,
a combination of high Noggin concentrations and inaccessible receptors at
the center of the colony restricts the response to exogenous BMP4 to the
colony edge. BMP4 then activates two potential Turing systems, Wnt sig-
naling and Nodal signaling which position stripes of these activities to the
primitive streak like region where mesendoderm differentiation occurs.
The finding that BMP signaling activates the inhibitor Noggin (Etoc
et al., 2016) raises the possibility that BMP—Noggin also acts as a Turing
system in patterning. In the future, it will be interesting to rigorously exam-
ine this possibility as well as the Wnt and Nodal patterning systems to better
understand the relationships between these three and the patterns they
generate.

Recently, another study has confirmed these experimental findings but
proposed an alternative explanation for the observed pattern of cell fates in
micropatterned colonies (Tewary, Ostblom, Shakiba, & Zandstra, 2017).
Tewary et al. grew micropatterned colonies in a defined medium containing
recombinant Nodal, differentiated these by adding BMP4, and found
identical patterns to those in the micropatterning studies reviewed earlier.
They proposed that a Turing system involving BMP4 and Noggin creates
a gradient of BMP signaling as reflected in the activated signal transducer
Smadl. The levels of pSmad1 are then proposed to determine cell fates in
a concentration-dependent manner. As evidence for this model, they show
that in smaller colonies, which typically differentiate entirely to the
trophoectodermal fates found at the edges of large colonies, expression of
mesoderm and ectodermal is induced by lower doses of BMP.

A number of experimental observations argue against this model. Exper-
iments on BMP signaling in hESCs both in the context of micropatterned
culture and in standard culture suggest that BMP cannot function as a
classic morphogen in this context. First, while pSmad1 is highest at the
colony edge, there is not a clear gradient of activity. In fact, the distribution
of pSmadl can be effectively modeled as a binary distribution with cells
either on or oft (Etoc et al., 2016). Three different studies show that
pSmad1l is restricted to within about 100 pm of the edge of the colony
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(Etoc et al., 2016; Tewary et al., 2017; Warmflash et al., 2014), which is
too narrow a range to pattern all the cell fates within the colony in a
concentration-dependent manner. The gradient is broader earlier in pattern-
ing, possibly suggesting a duration-dependent interpretation of BMP signaling
with longer exposure needed for trophoectodermal than mesodermal fates;
however, this is contradicted by the absolute requirement for both Nodal
and Wnt signaling in forming the mesendoderm in these colonies (Tewary
et al., 2017; Warmflash et al., 2014). Finally, experiments examining the
dose-dependent response to BMP4 in very small colonies, which lack second-
ary signals, show that only a single fate is generated. That is, cells switch from
pluripotent to trophectodermal fates above a threshold concentration without
any alternative fates generated, supporting a binary model of cell fate decisions
induced by BMP. In larger colonies, mesodermal fates are generated but these
require secondary signals, and consistently, are only observed at particular cell
densities (Nemashkalo, Ruzo, Heemskerk, & Warmflash, 2017a).

Further, the evidence in Tewary et al. is not consistent with a BMP4 and
Noggin forming a Turing system in the sense defined earlier. As noted ear-
lier, Turing systems generate self-organized patterns with fixed length scales
determined by diftusion and decay constants. If BMP—Noggin formed such
a system, the role of the exogenous BMP4 would be to trigger the formation
of these self-organized patterns with a bias toward the edge, and the resulting
patterns would be independent of BMP4 dose once the self-organizing
system had been activated. The fact that the patterns can be rescued with
lower BMP4 doses suggests that such a Turing system is not operating. If
instead, there were a gradient of Noggin that is highest in the center, then
the range over which BMP4 could overcome the Noggin repression would
be dependent on the BMP4 dose. Further, the existence of doses of BMP4
that do not show the BMP4-dependent CDX2 fates at the colony border
but do show mesendoderm differentiation is also consistent with the two-
step model proposed earlier. Experiments show that CDX2 fates require
sustained high levels BMP signaling, significantly beyond the times shown
to be required to activate Nodal and Wnt signals (Nemashkalo et al., 2017a).
Thus, at some doses, the level or duration of BMP signaling will not be high
enough to give rise to CDX2 fate but will be sufficient to activate the Wnt
and Nodal patterning systems giving rise to the mesendodermal fates at the
colony edge.

During cell fate patterning, coherent territories of a single fate are
generated, and signals between the cells of the territory may be required
for difterentiation. Gurdon originally demonstrated that groups of Xenopus
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animal cap cells, but not individual cells, are induced to form muscle by
interaction with vegetal cells (Gurdon, 1988). Positive feedback in which
signaling pathway activity enhances transcription of the genes encoding
the pathway ligands has been proposed to generate coherent signaling and
fate responses within a group of cells (Bolouri & Davidson, 2010), while
negative feedback might be required to limit the extent of this territory
and create cells fate patterns as discussed earlier (Saka, Lhoussaine,
Kuttler, Ullner, & Thiel, 2011).

Recently, micropatterning approaches have been used to investigate
the mechanisms underlying these phenomena at the single cell level
(Nemashkalo et al., 2017a). When hESCs grown in small colonies of 1-8
cells are treated with BMP4, cells within each colony coordinate their
response so that at intermediate doses where both pluripotent and
trophoectodermal fates are present, each colony is typically composed of
entirely CDX2+ or SOX2+ positive fates. These trends are strengthened
as the colony size increases. Further, this trend toward uniformity within
the colony reinforces the fates instructed by exogenously supplied signals,
so that compared to smaller colonies, those with four or more cells retain
pluripotency better in pluripotency supporting media and differentiate
more sensitively and homogenously in response to BMP4. At the level of
signaling, live cell imaging showed that larger colonies are better able to
sustain the response to the BMP signal and therefore differentiate more
homogenously. Smaller colonies show more variable signaling and difter-
entiation. Correlating fates with signaling at the level of single cells
shows that it is the cells with sustained signaling that differentiate to the
trophectodermal fates. Positive feedback between BMP signaling and
transcription of BMP ligands is a plausible molecular mechanism for these
observations, but this remains to be tested.

4.2 Three-Dimensional Culture Systems

Early embryonic events have also been investigated in three-dimensional
cultures of mESCs. In initial experiments, it was shown that embryoid
bodies made from mESCs show spontaneous polarization of a Wnt signaling
reporter and mesodermal gene expression suggestive of an anterior—
posterior axis (ten Berge et al., 2008). It was also shown that the hierarchy
of signaling from BMP to Wnt to Nodal is preserved, so that treatment with
any of BMP, Wnt, or Activin can lead to activation of polarized Wnt
signaling in these aggregates, but that BMP inhibition only blocks the
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polarization induced by BMP. Wnt and Activin are downstream of
BMP and so activate polarized Wnt activity in a BMP-independent fashion.
More recently, it was shown that when these aggregates are made from
relatively small numbers of cells, the polarization is accompanied by elonga-
tion along this axis, with the posterior markers on one end. This effect can be
enhanced by Wnt activation during a particular period in the culture (van
den Brink et al., 2014). Moreover, it was observed in some aggregates that
neural markers such as Sox1 and Sox?2 are not expressed opposite the region
of Bra expression on the long axis of the aggregate but instead on the shorter
axis (Fig. 2A), and it was suggested that this represents a second axis in the
aggregate, akin to the DV axis of the embryo (Turner et al., 2017).
While intriguing, further experiments will be required to support these
claims. First, outside the context of the embryo, localized expression of germ
layer markers such as Bra or Sox2 may result from the process of germ layer
differentiation either under the spatial control of ligands or through more
stochastic processes followed by cell sorting (as in Bli et al., 2017), rather than
the formation of an axis equivalent to the AP axis of the embryo. Additional
markers specific to particular AP positions such as Otx?2 for anterior fates or
particular Hox genes for more posterior ones could support these conclu-
sions. It is also possible that more elaborate protocols will be required to
define the AP position. For example, it was recently shown that neural/
mesodermal progenitors can be maintained in a combination of Wnt and
FGF signaling and during this time acquire a progressively more posterior

Bra/Sox2/ E-Cad/Hoechst/ DAPI/OCT4/

Fig. 2 Examples of self-patterning in 3D. (A) An embryoid body from mESC stained for
Bra (red) and Sox2 (blue), and with Sox1:GFP in green (Turner et al, 2017).
(B) A structurally asymmetric amniotic cyst from hESC, with a thick pseudostratified
epithelium on one side and a thin amnion layer on the other, stained for nuclei (blue),
BCAT (green), and E-Cad (red) (Shao et al., 2017). (C) The juxtaposition of mouse tropho-
blast cells (top) with an epiblast epithelium (bottom) results in an incipient primitive
streak (right) breaking the azimuthal symmetry in the ring where the two types of cells
are in contact, nuclei (red), Oct4 (blue), Stella-GFP (green). Image courtesy of Magdalena
Zernicka-Goetz.
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identity as defined by Hox gene expression. Treatment with retinoic acid at
any time during this protocol induces differentiation to neural fates and
freezes the AP identity of the cells (Lippmann et al., 2015). The claim of
two independent axes requires multiple markers to be assayed and simul-
taneously visualized. In the absence of this, it is equally possible that axial
elongation and AP axis formation can be decoupled in aggregates so that
the Bra—Sox1/2 axis apparent in Fig. 2A corresponds to an AP axis or, as
noted earlier, to germ layer differentiation without a clear correspondence
to one of the major body axes. The DV axis would most clearly be demon-
strated by visualizing ventral and dorsal fates within the same germ layer, for
example, neural and epidermal fates within the ectoderm. These issues are
also complicated by the variability seen within aggregates. All aggregates
form a long axis with Bra and Wnt signaling on one end, allowing for quan-
tification of these markers relative to this axis, but other aspects such as the
Sox2 expression appear variable making it difficult to have an external ref-
erence by which all markers can be compared.

As discussed earlier, Harrison et al. (2017) developed a three-dimensional
culture system which combines mESCs and trophoblast stem cells (TSCs)
into a structure called an ETS embryo (for ESC- and TSC-derived embryo).
In addition to recapitulating egg cylinder stage morphogenesis, ETS
embryos also show asymmetric expression of primitive streak markers such
as Brachyury and germ cell markers such as Stella, Fig. 2C. Thus, these
embryos have two orthogonal axes, the proximal—distal axis, defined by
the relative position of the ESCs and TSCs, and an AP-like axis in which
the positioning of Brachyury and germ cell markers defines the posterior
side. The development of the AP axis is particularly interesting as it occurs
in the absence of the visceral endoderm, while in vivo, secreted signals from
the anterior visceral endoderm are required to position the primitive streak
in the posterior of the embryo (Perea-Gomez et al., 2002). An attractive
model is that the generation of the primitive streak is under the control
of a Turing system so that it stochastically forms on one side of the ETS
embryo, and then the longer-range inhibitors prevent further Wnt/Nodal
signaling and primitive streak formation on the opposite side. If this model
is correct, an open question is what prevents similar mechanisms from oper-
ating in real embryos lacking the secreted inhibitors in the AVE (Perea-
Gomez et al., 2002), in embryos in which the AVE does not form
(Migeotte, Omelchenko, Hall, & Anderson, 2010; Nowotschin et al.,
2013), or in the micropatterned human ESC colonies discussed earlier
(Warmflash et al., 2014). In the former case, multiple primitive streaks form,
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while in the latter two cases, the radial symmetry of the embryo or colony is
never broken resulting a ring of mesodermal differentiation rather than a
streak on one side. The patterning by sorting rather than morphogens is
not excluded in this system either.

Both these 3D systems lose essential aspects of in vivo gastrulation. A cell
aggregate does not undergo the epithelial to mesenchymal transition (EMT),
which is a necessary step in primitive streak formation. The ETS embryos do
not have a well-characterized EMT or a mesenchymal layer covering the
remaining epiblast epithelium. Many protocols exist to make mesendo
derivatives from stem cells without obvious intermediate spatial organiza-
tion. Would mixtures of cells fated to different germ layers sort and look
so different from synthetic systems?

An example of a self-patterning three-dimensional system in human is
the amniotic cysts discussed earlier. In most cases, these create relatively
homogeneous aggregates of amniotic ectoderm; however, it was recently
shown that in a minority of cases, polarized cysts form consisting of an amni-
otic half'and an epiblastic half in which the epiblastic half retains its columnar
epithelial morphology while the amniotic half differentiates to a squamous
epithelium expressing markers of amnion such GATA3 and CDX2 (Shao
et al., 2017) (Fig. 2B). As with the fully differentiated cysts, the differenti-
ation of the amniotic half in polarized cysts requires BMP signaling which
autonomously becomes asymmetric in the cyst. It is hypothesized that in
the polarized cysts, BMP induction of BMP inhibitors limits the spread of
amniotic differentiation and allows for the stable retention of epiblast fates
in half the aggregate. This hypothesis remains to be proven, and, in any
event, it remains unclear what distinguishes the fully differentiated cysts
where the BMP-mediated differentiation spreads to the entire aggregate
and the polarized cysts in which it is limited. Interestingly, in polarized cysts,
a primitive streak-like region often develops from the epiblastic part; how-
ever, it remains unknown whether the amniotic half of the cyst plays a role in
inducing this event, as the extraembryonic tissue does in vivo, or whether it
arises spontaneously from the epiblast cells. If the amnion plays a role, the
primitive-streak like region should initiate at the border between the epiblast
and amnion cells and extend from there toward the center of the epiblast
region, and it will be interesting to determine whether this is the case.

Finally, many examples of systems that undergo patterning and mor-
phogenesis and model the development of particular organs have
recently been developed (reviewed in Gjorevski, Ranga, & Lutolf, 2014;
Simunovic & Brivanlou, 2017; Turner et al., 2016). One of the most
relevant to early development are the neural cysts discussed earlier
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(Meinhardt et al., 2014). In addition to the morphogenesis discussed earlier,
they also represent an interesting in vitro system for studying cell fates within
the developing neural tube. Cyst grown 1n neural induction conditions was
uniformly anterior and dorsal, and could be ventralized through activation of
the Shh hedgehog pathway. Interestingly, treatment with RA induced more
posterior fates and also led to spontaneous dorsal-ventral patterning as
assayed by sonic hedgehog (SHH) in the putative floor plate and several early
motor neuron fate markers in their correct relative positions.

5. CONCLUSIONS

The stem cell systems reviewed here represent promising avenues for
making progress on difficult problems in mammalian embryogenesis. To
date, most work has shown that these systems recapitulate already known
features of mammalian embryogenesis such as the cascade of signaling from
BMP to Wnt to Nodal; however, new insights which may be applicable to
the embryo are also beginning to emerge. One example is the role of both
secreted inhibitors and receptor localization in restricting the response of the
epiblast to BMP. In vivo, it is possible that localizing the receptors to the
basal side of the embryo restricts signaling to the epiblast—extraembryonic
(trophoblast or amnion) boundary where this localization breaks down. It
further prevents signaling from cavity, which is apical to the cells, from
globally initiating gastrulation. The use of filter systems and micropatterned
colonies has begun to unravel these interactions in culture, and it will be
important to test their relevance in vivo in the future.

The culture systems can also be combined with mathematical modeling
to investigate fundamental issues of symmetry breaking in development. In
this regard, while several experiments suggest that Wnt-Dkk or Nodal-
Lefty function as activator—inhibitor systems to generate Turing patterns,
it is notable that they do not break the azimuthal symmetry of the colonies
but instead generate rings of primitive streak formation. This is in contrast to
the situation in vivo in which the primitive streak only occupies the poste-
rior side of the embryo. It is possible that by treating these colonies with high
levels of BMP, which they strongly respond to on the entire perimeter, they
are constrained to adopt azimuthally symmetric organizations of signaling
and fate. More natural ways of inducing the gastrulation might reveal
whether the cells are intrinsically capable of breaking this symmetry or
whether interactions with extraembryonic tissues which are lacking in these
culture systems are required.
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